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In conventional single-photon emission computed tomography (SPECT), only the photoelectric
events in the detectors are used for image reconstruction. However, if the *3!T isotope, which emits
high-energy radiations (364, 637, and 723 keV), is used in nuclear medicine, both photoelectric and
Compton scattering events can be used for image reconstruction. The purpose of our work is to
perform simulations for Compton SPECT by using the Geant4 application for tomographic emission
(GATE). The performance of Compton SPECT is evaluated and compared with that of conventional
SPECT. The Compton SPECT unit has an area of 12 cm X 12 cm with four gantry heads. Each
head is composed of a 2-cm tungsten collimator and a 40 x 40 array of CdZnTe (CZT) crystals with
a 3 x 3 mm? area and a 6-mm thickness. Compton SPECT can use not only the photoelectric effect
but also the Compton scattering effect for image reconstruction. The correct sequential order of the
interactions used for image reconstruction is determined using the angular resolution measurement
(ARM) method and the energies deposited in each detector. In all the results of simulations using
spherical volume sources of various diameters, the reconstructed images of Compton SPECT show
higher signal-to-noise ratios (SNRs) without degradation of the image resolution when compared
to those of conventional SPECT because the effective count for image reconstruction is higher. For
a Derenzo-like phantom, the reconstructed images for different modalities are compared by visual
inspection and by using their projected histograms in the X-direction of the reconstructed images.
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I. INTRODUCTION

High-performance systems that use both photoelectric
and Compton scattering events have been developed in
tomography. In 2007, Park et al. proposed the con-
cept of Compton positron-emission tomography (PET)
using Si and a BiyGe3O12 (BGO) detector ring with
two different layers [1,2]. Owing to their high energy
and position resolution, CdZnTe (CZT) semiconductor
detectors with cross-strip electrodes have been utilized
in the development of Compton PET. In 2009, Levin
and Pratx developed a prototype Compton PET consist-
ing of CZT detectors and proposed PET imaging using
the kinematics of Compton scattering [3,4]. In 2011,
Yoon et al. proposed the angular resolution measure-
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ment (ARM) method to determine the correct interac-
tion sequence based on the angular difference calculated
using the position and energy information for each inter-
action in Compton PET [5]. However, the conventional
single photon emission computed tomography (SPECT)
techniques have discarded the Compton scattering events
in detectors or used Compton-scattering correction of en-
ergy spectra for the reconstruction of the image [6].
Conventional SPECT uses “™Tc (140 keV), and only
the photoelectric events are used for the reconstruction
of the image because the photoelectric effect dominates
at low energies (< 200 keV). Moreover, the information
on the radiation scattered in the detector is not used
because the scattering events degrade the quality of the
reconstructed image. However, if 3'I, which emits sev-
eral higher energy y-rays (365, 637 and 723 keV), rather
than ?"Tc is used in SPECT, the photoelectric and
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Fig. 1. (Color online) Schematic of the Compton SPECT
unit with a Derenzo-like phantom in GATE.
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Fig. 2. (Color online) List of events measurable with
Compton SPECT: (a) Photoelectric event and (b) Compton
scattering event.

the Compton scattering events in the detectors will be
comparable [7]. If Compton scattering events are used
for effective information in the reconstructed image of
SPECT, the detection efficiency and the quality of the
reconstructed image can be improved significantly.

In this study, a Compton SPECT technique, which
can utilize photoelectric and Compton scattering events
for image reconstruction, is designed based on real CZT
crystals developed at the Brookhaven National Labo-
ratory (BNL). Moreover, all effective information from
the radiations of 131, whose energies are 364, 637 and
723 keV, was utilized in the reconstructed image. To de-
termine the correct sequential order of the interactions,
we applied the angular resolution measurement (ARM)
method and the deposited energies of the «-ray interac-
tions in the detector. Under the correct sequential order,
the performance of the Compton SPECT, consisting of
a mosaic array of CZT crystals, is evaluated and com-
pared with that of conventional SPECT, which used only
photoelectric events.
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Table 1. Appropriate energy window for photoelectric and
Compton events at various radiation energies.

Energy window for Energy window for

Energy (keV) .
photoelectric event (%) Compton event (%)

364 +1.75 +2.47
637 +1.34 +1.90
723 +1.24 +1.75

Table 2. Comparison of the performances estimated for
conventional and Compton SPECT.

Di t f
iameters o FWHM

mm)

spherical volume Reconstruction method NMSE SNR

sources (mm)

Conventional SPECT 12.9 0.18 90.3

12 Compton SPECT 13.2 0.19 97.7
18 Conventional SPECT 18.4 0.47 528
Compton SPECT 18.9 0.50 64.3
o4 Conventional SPECT 24.3 0.33 279
Compton SPECT 24.5 0.39 37.8
30 Conventional SPECT 30.3 0.19 20.1
Compton SPECT 30.7 0.21 279

II. MATERIALS AND METHODS

1. Design parameters for Compton SPECT

To validate the simulation for Compton SPECT, we
modeled CZT detectors developed by BNL [8]. A simula-
tion code, the Geant4 application for tomographic emis-
sion (GATE 7.0), was used for the Monte Carlo calcu-
lations. As shown in Fig. 1, the Compton SPECT unit
consisted of four gantry heads composed of a 40 x 40
mosaic array of CZT detectors of size with a size of
3 x 3 x 6 mm®. The detector system included parallel-
hole collimators to obtain information on the position of
the interaction. The hole diameter and the thickness of
the parallel-hole collimator were chosen to be 1.5 mm and
30 mm, respectively. The pixel pitch was 3 mm. The ac-
ceptable septal thickness was determined to be 1.5 mm,
which was the value achievable by a septal penetration of
less than 5% at 364 keV [9,10]. The Derenzo-like phan-
tom consisted of a cylinder with a height of 60 mm and
containing hot rods of various diameters [11]. The diam-
eters of the various rods positioned in six different seg-
ments were 4.8 mm, 5.4 mm, 6.0 mm, 6.6 mm, 7.2 mm,
and 7.8 mm, as shown in Fig. 1.

2. Interaction sequence and reconstructed im-
age

As shown in Fig. 2, the Compton SPECT imag-
ing system employed both photoelectric and Compton-
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Fig. 3. (Color online) Energy spectrum from Compton
SPECT calculated by using GATE.
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scattering events for image reconstruction. The Comp-
ton scattering events for image reconstruction were based
on the Compton-scattering process [12,13]. The inci-
dent photons were scattered in the first detector and
subsequently absorbed in the second detector. The two
sequences of Compton-scattering events could be esti-
mated as the source-(z1,y1, 21)-(x2,y2, 22) interactions
and the source-(za, ya, 22)-(1,y1, 21) interactions.

If the location of the source (xq,yo, 20) is known to be
at the center of the field of view (FOV), the measured
interaction positions and deposited energies can be used
to determine the correct sequence by using the ARM
method. The cosine values of the scattering angle and
the ARM can be determined as follows:

coslp =1— 7m002AE1
B EoAE,
. (1 —x0) (w2 — 1) + (Y1 — o) (Y2 — y1) + (21 — 20) (22 — 21)
cosfg =

ARM = 0 — 0,

where mgc? is the rest mass of the electron and coség
is the scattering angle calculated based on the en-
ergy (AFE7,AFE5) deposited in the detectors. cosfq
is calculated based on the measured interaction posi-
tion (x1,y1, x2,y2) and each pixel position on the source
plane. A smaller ARM indicates a higher probability for
a correct choice of sequence. Hence, the sequence demon-
strating a lesser difference between cosfp and cosfg
should be chosen as the correct sequence.

If the location of the source (zg,yo,20) is unknown
a priori, the correct sequence can be determined by a
comparison of the deposited energies at each interaction
position. According to Ref. 13, this method, which used
a fraction of interactions depositing higher energy, was
suggested on the basis of an assumption that the higher
count of the correct sequence guaranteed a better recon-
struction image [13]. Hence, if the energy of the incident
~v-ray is less than 400 keV, less energetic events is se-
lected as the first interaction. On the other hand, if the
energy of the incident v-ray is higher than 400 keV, a
higher energy will be deposited in the first interaction.
Based on the correct interaction sequence, the first inter-
action position and the deposited energies can be used
for image reconstruction.

In order to reduce the misclassified events among the
effective events, we used an energy window for the total
energy deposited in the CZT detectors. An energy win-
dow that is too narrow will reject not only the misclas-
sified events but also the effective Compton scattering

V(@ —20)2+ (y1 —y0)? + (21 — 20)2 X /(w2 —21)2 + (2 — 91)? + (22 — 21)?

events. In contrast, a broad energy window will allow
more effective events and increase the number of mis-
classified events. Hence, finding a proper energy window
for the Compton SPECT is important. The energy win-
dow for the effective Compton scattering events can be
calculated from the energy resolution of a Compton cam-
era consisting of CZT detectors. The energy resolution
(AE) of the Compton camera is defined by [14]

E= \/(AEFirst CzZT detector)2 + (AEsecond CczT detector)2-
(4)

Table 1 shows the appropriate energy window of the
total energy sum for photoelectric and Compton events
at various energies.

The images obtained using proper energy windows
were reconstructed using 2D filtered back projections
(FBP) with a Hann filter. A 3.40-GHz CPU in a per-
sonal computer (i7-6700) and MATLAB2010 were used
to reconstruct the source image. In order to compare
and evaluate the qualities of the reconstructed images ob-
tained from conventional SPECT and Compton SPECT,
we used three types of methods. First, the signal-to-
noise ratio (SNR) and the full width at half maximum
(FWHM) of the reconstructed images were calculated us-
ing spherical volume sources of various diameters. The
SNR can be calculated using the following equation:

SNR= ——0 (5)

[S@i—2)?
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Table 3. Comparison of the effective counts for each modality.
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Events used for

Effective counts for each energy

image reconstruction 364 keV 637 keV 723 keV 364 keV + 637 keV + 723 keV
Conventional SPECT 1.16 x 10° 4.77 % 10° 1.71 x 10° 1.75 x 10°
(Only photoelectric)
Compton SPECT 1.97 x 10° 8.95 x 10° 2.58 x 10° 3.12 x 10°
(photoelectric + Compton)
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Fig. 4. (Color online) (a) FWHMs, (b) NMSEs, and (c) SNRs of images reconstructed using conventional SPECT and

Compton SPECT with a Hann filter.

where 5 is the average value of the source pixels includ-
ing the maximum pixel, x; and T are the value of each
pixel excluding the source pixels and the average of x;,
respectively, and n is the number of pixels z;. Second,
the values of normalized mean square error (NMSE) were
compared for each modality. The NMSE can be calcu-
lated using the following equation [15]:

S
=z

Zizl Zj:l(l (i7 ) - IT(ivj))Q

NMSE = g
S SN (i) — (i, 5))?

: (6)

where Iy and I, are the filtered and the original images
(simple back-projection), respectively, and I is the true
image (noise free). Finally, the reconstructed images ob-
tained using the Derenzo-like phantom were compared
for each modality by using visual inspection, spatial res-
olution, and effective counts.

The most significant !3'T ~-ray emissions are at
364 keV (82%), 637 (7.2%), and 723 keV (1.8%) [16].
Hence, the energies of various v-rays emitted from the
31T radiation source are used in the GATE simulation.
Therefore, the simulated energy spectrum from Compton
SPECT includes v-rays whose main energy peaks were
364 keV, 637 keV, and 723 keV as shown in Fig. 3. The
total number of v-rays emitted from the source was 37
million photons.

(b)

Fig. 5. Reconstructed images of a Derenzo-like phantom
for visual inspection: (a) conventional SPECT and (b) Comp-
ton SPECT.

III. RESULTS

After a proper energy window had been chosen, the
spherical volume sources of various diameters were re-
constructed by using FBPs with a Hann filter, and the
FWHMs and the SNRs of the reconstructed image were
measured for each modality. All effective information
from the different energies of '3'I, including of 364,
637 and 723 keV, was utilized in the reconstructed im-
age. The FWHMs of the simulation results were gener-
ally consistent with the diameters of the spherical vol-
ume sources. Because the effective counts in Compton
SPECT is increased, the SNRs of Compton SPECT were
high when compared to those of conventional SPECT
whereas the FWHMSs and the NMSEs of both modalities
were similar. As shown in Fig. 4 and Table 2, the re-
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Fig. 6. (Color online) Cross section of each modality from the reconstructed image: (a) reference image, (b) A to B, (b) C

to D, (b) E to F, and (b) G to H.

sults prove that the performance of Compton SPECT is
better than that of conventional SPECT.

To evaluate the visual inspection and spatial resolu-
tion, we utilized the Derenzo-like phantom. The cross-
sectional views of the phantom were reconstructed us-
ing FBP with a Hann filter. Figures 5 and 6 show the
reconstructed images and their projected histograms in
the X-direction, respectively. When the diameters of the
rods in conventional SPECT and Compton SPECT were
greater than 5.4 mm, the rods were completely distin-
guishable, as shown in Fig. 6. With the energy of the in-
cident radiation was increased, the probability of Comp-
ton scattering events increased. Hence, in all simula-
tions, the total number of effective events for the Comp-
ton SPECT was higher than that obtained using conven-
tional SPECT as shown in Fig. 7 and Table 3.

IV. CONCLUSION

The performance of Compton SPECT using both pho-
toelectric and Compton scattering events was evalu-
ated and compared with that of conventional SPECT,
which used only photoelectric events. The proper en-
ergy window for both photoelectric and Compton scat-
tering events and the correct interaction sequence were
applied for Compton SPECT. The effective events of
Compton SPECT were higher than those obtained us-

35,105

o

Compton SPECT
3+ O Conventional SPECT 1

25 1

Effective counts

05F
8

637 723
Energy (keV)

364 64637723
Fig. 7. (Color online) Effective counts for each modality
from the reconstructed image.

ing conventional SPECT. The reconstructed images ob-
tained using spherical volume sources of various diame-
ters and Derenzo-like phantoms demonstrated that the
performance of Compton SPECT was improved without
degrading the image resolution. In conclusion, the quan-
titative evaluation based on the SNR and the effective
counts proved the superiority of Compton SPECT over
conventional SPECT.
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