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Collimator and Energy Window Evaluation in Ga-67 Imaging by Monte Carlo

Simulation
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Abstract

Objectives: Gallium-67 (Ga-67) imaging is affected by collimator penetration and scatter components owing to the high-energy (HE) gamma-
ray emissions. The characterization of penetration and scatter distribution is essential for the optimization of low-energy high-resolution (LEHR),
medium energy (ME), and HE collimators and for the development of an effective correction technique. We compared the image quality that can
be achieved by 3 collimators for different energy windows using the SIMIND Monte Carlo code.

Methods: Simulation experiments were conducted for LEHR, ME, and HE collimators for Ga-67 point source placed at 12-cm distance from
the detector surface using the Monte Carlo SIMIND simulation code. Their spectra point spread functions as well as the original, penetration,
scattering, and X-rays curves were drawn and analyzed. The parameters fullwidth at half maximum and fullwidth at tenth maximum were also
investigated.

Results: The original, penetration, and scatter curves within 10% for LEHR were 34.46%, 33.52%, 17.29%, and 14.72%, respectively. Similarly,
the original, penetration, scatter, and X-rays within 10% for ME and HE were 83.06%, 10.25%, 6.69%, and 0% and 81.44%, 11.51%, 7.05%,
and 0%, respectively. The trade-off between spatial resolution and sensitivity was achieved by using the ME collimator at 185 photopeak of Ga-67.
Conclusion: The Monte Carlo simulation outcomes can be applied for optimal collimator designing and for the development of new correction
method in Ga-67 imaging.
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Oz

Amagc: Galyum-67 (Ga-67) gorlntileme, yiksek enerjili gama isini emisyonlari nedeniyle kolimator penetrasyonundan ve sacilma bilesenlerinden
etkilenir. Penetrasyon ve sacilma dagiliminin karakterizasyonu diistik enerjili yiiksek ¢ozinarltkli (LEHR), orta enerijili (ME) ve yiksek enerjili (HE)
kolimatérlerin optimizasyonu ve dizeltme yonteminin gelistirilmesi icin Gnemlidir. Bu calisma, SIMIND Monte Carlo kodunu kullanarak farkli enerji
pencereleri icin g kolimator ile elde edilebilen goriintu kalitesinin karsilastirimasini amaglamaktadir.

Yontem: Dedektor yiizeyinden 12 cm uzaga yerlestirilen Ga-67 nokta kaynagi ile LEHR, ME ve HE kolimatorleri icin Monte Carlo SIMIND similasyon
kodu kullanilarak simtlasyon yapildi. Spektrumlari yayilma fonksiyonlarina isaret ediyordu ve ayrica orijinal, penetrasyon, sagiima ve X-sinlari egrileri
cizilerek analiz edildi. Yari maksimumdaki tam genislik ve 1/10 maksimumdaki tam genislik arastirildi.

Bulgular: LEHR icin %10 icindeki orijinal, penetrasyon, saciima ve Xdsinlari sirasiyla %34,46, %33,52, %17,29 ve %14,72 idi. ME icin %10 icindeki
orijinal, penetrasyon, sacilma ve X-sinlari sirasiyla %83,06, %10,25, %6,69 ve %0 idi. HE icin %10 icindeki orijinal, penetrasyon, sagilma ve X-sinlari
sirasiyla %81,44, %11,51, %7,05 ve %0 idi. Uzamsal ¢oztnUrlik ve duyarlilik arasindaki denge, Ga-67'nin 185 fotopikli ME kolimatérd kullanilarak
elde edildi.

Sonug: Monte Carlo similasyon sonuglar, Ga-67 goriintilemede optimum kolimator tasarimi ve yeni diizeltme yonteminin gelistirilmesi icin
kullanilabilir.

Anahtar kelimeler: Ga-67 goriintuleme, primer fotonlar (orijinal), penetrasyon, sagiima, SIMIND, duyarlilik
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Introduction

Gallium-67 (Ga-67) disintegrates by electron capture to
stable zinc 67 with a radioactive half-life of 3.26 days,
and it has less costly imaging requirements. Despite that
"8F-fluorodeoxyglucose positron emission tomography is
currently used for the diagnosis of non-Hodgkin’s lymphoma,
Ga-67 scintigraphy remains useful during the early period
of treatment (1,2,3). The decay scheme of Ga-67 involves
multiple emission energies with photopeak energies at 93,
185, and 300 keV. Therefore, the contributions of some
photons are included in lower photopeak energy window.
In addition, lead X-rays produced in the collimator can also
be detected in the 93-keV photopeak energy windows. This
contribution degrades the image quality and the quantitative
accuracy, especially, when imaging with a low-energy
collimator (4,5). All photons detected with the collimator
were grouped into 3 categories as follows: original photons
(i.e., photons detected on the detector without any scatter
or penetration), penetration photons (those that passed
through septa without attenuation), and scatter photons
(those that scattered at least once in the septa) (6,7).
Only the first photons provide correct information. Image
quality is essentially affected by the penetration and scatter
components of the collimator, particularly in high-energy
imaging. The scattered photons depend on the photons
energy, object study, and collimator design. Gamma-
camera cannot classify the image-forming photons into
original, penetrated, or scattered photons. The knowledge
of penetration and scatter distribution is essential for the
optimization of collimator design and for the development
of a correction method (7,8). The typical energy resolution
of Nal (Tl) has a full-width at half maximum (FWHM) of
approximately 10% at 140 keV. Therefore, the contribution
of scatter within the photopeak energy windows is huge
(9). Accordingly, several compensation scatter methods
have been proposed, for example, the triple-energy window
method and the Compton window subtraction method
(10,11). Therefore, the Monte Carlo simulation technique
(12,13,14,15,16,17,18) separates the original, penetration,
and scatter contribution inside the photopeak window. In
this study, we compared the simulated energy spectra in
Ga-67 imaging for different parallel-hole collimators for the
Siemens Symbia gamma-camera (Table 1). The resolution
and sensitivity (cps/MBq) were accordingly evaluated. We
also estimated and compared the original, penetration,
and scatter contribution inside the 20% and 10% energy
windows around the 93, 185, and 300 keV photopeaks.
Through this work, we aimed to determine the optimal
energy window and collimators design [low-energy high-

resolution (LEHR), medium energy (ME), and high energy
(HE)] in Ga-67 imaging.

Materials and Methods

No statistical analysis was performed, and the study has no
evident limitations.

Our study did not involve any patients.

All procedures performed in the experiments involving
human participants were in accordance with the ethical
standards of the institutional and/or national research
committee and with the 1964 Helsinki Declaration and its
later amendments or other comparable ethical standards.

We used the SIMIND Monte Carlo simulation code (version
6.1) to simulate a point source of Ga-67 isotope (Table
2) of dimension 0.1x0.1x0.1 cm?® located at the center
of a cylindrical water phantom of dimension 16x22x22
cm?® and placed at 12 cm from the detector surface. In
this simulation, we modeled the Siemens Medical System
Symbia equipped by the following 3 collimators: LEHR, ME,
and HE (Tables 1, 2) (19). A detector of 59.1x44.5-cm? area
and 0.95-cm Nal (Tl) crystal thickness was used.

The detector was characterized by an intrinsic spatial
resolution of 0.34 ¢cm and an energy resolution of 8.80%
at 140 keV. The photomultiplier tube (PM) back-scatter
material with a thickness of 10 cm was used to simulate
the backscattering of photons from the light guides and
PM.

We included the contribution of lead X-rays scatter photons
inside the collimator lead. The aluminum cover material
thickness was 0.1 cm. The pixel size in the simulated
planar images was 0.34 cm and 128x128 matrix size. We
imported the binary image to the ImageJ software created
by SIMIND. At the end of each simulation, SIMIND provided
the value of original, penetration, and scatter photons as
well as the efficiency, sensitivity, FWHM, and full-width at
tenth maximum (FWTM) in separate files. Table 3 shows
the abundance of Ga-67 as a function of energy, which is
extremely useful in the selection of appropriate collimator.

Table 1. Specifications of the Siemens SYMBIA SPECT
scanner

Characteristics Value

Detector material Nal (TI)

Crystal dimensions (cm) 59.1x44.5x0.95

Number of photomultiplier tubes 59

Diagonal FOV (cm) 63.5

SPECT: Single photon emission tomography
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Results

Figure 1 depicts the simulated energy spectra of a Ga-
67 point source in water placed at 12-cm distance away
from the detector surface. All energy spectra include both
scattered and unscattered photons. The energies displayed
in Figure 1 represent the energies of the main emission
peaks of the isotope. The spectra characteristics help
explain the choice of collimator type for imaging. The total
number of photons detected with the collimators were
degraded widely relative to that without the collimators.
The peaks was detected in the energy region of 70-86-
keV for each collimator, which matched the characteristic
X-rays of lead produced by the photoelectric effect of HE
photons. According to the contribution of penetration and
scatter components in the projection data, the shape of
Compton edge and Compton region were found to be
different among the 3 collimators. In addition, as it can be
seen, the contribution of septal penetration and scatter in
the HE and ME were less than those in the LEHR.

Table 4 depicts the energy windows used for each
collimator. The results of the simulation are detailed in
Table 5. We evaluated the original, septal penetration,
and scatter components in parallel-hole collimators LEHR,
ME, and HE for Ga-67 point source using the Monte Carlo
simulation program.

Figure 2 illustrates the comparison of the proportion of
penetration (photons that penetrated the collimator),
scatter (those that scattered in the collimator), and original
(those that were detected on the detector without any
scatter or penetration) inside the 20% and 10% energy
windows around the 93-, 185-, and 300-keV photopeaks in
the LEHR, ME, and HE collimators, respectively.

The point spread functions (PSF) were studied for Ga-
67 imaging. A point source of 0.1-mm diameter was
acquired with different collimators. The PSF obtained for
all collimators are represented in Figure 3. The curves of

Ga-67 with the ME and HE collimators demonstrate the
effects of the septal that lowers the resolution. LEHR offers
a poorer resolution than the HE and ME collimators within
20% and 10% windows (20,21,22) owing to the septal
penetration and the scattering effects.

The indices of resolution used were FWHM to measure the
collimator’s spatial resolution, and the FWTM was used
as an index of septal penetration and Compton scattering
within the collimator. In order to quantify the resolution,
FWHM and FWTM were computed on the PSE The results
for both FWHM and FWTM and the relevant sensitivities
(Cps/MBq) are given in Table 6. These parameters were
compared within the 20% and 10% energy windows. It
can be seen from the table that, for each collimator, the
FWTM increased with the width of the energy windows,
especially for the LEHR and ME collimators, while, the
FWHM remained approximately the same (21,22,23). On
the other hand, the sensitivity decreased when the width
of the energy window decreased, which was an extremely
sharp transition for LEHR. Figure 4 depicts the images of Ga-

Without collimator LEHR

Cps/MBgq/keV
Cps/MBq/keV

Energy (keV) Energy(keV)

Cps/MBqg/keV

Cps/MBq/keV

?x
m

Energy(keV) Energy(keV)

Figure 1. Comparison of the total simulated spectrum among the 3
different collimators for Ga-67 imaging

Ga-67: Gallium-67, LEHR: Low-energy high-resolution, ME: Medium energy, HE:
High energy

Table 2. Collimators data of the Siemens SYMBIA systems during simulation
Imaging system Collimators | Diameter (cm) Septa (cm) Length (cm) Hole shape | Collimator type
LEHR 0.111 0.016 2.405 Hexagonal Parallel hole
Siemens SYMBIA ME 0.294 0.114 4.064 Hexagonal Parallel hole
HE 0.400 0.200 5.970 Hexagonal Parallel hole
LEHR: Low-energy high-resolution, ME: Medium energy, HE: High energy
Table 3. Energies and intensities of gamma rays emitted from the Ga-67 source
Energy (keV) 91.26 93.30 184.57 208.93 300.23 393.52 494.14 | 703.11 | 794.4 | 887.67
Abundance (%) 3.09 38.1 20.96 2.37 16.6 4.59 0.06 0.01 0.05 0.14
Ga-67: Gallium-67

120



Mol Imaging Radionucl Ther 2020;29:118-123

Ouahman et al. Optimization Of Ga-67 Imaging

Table 4. Acquisition energy windows used in the
simulation
Photopeak window (keV) Photopeak Collimators
93 keV LEHR
10% 185 keV ME
300 keV HE
93 keV LEHR
20% 185 keV ME
300 keV HE
LEHR: Low-energy high-resolution, ME: Medium energy, HE: High energy
= Geometric(%) u Penetration(%) m Geometric(%) = Penetration(%)
Scatter(%) xerays(% Scatter(%) xerays(%)

)
10%

1 1 |. |.

Figure 2. Comparison among the original, penetration, scatter, and
X-rays for LEHR, ME, and HE collimators
LEHR: Low-energy high-resolution, ME: Medium energy, HE: High energy

Table 5. The result of the simulation performed in the study

Energy Collimators | Original | Penetration | Scatter | X-rays
windows (%) (%) (%) (%)
LEHR 34.46 33.52 17.29 (14.72
10% ME 83.06 10.25 6.69 0
HE 81.44 11.51 7.05 0
LEHR 25.94 34.7 19.31 |20.05
20% ME 79.98 12.03 8 0
HE 79 11.8 9.2 0

LEHR: Low-energy high-resolution, ME: Medium energy, HE: High energy

Table 6. Calculated FWHM and FWTM and sensitivities
within the 20% and 10% energy windows for LEHR, ME,
and HE collimators

Energy Collimators | FWHM | FWTM | Sensitivity
windows (mm) (mm) (Cps/MBq)
LEHR 3.47 33.12 21.11
10% ME 5.04 10.09 12.8
HE 5.53 10.26 5.82
LEHR 3.88 52.05 42.37
20% ME 5.20 15.67 19.40
HE 5.64 11.87 7.41

FWHM: Full-width at half maximum, FWTM: Full-width at tenth maximum, LEHR:
Low-energy high-resolution, ME: Medium energy, HE: High energy
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Figure 3. Comparison of PSF among the 3 different collimators for the
Ga-67 point source inside the 20% and 10% energy windows with HE,
ME, and LEHR collimators

PSF: Point spread functions, Ga-67: Gallium-67, LEHR: Low-energy high-resolution,
ME: Medium energy, HE: High energy

HE10 HE20 LEHR10

LEHR20

ME10 ME20

Figure 4. Images of the Ga-67 point sources created at the end of each
simulation with LEHR, ME, and HE collimators within the 10% and 20%
energy windows

Ga-67: Gallium-67, LEHR: Low-energy high-resolution, ME: Medium energy, HE:
High energy

67 point sources obtained from the simulation performed

with different collimators.

Discussion

The Monte Carlo simulation SIMIND code was used to store
the history of the detected events, which was otherwise
not possible with the experimental data. However, to
compare i.e., equal acquisition time were employed. The
collimator-detector response (CDR) of the single photon
emission tomography imaging system depends on the
following 4 components: the intrinsic response and the
response of the detector and the original, penetration,
and scatter distribution inside the collimator. Therefore,
the characterization of this components helps compensate
the CDR, which has a significant effect on accurate
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quantification (20). As the Ga-67 radionuclide emits
multiple-energy rays, a large scattered event is detected
within the photopeak energy windows; this event degrades
significant contrast and lesion detection (9).

The low original component in LEHR collimator may be
attributed to the high level of penetration, scattering,
and X-rays effects. This component is large for ME and
HE collimators. The original component (primary photons)
decreased with an increase in the photopeak window,
especially for the LEHR collimator. Penetration and scatter
component increased with an increase in the photopeak
window, demonstrating smooth increase in all collimators.
In addition, the X-rays component showed a slow increase
with an increase in the photopeak window in the LEHR
collimators. Although the number of detected photons
from the main energy peak (93 keV) was high for LEHR,
it is important to consider that a large amount from this
peak was detected after septal penetration. The indices of
resolution used were FWHM to measure the collimator’s
spatial resolution, while FWTM served as an index of septal
penetration and Compton scattering within the collimator.
In order to quantify the resolution, FWHM and FWTM
were computed on the PSF

The presence of a high level of penetrated and scattered
photons from the LEHR collimator degrades spatial
resolution, contrast, and quantification (20,21,22,23,24).
Table 6 depicts that the use of LEHR collimator with Ga-67
imaging resulted in the most degraded spatial resolution,
while the use of an HE collimator in Ga-67 imaging
resulted in the loss of sensitivity and spatial resolutions
(25). Data presented in Table 5 signify that the trade-off
between the sensitivity and spatial resolution achieved
with the ME collimator occurred when the photopeak was
centered over the 185-keV photopeak with the use of 10%
photopeak. We hence recommend Ga-67 imaging with a
single peak around the 185-keV peak considering the high
relative intensity of the 185-keV gamma peak (30%) and
the high absorption efficiency of this photopeak within the
Nal (Tl) crystal.

The fogginess in these images increased with an increase
in the energy window, especially for LEHR. This observation
can be attributed to the HE photons detected inside the
energy window. Therefore, the LEHR collimators became
virtually transparent, which was evident from the calculated
value of high septa penetration and scattering obtained
from the simulation experiments (Table 5).

Conclusion

We studied the LEHR, ME, and HE collimator in the Ga-67
imaging. Based on our results, we noted loss in sensitivity

and spatial resolution by the HE collimator, as the LEHR
collimator allows poorer spatial resolution. On the other
hand, the trade-off between resolution and sensitivity was
achieved with an ME collimator in the 10% energy window
with a single peak at 185 keV. We believe that our results
would facilitate the designing of optimal collimator and
the development of a new correction method in Ga-67
imaging.
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