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Nuclear medical imaging has contributed dramatically during the last decades to the 
development and deployment of advanced technologies that continue to enhance our medical 
diagnostic and therapeutic schemes for various types of cancer, as well as numerous scientific 
preclinical and clinical studies. The ultimate target is the integrated description as well as deep 
understanding of the various molecular and biochemical mechanisms underlying these cancer 
diseases and their response behavior during treatment. This is, by all means, an inter-
disciplinary scientific field, which efficiently combines knowledge from the sciences of physics, 
medicine, informatics and electrical and computer science engineering in order to determine a 
three-dimensional digital tomographic image of the metabolic activity of living organisms.  
The technology of nuclear medical imaging systems is constantly evolving towards the 
enhancement of the imaging quality and, therefore, it's diagnostic value, the minimization of the 
building and functional cost of imaging systems and the optimization of the data acquisition 
protocols. These objectives are competing to each other, and the optimal solution could be the 
determination of the balance trade-off point, at which is ensured the best possible outcome, 
given the current technology and it’s limitations.  
In order to implement an integrated optimization study of the performance of nuclear medical 
imaging systems, a set of requirements should be satisfied. First of all, a specific evaluation 
method of the performance of the systems should be defined, based on a number of 
standardized experiments that are going to be conducted for the measurement of a well defined 
set of performance parameters. Subsequently, a methodology should be implemented capable 
of determining the independent effect on the overall imaging systems performance of each of 
the previously described performance parameters (e.g. energy window, dead time response, 
etc) and data acquisition parameters (e.g. radiation dose and scan time). The satisfaction of 
these requirements is not always practical, or even possible, in the case of real clinical systems, 
because of their design complexity and the correlations between the examined system 
parameters.  
However, advanced highly specified Monte Carlo (MC) simulation tools have been developed, 
nowadays, capable of fulfilling these objectives, since they allow the performance of numerous 
well defined simulation measurements and the quantification of their independent effect on 
each of the parameters of the system at a very low cost. Moreover, their implementation on an 
object oriented environment provides them with the ability to customize or expand their 
functionalities for every nuclear medical imaging application. GATE, Geant4 Application for 
Tomography Emission, is a characteristic example of such an MC algorithm and it is the 
simulation tool that will be exploited by all of the studies described in this thesis.  
On the other hand, the principal drawback of MC algorithms is their high requirements in 
computational time, particularly when the description model of the geometry of the simulated 
experiments is very complex and detailed. For this reason, the application of most of the MC 
algorithms in clinical imaging studies is considered impractical, because those studies involve 
sources of relatively high radioactivity within complex biological tissues, which demand highly-
detailed geometry models, resulting in very slow simulations. Therefore, in this thesis, a 



performance optimization study has been developed for a particular class of Geant4 and GATE 
models (low-energy electromagnetic processes models), allowing the speed-up of the execution 
by an average factor of 1.5. Additionally, a Linux PC cluster has been built, comprised of 17 
processing threads, to further enhance the speed-up by a factor of 17. It was achieved by 
effectively splitting the initial simulation into a number of simulation jobs that were later 
automatically executed in parallel with a suitable job scheduler. This is the highest theoretically 
possible speed-up factor that could have been achieved, given the number of processing 
threads, indicating an ideal scalability of the distributed computing platform. 
In addition, an evaluation methodology is presented for the nuclear medical imaging systems, 
based on the performance parameters of scatter fraction, sensitivity, count rate and spatial 
resolution. For this purpose, the GATE models of three commercial clinical positron emission 
tomography (PET) systems have been designed and implemented in GATE: the ECAT EXACT HR+, 
the Biograph 2 and the Biograph 6 system. The validation of those three models is shown 
through the comparison analysis conducted between the experimental and the respective 
simulated measurements. The experiments that were performed and simulated had been 
carefully designed to follow the NU2-2001 measurements standard of NEMA (National Electrical 
Manufacturers’ Association).  
Afterwards, the validated simulation models and their respective evaluation results were used 
for the design and implementation of simulation with realistic anthropomorphic voxelized 
phantom geometries, in order to be able to model with higher precision clinical nuclear medical 
imaging experiments, which involve complex attenuation geometries such as the human tissue. 
Later, a series of carefully designed simulations was conducted, employing voxelized geometries 
such as MOBY and NCAT phantom, aiming at the optimization of specific parameters of the data 
acquisition protocol and, in particular, the administered radiation dose and the scan time for 
different combinations of energy windows, dead time responses, coincidence time windows and 
size of human patient body. The criteria employed for the determination of either the optimal 
dose for a given scan time, or the optimal scan time for a given dose, has always been the 
maximization of the Noise Equivalent Count Rate (NECR) of the system, which is a reliable 
indicator of the rate in which statistically significant true coincidence events are recorded. 


