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Abstract
The effects of scattered radiation on image quality in brain imaging with fan-beam collimator were quantitatively evaluated. 
A commercial gamma camera in conjunction with a fan-beam collimator was simulated using MCNPX code. The effects of 
radiation scattering on image quality were evaluated by employing the Snyder phantom and comparing the system response 
to an isotropic 99mTc point source in both spatial and frequency domains. The trans-axial spatial resolution of the obtained 
point spread functions were studied in the spatial domain, at source-to-collimator distances of 2, 4, 6, 8, and 10 cm. At the 
same distances, the spatial frequencies at 90% (SF0.9) and 10% (SF0.1) of the maximum modulation transfer function were 
considered in the frequency domain. The maximum difference between the obtained full width at half-maximum in pres-
ence and absence of phantom was approximately 5%, while this difference was 14% for full width at tenth maximum. An 
analysis of system response in the frequency domain demonstrated a large difference of 43% between the obtained SF0.9 
values in presence and absence of phantom. In contrast, this difference was a mere ~ 2% between the obtained SF0.1 values. 
Radiation scattering mainly degrades the image contrast resolution and has no considerable effect on the spatial resolution 
of the images acquired by the fan-beam collimator. Accordingly, the impact of radiation scattering on image quality was 
more obvious in frequency domain, and SF0.9 can be considered as an operational parameter for the quantitative assessment 
of radiation scattering effects on image quality in the frequency domain.
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1  Introduction

One of the main objectives in nuclear medicine, which 
more often than not goes hand in hand with clinical prac-
tice, is the improvement of lesion diagnosis by tracing the 
radio-pharmaceutical uptake inside the body. Single-photon 
emission computed tomography (SPECT) is of the most fre-
quently applied nuclear medicine imaging modalities used to 
assess the lesion distribution and its function. The procedure 
involves the injection of a specific gamma emitter into the 
patient and the detection of the emitted gamma rays from 
the patient body using a gamma camera [usually a sodium 
iodide (NaI) scintillation detector] [1].

Compton scattering is one of the main features of radia-
tion interaction with the patient body that unfortunately 

degrades the quality of the images obtained by this imag-
ing modality. The presence of a collimator is essential for 
the projection view and image formation, as it inherently 
reduces the contribution of Compton scattering through 
absorption of the scattered photons by the collimator body. 
One of the collimator types employed in SPECT is the fan-
beam collimator, which is a combination of a converging/
pinhole collimator and a parallel-hole collimator in two dif-
ferent dimensions; this combination can take advantage of 
both the collimators’ features at once [2].

Because of the inherent magnification in this combined 
collimator type, the contribution of the spatial resolution of 
the camera to that of the entire system decreases inversely 
with the collimator magnification coefficient [2]. Result-
antly, this combined collimator can be substituted by a par-
allel-hole collimator in imaging applications that involve the 
brain or small organs such as the thyroid [3, 4]. Hence, the 
improved spatial resolution and image quality comprise the 
main reasons that justify the application of fan-beam col-
limators in the SPECT imaging technique.
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The application of fan-beam collimators in nuclear medi-
cine imaging has been studied by several authors [5–10]. 
However, not much attention has been paid to the effect of 
scattered radiation on the quality of the image acquired by 
such collimators. Therefore, the objective of this study was 
to evaluate the effect of radiation scattering on the quality of 
brain SPECT images acquired by the fan-beam collimator. 
To this end, a commercial gamma camera model in conjunc-
tion with the fan-beam collimator was simulated using the 
MCNPX Monte Carlo code and the effects of scattered radi-
ation on image quality were quantitatively evaluated with 
the point spread function (PSF) and the modulated trans-
fer function (MTF) in both spatial and frequency domains, 
respectively.

2 � Materials and methods

2.1 � Monte Carlo modeling of SPECT imaging system

The SPECT imaging system simulated in the current study 
was the SPECT modality of a Discovery NM-CT 670 hybrid 
scanner manufactured by the General Electric (GE) Com-
pany [11]. Simulations were performed using the Monte 
Carlo MCNPX code [12], and the physical and geometric 
characteristics of the simulated gamma camera were pro-
vided by the manufacturer. The simulated gamma camera 
was a sodium iodide scintillation crystal (NaI) with a thick-
ness of 0.375 in. Because the MCNPX code is not able to 
generate and track the generated photons during the scin-
tillation process inside the crystal, the simulated gamma 
camera (NaI crystal) was divided into several pixels with 
defined dimensions to consider the effects of light spreading 
inside the crystal and the inherent spatial resolution of the 
gamma camera. As the inherent spatial resolution for most 
gamma cameras is approximately 4 mm [13, 14], the size of 
each pixel was set to 4 × 4 mm2. Furthermore, the limited 
energy resolution of the gamma camera can also affect the 
contribution of scattered photons to the signal acquired by 
the camera. Therefore, the limited energy resolution of the 
gamma camera was also considered in the simulation by tun-
ing the energy response of the simulated gamma camera to 
a Gaussian response, using the Gaussian energy broadening 
(GEB) option defined in the MCNPX code [12]. The validity 
of this energy tuning procedure was evaluated by a compari-
son of the calculated and measured energy response of the 
gamma camera at an energy input of 140 keV. To this end, 
an isotropic 99mTc point source was positioned at a distance 
of 10 cm from the front surface of the gamma camera, and 
the pulse height of spectra obtained by the measurement 
was compared with the Monte Carlo simulated pulse height 
spectra.

To perform a detailed modeling for the fan-beam colli-
mator, first, the rotation angle of each collimator hole, with 
respect to the central one, was calculated by the trigonomet-
ric relationships and then the position of each collimator 
hole was determined by applying the calculated angles to 
the regular form of the rotation matrix in space. Finally, 
the obtained geometric data for each hole were considered 
in the simulations through the transformation coordinate 
option (TR card) of the MCNPX code. The collimator was 
made of lead and 549 holes were considered in its model. 
The simulated fan-beam collimator was of the converging 
type along the x-axis and of the parallel-hole type along the 
y-axis. Specifications of the simulated fan-beam collimator 
are listed in Table 1.

A diagram of the modeled fan-beam collimator along 
with the simulated gamma camera is shown in Fig. 1.

2.2 � Effect of radiation scattering on image quality

To evaluate the effect of scattered radiation on the acquired 
image quality, the Snyder phantom was simulated with an 
isotropic 99mTc point source located inside the phantom. The 

Table 1   Specifications of simulated fan-beam collimator

a Septal thickness is defined at the narrow end of the collimator, i.e., 
toward the patient

Collimator 
type

Hole 
shape

Hole 
diameter 
(mm)

Focal 
length 
(mm)

Septal 
thickness 
(mm)a

Height 
(mm)

Fan-beam Hexago-
nal

1.5 350 0.3 25

Fig. 1   Simulated gamma camera in conjunction with fan-beam col-
limator. The gamma camera is considered to be a pixelized detector 
with an intrinsic spatial resolution, which is included in the simula-
tions. The circle shows an enlarged image of the simulated fan-beam 
collimator; both the collimator holes and septal thickness are also 
shown
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Snyder phantom simulates the human head and comprises 
of three different layers including skin, skull (cranium), and 
brain, which are described by the following equations [15]:

A schematic view of the simulated Snyder phantom at 
different planes is shown in Fig. 2. The composition and 
density of different phantom layers were taken from the 
ICRU 46 report [16].

To evaluate the effect of radiation scattering on image 
quality, two different scenarios were considered. In the first 

(1)

(

x

7.3

)2

+

(

y

10.3

)2

+

(

z

8.8

)2

= 1 for skin

(

x

8.6

)2

+

(

y

9.8

)2

+

(

z

8.3

)2

= 1 for skull

(

x

6

)2

+

(

y

9

)2

+

(

z

6.5

)2

= 1 for brain.

scenario, the response of the simulated imaging system to an 
isotropic 99mTc point source, in the absence of the phantom, 
was obtained by calculating the PSF and MTF at source-to-
collimator distances (SCD) of 2, 4, 6, 8, and 10 cm. In the 
second scenario, the source was located inside the Snyder 
phantom at the second state and the corresponding response 
of the imaging system in terms of the PSF and MTF was 
obtained at the same source-to-collimator distances. The 
employed simulation setup for data acquisition from the 
simulated imaging system in the presence and absence of 
the Snyder phantom is shown in Fig. 3a, b, respectively.

Finally, the contribution of scattered radiation to image 
quality degradation was evaluated by comparing the system 
response in the presence and absence of the Snyder phan-
tom in both spatial and frequency domains. The full width 
at half-maximum (FWHM) and full width at tenth maxi-
mum (FWTM) of the obtained trans-axial PSFs at different 

Fig. 2   Schematic diagram of simulated Snyder phantom using MCNPX Monte Carlo code in different planes

Fig. 3   Simulation setup 
employed to obtain imaging 
system response in a presence 
and b absence of Snyder phan-
tom. As shown in this figure, 
the Snyder phantom is substi-
tuted by the air in the performed 
simulations in the absence of 
scattering media. SCD source-
to-collimator distance
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distances were considered in the spatial domain. Meanwhile, 
the spatial frequency (in terms of cycles/cm) at nine-tenths 
(SF0.9) and one-tenth (SF0.1) of the maximum MTF (= 1) 
were extracted and compared in the frequency domain. It 
should be noted that the focal length of the simulated fan-
beam collimator was always the same in all of preformed 
simulations (350 mm) and was not changed when the dis-
tance between the radiation source and the fan-beam col-
limator was increased.

The energy window for data acquisition was tuned to 20% 
(126–154 keV) in all simulations. A total of 500,000,000 
histories were followed in all the preformed simulations and 
the response of gamma camera was calculated by the F8 
tally (the pulse height scoring tally). A standard computing 
system (CPU Intel Core i7/RAM 8 GB) was used for simula-
tions, so that the time of each simulation was approximately 
1200 min. The associated statistical error with the obtained 
Monte Carlo results was less than 3%.

3 � Results

The energy response of the simulated gamma camera to 
the emitted gamma rays from the 99mTc source is shown in 
Fig. 4. It should be noted that the presented data are normal-
ized to the maximum registered counts.

As shown in Fig. 4, the statistical fluctuations in the 
gamma camera response can be observed in the Monte 
Carlo-based energy spectrum; these are owing to the tar-
geted spreading of the crystal response in simulations. Fur-
thermore, there is a good agreement between the measured 
and simulated energy spectra for the gamma camera of this 

study. This confirms the validity of the considered Gauss-
ian energy broadening response for the gamma camera and 
the accurate performance of the selected energy window for 
data acquisition. The observed differences between the simu-
lated and measured data in low-energy (0.08–0.12 MeV) and 
high-energy (about 0.16–0.18 MeV) regions can be mainly 
attributed to the fact that the electronic modules of the imag-
ing system (such as the PMT, preamplifier, and amplifier) 
and their corresponding low-amplitude electrical noise as 
well as high-amplitude overlapped pulses are not considered 
in the Monte Carlo simulations.

The response of the imaging system to a 99mTc point 
source in terms of the PSF (in the spatial domain) and the 
MTF (in the frequency domain) in the absence and presence 
of the Snyder phantom (scattering media) is shown in Figs. 5 
and 6, respectively.

The MTFs were obtained by applying the 2D fast Fou-
rier transform to the PSFs at different distances from the 
collimator surface. As shown in Figs. 5 and 6, the MTF 
values at different spatial frequencies in the presence of the 
phantom are lower than those obtained in the absence of the 
Snyder phantom. For example, the MTF value at a spatial 
frequency of 0.3 cycle/cm in the presence of the Snyder 
phantom decreases by 3.1, 3.9, 4.5, 5.6, and 6.7% at SCDs 
of 2, 4, 6, 8, and 10 cm, respectively.

The impact of radiation scattering on the image quality 
in the spatial domain was assessed by a comparison of the 
FWHM and FWTM of the obtained PSFs at different dis-
tances from the collimator in the presence and absence of 
the Snyder phantom. As recommended by the NEMA Nu-1 
protocol [17], the FWHMs and FWTMs of the obtained 
PSFs at different distances were extracted by the interpola-
tion process.

The comparison between the calculated FWHMs and 
FWTMs at different distances from collimator surface in 
the presence and absence of the scattering media (Snyder 
phantom) is shown in Fig. 7.

An image quality analysis in the frequency domain was 
performed by comparing the obtained SF0.9 and SF0.1 values 
in the presence and absence of the Snyder phantom. The 
results of this comparison are presented in Fig. 8.

All the obtained results were corrected for magnification 
by the employed fan-beam collimator at different distances.

4 � Discussion

As depicted in Figs. 5 and 6, the width of the obtained PSFs 
increases with increasing distance from the collimator sur-
face with both the presence and absence of the Snyder phan-
tom. Correspondingly, the cutoff frequency of the obtained 
MTFs considerably decreases at greater distances from the 
collimator surface. This result indicates that the distance 

Fig. 4   Comparison of calculated and measured energy response of 
gamma camera to 140 keV photon energy. Statistical fluctuations in 
the energy response of the gamma camera are considered during the 
simulations
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between the object and image planes has a remarkable effect 
on the acquired image quality in terms of spatial and contrast 
resolution, which deteriorates with increasing distance from 
the collimator surface.

Variations of the FWHM and FWTM in the presence 
and absence of scattering media, as shown in Fig. 7, indi-
cate that the scatter radiation originating from the phantom 
mainly affects the FWTM and has a negligible effect on the 
FWHM. The maximum difference between the obtained 

FWTM in the presence and absence of the phantom was 
14%, while this difference was approximately 5% for the 
extracted FWHM from the obtained PSFs. Scattered pho-
tons are mainly registered at greater distances from the 
detector center and consequently affect the FWTM largely. 
With respect to the fact that the FWHM and FWTM affect 
the spatial and image contrast resolution, respectively [2], 
it can be deduced that the photons scattered by the brain 
tissue will deteriorate the contrast resolution, while they 

Fig. 5   Response of simulated imaging system [in terms of count per 
second (cps) per Bq] to an isotropic 99mTc point source in absence 
of Snyder phantom (scattering media). a Obtained PSFs at different 

distances from the collimator surface, and b depicts the correspond-
ing MTFs which are calculated by the fast Fourier transform (FFT) of 
obtained PSFs

Fig. 6   Response of simulated imaging system [in terms of count per 
second (cps) per Bq] to an isotropic 99mTc point source in presence 
of Snyder phantom (scattering media). a Obtained PSFs at different 

distances from the collimator surface, and b depicts the correspond-
ing MTFs, which are calculated by the fast Fourier transform (FFT) 
of obtained PSFs
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do not have a remarkable effect on the spatial resolution 
of the image.

As shown in Fig.  8, the scattered radiation mainly 
affects the SF0.9 values, while its effect on SF0.1 values is 
negligible. The maximum difference between the obtained 
SF0.9 values in the presence and absence of scattering 
media was 43%. In contrast, the observed maximum dif-
ference for SF0.1 in the two cases was a mere 2%.

As the spatial frequency at one-tenth of the maximum 
MTF (SF0.1) is a measure of spatial resolution [18], it can 
be concluded that radiation scattering does not consider-
ably affect the spatial resolution of the image.

A comparison of the image parameters in both the spa-
tial and the frequency domains reveals that the frequency 
domain more effectively distinguishes the effects of radia-
tion scattering on image quality. As described above, the 
maximum difference between the obtained results with 
and without the phantom in the spatial domain was 14%, 
while this difference was 43% in the frequency domain. 
The findings of this study show that the spatial frequency 
at nine-tenths of the maximum MTF (SF0.9) can be con-
sidered a good parameter for the quantitative evaluation 
of the radiation scattering effect on image quality in the 
frequency domain.

Although a simple single energy window (126–154 keV) 
was considered for scatter compensation during data acquisi-
tion in the current study, more accurate and effective scatter 
rejection methods such as dual-energy window, dual-pho-
topeak window, and three-energy window [19–21] can be 
employed to compensate the effects of poor energy resolu-
tion of the NaI gamma camera (approximately 10% at a pho-
ton energy of 140 keV [22]) and further reduce the contribu-
tion of the scattered photons to image quality degradation.

5 � Conclusion

In this study, a SPECT imaging system in conjunction with 
a fan-beam collimator was simulated using the Monte Carlo 
method. The effects of radiation scattering on brain image 
quality were determined by a quantitative comparison of the 
imaging system’s response in the presence and absence of 
scattering media (Snyder phantom). This comparison was 
performed in both spatial and frequency domains.

The results show that radiation scattered from the 
patient has a remarkable contribution to image quality 
degradation in terms of contrast resolution, while it does 
not have a significant impact on the spatial resolution of 
the acquired images.

The effects of radiation scattering are more obvious in 
the frequency domain, and the imaging system response 
is evaluated in terms of the MTF.
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Fig. 7   Extracted FWHM and FWTM from obtained PSFs at different 
distances from collimator surface in presence and absence of scatter-
ing media (Snyder phantom)

Fig. 8   Calculated spatial frequencies at 10% and 90% of maximum 
MTF (SF0.1 and SF0.9, respectively) at different distances from col-
limator surface in presence and absence of scattering media (Snyder 
phantom)
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