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Abstract
Purpose The treatment efficiency of 90Y and providing reliable estimates of activity are evaluated by SPECT imaging of
bremsstrahlung radiation released during beta therapy. In this technique, the resulting spectrum from 90Y is very complex and
continuous, which creates difficulties on the imaging protocol. Moreover, collimator geometry has an impressive effect on the
spatial resolution, system sensitivity, image contrast, and the signal-to-noise ratio (SNR), which should be optimized.
Methods We evaluated the effect of energy window width, reconstruction algorithms, and different geometries of a medium-
energy (ME) parallel-hole collimator on the image contrast and SNR of 90Y SPECT images. The Siemens E.Cam gamma camera
equipped with a ME collimator and a digital Jaszczak phantom were simulated by SIMINDMonte Carlo program to generate the
90Y bremsstrahlung SPECT images.
Results Our results showed that optimal image quality can be acquired by the reconstruction algorithm of OS-EM in the energy
window width of 60 to 400 keV for 90Y bremsstrahlung SPECT imaging. Furthermore, the optimal values of the hole diameter
and hole length of a ME collimator were obtained 0.235 and 4.4 cm, respectively.
Conclusions The acquired optimal ME collimator and energy window along with using a suitable reconstruction algorithm lead
to improved contrast and SNR of 90Y bremsstrahlung images of hot spheres of the digital Jaszczak phantom. This can improve
the accuracy and precision of the 90Y activity distribution estimation after radioembolization in targeted radionuclide therapy.
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Introduction

Because of its chemistry, the energy of β-particle emitted dur-
ing radioactive decay, and a proper half-life (64.1 h) of yttrium-
90 (90Y), it is used clinically in targeted radionuclide therapy
(TRT) for therapeutic treatments of malignant diseases such as
non-Hodgkins lymphoma and metastatic liver tumors (via mi-
crosphere radioembolization) [1, 2]. Recently, radiation therapy
treatment efficiency based on the 90Y bremsstrahlung single
photon emission computed tomography (SPECT) imaging
has been considered to provide reliable estimates of the activity

distribution and subjective improvement in diagnostic accuracy
and image quality [1, 3]. In the 90Y SPECT imaging, as a result
of the interaction of β-particles with the patient’s tissues, the
bremsstrahlung photons are created. Unlike conventional ra-
dioisotopes used for diagnostic imaging, energy distribution
of the 90Y bremsstrahlung photons is very complex and extend-
ed up to energies around 2.3 MeV, which increases the de-
mands on the SPECT protocol such as energy window width,
collimator selection, and image reconstruction [4–6]. The col-
limator is one of the critical components in SPECT imaging
and in the performance of a scintillation camera. To obtain an
image with a scintillation gamma camera, it is necessary to
project gamma rays from the patient tissue to the camera de-
tector. The walls between the collimator holes and septa absorb
most photons that are scattered by an object and do not emanate
from the direction of interest. This is one of the important
reasons for the relatively poor image quality of radionuclide
imaging, which can affect the system sensitivity and so the
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reliability of activity estimation [2, 5, 7]. Therefore, the choice
of a collimator with appropriate geometric structure is one of
the most important factors to optimize the image quality.
Clinically, high-energy (HE) or medium-energy (ME)
parallel-hole collimators are currently used for 90Y bremsstrah-
lung SPECT imaging. Noting that these collimators are special-
ly designed for high-energy isotopes with complex energy dis-
tribution, such as multiple energy peaks, e.g., gallium-67 or
iodine-131 [2, 8]. In 90Y imaging, penetration and scattering
of the bremsstrahlung photons through the septa are other rea-
sons for the poor image quality. Thus, collimators with a small
level of scattered radiation and photons penetration through
their septa are preferable for bremsstrahlung SPECT imaging
[2]. Generally, the performance of parallel-hole collimators is
influenced by their geometry such as collimator thickness, hole
diameter, and septa thickness [9], which affects the image qual-
ity, system sensitivity, and activity distribution evaluation in the
90Y bremsstrahlung SPECT imaging [5].

On the other hand, the reconstruction algorithm is the other
important factor in the computed tomography imaging [6]. 3-
D image of the activity distribution can be achieved noninva-
sively using tomographic acquisition and the image recon-
struction techniques [10]. The reconstruction methods are
generally divided into analytic methods such as the filter back
projection (FBP) and iterative methods such as maximum
likelihood expectation maximization (ML-EM), and ordered
subsets expectation maximization (OS-EM) algorithms.
Although the FBP algorithm is faster compared with iterative
algorithms, iterative methods demonstrate the better image
quality and accurate modeling of the emission than the FBP
method. As compared with the ML-EM, OS-EM algorithm
needs less computation time, which with having the current
computational power of modern computers will be feasible for
routine clinical use [11]. In SPECT imaging, it has been dem-
onstrated that OS-EM method gives fewer artifacts in recon-
structed images than FBP algorithm [12, 13]. In addition, the
OS-EM iterative reconstruction algorithm improves the quan-
titative accuracy of 90Y SPECT and eliminates streak artifact
compared with FBP reconstruction algorithm [14].

Numbers of studies have been done to optimize the recon-
struction parameters, energy window width, and geometry of
collimator for 90Y bremsstrahlung SPECT imaging. The effect
of the variation of the hole diameter of a ME collimator (for
given septa and collimator thickness) in three energy window
width was investigated by Roshan et al. on the contrast of 90Y
SPECT images to achieve a better image quality [9]. Rong
et al. have developed a method for energy window optimiza-
tion in quantitative imaging of 90Y SPECTwhen bias is a vital
element limiting reliability [15]. Roshan et al. also provided a
review of the optimization methods of factors such as the
energy window, collimator, and reconstruction algorithm for
90Y bremsstrahlung SPECT imaging to optimize the treatment
efficacy of liver tumor radioembolization using 90Y

microspheres [16]. Kim et al. presented a universal condition
for the selection of the energy window width and collimator
type by investigation of Monte Carlo (MC) simulation of
bremsstrahlung images for the better acquisition of 90Y imag-
ing [17]. Walrand et al. optimized an Anger camera–
collimator system for 90Y bremsstrahlung SPECT imaging
by use of Monte Carlo simulations [5]. McQuaid et al. im-
proved the collimator and reconstruction parameters in
SPECT imaging for lesion quantification [6]. Leong et al.
evaluated the uniformity requirements for image reconstruc-
tion in SPECT imaging using FBP and OS-EM reconstruction
techniques [13]. Furthermore, the other studies have been
done to improve the collimator and reconstruction algorithms
for evaluation of the quantitative accuracy in the 90Y brems-
strahlung SPECT imaging [1, 2, 14]. But until now, optimiza-
tion of the thickness and hole diameter of a parallel-hole col-
limator have never been assessed simultaneously, for 90Y
bremsstrahlung SPECT imaging. In this paper, we used
SIMIND Monte Carlo simulation program to investigate the
influences of hole diameter and thickness of a ME collimator
currently used for clinical 90Y imaging. Moreover, we studied
the effects of energy window width and image reconstruction
methods on the image quality of bremsstrahlung imaging by
some criteria such as image contrast and SNR.

Material and Methods

Monte Carlo Simulation and Image Generation

We used the simulated Siemens E.CAM SPECT imaging sys-
tem by the Monte Carlo simulation code, SIMIND version
6.1.1, which has been developed by Michael Ljungberg [18,
19], to generate the 90Y bremsstrahlung images. Monte Carlo
simulation provides a powerful means for validation and op-
timization of medical imaging systems [20] and radiation ther-
apy (radiotherapy) techniques [21, 22]. Many dedicated
Monte Carlo codes, such as GATE [22], SimSET [23], and
SIMIND [18], have been developed and applied for nuclear
medicine imaging research. The SIMIND Monte Carlo code
defines a clinical SPECT camera and can be modified for
different type of calculation in the SPECT systems [18]. We
validated the SIMIND code for 90Y SPECT imaging accord-
ing to the earlier surveys [4, 9].

In order to evaluate the contrast and SNR, we used a
Jaszczak cylindrical uniform source phantom established by
Islamian et al. [24]. The phantom consist of six hot spheres in
different diameters: 9.5, 12.7, 15.9, 19.1, 25.4, and 31.8 mm.
The phantom was located in the center of the field of view at a
distance of 15 cm from the collimator lower surface of the
simulated gamma camera. Total activity of 1.5 GBq 90Y was
considered for the hot spheres of Jaszczak phantom without
background activity. One hundred twenty-eight projections
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were acquired in 128 × 128 matrix with a pixel size of 0.4 cm
over 360° counter-clockwise rotations. Acquisition time was
about 25 s per projection with 1.5 million counts per projec-
tion. Because of the energy range effect of bremsstrahlung
photons on their attenuation in the body’s tissues and their
generation from the collimator septa penetration and scatter-
ing, we chose two energy windows including energy windows
ranging from 60 to 160 keV (a narrow energy window) and 60
to 400 keV (the extended energy window).

We used the ME collimator of the Siemens E.Cam gamma-
camera. In SPECT imaging, spatial resolution is limited via
the collimator resolution [25]. The geometric resolution of the
parallel-hole collimators with hexagonal holes (Rcoll) can be
expressed as:

R ¼
ffiffiffiffiffiffiffiffiffi

2ln2
p D

T
Fþ Tð Þ ð1Þ

where T, D, and F indicate the hole length, hole diameter (flat-
to-flat distance for hexagonal holes), and the distance from the
imaged object to the detector surface, respectively [2]. In order
to optimize the ME collimator for 90Y bremsstrahlung SPECT
imaging, the values of Rcoll were considered between 1 and
1.8 cm as recommended by Rong et al. [2] for a distance of
15 cm between the source and the collimator surface. To
achieve the values of Rcoll between 1 and 1.8 cm, we chose
the hole diameter (D) values of 2.35, 2.59, 2.82, 2.94, 3.06,
and 3.3 mm, and also the hole length (T) values of 3, 3.2, 3.4,
3.6, 3.8, 4, 4.2, and 4.4 cm for aME collimator without chang-
ing septa thicknesses (1.14 mm).

Since in the case of bremsstrahlung imaging, the iterative
methods are widely utilized for image reconstruction [4], im-
ages were reconstructed by OS-EM algorithm with 200 itera-
tions and 16 subsets. The projections were also reconstructed
by FBP method using Shepp-Logan filter with a cut-off fre-
quency of 0.5 cycles per pixel, which was chosen according to
Roshan et al. [9] study, using MATLAB program. In both
reconstruction method, acquired phantom images were set to
a voxel size of 4 × 4 × 4 mm3.

To evaluate the quality of the reconstructed 90Y SPECT
images, the image contrast and SNR of hot spheres were stud-
ied. Image contrast was calculated for the six hot spheres of
the Jaszczak phantom by using following equation:

Cl ¼ Rl−R0

R0
ð2Þ

where Rl is the mean pixel values for activity inside hot
spheres and R0 is the mean pixel values for activity of back-
ground. To measure Rl, a circular region of interest (ROI) was
defined around the center of multiple spheres of various sizes
on the reconstructed images. The ROI sizes were set accord-
ing to the sizes of simulated multiple spheres. Moreover, to
measure Ro, an arbitrary ROI excluding the ROIs belonging to

the hot spheres was defined in the background on the recon-
structed image, as shown in Fig. 1. In this way, the number of
the voxels included in the ROIs was about 130, 78, 54, 40, 26,
and 14 for the largest to the smallest spheres, respectively.
Moreover, the number of the voxels included in the back-
ground ROI was about 130.

The SNR values in the reconstructed images were calculat-
ed by following formula:

SNR ¼ NS−NBG

σBG
ð3Þ

where NS and NBG are the count density in the ROI in the
central region of multiple spheres and background, respective-
ly, and σBG is the standard deviation of the values for the
background activity.

Results

In this paper, the effect of the geometric structure of a ME
parallel-hole collimator (i.e., hole length and hole diameter,
without changing the septa thicknesses) and energy window
width (60 to 160 keV as a narrow energy window and 60 to
400 keV as an extended energy window) were evaluated on
the image contrast and SNR of bremsstrahlung images of hot
spheres of Jaszczak phantom using the SIMINDMonte Carlo
program.

Image reconstruction has significant impacts on the image
quality in the 90Y bremsstrahlung SPECT imaging due to the
broad energy spectrum of the related bremsstrahlung photons.
Hence, in this paper, by use of the image contrast and SNR
criteria, we compared the image quality of reconstructed
spheres images of the simulated Jaszczak phantom, which

Fig. 1 Reconstructed image of hot spheres of a Jaszczak phantom, along
with 7 ROIs: six ROIs for hot spheres of Jaszczak phantom along with
background ROI
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were acquired with two reconstruction algorithms including
FBP (with a Shepp-Logan filter) and OS-EM.

Figures 2 and 3 show the effects of the energy window
width and geometric structure of the parallel-hole collimator
including the hole length and hole diameter on the image
contrast of six hot spheres with different diameters for 90Y
bremsstrahlung SPECT imaging. These images were recon-
structed using the FBP algorithm with the Shepp-Logan filter.
As can be seen in these figures, in comparison with the narrow
energy window (60–160 keV) (Fig 3), the image contrast for
all spheres was improved by using the extended energy win-
dow (60–400 keV) (Fig 2). Results were same for all spheres
of the Jaszczak phantom. On the other hand, the contrast of
spheres images was also increased with increasing the hole
length for a specific hole diameter. Furthermore, for a specific

hole length, with increasing the hole diameter, the contrast of
images was decreased.

Figure 4 shows the results of the image contrast of the
spheres images, which were reconstructed with the OS-EM
algorithm. Comparison of the contrast diagrams for six hot
spheres with different diameters in Figs. 2 and 4 indicates that
the reconstructed images by OS-EM algorithm appear to have
higher contrast than the reconstructed spheres images by FBP.
The variation of the contrast values of hot spheres images
versus the hole diameter and hole length of the parallel-hole
collimator follows the same curves for reconstructed images
by two algorithm methods. Results indicate that the best con-
trast was obtained by using the hole diameter of 0.235 cm and
hole length of 4.4 cm. Further, a better and more accurate
measure was achieved for the sphere with larger diameter.

Fig. 2 The image contrast of hot spheres of a Jaszczak phantom (with
different diameters of 31.8 (a), 25.4 (b), 19.1 (c), 15.9 (d), 12.7 (e), and
9.5 (f) mm) from the 90Y bremsstrahlung SPECT imaging as a function of

hole diameter and hole length of a parallel-hole collimator in the energy
window width of 60–400 keV. The images were reconstructed using the
FBP algorithm with a Shepp-Logan filter
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For further analysis, we evaluated the bremsstrahlung pho-
tons penetration and scattering in the collimator septa in the
best energy window width (60–400 keV). The results were
listed in Table 1. As can be seen in Table 1, with increasing
the hole length and decreasing the hole diameter, penetration
and scattering of 90Y bremsstrahlung photons through the col-
limator septa were decreased. The collimator with the hole
diameter of 0.235 cm and hole length of 4.4 cm has small
level of penetration and scattering through the septa in energy
window of 60–400 keV (Table 1). For visual comparison, the
spheres images of the simulated Jaszczak phantom in energy
window width of 60–160 keV and 60–400 keV, which were
reconstructed with the FBP algorithm, are shown in Fig. 5 a
and b, respectively. Furthermore, Fig. 5c shows the recon-
structed images of spheres byOS-EM algorithm in the optimal
energy window width (60–400 keV). In comparison with the

reconstructed images by FBP, efficient noise reduction and
achieving a suitable image quality are seen in the reconstruct-
ed images by OS-EM algorithm.

We calculated SNR values of six hot spheres images of the
Jaszczak phantom as a function of hole diameter and hole
length of a parallel-hole collimator in the two energy win-
dows. The results of our study show that the SNR values were
increased with increasing the hole length and decreasing the
hole diameter, which are similar to the results of contrast anal-
ysis. The results demonstrate that the best SNR was obtained
by using the wide energy window of 60 to 400 keV. Table 2
shows the SNR values of reconstructed images by two recon-
struction algorithms (FBP and OS-EM) for the selected opti-
mal parallel-hole collimator (hole diameter of 0.235 and hole
length of 4.4 cm), in the best energy window width. The
results show the superiority of OS-EM with respect to FBP

Fig. 3 The image contrast of hot spheres of a Jaszczak phantom (with
different diameters of 31.8 (a), 25.4 (b), 19.1 (c), 15.9 (d), 12.7 (e), and
9.5 (f) mm) from the 90Y bremsstrahlung SPECT imaging as a function of

hole diameter and hole length of a parallel-hole collimator in the energy
window width of 60–160 keV. The images were reconstructed using the
FBP algorithm with a Shepp-Logan filter
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in terms of SNR calculation. Moreover, the hot sphere with a
larger diameter has a higher SNR value than others.

Discussion

Because of the absence of a pronounced photopeak energy of
bremsstrahlung photons, the quality of 90Y bremsstrahlung
SPECT images of patients treated with 90Y is poor [16]. In
the energy spectrum of the 90Y bremsstrahlung photons, since
the most photons with energies lower than 60 keVare attenu-
ated in the patient’s tissue and higher than 500 keV are pene-
trated in the collimator septa, the optimum energy window
should be set inside this limit, which affects the system sensi-
tivity subsequently [3, 15]. Since the image contrast in the
nuclear medicine imaging is difference in intensity between

regions of the imaged object containing different concentra-
tions of activity [7], measurement of image contrast is a good
criterion for accurate activity concentration. Furthermore, the
SNR also is a frequently used metric of image evaluation,
measurement of contrast enhancement, and quality assurance
[26].

In this study, we studied the effect of different parameters
such as the energy window width, collimator characteristic
(i.e. hole diameter, hole length, and septa thickness), and dif-
ferent reconstruction methods on the image contrast and SNR
of bremsstrahlung SPECT images of six hot spheres of
Jaszczak phantom. According to the obtained results, the im-
age contrast and SNR have been increased by use of the wide
energy window ranging from 60 to 400 keV, which is appli-
cable for clinical scanning. Further, a wide energy window
causes to increasing the system sensitivity and decreasing

Fig. 4 The image contrast of hot spheres of a Jaszczak phantom (with
different diameters of 31.8 (a), 25.4 (b), 19.1 (c), 15.9 (d), 12.7 (e), and
9.5 (f) mm) from the 90Y bremsstrahlung SPECT imaging as a function of

hole diameter and hole length of a parallel-hole collimator in the energy
window width of 60–400 keV. The images were reconstructed using the
OS-EM algorithm
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the bias and also variance of the activity estimation in the 90Y
bremsstrahlung SPECT imaging [15]. In the 90Y SPECT im-
aging, penetration and scattering of the bremsstrahlung pho-
tons through the collimator septa are the image-degrading
effects [2]. Therefore, the choice of a collimator with the suit-
able geometry along with the minimal scattered radiation and
photons penetration through the septa leads to correct estima-
tion of activity during radiation therapy and by that can be
achieved a better image quality of 90Y bremsstrahlung
SPECT images. For this purpose, the applied studies for the
collimator with different hole diameters and lengths, which
their resolutions were detected between 1 and 1.8 cm, indicat-
ed that the better results for the image contrast and SNR can be
obtained by using the collimators with larger hole length and
smaller hole diameter, which generate the least penetration
and scattering. Although Roshan et al. [9] mentioned that
the contrast of reconstructed images by FBP algorithm can
be increased by increasing the hole diameter and energy win-
dow width for fixed collimator and septa thickness values, our
results for different values of hole length and hole diameter
indicated that image quality can be also increased by decreas-
ing the hole diameter, while Rcoll was considered between 1
and 1.8 cm. The reconstruction algorithm is another factor
with a significant effect on the image quality in the 90Y brems-
strahlung SPECT imaging. For this purpose, the image quality
of the simulated images, which were reconstructed by two

reconstruction algorithms including the FBP and OS-EM,
was evaluated by using the contrast and SNR as quality met-
rics. The results showed that the OS-EM reconstruction meth-
od yields higher contrast and SNR and better image quality
than FBP in all cases, although the OS-EM reconstruction
process significantly increases the image reconstruction time.
Achieving the images with high contrast and SNR and also the
smallest level of scattered radiation and penetration of brems-
strahlung photons through the collimator septa can improve
the estimation of 90Y microsphere activity distribution in
bremsstrahlung SPECT imaging after radiation therapy and
treatment efficacy.

Conclusion

We investigated the effects of the energy window width, the
geometric structure of a ME parallel-hole collimator and the
reconstruction algorithm on the images contrast and SNR of
90Y bremsstrahlung SPECT by SIMIND Monte Carlo simu-
lation program. The results showed that the best contrast and
SNR are obtained by use of an wide energy window ranging
from 60 to 400 keV as the optimal energy window and a ME
collimator with a hole diameter of 0.235 cm, a hole length of
4.4 cm, and a septa thicknesses of 0.114 cm as the optimal
geometric structure of collimator, which leads to the minimum

Table 1 Fraction of photon
penetration and scattering in the
collimator septa in the best energy
window width (60–400 keV) and
septa thicknesses of 0.114 cm for
different values of hole length and
fixed hole diameter of 0.235 cm
(left) and different values of hole
diameter and fixed hole length of
4.4 cm (right)

Hole diameter = 0.235 cm Hole length = 4.4 cm

Hole length (cm) Penetration Scatter Hole diameter (cm) Penetration Scatter

3 5.99% 3.27% 0.235 4.05% 2.78%

3.2 5.58% 3.19% 0.259 4.06% 2.82%

3.4 5.29% 3.11% 0.282 4.06% 2.82%

3.6 4.99% 3.02% 0.294 4.07% 2.83%

3.8 4.70% 2.96% 0.306 4.07% 2.84%

4 4.46% 2.91% 0.33 4.08% 2.85%

4.2 4.24% 2.84% ----- ----- -----

4.4 4.05% 2.78% ----- ----- -----

Fig. 5 The reconstructed images
of six hot spheres of Jaszczak
phantom by use of the FBP
algorithm in energy window
widths of 60–160 keV (a) and
60–400 keV (b) and use of the
OS-EM algorithm in energy win-
dow width of 60–400 keV (c)
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scattering and photons penetration through the septa, along
with the reconstruction algorithm of OS-EM, which can im-
prove the reconstructed images quality and present the better
activity estimation in the SPECT images of 90Y.
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