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Abstract. A method based on clustering analysis and image quality discriminant functions is tested over 
HMPAO-99mTc-SPECT images to optimize image quality vs. administered activity to patient. Signal-to-Noise 
ratios and Signal-to-Background ratios in each transaxial slice were measured over the images and used as image 
quality objective indexes. They were employed to develop image quality classification using a model of three 
clusters (k-mean Cluster Technique). The mathematical classification was compared with the subjective image 
quality evaluation, following expert observer criterion. Linear image quality discrimination was developed using 
the results of the cluster classification and taking as independent variables: the characteristics of the patients (sex, 
age and weight) and the radiopharmaceutical (labelling yield and administered activity). The dependent variables 
in the discriminant functions were the cluster centroids. The objective of this procedure was assigning a statistical 
weight to each image quality determinant variable for the optimization purpose. The method was applied in 30 
brain SPECT images, acquired under different activities (400 MBq, 600 MBq, 800 MBq and 1000 MBq as 
reference), with a Sopha gamma camera, mean-resolution - general purpose - parallel-hole collimator, acquisition 
matrix 128 x 128 pixels and reconstruction following Filter - Back - Projection Algorithm.   We looked for the 
minimum activity that guaranty most of the cases classified into the cluster with the best image quality 
(optimization criterion).  The value of 800 MBq was the optimum obtained after application of the above 
methodology for the technology used. The labelling yield and the weight of the patients were the main parameters 
which determined image quality in clusters, as well as the processing digital filter used. The reduction in the 
effective dose, as a consequence of this procedure implementation, was also analysed.  
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1. Introduction 

 
Patient exposure to ionizing radiation is deliberated during a Nuclear Medicine Study. The dosage can 
not be reduced more than certain levels without affecting image quality for diagnosis [1]. Due to the 
above aspect, an adequate relationship between image quality and radiological patient protection is 
required following scientific methods. Although this problem have been focused on several standards 
from international organizations [2-11] and reference levels have been promoted [12], there are very 
few optimization studies in the routine practice published for Nuclear Medicine in comparison to other 
imaging modalities which involve radiological risk, as conventional radiography or CT.  
  
This paper is in the optimization framework. We present a particular application of a new method for 
optimizing the image quality vs. the activity administered to patients in HMPAO-99mTc cerebral blood 
flow SPECT. 
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2. Materials and method 

 
2.1 Acquisition and image processing  

Thirty patients underwent to HMPAO-Tc99m brain SPECT were selected at random. They were 
injected with different activities:  400 MBq (Patients 1 to 10), 600 MBq (Patients 11 to 20) and 800 
MBq (patients 21 to 30). 
 
The HMPAO-Tc99m (CERETEC TM, Amersham) used was prepared following [7]. The average of the 
main labeling yield was 90.60  2.89 %. Circular SPECT were acquired using a Sopha γ- camera 
equipped with a general purpose, parallel-holes and mean resolution collimator   (HRBE8-140). The 
acquisition matrix sizes was 128 x 128 pixels with an energy window of   15 % around 140 KeV. 
The rotation radio was 20 cm. Sixty four projections were collected for each patient in 30 
sec/projection.  Transaxial slices were reconstructed using the FBP algorithm (Ramp (fc = 1.0 
Nyquist)) and Butterworth with different orders and cut-off frequencies. Attenuation was corrected 
using the Chang method (M = 0.11 cm –1) [13].  
 
Image quality was graded: subjectively by an expert observer, blinded to the activity used; and 
mathematically, using a three cluster model.  
 
2.2 Variables 

The Weight (P), Sex (S) and Age (E) of each patient, as well as, the radiopharmaceutical labeling 
efficiency (Em) and the Maximum Number of Counts per pixel in Regions of Interest (ROIs) of 3 x 3 
pixel diameter in each reconstructed transaxial slice were the variables measured. The mean number of 
the maximum Counts/pixel was calculated for each study. The background was subtracted from the 
maximum number of Counts per pixel in useful signal for each slice. Ratios between useful signal and 
background were determined for each transaxial slice (Sc1/F, Sc2/F, Sc3/F). The mean values of the 
tomographic ratios Signal-to-Noise (S/R) were calculated following the Hoffman and Phelps Equation 
[14].  
 
S/Rtom = (Np)1/2 / Cp1/4                                                                                                                                                                                                (1) 

  

Np: Number of reconstructed counts 
Cp: Number of pixels which contain the activity   
The noise is equivalent to:  
 
                                                                                                                                                                (2)  

2.3 Statistical Processing 

Following the k-mean clustering technique, the distance between two any cases from the Nc included 
(Nc= 30 in our study), represented by the Xi variables measured can be obtained by the Euclidean 
Distance: 
 
d A,B = ((XA1 - XB1)2 + (XA2-XB2)2+...(XAN-XBN)2)1/2                                                                                                                             (3)                                                                     
 
X A1… X An: values of the Xi variables for one case  
XB1… to X Bn: values of the Xi variables for the other case 
 
The above results are included in the Distance Matrix D, where the cases are the rows and the 
variables are the columns. The k-mean cluster method selects a pre-specify number of centroids (k=3, 
in our model), taking as initial centroids, the mean values of the Image Contrast among the 3 cases 
with the highest distance in D [15].  The distance from each variable to each centroid is then 
calculated. Each case is now placed in the cluster which distance to the centroid is the lowest, forming 

%1002/14/1 xCpNR p
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the final clusters. If there are significant differences among the variables in clusters, there are 
significant differences in image quality among them [16-18].  
 
Discriminant functions of image quality are then constructed to determine the statistical weight of each 
variable in the classification procedure of cases into clusters, and for selecting the Xn image quality 
determinants. We used lineal combination of variables. Two discriminant functions have to be 
constructed in our model to differentiate among three clusters.  The functions have the following 
characteristics:   

nnxxxz ...2211                                                                                                               (4)                                                                    

X1… Xn variables capable to form discriminant functions among the Xi variables measured (n  ≤ i) in Nc 
cases.  

p : Coefficients (p=1… n).   
      
 The values of P are calculated from n lineal equations following the Fisher lineal regression criterion 
[15]. The correlation coefficients for each variable with each function are calculated to look for the 
statistical weight of each variable in the case classification into clusters. 
 
As optimization criterion was taken the lowest radionuclide activity that permits including the cases in 
the cluster with the best image quality [16-18].  
 
MIRDOSE 3.0 was used to calculate the absorbed doses and the effective dose for different activities 
in brain SPECT with HMPAO-Tc99m. Residence times were extracted from ICRP 60 [2]. 
 
3. Results and discussion 

 
Table 1 shows the three clusters with image quality differentiated from the mathematical point of 
view. 
 
Table 1:  Case classification in clusters. 
 

Cluster 1 Cluster  2 Cluster 3 
Cases: 
1,3,4,6,8,9,12,1
3,15,16,17,23,2
4,25,26 and 27 

Cases: 
2,5,1,14,17, 
19,21,2,28,29 
and 30 

Cases: 7 
and 10 

 
The 30 cases were classified according to the mathematical criterion. The centroid of the first cluster 
was 11.16 (Cluster with the best image quality). The centroid of the second cluster was 10.40 and the 
third one was 10.93. Nevertheless, the differences among the three clusters were not significant 
p=0.493.  They are light between clusters 1 and 2 (p=0.118) and they are not significant between 
clusters 1 and 3 (p=0.802) for 95 % of confidence. The differences between clusters 2 and 3 neither 
were significant (p=0.272). We can then assume that cluster 1 and 3 have similar image quality and 
cluster 2 contains cases with a relative lower image quality. Nevertheless, the above differences are 
not in evident relationship with the radionuclide activity administered (the cases are placed at random 
among clusters).   
 
The following figure shows the slight dependence between the Signal-to-Background Ratio in relation 
to the activity administered. The differences are not significant for 95 % of confidence (p=0.540).  
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Figure 1: Behavior of the Signal-to-Background Ratio respect to the radionuclidic activity. 
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The mean values of the Signal-to-Background ratios are: 16.36 ± 4.04  for 400 MBq, 17.66 ±  6.20 for 
600 MBq and 19.38 ±  4.67 for 800 MBq.  
 
Analyzing the cause of the small differences in S/F among clusters we can see that the Age is similar 
p=0.638, the Weight presents some differences but they are not strong (p=0.109) and the Labeling 
Efficiency is the most statistically different among clusters (p=0.09).   
 
Table 2 shows the correlation coefficients between each variable and the Signal-to-Background ratio. 
Newly, the Weight and the Labeling Efficiency seem to be more significant than the activity for the 
classification.     
 
Table 2: Correlation among variables and S/F. 
 
 

Variable  
Pearson 

Coefficient 
 ( r ) 

Signification 
p  

Age 0.09 0.603 
Weight 0.526 0.003 
Labeling 
Efficiency 0.333 0.093 

Activity 0.249 0.185 
 
If we apply a globally discriminant analysis by steps, the results show that values of S/F higher than 
14 are in relation to activities higher than 600 MBq. The best results (S/F ≥ 22) imply activities of 800 
MBq and Em = 90 %. 
 
If we apply a lineal discriminant analysis for the three cluster criterion we obtain the following 
functions:  
 
To differentiate Clusters 1 and 2: 
 
S/F = -0.576 E + 0.763 A + 0.045 P + 0.549 Em                                                                                  (5)                                                                  

 
To differentiate Clusters 1 and 2: 

 
S/F = 0.463 E + 0.382 A + 0.861 P – 0.302 Em                                                                                    (6)                                                                       

Activity  (MBq) 
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Clusters 1 and 3 are similar. It implies that the model can be reduced to two groups with image quality 
with small differences in image quality from the mathematic point of view. Comparing with the 
subjective point of view, the observer graded the cases 1, 2, 5, 8, 14 y 17 as poor image quality 
because, following his subjective opinion, these images were noisier than the rest. This result is in 
concordance with low activity levels (400 MBq) or low labeling efficiencies (≤ 90 %).  Most of these 
cases classified into the cluster with the lowest Image quality from the objective point of view. 
Nevertheless, the rest of the images did not have good image quality either, following the observer 
opinion.  This criterion was also valid for the studies developed with the highest activity and the 
highest labeling efficiency. An analysis of the Signal-to-Noise ratios, as an average for the three 
transaxial slices,  were obtained to put in clear the above problem. Figure 2 shows the results.   
 
Figure 2:  Signal-to-Noise behavior by slices. 
                                  

  
Although the Signal/Noise ratios improve slightly with the activity increment, the values were not 
optimal for this type of study (around 20 [14]). Notice nevertheless, that the best results were obtained 
for 800 MBq and its value was around 15. It explains the observer opinion and also the fact that the 
improvement in image quality has been intended over filtering the images. Figure 3 shows one slice 
belonging to one case included in the study sample (at left) and, in contraposition, another 
tomographic image, obtained with more activity (1000 MBq) and lower smoothing (at right) for a 
external patient to the sample study.  
 
Figure 3:  Images with different values in Signal-to-Noise ratio (S/R=15, 600 MBq left and S/R=20,   

1000 MBq right) 
                                                                                                                                                          

                                         
 
 
In our study the noise levels were between 5 and 8 %. It is equivalent to S/R between 14 and 15 for the 
activity range used. In this sense, if we need obtaining an optimal ratio around 20, keeping the 
acquisition and processing protocol used, we will obtain only 4 % of noise. It means that the use of an 
activity at least of 1000 MBq is necessary to achieve this optimum noise value for this type of Nuclear 
Medicine study. Figure 4 shows the results of the extrapolation.   
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Figure 4: Relationship between the random noise percentage and the activity in SPECT images 
                                                                 
   

 

 

 

 

 

 
 
Good image quality in tomography means good spatial resolution and low random noise index [14], 
because image contrast is better than in the planar studies, according to the SPECT concept. The first 
factor is not depending on the activity administered always the activity used do not imply the use of a 
more resolute filter, as in our study. The rest of the parameters which involve the spatial resolution 
were keeping constant in our study (the same collimator was used for all the cases and the same 
patient-detector distance). Nevertheless, the random noise could be diminished using an acquisition 
matrix of 64 x 64 pixels, for 800 MBq of activity, but in this sense, it would be necessary to study the 
affectation introduced over the spatial resolution and we would need optimizing this procedure.  
 
As we can see from our results, it is not recommendable to diminish the activity down to 800 MBq for 
the acquisition and processing conditions used in this experiment without spoiling image quality. In 
case of using 800 MBq, image quality can be still improved optimizing previously the processing 
filter, increasing the SPECT acquisition Time, using a high resolution collimator, and / or diminishing 
the acquisition matrix sizes until 64 x 64 pixels [4]. The use of an activity of 1000 MBq for improving 
image quality seems to be reasonable in the case of selecting the present acquisition and processing 
protocol for the technology used. The recommendable international value of 500 MBq of HMPAO-
Tc99m [12] for this kind of study is not useful for the present acquisition conditions in our country. 
Nevertheless, the use of this activity in the future, employing updated acquisition technology, will be 
very valuable for us from the radiological protection point of view, due to the significant dose 
reduction. Table 3 shows an example of the absorbed doses in some organs and tissues and the 
effective dose for the optimized value obtained from the image quality point of view in this 
experiment in comparison with the dose reduction which it is possible of obtaining for the 
recommended IAEA activity in this type of Nuclear Medicine study.   
 

Table 3: Absorbed Dose for different activities in brain SPECT with HMPAO-99mTc  
 

Organs and Tissues 1000 MBq 
500 MBq 

(Recommended  
by IAEA) 

Brain 29.76 16.00 
breast 2.867 1.550 

Small bowel 14.88 8.00 
Stomach 7.400 4.000 

Heart 8.325 4.500 
Kidney 35.20 19.75 
Liver 31.40 18.26 
Lung 16.38 8.90 
Ovary 10.23 5.50 

Red Marrow 6.45 3.50 
Bones 12.02 6.50 

y = -0,0051x + 9,0223

R2 = 0,9559
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Spleen 7.25 3.90 
Testicle 4.46 2.40 
Tyroid 4.83 2.60 
Bladder 27.76 16.30 

Whole body 7.25 3.90 
Effective Dose (mSv) 10.23 5.50 

                     
The optimization method used in this experiment with patients has been previously validated for 
SPECT in phantom studies [17] and other Nuclear Medicine studies with patients [16,18].  
  
4. Conclusion 

 
Not only the activity used determine image quality for brain SPECT; variables as the Labeling 
Efficiency, the Weight of the patient and the Processing Filter used are very determinant of the 
random noise levels obtained as well as the image contrast and the spatial resolution obtained. The 
clusterization model employed in conjunction with lineal discriminant analysis was very useful to 
corroborate the observer criterion. It also constitutes a robust tool to determine the statistical weight of 
the dosage in image quality evaluation and for that reason it is a useful method for optimization 
proposal. The value of 800 MBq was the most appropriate for obtaining an adequate image quality for 
the technical condition used.  
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