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Abstract

Partial volume effect, due to the poor spatial resolution of single photon emission tomography 
(SPET), significantly restricts the absolute quantification of the regional brain uptake and limits 
the accuracy of the absolute measurement of blood flow. In this study the importance of compen-
sation for the collimator-detector response (CDR) in the technetium-99m ethyl cysteinate dimer 
(99mTc-ECD) brain SPET was assessed, by incorporating system response in the ordered-subsets 
expectation maximization (OSEM) reconstruction algorithm. By placing a point source of 99mTc at 
different distances from the face of the collimator, CDR were found and modeled using Gaussian 
functions. A fillable slice of the brain phantom was designed and filled by 99mTc. Projections ac-
quired from the phantom and also 4 patients who underwent the 99mTc-ECD brain SPET were used 
in this study. To reconstruct the images, 3D OSEM algorithm was used. System blurring functions 
were modeled, during the reconstruction in both projection and backprojection steps. Our results 
were compared with the conventional resolution recovery using Metz filter in filtered backpro-
jection (FBP). Visual inspection of the images was performed by six nuclear medicine specialists. 
Quantitative analysis was also studied by calculating the contrast and the count density of the re-
constructed images. For the phantom images, background counts and noise were decreased by 
3D OSEM compared to the FBP-Metz method. Quantitatively, the ratio of the counts of the occu-
pied hot region to that of the cold region of the reconstructed by FBP-Metz images was 1.14. This 
value was decreased from 1.12 to 0.86 for 3D OSEM of 2 and 30 iterations respectively. The refer-
ence value was 0.85 for the planar image. For clinical images, hot to cold regions (grey to white 
matter), the count ratio was increased from 1.44 in FBP-Metz to 3.2 and 4 in 3D OSEM with 10 and 
20 iterations respectively. Based on the interpretability of images, the best scores (3.79±0.51) by 
the physicians were given to the images reconstructed by 3D OSEM and 10 iterations. This value 
was 0.63±0.77 for FBP-Metz images. In conclusion, by incorporating the distance dependent CDR 
during 3D OSEM, it was possible to reconstruct the brain images with much higher resolution and 
contrast as compared to the conventional resolution recovery method, which used FBP-Metz. It 
was however important to make a trade-off between noise and resolution by determining an 
optimum iterations number. 

Introduction

T echnetium-99m-ethyl cysteinate dimer (99mTc-ECD) SPET is extensively used as 
a clinical tool for the assessment of the regional cerebral blood flow (rCBF) [1, 2]. 
Quantitative brain SPET has a well-established role in the diagnostic evaluation of 

perfusion abnormalities of  the brain SPET in patients with temporal lobe epilepsy [3, 4], 
traumatic brain injuries [5, 6], Alzheimer’s disease, and dementias [7, 8]. The spatial resolu-
tion should be adequate to show small brain structures like thalamus and basal ganglia. 
Basal ganglia and putamen have a remarkable clinical impact and should be evaluated 
carefully. Brain uptake is high in the subcortical gray matter, the basal ganglia and thala-
mus [9, 10]. On the transverse images with the optimal spatial resolution, globus pallidus 
and putamen seem like a triangular structure and the caudate nucleus should be seen as 
a small protuberance on the margin of the basal ganglia. The internal capsule located be-
tween the thalami and basal ganglia has a little uptake on the cerebral perfusion imaging 
and thalamus is seen as a separate structure.

Quantitative accuracy of  the brain perfusion SPET images is degraded by the photon 
attenuation [11-13], scattered photons [14-16] and by distance dependent collimator de-
tector response [17]. Moreover, statistical noise and background radiations degrade the 
images. Beside these factors that influence image quality, there are also issues associated 
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Methods

Modeling CDR
A point source of 37MBq of 99mTc-pertechnetate was placed in 
different distances (5cm to 45cm with 5cm steps) from the face 
of the collimator. A total of four million counts were acquired 
for each distance in a 256Χ256 matrix with 1.35mm pixel size. 
Suitable 2D Gaussian functions were fitted on the CDR. 

Phantom study
A single slice fillable phantom of the brain was designed and 
manufactured based on the ZUBAL digital phantom [34] and 
99mTc-ECD bio-distribution; however, in this phantom all ac-
tivities can be distributed in the gray matter only. Phantom 
size was 22cmΧ17cm with 1cm thickness. This phantom was 
filled with 150mL of 99mTc and water with an activity concen-
tration of 74MBq.  

Patient study
Previously acquired projections of the 4 patients (2 men and 
2 women, aged: 34±7.4 years) who referred to our center for 
99mTc-ECD brain SPET were used for image reconstruction. All 
patients had been intravenously injected by 925-1110MBq of 
99mTc-ECD. 

Data acquisition
Imaging was performed with a dual-head Symbia T2 gamma 
camera (Siemens Medical Solution Inc. USA) and low energy 
high resolution collimators. Tomography was performed us-
ing 120 stops at 30s per view in a 360° rotation. The crystal di-
mensions were 59.1Χ44.5cm, with a 9.5mm thickness. Approxi-
mately 4.5-5.0 million counts for the patients and 1.2 million 
counts for the phantom were acquired. The energy setting was 
140keV with a 20% window. Image pixel size was 2.7mm in a 
128Χ128 array. 

Image reconstruction
Images were reconstructed using both the analytical FBP and 
3D iterative OSEM algorithms with resolution recovery. The 
FBP reconstruction was done using Metz filter (cut-off: 0.25, 
order: 6) and Butterworth filter (cut-off: 0.22, order: 8). Param-
eters of these filters have been optimized for the acquired 
brain images in our department. The OSEM reconstruction 
was done using 1 to 30 iterations and 8 subsets per iteration. 
The 3D nature of CDR causes blurring across the multiple im-
age slices, so in order to achieve a more accurate compen-
sation, we must take into account this 3D effect. To achieve 
this goal, the image reconstruction must be done as a whole 
rather than a slice by slice. For any 3D estimation, blurring was 
done layer by layer for each of the planes based on their dis-
tances from the face of the collimator. After blurring our 3D 
estimation, the simple ray sum was applied to create the 2D 
mathematical projections. For the next projections, the activ-
ity phantom was rotated in its fixed grid. These mathematical 
projections were compared to the real projections. The error 
due to this comparison was backprojected to update the pre-
vious image. This process is repeated while the error reaches 
to a small and acceptable value [35].  

Attenuation correction
Attenuation was corrected using Chang’s first-order method 
(attenuation coefficient, μ=0.12cm-1). The true value of μ for 

with the selection of the image reconstruction algorithm, fil-
ter parameters, and compensation methods [18-22]. 

It has been shown that for the brain SPET, attenuation 
can be successfully corrected by applying the Chang’s 
algorithm and considering the uniform attenuation coef-
ficients after image reconstruction [13, 21, 23]; however 
there are studies that show  a small improvement of the 
CT-based non-uniform attenuation correction [21, 22, 24]. 
Scatter correction can be successfully applied using dual 
or triple energy windows during or after image reconstruc-
tion [14, 21, 22, 24]. 

There are however challenges about the selection of 
the optimum method to compensate for collimator detec-
tor response (CDR). In a class of  the conventional meth-
ods, the resolution recovery filters such as Metz or Wiener 
were used to compensate for the collimator and detector 
blurring using  the inverse CDR in the frequency domain 
[25, 26]. The main advantage of this method is that it is fast 
and easy to implement. One important issue in applying 
the restoration filters is the selection of the CDR. Since CDR 
changes as a function of the distance, usually an average 
filter is used; for example, CDR for a distance from the face 
of the collimator equals to the radius of the rotation. There-
fore, these filters will tend to overcompensate in the some 
parts of the image and undercompensate in other. Another 
issue associated with this method is that since Metz and 
Wiener filters use the inverse CDR, they are high-pass filters 
that amplify the noise and therefore it’s necessary to make 
a trade-off between the degree of resolution recovery and 
the noise level. Metz filter is commercially available now on 
many SPET systems.

Other compensation methods are more accurate by in-
corporating the distance dependent CDR in the projector 
steps (forward and backward) of the iterative reconstruction 
algorithms [27-30]. This means that instead of forwarding 
the data in straight lines along the columns when calculat-
ing the projection value, the projector includes the prob-
ability for a photon to pass through the holes of the collima-
tor. Due to the statistical nature of gamma rays emission in 
nuclear medicine, statistical reconstruction methods such as 
maximum likelihood expectation maximization (MLEM) or 
ordered subset expectation maximization (OSEM) that con-
sider the Poisson nature of these data are often the iterative 
method of choice to be used for SPET image reconstruction 
[31, 32]. 

There are simulation studies that have evaluated the im-
pact of resolution recovery by incorporating CDR during 
OSEM image reconstruction in the brain SPET images. They 
have used a digital phantom and analytical simulation to cre-
ate the brain SPET projections [33]. Others employed Monte 
Carlo simulation and a digital brain phantom for the creation 
of SPET projections, but neglected the effect of photon at-
tenuation and scattering [17]. They showed that resolution 
recovery by CDR modeling during OSEM, significantly re-
duce the effect of partial volume, increases the gray to white 
matter contrast and improves the accuracy of quantitative 
estimations. 

In this research we used a physical brain phantom and real 
clinical images to assess the influence of the resolution re-
covery during image reconstruction on the quantitative ac-
curacy of 99mTc-ECD brain SPET images via prototype study. 
We also compared our results with the conventional resolu-
tion recovery images using Metz filter. 



Hellenic Journal of Nuclear Medicine www.nuclmed.gr9 4 May - August 2012

Original Article

Results

CDR Modeling
As it has been shown in Figure 1, the full width at the  half 
maximum (FWHM) of the Gaussian functions increased from 
5.6mm to 24mm when the source to the collimator distance 
increased from 5cm to 45cm. 

Phantom study
Figure 2 shows the reconstructed images by different algo-
rithms: by FBP-Metz, FBP-Butterworth and 3D OSEM with the 
different iteration numbers. For all the reconstructed images 
by 3D OSEM, there was less background and noise compared 
to the images reconstructed by FBP-Metz. After 10 iterations, 
more details could be identified in the 3D OSEM compared 
with the FBP-Metz image. It was also obvious that there was 
a direct relation between image resolution and iteration 
numbers. 

Figure 2. Reconstructed images of the physical phantom by different algorithms; 
A: Filtrated back projection with Butterworth and Metz filter, B: 3D OSEM for the 
different iteration numbers.

In order to estimate image resolution, the ratio of the hot 
area to the cold area in each reconstructed image was com-
pared with the reference image. A planar image of the phan-
tom was acquired and used as the reference image. A simple 
threshold method was used to create the binary masks for 
each image. For each image, the hot region mask was cre-
ated by defining a 30% of the maximum count. The rest of 
the image was considered as the cold region (Fig. 3). Figure 
4, shows the ratio of the hot to the cold regions using the 
planar image as the reference image. The rest of the images 
were reconstructed by using different algorithms, as men-
tioned before.   

Figure 3. Creation of the bi-
nary masks for finding hot and 
cold areas by defining their 
threshold.

To evaluate the correction of partial volume effect, the 
mean pixel values in both the hot and cold regions were 
calculated for each image reconstructed by 3D OSEM 
with different iteration numbers. Regarding the phantom 
used, for an ideal image there should be no counts in the 
cold region and all counts should be observed in the hot 
region. As it has been shown in Figure 5, by increasing 

the narrow beam is about 0.16cm-1, however this value de-
creases due to the presence of the scattered photon. There-
fore we used an effective attenuation coefficient which is 
about 0.12cm-1. The Chang’s method involves multiplication 
by a correction factor at each point of the image after the 
reconstruction. It has been shown that this algorithm can be 
applied successfully in uniform and symmetric organs such 
as the brain [13, 36, 37]. 

Evaluation parameters
Both the visual inspection and quantitative evaluation 
were used in this research. Visual inspection was done by 
six nuclear medicine specialists. They were asked to give 
scores between 0 and 4 (the best image) to the reconstruct-
ed images of FBP-Metz, 3D OSEM with 2, 6, 10 and 20 itera-
tions based on interpretability, uniformity, and visibility of 
different parts of the brain scans such as the internal cap-
sule, basal ganglia, and thalamus. For quantitative analysis, 
the mean counts in the grey and the white matter of the 
brain images were calculated as a function of the iteration 
number. The gray to white matter count ratio in the brain 
was also calculated for all the reconstruction methods. To 
achieve this goal, two regions of interest (ROI) were drawn 
in a uniform hot region and a uniform cold region near the 
first ROI.

In the phantom study, the ratio of the number of pixels 
in the hot region to the number of pixels in the cold region 
were determined for each reconstructed image. Count 
density was also calculated for each image. Higher count 
density means a thinner wall, less blurring, and better spa-
tial resolution.   

Α Β

Α

Β

Figure 1. A: Images acquired from the point source of 99mTc at different distances 
from the face of the collimator, B: Plot of FWHM for CDR as a function of distance; 
the precision of fitted Gaussian model on the real data was R2=0.991.
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the iteration number, the mean pixel value in the cold re-
gion was decreased. In contrast, by increasing the itera-
tion number the mean pixel value in the hot region was 
increased.

Figure 4. The ratio of hot area to cold area using the planar image as reference. 
Other images were reconstructed by different reconstruction methods.

Figure 5. Variation of the mean count density in the hot (top) and the cold (bot-
tom) regions versus the iteration number for images reconstructed by 3D OSEM.

Α Β C

Figure 7. Variation of the mean count density in A: the hot, B: the cold regions 
and C: the hot-to-cold ratio of the brain image versus the iteration number.

Α

B
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Table 1. The mean±standard deviation of scores for each patient and for all patients given by six nuclear medicine specialists 
in 0-4 scale

Reconstruction 
method    FBP with Metz filter 3D OSEM 

2 iterations 
3D OSEM 

6 iterations 
3D OSEM 

10 iterations 
3D OSEM 

20 iterations 

Patient 1 0.50±0.83 0.67±0.52 3.00±0.63 3.67±0.81 2.17±0.75

Patient 2 0.50±0.83 0.67±0.52 2.83±0.41 3.83±0.41 2.17±0.98

Patient 3 0.67±0.81 0.83±0.75 3.00±0.63 3.83±0.41 1.67±1.03

Patient 4 0.83±0.75 0.33±0.52 3.00±0.63 3.83±0.41 2.00±0.63

All patients 0.63±0.77 0.63±0.58 2.96±0.55 3.79±0.51 2.00±0.83

Figure 6. Two different sections of a real reconstructed brain image by FBP and 
Metz filter (top row) and by 3D OSEM with  the resolution recovery and with 10 
iterations and 8 subsets (bottom row) in three standard planes: A: transverse, B: 
sagittal and C: coronal.
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face of the collimator to 24mm at a distance of 45cm. This re-
sults in a non-uniform resolution in the final reconstructed im-
age and adversely affects the quantitative accuracy of the brain 
images. 

Conventional resolution recovery methods, use restoration 
filters such as the Metz filter; however, in these methods the 3D 
nature of CDR is neglected and the images are reconstructed 
slice by slice. The other disadvantage of using Metz filter is 
applying an average and constant filter and finally Metz filter 
amplifies noise that is considerable in higher frequencies. In 
3D OSEM; however, it is possible to employ distance depend-
ent CDR functions. Therefore we could reconstruct images with 
more precision. As shown in Figure 2, OSEM algorithm results in 
much better noise properties compared to FBP and Metz filters. 
The other advantage of OSEM algorithm is less background in 
the cold regions. 

As shown in Figure 5, in the real brain images that con-
tain the fewer counts, the recovery coefficients in both the 
hot and cold regions reach to their maximum after about 18 
iterations. Therefore increasing the iteration numbers does 
not add useful information any more. Between the recon-
structed images of 6 and 20 iterations, our specialists gave 
the highest score to the reconstructed images with 6 itera-
tions. This shows the adverse effect of the noise on the in-
terpretability of the images. Nowadays, many SPET systems 
are equipped with the resolution recovery programs [42, 43]. 
These softwares can improve the image resolution without 
any extra cost or additional imaging. 

In conclusion, by incorporating the collimator dependant 
response during 3D OSEM images reconstruction on 99mTc-
ECD brain SPET images, it has been possible to reconstruct 
brain images with higher spatial resolution and contrast, 
aiming to also achieve higher quantitative accuracy as com-
pared to conventional resolution recovery method which 
used FBP-Metz. For that, it was important to make a trade-
off between the noise and resolution by determining an op-
timum iteration number. 
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