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ΔΤΥΑΡΗΣΗΔ 

 

Τηο βαζύηαηεο επραξηζηίεο κνπ ζα ήζεια λα εθθξάζω ζηελ επηβιέπνπζα ηεο 

Γηπιωκαηηθήο εξγαζίαο απηήο, θ. Κωζηαξίδνπ Διέλε, Καζεγήηξηα Ιαηξηθήο Φπζηθήο 

ηνπ Παλεπηζηεκίνπ Παηξώλ. Λόγω ηνπ εξεπλεηηθνύ ηεο έξγνπ, θαη ηεο 

επηζηεκνληθήο ηεο εκβέιεηαο, κνπ δόζεθε ε επθαηξία λα εξγαζηώ κε έλα ηόζν 

ελδηαθέξνλ θαη ζύγρξνλν ζέκα ηαηξηθήο απεηθόληζεο.  Η επηζηεκνληθή ηεο 

θαζνδήγεζε θαη ζηήξημε ζπληέιεζε ηα  κέγηζηα ζηελ νινθιήξωζε ηεο όιεο 

εξεπλεηηθήο πξνζπάζεηαο. 

Δπραξηζηώ ζεξκά ηνλ θ. Παλαγηωηάθε Γεώξγην, Καζεγεηή Ιαηξηθήο Φπζηθήο, ηνπ 

Παλεπηζηεκίνπ Παηξώλ, γηα ηελ εκπηζηνζύλε ηνπ, θαη ηε ζπκκεηνρή ηνπ ζηε ηξηκειή 

εμεηαζηηθή επηηξνπή. 

Ιδηαίηεξα επραξηζηώ ηνλ θ. Γαϊηάλε Αλαζηάζην, Δηδηθόο Λεηηνπξγηθό Δπηζηήκνλα Β΄, 

ηνπ ΙΙΒΔΑA. Τνλ επραξηζηώ πνιύ γηα ην ρξόλν, ην ρώξν, ηηο ηδέεο θαη ηηο γλώζεηο 

πνπ κνηξάζηεθε καδί κνπ θαζ΄όιε ηε δηάξθεηα ηεο δηπιωκαηηθήο εξγαζίαο. Οη 

παξαηεξήζεηο θαη ε κεζνδνινγία ηνπ βνήζεζαλ ζηε θαηαλόεζε ηωλ πεηξακάηωλ θαη 

ηεο ιεηηνπξγίαο ηνπ πνδηηξνληθνύ ηνκνγξάθνπ κηθξώλ δώωλ, αιιά θαη ηεο 

γεληθόηεξεο εξεπλεηηθήο δηαδηθαζίαο. 

Δπίζεο ζα ήζεια λα επραξηζηήζω, ην πξνζωπηθό ηνπ ηκήκαηνο πνδηηξνληθήο 

απεηθόληζεο ηνπ ΙΙΒΔΑΑ θαη ηδηαηηέξωο ηνλ Γξ. Μεηαμά Μαξίλν, αθηηλνθπζηθό, 

ππεύζπλν αθηηλνπξνζηαζίαο, γηα ηηο γλώζεηο πνπ έιαβα ζρεηηθά κε ηελ θιηληθή 

απεηθόληζε θαη έξεπλα, αιιά θαη γηα ην πιηθό θωηνγξαθηώλ πνπ κνπ παξαρωξήζεθε. 

Τέινο, ζα ήζεια λα επραξηζηήζω ηε κεηέξα κνπ γηα ηελ ππνκνλή ηεο. 

 

 

 

 

 

 

 

 



 
 

 

Περίληψη 

Η πβξηδηθή απεηθόληζε, πνδηηξνληαθήο εθπνκπήο (PET: Positron Emission 

Tomography) θαη ππνινγηζηηθήο ηνκνγξαθίαο (CT: Computed Tomography), 

(PET/CT), απνηειεί κηα πνιιά ππνζρόκελε ηερλνινγία γηα ηελ ηαηξηθή. Ο 

ζπλνιηθόο ρξόλνο εμέηαζεο ηεο πνδηηξνληθήο ηνκνγξαθίαο είλαη άζξνηζκα ηνπ 

ρξόλνπ ιήςεο δεδνκέλσλ PET, θαη ρξόλνπ ζάξσζεο CT. Σε θιηληθό επίπεδν, 

ε πνδηηξνληαθή ηνκνγξαθία ζπλνδεύεηαη από δηάθνξα πξσηόθνιια ρξόλνπ 

ιήςεο δεδνκέλσλ PET, αλαιόγσο ηελ πάζεζε, ην όξγαλν θαη ην κέγεζνο ηνπ 

αζζελνύο. 

Τν πξόβιεκα πνπ πξνέθπςε από ηε βηβιηνγξαθηθή έξεπλα είλαη όηη ζε  

πξνθιηληθό επίπεδν, δελ παξνπζηάδεηαη θάπνηνο βέιηηζηνο ρξόλνο ιήςεο 

δεδνκέλσλ PET. Τα πεξηζζόηεξα πξσηόθνιια ζηελ πξνθιηληθή έξεπλα 

παξνπζηάδνπλ κεζνδνινγία δηεμαγσγήο πεηξακάησλ  κε ηε ρξήζε micro-

PET/CT, θαη νη κειέηεο πνπ έρνπλ γίλεη απνζθνπνύλ ζηελ ζύγθξηζε 

δηαθνξεηηθώλ ζπζηεκάησλ PET/CT κεηαμύ ηνπο. 

To Ίδξπκα Ιαηξνβηνινγηθώλ Εξεπλώλ ηεο Αθαδεκίαο Αζελώλ πξόζζεζε ζηνλ 

εμνπιηζκό ηνπ ηνλ Ινύλην ηνπ 2014 έλα θαηλνύξγην πνδηηξνληθό ηνκνγξάθν 

κηθξώλ δώσλ nanoScan ηεο Mediso S.A.  

Σηόρνο ινηπόλ ηεο παξνύζαο εξγαζίαο, είλαη ν έιεγρνο απόδνζεο θαη 

ζηαζεξόηεηαο ηνπ θαηλνύξγηνπ ηνκνγξάθνπ, γηα δηάθνξνπο ρξόλνπο ιήςεο 

δεδνκέλσλ, θαη ε εύξεζε ελόο βέιηηζηνπ ρξόλνπ ιήςεο δεδνκέλσλ ζηελ 

πξνθιηληθή έξεπλα. Η πξνζπάζεηα απηή επηθεληξώζεθε ζηε κειέηε ηνπ αλ ε 

κείσζε ηνπ ρξόλνπ ιήςεο δεδνκέλσλ επηθέξεη αιινίσζε ζηε πνηόηεηα ηεο 

αλαθαηαζθεπαζκέλεο εηθόλαο. Πξαγκαηνπνηήζεθαλ δύν πεηξάκαηα ην πξώην 

αθνξνύζε πείξακα κε νκνίσκα , θαη ην δεύηεξν πείξακα ζε πεηξακαηόδσα. 

Επίζεο, γηα ηελ θαηαγξαθή θαη επεμεξγαζία κεηξήζεσλ ραξαθηεξηζηηθώλ 

πνηόηεηαο εηθόλαο αλαπηύρζεθε θώδηθαο ζηε MatLab, γηα όια ηα πεηξάκαηα, 

ηα απνηειέζκαηα ηνπ νπνίνπ ήξζαλ ζε ζπκθσλία κε ην ινγηζκηθό ηνπ 

ζπζηήκαηνο. 

Σθνπόο ηνπ πεηξάκαηνο κε νκνίσκα είλαη λα εθηηκεζνύλ νη επηδόζεηο ηνπ 

κεραλήκαηνο νζνλ αθνξά ηελ πνηόηεηα ηεο εηθόλαο, θαζώο θαη λα 

δηαπηζηώζνπκε όηη ππάξρεη ζηαζεξόηεηα ηνπ κεραλήκαηνο ζηε δηάξθεηα ηνπ 

ρξόλνπ. Πξαγκαηνπνηήζεθαλ ηξείο (3) ζαξώζεηο (Scannings) ηνπ πεηξάκαηνο 

κε ην ίδην νκνίσκα θξαηώληαο όιεο ηηο παξακέηξνπο θαηαγξαθήο θαη 

αλαθαηαζθεπήο ίδηεο , όπνπ απνηέιεζε κία πξνζπάζεηα εθηίκεζεο ηεο 

επαλαιεςηκόηεηαο ησλ κεηξήζεσλ. Γηα ηελ αλαθαηαζθεπή ησλ εηθόλσλ ηόζν 

ζηα πεηξάκαηα κε νκνίσκα όζν θαη ζηα θιηληθά πεηξάκαηα ρξεζηκνπνηήζεθε ν 

αιγόξηζκνο αλαθαηαζθεπήο OSEM 3D, κε 4 Iteration – 4 Subsets, ζε low 

Regularization level. Οδεγόο ζην πείξακά καο, ήηαλ ην πξσηόθνιιν ηεο 

NEMA-NU 4 2008, ρξεζηκνπνηώληαο γηα αληηθείκελν εμέηαζεο ην IQ phantom 



 
 

NU-4, θαη ξαδηντζόηνπν 18F, κε αξρηθή ελεξγόηεηα 3.7 MBq. Αθνινπζήζεθε 

κία ηερληθή ρξόλνπ ιήςεο δεδνκέλσλ 100 ιεπηώλ ζε List –mode, ην νπνίν 

κνηξάζηεθε ζε 5 ρξνληθά ζηηγκηόηππα (Frames) 10, 15, 20,25, θαη 30 ιεπηώλ 

θαη γηα ηα νπνία έγηλε αλαθαηαζθεπή (Reconstruction) θαη  επαλάιεςε απηήο 

κε δηαθνξεηηθή ζεηξά ησλ ρξνληθώλ ζηηγκηνηύπσλ θαηά ηε δηάξθεηα ηνπ 

ρξόλνπ ιήςεο ησλ 100 ιεπηώλ. Σε απηό ην πείξακα εθηηκήζεθε ε 

ζηαζεξόηεηα ηνπ κεραλήκαηνο κέζσ ηεο κέζεο ζπγθέληξσζεο ελεξγόηεηαο 

(Average activity Concentration) ζηε δηάξθεηα ηνπ ρξόλνπ, αιιά θαη ν ζόξπβνο 

ηεο αλαθαηαζθεπαζκέλεο εηθόλαο ζηε δηάξθεηα ηνπ ρξόλνπ, ζηελ πεξηνρή 

νκνηνγέλεηαο(Uniformity region) ηνπ IQ Phantom. Σπγθεθξηκέλα ε κέζεο ηηκήο 

ηεο ζπγθέληξσζεο ηεο ελεξγόηεηαο (Average Activity Concentration) βξέζεθε 

θαηά κέζν όξν πεξίπνπ ίζε κε 191 kBq/ml, κε κία αξθεηά ηθαλνπνηεηηθή  επη 

ηεο εθαηό ηππηθή απόθιηζε ~4%. Τα απνηειέζκαηα έξρνληαη ζε ζπκθσλία κε 

ην πξσηόθνιιν ηεο ΝΕΜΑ, αιιά θαη κε ηε δηεζλή βηβιηνγξαθία [42]. Η 

ζπζρέηηζε ηνπ Average Activity Concentration κε ην ρξόλν απνηππώζεθε ζε 

δηαγξάκκαηα θαη γηα ηα πέληε ζεη αλαθαηαζθεπήο, όπνπ δελ εκθαλίζηεθε 

θάπνηα ζεκαληηθή δηαθνξνπνίεζε. Η επη ηνηο εθαηό ηππηθή απόθιηζε %STD, 

απνηειεί ζεκαληηθό ραξαθηεξηζηηθό πνηόηεηαο νκνηνγέλεηαο ηεο 

αλαθαηαζθεπαζκέλεο εηθόλαο, θαη απνηππώλεη ην ζόξπβν πνπ ππάξρεη ζε 

απηή. Από γξαθηθή ηνπ %STD ζε ζπλάξηεζε κε ην ρξόλν, βξέζεθε ην 

αλακελόκελν, ν ζόξπβνο λα κεηώλεηαη κε ηελ αύμεζε ηνπ ρξόλνπ ιήςεο 

δεδνκέλσλ. Εθηηκήζεθαλ επίζεο ηα recovery coefficients (RC), κέζσ ηνπ 

ιόγνπ ηεο κέγηζηεο ζπγθέληξσζεο ελεξγόηεηαο ζηηο πεξηνρέο ησλ ξαβδηδίσλ 

(Rods‟s region) πξνο ην Average Activity Concentration ηνπ IQ Phantom ,κε 

ην RC λα θπκαίλεηαη 0<RC≤1, κε ηδαληθή ηηκή ηνπ RC=1. Ελδεηθηηθά, βξέζεθε 

θαηά κέζν όξν πεξίπνπ ίζν κε 0.04, 0.3, 0.7, 0.85, 0.9 γηα πεγέο αθηηλνβνιίαο 

(Rods)  δηακέηξνπ 1mm, 2mm, 3mm, 4mm, 5mm αληηζηνίρσο θαη κήθνπο 

10mm. Από ηηο ραξαθηεξηζηηθέο θακπύιεο ηνπ Recovery Coefficients ζε 

ζπλάξηεζε κε ην κέγεζνο ηεο πεγήο (εδώ ε δηάκεηξνο ησλ Rods), γηα ηα 

πέληε ρξνληθά ζηηγκηόηππα, είλαη θαλεξό όηη ε κία επηθαιύπηεη ηελ άιιε, 

ελζαξξύλνληαο καο λα πνύκε όηη, ην RC δε δηαθνξνπνηείηαη ζεκαληηθά αλ 

κεησζεί ν ρξόλνο ιήςεο δεδνκέλσλ αθόκα θαη ζηα 10 ιεπηά. Επίζεο 

εθηηκήζεθε ην Spill-Over ratio (SOR),  κέζσ ηνπ ππνινγηζκνύ ηνπ ιόγνπ ηεο 

κέζεο ηηκήο ηεο ελεξγόηεηαο ηεο κε ξαδηελεξγήο πεξηνρήο πξνο ην Average 

Activity Concentration ηεο νκνηνγελνύο πεξηνρήο, κε αξθεηά ηθαλνπνηεηηθά 

λνύκεξα, 0.11 γηα ηελ πεξηνρή ηνπ λεξνύ θαη 0.12 γηα ηελ πεξηνρή ηνπ αέξα. 

Επίζεο, δελ παξνπζηάζηεθε ζεκαληηθή δηαθνξνπνίεζε ζε ζπλάξηεζε κε ην 

ρξόλν ιήςεο δεδνκέλσλ, ε ηηκή ηνπ SOR θπκαίλεηαη 0<SOR<1, κε ηδαληθή 

ηηκή SOR=0. 

Σθνπόο ησλ θιηληθώλ πεηξακάησλ είλαη λα εμεηαζηεί αλ ν ρξόλνο ιήςεο 

δεδνκέλσλ επεξέαδεη ηελ πνηόηεηα ηεο αλαθαηαζθεπαζκέλεο εηθόλαο, κέζσ 

ππνινγηζκνύ ηνπ βαζκνύ πξόζιεςεο ηνπ ξαδηνθαξκάθνπ (Standardized 

Uptake Value-SUV), γηα ηξείο (3) ρξόλνπο ιήςεο δεδνκέλσλ. Αθνινύζεζαλ 

πεηξάκαηα κε κύεο ζηα νπνία ρνξεγήζεθαλ 18F-FDG. Επηιέρζεθαλ 6 κύεο κε 



 
 

κειάλσκα. Η ηερληθή ιήςεο δεδνκέλσλ πνπ αθνινπζήζεθε ήηαλ δπλακηθή 

θαηαγξαθή ζε List-Mode 30 ιεπηώλ, θαη 3 δηαθνξεηηθέο αλαθαηαζθεπέο, κηα 

γηα ηα πξώηα 10 ιέπηα, κία δεύηεξε γηα ηα πξώηα 20 ιεπηά θαη κία ηξίηε γηα 

ηα 30 ιεπηά. Καη γηα ηηο ηξείο αλαθαηαζθεπέο έγηλε (εκη)-πνζνηηθή αλάιπζε 

ππνινγίδνληαο ηα εμήο SUVs ζηελ αλαθαηαζθεπαζκέλε εηθόλα: ηε κέγηζηε 

ηηκή SUVmax ηνπ όγθνπ ελδηαθέξνληόο (VOI), θαζώο θαη ηέζζεξα SUVmean, ηα 

νπνία ππνινγίζηεθαλ κε θαησθιίσζε 10%,40%,50% θαη 60% επί ηνπ 

SUVmax.              Τέινο δεκηνπξγήζεθαλ ηξείο(3) πιεζπζκνί από ηα SUV ησλ 

6 πνληηθηώλ γηα ηηο ηξείο(3) αλαθαηαζθεπέο (10min, 20min, 30min), θαη 

πξαγκαηνπνηήζεθε Wilcoxon –Test. Τν Wilcoxon-Test έδεημε όηη νη ηξείο 

πιεζπζκνί κεηαμύ ηνπο δελ παξνπζηάδνπλ δηαθνξνπνίεζε ζηελ ελδηάκεζν 

ηηκή ηνπο, ζηε ζηάζκε ζεκαληηθόηεηαο 5%.  Απηό ζπλεπάγεηαη όηη ν ρξόλνο 

ιήςεο δεδνκέλσλ δελ επηθέξεη ζεκαληηθέο αιιαγέο ζηε δηαθνξνπνίεζε ηνπ 

SUV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

Abstract 

The hybrid imaging combined by the positron emission (PET: Positron 

emission Tomography) and computed tomography (CT), PET/CT it is consider 

to be a very promising technology in medicine. The total time required for a 

PET imaging, is the sum of the acquisition time in PET procedure, and the 

scan time in CT procedure. 

In clinical task, the positron emission tomography follows a variety of 

acquisition time protocols for the PET procedure, depending on the 

pathological issue, the organ, and the size of the patient.  

According to our literature research, it is introduced that there is not an 

optimum acquisition time for PET. Most of the protocols in preclinical task, 

introduce methodologies referring to the procedure of an experiment applied 

by a micro-PET/CT, and the studies are focused in evaluating the 

performance between different PET/CT systems. 

The Biomedical Research Foundation of Academy of Athens, in June 2014, 

added to its facilities, a brand new small animal PET/CT, the nanoScan of 

Mediso S.A. 

The aim of this thesis, is to evaluate the performance and stability of the new 

micro-PET/CT system, for various acquisition times, and the evaluation of an 

optimum acquisition time in preclinical task. This effort is focused on the 

investigation of the effect of acquisition time in image quality. Two 

experiments were performed, the one with phantom, and a second with mice. 

In addition, a Matlab code, was developed, for all the experiments, for 

recording and processing measurements of image quality characteristics. The 

Matlab results are in agreement with the System‟s software. 

The phantom study, focused on the evaluation of performance of the systems 

from the scope of image quality, hence to ensure the stability of the new 

system over the time. Three scannings were performed with the same 

phantom, without changing the acquisition and reconstruction parameters. 

This was an effort for evaluating the precision of our measurements. For the 

image reconstruction in phantom studies so as in animal studies, was used 

the reconstruction algorithm OSEM 3D, with 4 iteration – 4 Subjects, in low 

Regularization level. The guide to our experiment was the NEMA-NU4 2008, 

using the IQ-Phantom as an object of study, and a radionuclide 18F, with a 3.7 

MBq initial activity. It was followed an acquisition time method of 100 min List-

Mode, divided in five time frames of 10,15,20,25, and 30 min, for which, five  

reconstruction was applied, by alternating the order of the frames, in a 

duration of 100 min List –Mode. In the phantom experiment, the stability of the 

system was evaluated by the reaction of the average activity concentration 

over the time, also the noise of the reconstructed image over the time was 



 
 

calculated, in the uniform region of the IQ-Phantom. Particularly, the average 

activity concentration found approximately equal to 191 KBq/ml, with a 

percentage standard deviation %STD ~4%. The results are in agreement with 

the NEMA protocol and the literature [42]. The dependence of average activity 

concentration from the total time acquisition, was displayed in diagrams 

(Average Activity Concentration vs Total Time Acquisition) for all of the 

reconstruction sets. The average activity concentration was not affected 

dramatically over the time. The %STD, it is an important characteristic of 

uniformity quality of the reconstructed image, and is indicative of the noise. 

Furthermore, the graphs %STD vs Total Time acquisition, presented that the 

noise is decreasing while the acquisition time increasing, a condition that it is 

expected. In addition the recovery coefficients were defined by the ratio of the 

measured activity concentration in the Rods‟ region divided by the average 

activity concentration in the uniform region, and it ranges 0<RC≤1, with an 

ideal value equal to one RC=1. Indicatively, an average of the values are 

0.04, 0.3, 0.7, 0.85, 0.9 for the rods with diameter of 1mm, 2mm, 3mm, 4mm, 

5mm representatively and 10 mm long (z-axis) each. According to the 

characteristic curves of RC vs Rod diameter, for the five time frames, it is 

obvious that each curve overlap the other, and this encourage us to say that 

the RC is not differentiated significantly from 10 min to 30 min acquisition 

frame. Moreover, the Spill-Over ratio was defined by the ratio of the average 

measured activity of the cold region divided by the average activity 

concentration in the uniform region, and the values are reported as 0.11 for 

the water region and 0.12 for the air region. SOR ranges 0<SOR<1, with and 

ideal value SOR=0 The SOR values did not show significant differentiation 

over the time.  

The scope of the animal studies, is to evaluate the effect of acquisition time 

on image quality, by calculating the Standardized Uptake Value (SUV), for 

three different acquisition frames. Six experiments were performed, working 

on six mice with melanoma, which were injected with an 18F-FDG solution. 

The acquisition method was a 3D dynamic scan in a 30 min List-Mode. 

Consequently, three different reconstructions were performed, one for the first 

10 min, a second for the first 20 min and a third for the 30 min, in the List-

mode of 30 min. For the three reconstructions there was a semi quantitative 

analysis, by calculating the following SUVs of the reconstructed image: the 

max value SUVmax of the VOI, and four SUVsmean that were calculated by 

applying a threshold of 10%, 40%, 50% and 60% to the SUVmax. Finally, three 

population were created by the SUVs of the six mice, for the three 

reconstructions (10 min, 20 min, 30 min), and a Wilcoxon-Test was 

performed. The Wilcoxon-Test concluded that the three population are 

significant equal in the 5% significance level. Hence, the different acquisition 

time of 10, 20, and 30 min do not occur differentiation on the SUV.       
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Introduction and Thesis compromised 

Positron Emission Tomography (PET) using 18F-

fluorodeoxyglucose (18F-FDG) has become a well-established and highly 

sensitive method to provide fast, comprehensive, and reliable functional 

information, particularly in oncology, cardiology and neurology. However, 

PET/CT is still a rather time-consuming examination, and obtaining 

examinations of adequate image quality is commonly particularly in elderly 

patients, orthopedic patients, and pediatric patients. Without effective 

positioning aids, patient motion can cause misalignment. When a patient is in 

pain or anxious, the staff is often forced to enter the examination room to 

adjust the positioning or to calm the patient and receives unnecessary 

radiation exposure. Thus, reducing the scanning time to minimum could help 

to increase patient comfort and the cost-effectiveness of the examination. 

In general, higher numbers of coincidental radioactive decays can be 

registered when acquisition times are longer and consequently, image quality 

is better. Phantom studies suggest that even moderate increases in lesion 

contrast and signal-to-noise ratio considerably increase the lesion detection 

rate. 

However, up to now a systematic study to establish a lower limit for 

acquisition times in clinical oncology has not been performed. However in 

clinical task there acquisition protocols, according the type of cancer, the 

geometry of the patient and the organ that is infected. Several clinical studies 

have been held [1-6]. 

 In a clinical study [1], the impact of acquisition time on image quality 

has been studied in whole body 18F-FDG PET/CT for cancer staging. Their 

objective was to evaluate the impact of acquisition time on image quality, 

lesion detection rate, SUVs (standardized uptake values), and lesion volume 

for 18F-FDG PET/CT in cancer patients. Thirty-three (33) cancer patients were 

included in this study, and two consecutive whole-body 18F-FDG PET/CT 

scans using a 3-min and 1.5-min acquisition time per bed position were 

obtained for each patient. The conclusion was that acquisition time can likely 

be lowered without reducing the lesion detection rate in different tumor entities 

even for less experienced observers, although image quality was rated slightly 

worse at 1.5 min by the less experienced observers. Moreover, this study, 

introduce for first time the necessity, of reducing the acquisition time.  

 Another clinical study [2], has considered the optimization of the 

acquisition time for FDG PET/CT imaging in patients with infective 

endocarditis. In this study, a 70-year-old male patient was scanned. FDG 

PET/CT scan was performed to assess TEE (trans-esophageal 

echocardiography) findings and to exclude extracardiac septic foci. A three-
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dimensional PET acquisition was performed 1 hour (standard imaging) and 3 

hours (late imaging) after Intravenous (i.v.) FDG injection (259 MBq). For the 

standard imaging was followed a protocol of 3 minutes acquisition time per 

bed position, and for the late imaging was followed a 5 minutes acquisition 

time per bed position. From the standard and late imaging, count-equivalent 

images were obtained and compared. In this study, late FDG PET-CT imaging 

with increased scanning time per bed position, seems to provide a better 

target-to-background contrast, probably due to the improved clearance of the 

background activity with longer acquisition. Above all, it is introduced a clinical 

protocol for a specific disease.  

Optimal scan time was investigated for diseases such as 

Pheochromocytomas and Paraganglioma using 6-[F-18] Fluro-L-DOPA [3]. In 

this study the purpose was to define the appropriate scan time for fluorine-18-

labeled dihy-droxyphenylalanine (F-18 DOPA) PET in oncological imaging of 

pheochromocytoma and paragangliomas. Nine (9) patients were scanned. 

Concerning the acquisition time, it is introduced an acquisition time protocol 

referring the above diseases.  From this study it can be assessed that a 

separation of tumor and surrounding tissue-background and adjacent organs 

and tissues- is feasible due to their different standardized uptake values 

(SUVs). What it is gained from this study, is that SUV can be used in order to 

examine the image quality of a living organism. 

 The matter of the uptake time for several organs is a common 

subject for investigation in the task of dynamic PET. 18F-FDG activity changes 

over time in the aortic territory, both at the aortic wall and in the lumen have 

been studied [4]. As a result, the 18F-FDG distribution pattern changed from 

diffuse at 60 min, when the aortic wall was overlapped by the blood poll 

activity, to a lineal uptake by the aortic wall at 180 min with very mild or 

absent activity in the lumen of the aorta.  The acquisition protocol followed in 

this study is an empirically one. Moreover, SUV was used for semiquantitative 

analysis, and a statistical method was obtained in order to validate the image 

quality. 

Research and development of new PET instrumentation, 

reconstruction algorithms, and image processing methods require objective 

evaluation of the image quality offered by these advances. For this reason 

there is a growing interest in phantom studies due to their benefits on cost, 

time, and safety. There are studies that investigate the relationship between 

reducing count levels (as a surrogate for scan time) and reconstructing 

images. In one of these studies [5], they used a large phantom including a 

brain compartment, thorax with liver, lungs and rib cage/spine and pelvis with 

bladder. In this study, it is introduced an empirical acquisition time method, 

without following any acquisition protocol. Four reconstructing algorithms were 

performed also. However, image quality is strongly affected by count 
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statistics, with shorter scan times producing noisier images. The results of the 

experiments indicated that, while the number of iterations maximizing, 

detection performance was not sensitive to scan time, stronger post-

reconstruction filters were required for the shorter scan times in order to 

manage the higher levels of noise. Consequently, lesion detection 

performance was found to drop significantly with shorter scan times for all four 

algorithms, nevertheless, it was found that the use of TOF provided equivalent 

lesion –detection performance with scans 40% shorter as compared to 

scanning without TOF. At this point it is understood that reconstructing 

algorithms can play an important role, while reducing scanning time. Phantom 

experiments are also used in a specific sector of research in PET imaging 

were the aim is to standardize PET imaging quality among PET centers and 

different camera models, with phantoms mimicking of different parts of the 

human bodies (head, lung) as well as various test objects for testing specific  

image quality parameters. In such a study [6], the standardized uptake value 

(SUV) has been applied to deal with the effect of body size together with 

adjustment of scanning duration. As a result, SUV has been suggested for 

semi-quantitative analysis on image quality studies. Summarizing, It is 

introduced a better version of acquisition protocol with extra emphasis on 

acquisition time and SUV, and it is being clear that there is a worldwide effort 

for evaluating the effect of acquisition time in image quality. 

Recently, the increasing number of animal‟s models of human 

diseases, the radiolabeling of biologically significant molecules and the 

development of PET/CT scanner suitable for small animals have made 

preclinical PET/CT imaging a valuable tool in medical research. Although 

acquisition time optimization has been dealt with and part by previously 

reported clinical studies [1-6], the optimization of acquisition time in preclinical 

PET/CT imaging has not been yet analytically investigated. 

Related literature regarding acquisition time effects on image quality 

has been reported it in terms of validation of micro-PET systems and 

comparison of image quality between different vendors [26], or optimization of 

the scanner under acquisition settings [27].  

In June 2014 a new micro-PET/CT was established in the Biomedical 

Research Foundation of Academy of Athens (BRFAA). 

The aim of this thesis is to evaluate the image quality for different 

acquisition times. For this purpose phantom and real animal studies were 

performed. The current edition of the NEMA protocol, that it is followed in this 

thesis, does not include any specifications of acquisition time in the section of 

image quality. However it includes methods and guidelines about measuring 

the characteristics of image quality.  
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The motivation for the phantom based study resulted from the few 

number of studies reporting on acquisition and uptake time [2-3],[5]. the scope 

of the phantom studies in this thesis, is twofold: a) to evaluate the robustness 

of the scanner over the acquisition time and b) to investigate the dependance 

of image quality over the acquisition time. For this purpose the IQ phantom 

was used and evaluated under NEMA NU-2008 standards. In an effort to 

furhter vallidate our thesis, further experiments in mice were carried out. 

In the animal study, following the work of Daniel Hausmann [1], SUV 

versus acquisition time was measured in six (6) different mice with melanoma. 

Particularly, SUVs were assessed for three (3) different reconstruction sets, 

and compared with a Wilcoxon Test.  

Methods and results, of the studies are presented in Chapter 4 and 

Chapter 5. 
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Chapter 2 

Physical Characteristics of PET/CT 
scanners 

A PET scanner is a diagnostic imaging procedure which creates images 

based on the measurements of radiation emitted due to a radiotracer which 

has been injected into the body. Positrons that are emitted from the 

radiotracer, are immediately interact with electrons in the body. An electron 

and a positron will create an annihilation, and produce two photons which the 

PET scanner can detect. These photons will have the same energy E=mec
2 = 

0.511 MeV.  Conservation of momentum requires that the photons travel in 

opposite directions. 

PET/CT is a hybrid imaging system consisting of a PET and a CT scanner 

(figure 2.1). The imaging result is a fusion of the metabolic and anatomic 

images of the observed subject (animal or human beings).  

In this hybrid PET/CT system, the operations are being both in progress 

without any movement of the patient out of the bed during the two operations. 

Hence, it is given the ability of storage and synthesis of the physiological and 

anatomical images with high accuracy of position. This accuracy could not be 

reached from two separated scans, due to the artifacts referring the shape 

and the position of the body while using different beds. Undoubtedly, 

involuntary movements, such as breath and abdominal movements, cannot 

been prevented. These motions decrease the accuracy of recording and 

consequently create technical errors (artifacts) to attenuation correction in 

images of PET that are depended on CT reconstruction.  

 

Figure 2.1. Illustration of the major PET/CT scanner components. Adapted from ref.[18] 
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Moreover the CT images can be used as a reference for the attenuation 

correction on the PET images. The advantage of CT is that it gives as high 

resolution, contrast and attenuation maps with low noise, and that data can be 

taken fast due to the helical scan. 

 

2.1. PET isotopes 
The indicator that we use, so as to extract the metabolic conditions is our 

radionuclide. As we mentioned previously several radionuclides are produced 

according the clinical aspect. A common used radionuclide is the 18F-FDG 

(fludeoxyglucose), in which fluorine-18 is incorporated into deoxyglucose. 

Another isotope that is used, mainly for research purposes is the Ga-68.  PET 

is based on the detection of annihilation photons (γ) released when 

radionuclides, such as 18F, 11C, and 15O, emit positrons (β+) that undergo 

annihilation with electrons (Figure 2). The photons thus released have 

energies of 511 keV (0.511 MeV) and are detected by coincidence imaging as 

they strike scintillation crystals made of bismuth germinate (BGO), lutetium 

oxyorthosilicate (LSO), or gadolinium silicate (GSO). The value 511 keV 

represents the energy equivalent of the mass of an electron according to the 

law of conservation of energy. 

 

 

 
Figure 2.2. Positron-Electron annihilation. Adapted from ref. [19] 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/fludeoxyglucose
https://en.wikipedia.org/wiki/Fluorine-18
https://en.wikipedia.org/wiki/deoxyglucose
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2.1.1. General Principles of 18F-FDG Production 

 
F-18 is produced in a cyclotron. On the one side of the cyclotron there is a O-
18 enriched water which is bombarding with high energy protons. Also 
negatively charged hydrogen ions are accelerated in a cyclotron till they gain 
approximately 8 MeV of energy, then the orbital electrons from the ion are 
removed. A negative ion is injected into the gap between D-shaped magnets 
(Dees) (1) (Figure 2.3).  

 
Figure 2.3. Cyclotron Sectors. Adapted from ref. [19] 

 

 
An alternating electric field is applied across the gap, which causes the 
charge to accelerate. The magnetic force on a moving charge forces it to 
bend into a semicircular path of ever increasing radius (2) (figure 2.3). The 
applied electric field is reversed in direction each time the charged particle 
reaches the gap, so that it is continuously accelerated, until finally being 
ejected (3). After this reaction there is a production of positive hydrogen ions 
(H+) or proton beam which is directed toward a target chamber (Figure 2.4) 
that contains the stable O-18 enriched water molecules. 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 2.4.  The beam toward the target. Adapted from ref.[19] 

 
The protons undergo a nuclear reaction with the O-18 enriched water to form 
Hydrogen (F-18) fluoride: 
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O-18 and F-18 are isobars, that is, they have the same mass number 
(A=nucleons) but different atomic numbers (Z is 8 for oxygen and 9 for 
fluorine). F-18 is an unstable radioisotope and has a half-life of 109 minutes. It 
decays by beta-plus emission or electron capture and emits a neutrino (λ) and 
a positron (β+): 

                                 
 
The positron annihilates with an electron to release energy in the form of 
coincident photons (Figure 1).  
 
 

                                          
 
Typically, 0.3 ml of 18O enriched water in a silver container (called slug) is the 
target for production of 400-500 mCi of 18F under standard conditions. This 
process takes approximately 20 minutes. By varying the amount of 18O 
enriched water in the slug, larger quantities of 18F fluoride can be produced. 
 
 

2.1.2. Synthesis of FDG 

 
As we detailed in the previous paragraph, bombarding 18O enriched water 
with protons in the cyclotron results in a mixture of H2 (

18F) and 18O enriched 
water. Synthesis of FDG from this mixture is an automated computer 
controlled radiochemical process that takes approximately 50 minutes to 
complete. The FDG thus produced is a sterile, nonpyrogenic, colorless, and 
clear liquid, with residual solvent of less than 0.04%. The radioactive purity is 
greater than 95%, and the residual activity is approximately one-third to one-
half of the original activity.  

 

 
Figure 2.5. Biosynthesis machine of FDG. Adapted from ref. [20]. 
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2.1.3. General Principles of 68-Ga Production 

The generator 68Ge/ 68Ga is used for the production of 68Ga, an isotope that 
produces positrons during its activity decaying. The 68Ge/68Ga generator is 
the world's first, approved radionuclide generator to use a radionuclide for 
positron emission tomography (PET) in the diagnosis of cancer. 
 
The mother nuclide 68Ge has a half-life of 271 d that produces a short lived 

positron emitter 68Ga (T1/2 = 68 min), this allows practically 3 elutions (every 

5 h) daily for almost 40 weeks. 

68Ga produces positrons (β+) with purity (89%), also produces γ-radiation at 

energy 1.08MeV with electron capture. 

 

Figure 2.6. Generator of 68-Ga. Adapted from ref. [21]. 

 

After its production, there is a post-processing in the generator, in order after 

the elution to avoid having admixtures of Ge-68 and other metal admixtures 

and finally have pure Ga-68. This problem is solved by using an ion exchange 

material such as alumina, but this is exposed to high radiation doses that may 

reduce the elution efficiency and the quality of the product. For this reason 

and after the elution the solution is consequently mixture with HCl mixed with 

acetone, ethanol or Nacl. 
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2.1.4. Production of 68Ga 

For the radiopharmaceutical production the Ga-68 has to be synthesized 

through a chelator factor with the biologically active molecule. Chelator factors 

that are being used are macrocyclic molecules DOTA, non-cyclic molecules, 

and very effective it is shown that are the hybrid molecules like DATA, which 

allows the production of the radiopharmaceutical in room temperature. There 

are others like TRAP that can be used as a bond with more than one 

biological molecule. 

2.2 Gamma-rays Detection 

 
The individual detectors are arranged in multiple rings around the subject. The 

rings have several diameters (70 – 100 cm). The number of detectors, in 

circular and axial arrangement defines the transaxial and axial Field of Views 

(FOVs) representatively (figure 2.7). 

 

 

Figure 2.7. Transverse Field Of View. Adapted from ref. [22] 

The detectors that are used in PET systems, consisted of two parts, the 

scintillator and the photomultiplier. 
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Figure 2.8. Arrangement of a crystal and photomultiplier (PM) tube in atypical scintillation 

detector. Adapted from ref. [20] 

 

Nowadays the scintillator that is used in PET scanners is a solid state 

material. More precisely are inorganic substances in the form of solid crystals, 

most commonly BGO, LSO, or LYSO Table 2.1. For photons detection it is 

needed a material in order to create an interaction. While radiation from 

radioactive materials interacts with matter by causing ionization or excitation 

of atoms and molecules. When the ionized or excited products undergo 

recombination or deexcitation, energy is released. However in a material such 

as a scintillator, a portion of the energy is released as a visible light. The 

interaction of a single γ ray, β particle, or other ionizing radiation, is 

proportional to the energy deposited by the incident radiation in the scintillator. 

At the exit of a scintillator we get very low intensity photoelectrons. In other 

words we get a very weak light signals.  

 

 

 
Figure 2.9. Basic principles of a photomultiplier. Adapted from ref. [20] 
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 In order to amplify and convert the optical light into digital signal a PM 
(PhotoMultiplier)  coupled to the scintillator material is used. at the front of PM 
it is coated a photoemissive substance. When the weak light signal struck on 
this surface we get electrons at the exit of this surface. The photoemissive 
surface has the role of a photocathode, and electrons ejected from it are 
called photoelectrons. The PM tube is a vacuum glass tube containing a 
photocathode at one end, 10 dynodes in the middle, and an anode at the 
other end, as shown in (Figure 2.9). 
 
  
 
 

TABLE 2.1 
Specifications of some inorganic scintillators. Adapted from ref. [19] 

Scintillator ρ 

(g/cm
3
) 

Zeff 1/μ511 

(mm) 

Photoelectric 

effect (%) 

λmax 

(nm) 

Nph 

(photons/MeV) 

τ 

decay 

Time 

(ns) 

NaI:TI
a 

3.67 51 19 17 410 41000 230 

CcI:TI 4.51 54 29 21 540 64000 800,10
4 

Bi3Ge4O12 

(BGO) 

7.1 75 10.4 40 480 8900 300 

Gd2SiO5:Ce 

(GSO) 

6.7 59 14.1 25 440 12500 60 

Lu2SiO5:Ce,Ca 7.4 66 11.4 32 420 ~36000 36-43 

Lu1.8T0.2SiO5:Ce 

(LYSO) 

7.1  12  420 30000 40 

 
 
 
The photocathode is usually an alloy of cesium and antimony that releases 
electrons after absorption of light photons. The PM tube is fixed on to the 
detector by optical grease or optical light pipes. A high voltage of ~1000 volts 
is applied between the photocathode and the anode, with about 100-volt 
increments between the dynodes. When light photons from the detector strike 
the photocathode of the PM tube, electrons are emitted, which are 
accelerated toward the next closest dynode by the voltage difference between 
the dynodes. Approximately 1 to 3 electrons are emitted per 7 to 10 light 
photons. Each of these electrons is again accelerated toward the next dynode 
and then more electrons are emitted. The process of multiplication continues 
until the last dynode is reached and a pulse of electrons is produced, which is 
then attracted toward the anode. The pulse is then delivered to the pre-
amplifier. Next, it is amplified by an amplifier to a detectable pulse, which is 
then analyzed for its size by the pulse height analyzer, and finally delivered to 
a recorder or computer for storage or to a monitor for display. 
 



13 
 

 

 

(a)                                                 (b)                                                      

Figure 2.10 a) 8x8 arrays ofdiscrete LSO scintillator, crystal pixels in Block arrangement. 

(courtesy of Siemens PreclinicalSolutions) [36], b) Block detector (courtesy of Dr Ron 

Nutt,CTI PET Systems, Knoxville, TN, USA). Adapted from ref. [37]. 

The detectors that are used in PET systems are made with geometrical 

arrangement in blocks. Block Detectors are units consisting of a piece of 

scintillator coupled to a photomultiplier tube (PMT) (figure 2.10). The 

technology of these detectors improves the spatial resolution while using 

small elements and reducing the number of PMTs required to read them out. 

The scintillators that are mainly used are BGO, LSO or LYSO, and they are 

segmented into an array (something like a grid) of many elements by making 

spatial cuts through the crystal with a fine saw. The cuts between the 

elements are filled with a reflective material that helps drive the electrons to 

the PMT and reduce the cross-talk between scintillator elements. This grid of 

crystals is read out by four individual PMTs. To determine the location in the 

array that an annihilation detected, the signals from a four – PMT array are 

combined as follow: 

 

 

2.11. BLOCK scintillator detector. Adapted from ref. [22] 
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At figure 2.11(a) we have a detector block consisting of scintillator material 

coupled to an array of photomultiplier tubes. The scintillator is cut into an 

array of individual crystal elements. Four photomultiplier tubes are used to 

read out the signal from the 8x8 array of crystal elements. Here at figure 

2.11(b) is how the x and y position of each photons is determined from the 

crystal measured by each of the four photomultiplier tubes labeled from A-D, 

using the equations below: 

  
           

       
            

           

       
                 

 

Two factors that always concern the scientists, is the efficiency of the 

detectors are the  

Geometric detection efficiency:              
 

  
 

 

  
 

   

                     

     

 

And quantum detection efficiency:                             
  

 
                  

 

 

 

2.3 annihilation coincidence detection 

 
The principal of PET is based on the decay mechanism of positron emitting 
nuclides, as described in paragraph 2.1, the emitted positron collides with an 
electron of the surrounding matter-tissue, resulting in an annihilation of the 
positron and the electron. In this annihilation process energy and momentum 
are conserved. This, has as a result, two gamma rays emission, each having 
equal energy to the rest-mass energy of the electron (as the positron) , 
mc2=511keV, which propagate in the opposite direction of each other. The 
two gamma rays are coincidentally registered by the ring detectors. The line 
between these two detectors is referred to as line of response (LOR).  
This is also the advantage of PET scanners that allows to localize their origin 
along a line (LOR) between the two detectors that detect the two photons. 
This mechanism is called annihilation coincidence detection (ACD). The 
annihilation happened somewhere along this line, represents a true LOR if 
one of the photons is scattered, and if photons which are not from the same 
annihilation make a coincidence strike, a false LOR is formed, figure 2.11. For 
these cases PET systems got extra technological instrumentation for spatial 
resolution, statistical quality and quantitative accuracy.  
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 Moreover, PET is equipped with electronics that act like an electronic 
collimator. The idea here is that, as both photons are emitted simultaneously, 
they will be detected at approximately the same time, allowing temporal 
acceptance criteria to be used to associate pairs of corresponding detection 
events. To catch this coincidence, PET systems analyze the signals from the 
opposite detectors, this is accomplished by having the electronics attach a 
digital „‟time stamp‟‟ to the record for each detected event.  A true coincidence 
event is assumed to have occurred when a pair of events are recorded within 
a specified coincidence timing window, which typically is 6 to 12 
nanoseconds. The ability of this technic about the ACD that refers to localize 
events on the basis of coincidence timing, without the need for absorptive 
collimation, is referred to what we mentioned above as electronic collimator. 

 
 

 
Figure 2.12 a) True coincidence, b) Random coincidence, c) Scatter Coincidence, d) multiple 

coincidence. Adapted from ref.[19] 
 

 
Random Coincidences and scatter coincidences, are a major problem during 
the characterization of the events. For this reason Dead Time (τ) it is set on 
electronics of detectors to cover this issue. Dead Time is related to the time 
required to process individual detected events. In this time cannot been 
processed any other pulse. 
 

   
 

  
               

 
τa: is the apparent dead time, where τ is the actual dead time per detected 
event and wf is the window fraction, that is the fraction of detected events 

occurring within the selected analyzer window. The typical time of the 
apparent dead time is 4 κsec. 
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2.4 Data acquisition 

 
 

2.4.1 Electric Pulses 

 
 
Coincidence circuits allow two photon detection events to be associated with 
each other based upon their arrival times. Photons detected at A and B (figure 
2.13), produce signals that are amplified and analyzed to determine whether 
they meet the energy acceptance criteria. Those signals that fall within the 
energy acceptance window produce a logic pulse (width η) that is passed to 
the coincidence processor. A coincidence event is indicated if both logic 
pulses fall within a specified interval (2η). 
 

 
Figure 2.13 Typical flow Chart of signal acquisition. Adapted from ref.[20] 

 
The procedure described above, records what is known as prompt 
coincidence events which consist of true, random and scattered coincidences. 
 
 

2.4.2 Time Of Flight 

 
Another advantage of PET systems that is aiming to improve the localization 
of the annihilation event in some centimeters depth inside the tissue, is the 
Time – of – Flight PET. This technology is based on the measurement of the 
actual difference between the detection of two coincident gamma rays 
propagating from the same annihilation event. From the scope of image 
quality, the time difference is then used to reduce noise in image data, 
resulting in higher image quality (figure 2.14), and furthermore it is resulting 
shorter imaging times. 



17 
 

 

 
 
Figure 2.14 transverse slices showing lung lesion (arrows) with 3.5:1 contrast (top) and liver 
lesion (arrows) with 2:1 contrast (bottom). Adapted from ref. [29] 
 
 
To understand this, is very simple. This algorithm uses the time difference 
Δt=(tB – tA) in detection of the two photons events and correlates it to the 
position Δx=d1 of the annihilation point with respect to the mid – point of the 
two detectors (actually the center of FOV) (figure 2.15): 
  
 

   
    

 
                 

 
 
Where c is the velocity of light (3x1010 cm/sec). time of flight technique allows 
the coincidence timing window to be set to less than 10ns, across the 
imager‟s diameter. For a ring diameter of 90 cm, the minimum coincidence 
time window would be 6 ns. The so called time of flight (TOF) technique is 
investigated more and more and it is depended from several aspects, and 
need more notice, which is sth beyond the subject of this thesis. Bellow it is a 
simple example of TOF. 
 
The (a) it is explained from the equation (2.5), (b) with conventional PET, no 
information is given to as about the location of the annihilation event along the 
LOR. (c) With TOF PET, the time difference between the signals recorded at 
detectors A and B is used to estimate the position of the annihilation event 
along the LOR. During reconstruction, events are weighted according to the 
detector time difference and a function that reflects the limited time resolution 
of the system. This technic also help us improving the signal to noise ratio. 
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Figure 2.15 Improving signal to noise ratio, Time of Flight. Adapted from ref. [28] 

 

 

2.4.3 Sinogram 

The data recording during a PET acquisition are the total number of 

coincidence events detected from the detectors. These data are typically 

binned into 2-D matrices known as sinograms (figure 2.16).  This mode of 

data recording is the most commonly used and most efficient. One unique 

memory data represents every unique LOR. The characteristics of the single 

LOR are the distance from the ring center, and the angle that creates with the 

horizontal axe. With this methods its been created a 2-D matrix the sinogram, 

every line of which represents the distances r, from the center of the ring, and 

the rows represent the different angles θ (0-180o) across the horizontal axis. 

Every element (r,θ) assign a unique detector tube. For every true coincidence 

is detected , the content of memory that represent that tube increases by one 

unit. With this method we take the total number of coincidence events during 

a default time for every possible detector tube. 
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Figure 2.16 acquisition operation (A), (B) the sonogram(C) and the reconstructed 

brain image, rebuilded from the sonogram. Adapted from ref. [23]  

 

 

2.4.4 Acquisition mode 

At present, PET systems are commonly use a 3D data acquisition. 3D PET 

brings the possibility of reducing both the dose injected to the patient and the 

acquisition duration. For this technique, all of the rings can work as a pair for a 

coincidence event (figure 2.17), as a result system sensitivity is substantially 

increased 4-8 times more, however the number of scatter photons and the 

single-channel counting rates also are increased. 

 

Figure 2.17. SEPTA rejection, 3D data acquisition. Adapted from ref. [24] 

 

in 3-d mode, the sensitivity variation in the axial direction is much greater and 
has a triangular profile with a peak at the central slice. The triangular axial 
sensitivity profile can be understood by considering a point source centrally 
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located in the first slice at one of the extreme ends of the scanner. True 
coincidence events can only be recorded between detectors in the first ring. 
as the source is moved towards the central slice, coincidence events can be 
recorded between an increasing number of detector ring combinations, 
leading to an increase in sensitivity. As a consequence of the substantial 
sensitivity increase, 3-d acquisition is associated with higher detector count 
rates, leading to more randoms and greater dead time than corresponding 
acquisitions in 2-d mode. Furthermore, 3-d mode cannot take advantage of 
the scatter rejection afforded by interplane septa and, as a result, records a 
greatly increased proportion of scattered coincidence events.  
On the other hand, there is a limitation factor introduced in 3D imaging, owing 
to the penetration of the 511 keV photons into the crystals (Figure 2.18).  
 
 
 

 
Figure 2.17 parallax error 

 
 

A photon crashes on the entrance face of a detector with an oblique angle 
with respect to its axis can be detected not in that detector , but in an adjacent 
one. This effect causes the parallax error, which increases with the distance 
of the positron emission point from the center of the tomography ring. 
 
To support the 3-D mode acquisition, they focused on the characteristics of 
the detector material. There are two materials that are used in PET, BGO and 
LSO. The best of the two, for a 3D mode is LSO fast detector because we get 
improved timing resolution that can be used to reduce the coincidence time 
window and, thus reduce the random fraction. The improved energy resolution 
also allows the lower level energy discriminator to be raised, resulting in a 
lower scatter fraction. There is a strong battle between these two materials, 
and companies tries to improve the imaging at systems that use BGO. BGO 
systems give as faster examinations but there is always an uncertainty about 
which imaging result is the best. 
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2.4.5 Random and Scatter Coincidences Events 
 

Scattered photons occur to scatter coincidence events. PET energies are 

based on high energies of pair production, where photons have a high 

likelihood of undergoing Compton scattering. The photons lose energy when 

scattering, ehic makes it possible to reduce the scatter coincident events by 

narrowing the energy window of the photon detection process 

Lines of response (LOR), are affected by random and scatter coincidence 

events, which give rise to noise in the images. the amount of random 

coincidence events depend on many factors, such as administered activity, 

time window of coincidence event detection, the energy window limits, and the 

scanning mode (2D vs 3D). the estimation of random coincidence events, is 

performed with two methods, the one with a statistical calculation based on 

measured single events, and a direct measurement with a delayed 

coincidence window.  

2.4.6 Attenuation correction 

 
Attenuation correction is very important for improvements in quantitative and 
qualitative accuracy. 
The annihilation photons can be attenuated before they reach the detectors. 
This causes non-uniformities in the images, because the photons have to 
travel a distance in order to get out of the tissue, and thus, the longer the 
distance is the higher the propability is for the photons to be attenuated. 
At the beginning of this chapter we mentioned the contribution of CT on 
attenuation at PET/CT systems. CT based attenuation correction has a 
number of advantages, including the fact that the resulting attenuation 
correction factors have very low noise due to the high statistical quality of CT, 
rapid data acquisition, especially with high performance multi-detector CT 
systems, insensitivity to radioactivity within the body, and no requirement for 
periodic replacement of sources as is the case with Ge based transmission 
systems. Thus decrease total imaging time for attenuation-corrected PET 
studies.   
PET photons are monoenergetic and in a very high energy 511 keV, on the 
other hand CT photons consist of a spectrum of energies (~70 keV), which is 
substantially lower than 511 keV. In addition to that CT Hounsfield units 
reflects tissue linear attenuation coefficients that are higher than those 
applicable to PET photons. Moreover, this linear characteristic of the 
attenuation, helps us to scale the CT images to linear attenuation coefficients 
that are applicable to 511 keV photons. The approach by using CT for 
attenuation correction is to separate tissues based on their pixel values in the 
CT scan into three classes, air , soft tissue and bone. Then the known linear 
attenuation coefficients for each of these materials at the emission energy of 
the radionuclide can be substituted for the CT number to yield an attenuation 
map appropriate for attenuation correction at that energy (figure 2.19).   
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Figure 2.19. Hounsfield Units to attenuation units at 511 keV. Adapted from ref. [25] 
 

According to the above attenuation map we can index how the algorithmic 
operation it is done working with CT numbers during image reconstruction 
(figure 2.19).  
 
 
 
 
 
 

 
Figure 2.20 typical image fusion flow chart, of PET and CT reconstructed images. Adapted 
from ref. [20] 

 
Bellow there is a typical PET/CT operation, where attenuation correction 
factors can be obtained from CT-based, and the consequently get the 
displayed the two images. 
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Figure 2.21 flow chart of data combining of PET and CT data acquisition. Adapted from ref. 

[40] 

 

At the final image in PET/CT, the background image is usually the PET image 

whereas the CT image as the foreground image retains the grey scale (figure 

2.22) where this is not always standard. Extra image parameters can be 

adjusted such as threshold and energy windows for each modality separately 

and interactively. 

 

Figure 2.22 PET and CT images fusion (courtesy of the PET/CT Unit at Biomedical Research 

Foundation of Academy of Athens) 

CT Coronal PET Coronal Fused Coronal 

CT Transaxial PET Transaxial Fused Transaxial 
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Chapter 3                                                     
Image Quality in PET 

 

In this chapter are summarized the basic parameters that affect the image 

quality in PET/CT. 

 

3.1 Spatial Resolution 

Spatial resolution is a measure of how closely two objects can be placed so 

that the scanner can distinguish them separately. There are several factors 

that affect the spatial resolution of a PET scanner.  

The intrinsic resolution R, of the scintillation, detectors is one factor that 

affects the spatial resolution. This factor (Ri), is related to the size d of the 

detector. Ri it is given by d/2 at on the scanner axis at the midpoint between 

the two detectors, and Ri=d at the face of either detector. This make the 

intrinsic resolution best at the center of the field of view (FOV). Preclinical 

PET scanners have a spatial resolution in the order of 1.5-2.5 mm measured 

at full-width at half maximum (FWHM) of the point spread function in the 

central FOV. 

  

Figure 3.1 non-colinearity, after annihilation  

Another factor that it is consider to affect the spatial resolution is the non-

colinearity. If the positron still has some residual momentum when annihilating 

with an electron, it will result in two 511 keV photons which are emitted at not 

exactly 180o, but at 180o ± 0.25o (figure 3.1). Τhus, the observed LOR 

between the two detectors will not intersect directly at the point of annihilation. 



25 
 

So from the geometrical aspect it is understood, that degeneration of spatial 

resolution due to non-colinearity increases with larger detector ring diameter, 

so this has a bigger effect on clinical scanners than on preclinical scanners.  

In consequence, the positron range in tissue is a function of the kinetic energy 

with which it is emitted from the nucleus, which is dependent on the specific 

isotope. Concerning isotope with higher activity such as 68Ga, in contrast to a 
18F-FDG, there is obviously a degradation of spatial resolution. 

 

Reducing the scintillator size from 5mm (human scanners) to around 1.5mm, 

the spatial resolution is significantly improved. This led to the development of 

scanners with small scintillator sizes of about 0.975mm. Block detector in PET 

scanners, is the best geometrical technique up to now, although those 

detectors causes an error in the localization of the detector X, Y (figure 

2.10),(Eq. 2.1). This error can be minimized by using better light output 

detectors, such as LSO. 

 

3.2 Sensitivity  

The sensitivity is a measure of the scanner‟s ability to detect photons from 

position-electron annihilations, and is usually defined as the percentage 

between emitted and measured annihilation photons. Τhe sensitivity of a PET 

scanner is defined as the number of counts per unit time detected by the 

device of each unit of activity present in the source, cps/kBq: 

 

  
                 

    
(
   

   
)                

 

Τhis equation shows that the sensitivity is depending on several factors. The 

most noticeable is the geometric efficiency, and it is defined by the solid angle 

projected by the source of activity at the detector. When increasing the solid 

angle, the sensitivity increases. The solid angle depends on the distance 

between the source and the detector, the diameter of the ring, and the 

number of the rings. Thus there is a fact of problem on clinical PET scanners 

where the sensitivity will be highest at the center of the axial FOV and 

gradually decrease towards the perimeter. 

As it was mentioned in chapter 2, the detector material affects a lot the 

sensitivity of the PET scanner. So, the detector efficiency depends on 

scintillator decay time and stopping power of the detector. The sensitivity of 

the PET scanner increases as the square of the detector efficiency, and that 

is because we talk about detection of two photons from an annihilation event. 
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Consequently to the detector efficiency, the energy window settings are 

configured according to the detector, and to set an energy window, a pulse 

height analyzer (PHA) is used. The pulse height analyzer sorts out photons of 

different energies, and is essential, and that contributes to count mainly non-

scattered photons. The detection efficiency is reduced as the window of the 

pulse height analyzer is narrower.  

In addition to the electronics and the advantage of the detector materials, the 

dead time of a detector reflect also to sensitivity. As it has been mentioned 

earlier (Chapter 2), dead time of a system is the time after each event during 

which, the system is not able to record another event. With longer dead time, 

fewer events will be recorded, and therefore the sensitivity will be lower.  

As was mentioned in 3.1.1, smaller crystals enable better reolution, however 

this means there are fewer detected events in each individual crystal, which 

leads to noisy data and loss of image contrast. 

 

3.3 Signal to Noise Ratio (SNR) 

The signal to noise ratio (SNR) for PET images, is given as the ratio between 

the average signal value and the average standard deviation of the noise 

outside the volume of interest (VOI): 

 

    
            

                           
                  

 

The signal values in PET, is given in standardized uptake values (SUVs). The 

image quality according to SNR of reconstructed PET images is improving 

primarily through an increase in the number of recorded counts. Consequently 

to this, a better image quality is reflected by a high SNR as possible, and 

means that the output image will be stable and less noisy  

 

3.4 Noise Equivalent Count Rate (NECR) 

The NECR is defined as factor of resistance to random and scatter events. 

Moreover is an equivalent counting rate to the same statistical noise level as 

the observed counting rate after random and scattered coincidences have 

been corrected for. Obviously this is the impact of random coincidences and 

scatter on image quality, and is defined as 
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Where T: true, S: scatter, and R: random coincidence count rates, and k is a 

factor that is equal to one or two for smooth or noisy estimation 

representatively of random coincidences. 

 

3.5 Scatter Fraction 

In human PET scans, scatter is a very important factor, were scatter Fractions 

in septa-less full 3D-mode scanners are significant high. In small animal PET 

scanners, the scatter fraction is smaller than in humans for rats and even 

smaller for mice [30]. 

The measurement according to protocols involves imaging a line source in a 

uniformity filled phantom of a specified size at low activity level, or even more 

non activity, where scattered and unscattered events can be reasonably well 

differentiated. The performance of the scanner and the quality of the images 

are better the lower the SF value is. 

 

   
  

  
               

 

(„‟basics of Pet imaging book Saha‟‟), where CS, and Cp are the scattered and 

prompt count rates. 

 

3.6 Contrast 

Generally, contrast of an image is the ratio of signal change of an object of 

interest, such as a lesion, relative to the signal level in surrounding parts of 

the image. This is described by 

 

  
   

 
              

 

Where A, and B are the count intensities recorded in the normal and abnormal 

tissues, respectively. In addition, there is the definition of two adjacent regions 

of accumulation with slightly different concentrations, and this is called 

contrast resolution. In nuclear medicine, there are several components that 

affect the background. Briefly, the major ones are the failure of targeting the 

probe in cells surrounding the ROI, and the properties of the radioisotope. For 

the first one, it depends on the molecular probe design, the physiology of the 

entire region, and the biology of the target. About the radioisotope, there are 

processes such as photon scatter in the tissue, random coincidences, and 

partial volume effect (discussed in par. 3.1.7), that add counts outside the 
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desired target volume in the reconstructed images. Further to this, there is a 

degrading contrast and accuracy. To overcome such problems, there are new 

reconstruction algorithm, but the more important, are the protocols who gives 

sufficient guidelines to follow, about the selection of VOIs and the methods of 

the experiments.  

 

3.7 Partial Volume Effect (PVE) 
 

Furthermore to the above parameters concerning the performance of the 

scanner in Image quality, there are other parameters concerning the 

reconstructed image quality. A regional uniformity of the reconstructed image 

and the factor partial-volume effect (PVE), are majors characteristics about 

the quality of a reconstructed image. 

The reconstructed images should display the radiotracer distribution uniformily 

and accurately throughout the FOV. However, radioactive structures smaller 

than twice the scanner resolution, in a nonradioactive background shoe partial 

loss of intensity. This in a result of limitations in spatial resolution. The total 

counts occurring in displaying the objects larger than they actual are, and with 

a lower activity concentration than they actually have. Further to this, a 

nonradioactive structure relative to a radioactive background woud appear 

smaller with a high activity concentration [34]. Above all, the underestimation 

and overestimation of activities referring to small structures in reconstructed 

images are called the partial volume effect (PVE). This effect also includes the 

spill over effect due to overlapping of activity from the neighboring radioactive 

structures to nonradioactive areas. PVE factor is affected from a plethora of 

factors but, two are the main effects: the 3D imaging where blurring is 

introduced due to the spatial resolution of the scanner, and the image 

sampling. The PVE is on a high importance for observations in objects smaller 

than three times the spatial resolution of the system [34]. Measurements of 

the partial volume effect are given in recovery coefficients and spill-over ratio, 

which will be presented in the bellow paragraphs. 

 

3.8 Evaluation of performance and Image quality of PET/CT 

scanners under NEMA Protocol In preclinical PET. 

 

One scope of this thesis (described in Introduction), is to evaluate the effect of 

acquisition time on image quality, by alterating the acquisition frames of a total 

list-mode acquisition time. One way of evaluating the image quality is 

provided by NEMA protocol NU-4 2008. This protocol provides methods and 

metrics about the image quality such as, Uniformity, Recovery coefficient and 

Spill Over ratio. In chapter 6 of this protocol, we followed the methods working 
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on an IQ phantom NU-4(Figure 3.2). Moreover to that, the values of these 

metrics are used as reference of validation of micro PET scanners. 

 

 

3.8.1 The NEMA NU 4-2008 standard Image Quality measurements 

National Electrical Manufacture Association (NEMA), is the leading authority 

standardization of electrical equipment, publishing as well as standards for 

clinical and preclinical PET scanners. The more recent NEMA standard for 

preclinical PET systems was introduced in 2008, and is called the NEMA NU 

4-2008 standard.  

This protocol covers subjects, such as spatial resolution, scatter fraction, 

count losses, random coincidences, sensitivity, image quality, accuracy of 

attenuation, and scatter corrections. The ones that this thesis worked with, 

and followed the methods are the uniformity, the recovery coefficients (RC) 

and the spill-over ratio. 

The purpose of this measurements is to produce images simulating those 

obtained in total body imaging study of a small rodent with hot lesions, as well 

as uniform hot and some cold areas. 

 

Uniformity 

In paragraph 2.4.5 and 2.4.6, we introduced the random scatter and 

attenuation in an acquisition procedure. For this reason there have been 

algorithms activated before we get the final reconstructed image, in order to 

correct those three factors. In figure 3.2a, is a cylindrical phantom (like the 

one we use in our study), with homogeneous activity scanned without photon 

attenuation correction, and it seems like there is more concentration around 

the perimeter of the structure than in the center. Figure 3.2b shows the same 

image, with a CT attenuation correction. 

 

 

(a)                                     (b) 

Figure 3.2 reconstructed PET images of a cylindrical phantom. a) image without 

attenuation correction, b) image with CT attenuation correction. Adapted from ref. [45] 
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Moreover Uniformity, of the reconstructed image is a measure of the scanner 

response to a homogeneous radioactivity distribution.  Concluding to this, 

uniformity is also an estimation of the attenuation and scatter correction 

performance. More over to that, it is used in the determination of 3 distict 

aspects of image quality such as recovery coefficient (RC), and spill-over ratio 

(SOR) (equations and methods described in Chapter 4).  

As metrics of Uniformity validation, the NEMA protocol suggest the calculation 

of the mean activity concentration, the minimum, the maximum and the 

percentage standard deviation of a cylindrical volume of interest (VOI), drawn 

in the uniform region (Figure 3.3 (a)), of the image quality (IQ) phantom.  

 

 

Recovery Coefficients (RC) 

This factor is also calculated to estimate somehow the detectability of the 

system, in accordance with the time acquisition. The RC is the ratio of the 

reconstructed count density to true count density of a region of interest (ROI) 

smaller than twice the spatial resolution of the system.  

   
                              

                             
                                  

So if the detectability of the scanner is good, the RC should be near to one 

(1), thus the measured pixel values of the reconstructed image are almost the 

same of the true activity. As it is mentioned in 3.7 paragraph, RC is a 

measurement of PVE. According to NEMA NU 4 2008, the RC measured in 

the hot rods of the phantom (explained in Chapter 4), is indicative of the 

spatial resolution of the imaging system (Figure 3.3). The RC is theoretically 

limited between 1 and 0 (0<RC≤1). 

 

Spill-Over Ratio (SOR) 

 

Figure 3.3 (c), these 2 cylinders are used to determine the spillover ratio 

(SOR) in water and air. Both cylinders are nonradioactive, but as a result of 

scatter photons, nonzero range, randoms, or other effects, the reconstructed 

images may still display activity in these compartments. These effects are 

come up due to contamination of activity from the neighboring tissues to these 

hot or cold areas. We measure the spill over ratio (SOR), which is the mean 

activity concentration measured in a cold (non-radioactive) region divided by 

the averaged activity concentration in hot (radioactive) uniform region.  
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Moreover, Spill-Over ratio is an activity quantification method representing the 

detectability in non-radioactive region with a hot area background. According 

to NEMA NU 4 2008, the activity measurements in the cold regions (Figure3.2 

(c)) is indicative of attenuation and scatter correction performance. 

 

 

Figure 3.3 a) Uniform region, b) rod region, c) cold cavity regions. Image Quality phantom . 

Coronal and Transverse sections through the main body. (1) and (4), top cover (2) and (5), 

bottom cover (3) and (6). All dimensions are in mm with a 0.1mm tolerance, except for the 

fillable rods with 0.025 mm tolerance. [31]  
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Chapter 4                                           
Material and Methods 

 

4.1 nanoScan PET/CT 

The experiments were carried out in the nanoScan PET/CT (Figure 4.1) at the 

small animal PET/CT unit of the Biomedical Research Foundation Academy 

of Athens (BRFAA). This scanner is designed for preclinical studies, with a 

minimum axial coverage of the scanner is 9.5 cm. It is consisting of 8 detector 

blocks/modules and 13456 Lutetium Yttrium Orthosilicate (LYSO) crystals 

(1.51 x 1.5 x 10) mm3 arranged on 61 axial rings. The geometric parameters 

of the PET component of the scanner, are given in Table 4.1. 

 

 

Figure 4.1 nanoScan PET/CT. Biomedical Research Foundation Academy of Athens 

(BRFAA) 

 

Another feature of this scanner, is that the LYSO crystal pins are tightly 

packed (92% packing fraction) and it is consider to be the smallest in the 

industry up to now, minimizing dead detector space. Moreover, the large 

detector ring diameter and the large-surface modular detector design (in 

contrast with earlier small animal scanners) minimize parallax error. 
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TABLE 4.1 

Specifications, and Technical Characteristics of nanoScan PET/CT. 

Specifications of PET scanner Technical Characteristics 

Spatial resolution: < 1mm 13,456 LYSO detector crystals  

1.51x1.5x10 mm
3
 in size 

 

Timing Resolution: <2ns 

 

3D acquisition 

Sensitivity: 9.0% in 150-750keV Dynamic studies and gated  

(ECG and respiratory) 

 

NECR: 510kcps @ 45MBq (mouse) 

            145kcps @ 38MBq (rat) 

 

Diagnostic CT: Helical scanning 

Scatter Fraction: 17.7% (mouse), 38.5%(rat) 8.3κm minimum slice thickness 

Axial FOV: 98mm CT Spatial Resolution: <30κm @ 10% MTF 

 

 

Imaging of both mice and rats 

 

The reconstruction algorithm that scanner uses is called Tera-TomoTM 3D 

PET, and it is a version of 3D OSEM. This algorithm, models the whole 

system matrix with Monte Carlo simulation and removes parallax error 

(introduced in Paragraph 2.44). This, achieves a uniform imaging resolution of 

0.8 mm even at 3 cm off the radial center, and a resolution of 0.7 mm at 1 cm 

off center. In our reconstructions, the pixel sizes are 0.4 mm x,y trans/axial 

plane resolution and 0.4 mm at z-axis resolution. 

 

4.2 Phantom Studies 
 

4.2.1 IQ phantom NU-4 

The NEMA image quality phantom, as it is shown in Figure 4.2, is a 50-mm-

long, 30-mm-diameter cylinder made of polymethylmethacrystal (PMMA), and 

is composed of 3 regions: a) a main fillable uniform region chamber, b) a 

fillable 5-rods regions, and c) a 2-cavity region (air/water chambers). A 

schematic view of the phantom is shown in Figure 4.3. 
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Figure 4.2 IQ phantom NU-4, that is used in this thesis (Courtesy of BRFAA). 

 

The 5-rods regions (b), is a 20mm long region, and has 5 fillable rods, of 1mm 

2mm 3mm 4mm and 5mm diameter respectively, sealed with lid 

perimetrically, and radially aligned around the phantom length, with 7mm 

distance from the center (Figure 4.3).  

 

Figure 4.3 IQ phantom NU-4, regions [27] 

 

The 2-cavity regions (Figure 4.3 c), are fillable. They are 30mm in long, and 

the one is filled with air, and the other is filled with non-radioactive water. 

Before each study, the phantom was checked and cleaned of any activity 

remaining from the previous use.  

Following the guidelines of NEMA NU-4 standards, the radionuclide that is 

used is 18F, in chapter 2 there is a description about the 18F-FDG. In addition 

to that, 18F is required for most of the measurements described by NEMA 

standards and it is the most widely used in PET. The 5 rods and the large 

chamber, excluding the 2-canity regions (cold cylinders), were filled with the 

radioactive solution. We measure the activity at the dose calibrator, and we 

calculate the time remaining until the activity decreases to approximately 

3.7MBq as it is described in NEMA standards. Then, we start a PET scan for 

1h and 40min, and before or after the PET acquisition, a CT scan was 

performed.  
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4.2.2 Data Acquisition, Image Reconstruction and Image 

Processing  

The reconstruction algorithm that is used in phantom studies, was an OSEM 

3D, with 4 Iteration – 4 Subsets, in a low Regularization level. 

According to NEMA standards for IQ measurements no specifications are 

provided regarding the acquisition time. For this purpose data was acquired 

for 100 minutes in list-mode acquisition time and devided in five reconstructed 

frames of 10,15,20,25 and 30 minutes. The meaning of the choice of the 

100min total acquisition time is to extract the required frames from 30min to 

10 min, from the same experiment. 18F has a 109.78 minutes Half-Life. For 

that reason, five (5) reconstruction sets were carried out corresponding to 

different order of the five frames. This technic was applied to examine if there 

is any differentiation in our calculations besides the order of frames.  This, 

help us to show that the image quality is independent from the order of the 

acquisition frame in a list mode of 100 min, and in addition to evaluate the 

stability of the scanner. In table 4.2 are presented the reconstruction sets we 

performed in the phantom experiments. 

TABLE 4.2 

Time Frame 

Sequence Sets 

Order TOTAL 

Acquisition 

Time 
1st 

Frame 

2nd 

Frame 

3rd 

Frame 

4th 

Frame 

5th 

Frame 

Sequence 1 30 min 25 min 20 min 15 min 10 min 100 min 

Sequence 2 25 min 20 min 15 min 10 min 30 min 100 min 

Sequence 3 20 min 15 min 10 min 30 min 25 min 100 min 

Sequence 4 15 min 10 min 30 min 25 min 20 min 100 min 

Sequence 5 10 min 30 min 25 min 20 min 15 min 100 min 

 

Raw files – Images 

 

RAW data were extracted from DICOM files via the AMIDE software, and 

were later processed with our home developed software using MatLab, with 

pixel size 0.4 mm2 (Bq/ccm) and pixel depth 0.4 mm. Every frame, contains a 

set of images in transverse view corresponding to a whole body scan of the 

IQ phantom (Figure 4.4).   
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(a)                                   (b)                                          (c) 

Figure 4.4 Matlab images using 
18

F-FDG. a) Rod region, b) Uniformity region, c) Accuracy of 

correction region. These images were assessed from our Matlab algorithm 

 

4.2.3 NEMA measurements 

In the phantom studies, scanner performance and image quality were 

assessed with the average activity concentration and percentage standard 

deviation %STD in the uniform region, the recovery coefficients (RC) in the 

rods region, and Spill-Over ratio in the cold region, following the instructions of 

section 6, of NEMA NU-4 Standards. 

Uniformity Region 

According to the NEMA standards, the volume that is needed is 22.5 mm in 

diameter (75% of active diameter) by 10 mm long cylindrical volume of 

interest (VOI), over the center in the z-axis of the uniform region of the IQ 

phantom. A 22.5 mm region of interest (ROI) was drawn in 25 slices 

(25*0.4=10mm) over the center of the region in order to get the needed VOI 

(Figure 4.5). 

                                                                              

 

 

 

 

 

 

 

 

 

Figure 4.5. The ROI (shown in blue circle) in transverse view of the VOI shown in 

orange plane (z-axis).  (*): The schematic IQ phantom was accessed [38] 

Uniformity  

ROI 

 

(*) 
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Mean activity Concentration: 

The mean activity concentration was measured by calculating the mean of the 

values in every slice, and consequently the mean of the means of slices. The 

units of the average concentration is equal to Bq/ccm.  

 

                            
 

  
∑                              

    

   

               

 

The maximum and the minimum activity concentration were calculated by   

extracting the minimum and maximum value of the VOI.  

Percentage standard deviation (%STD) 

The STD was calculated in every slice, and then was multiplied by 100 and 

divided by the mean of the same slice. This was done for all slices that 

represent our VOI. Consequently we calculated the %STD of uniformity, by 

the average of the %STDs of all slices. 

 

Recovery Coefficients 

According to NEMA NU 4-2008 Standards, the VOI is 10 mm in length 

covering the center in z-axis of the rods part of IQ phantom. The images that 

form the 10 mm VOI (25 slices* 0.4mm), were averaged to obtain a single 

image slice of lower noise, Figure 4.6(b). Around each rod were drawn 

circular ROIs with diameters twice the physical diameter of the rods. The 

maximum value in each of these ROIs was measured. 

  

                       

(a)                                             (b) 

Figure 4.6 a) Original Image, b) Averaged Image 

%𝑺𝑻𝑫𝒖𝒏𝒊𝒇      𝑥
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𝑀𝑒𝑎𝑛 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑉𝑂𝐼
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On the averaged image, the indices of the maximum value of every rod was 

recorded and used to create the line profiles along the rods in the axial 

direction (z-axis), for the original images (Figure 4.8). The pixel values along 

each profile (lineprofile), divided by the mean activity concentration found in 

the uniformity test (see Uniformity paragraph). These calculations were used 

to determine the mean and the percentage standard deviation of the recovery 

coefficient for each rod‟s lineprofile, as it is presented by the equations 4.3 

and 4.4. 

 

 

  

 

  

  

 

 

                 

 

 

Figure 4.7. The indices for the line profile are defined from the indices of the max value of the 

low noise image, by our developed software. 

 

 

                          

 

 

 

 

 

 

Figure 4.8. The values from the line profile are divided by the mean activity concentration of 

the uniform region. The new values are used for the calculation of RC and %STD. 

 

 

 

X,Y[5] 

Average of Images 

Line profile 
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5
 

MAX value Voxel of the ROI[5] in the Averaged Image: X, Y[5] 
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The recovery coefficient, is defined as the measured activity concentration 

divided by the actual activity concentration. The measured activity is the pixel 

value we get in the line profile of every slice, and the actual activity 

concentration is the average activity concentration measured in the uniformity 

area (eq. 4.3). 

The %STD was calculated as it shown in equation 4.4. The STDlineprofile, is the  

standard deviation of RC values from all slices of the lineprofile. And the 

MEANlineprofile, is the mean of the RC values from all slices of the line profile. 

The above method was repeated for each rod, and for a background ROI that 

it is selected in the transaxial center of the IQ phantom in order to define the 

background values. The diameter for the background region was empirically 

selected, and was the same for all the experiments, (Figure 4.9). 

 

 

Figure 4.9 The ROIs of the images. (*) the diameters represent the real diameters of the rods, 

the diameters of ROIs are twice the diameters of ROD. 

 

 

 

 

 

 

 

1 mm* 

Background ROI* 

2 mm* 

3 mm* 

4 mm* 

5 mm* 
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Spill-Over-Ratio Measurements 

According to NEMA Standards, two VOIs should be defined in the water-and 

air-filled cylindrical inserts of the IQ phantom. For this purpose, a ROI 4mm in 

diameter (half the physical diameter of the cylinders) was selected and 19 

slices over the axial center of the cavity were selected resulting in 7.6 mm 

length as it is shown in figure 4.10. It is important to mention that NEMA 

provides 7.5 mm length of the VOI corresponding to 18.75 slices, thus we 

selected 19 slices. 

 

Figure 4.10 a transverse view of the cold chamber region (on the left), and the trans/axial 

lenght, that it is selected (on the right) 

 

The ratio of the mean activity concentration in the cold region to the mean 

(Average Activity Concentration) of the hot uniform region is defined as spill-

over ratio (SOR). The percentage standard deviation was calculated with the 

same method described in the previous subscription to %STDRC. 

 

Spill Over Ratio: 

 

 

 

Standard deviation: 

 

 

 

Notice that in eq. 4.5, the background is the same used in paragraph 

Recovery Coefficient 

 

Water VOI 

Air VOI 

𝑺𝑶𝑹[𝒘𝒂𝒕𝒆𝒓 𝒂𝒊𝒓]         
𝑀𝑒𝑎𝑛 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡 𝑒 𝑉𝑂𝐼 𝑖𝑛 𝑡 𝑒 𝑐𝑜𝑙𝑑 𝑟𝑒𝑔𝑖𝑜𝑛

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐶𝑜𝑛𝑐𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛  f  h  U  f          
   𝑒𝑞       
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𝑺𝑻𝑫𝒍𝒊𝒏𝒆𝒑𝒓𝒐𝒇𝒊𝒍𝒆

𝑴𝒆𝒂𝒏𝒍𝒊𝒏𝒆𝒑𝒓𝒐𝒇𝒊𝒍𝒆
)

 

 (
𝑺𝑻𝑫𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅

𝑴𝒆𝒂𝒏𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅
)

 

         𝑒𝑞   6  
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4.3 Animal Studies 
 

The aim of the animal studies, is to examine the effect of the acquisition time 

on the Standardized Uptake Value (SUV). For this purpose, six mice with 

melanoma employed. Each mouse was injected with almost 10 MBq 18F-FDG 

in saline, via tail vein (Table 4.3) 

 

TABLE 4.3 

The weight and the injected dose of 
18

F-FDG for the six mice 

Animal name Weight (gr) Injected dose (MBq) 

Animal #1 13.4 10.2 

Animal #2 14.8                 10 

Animal #3 16.8 10.1 

Animal #4 16.2                 9.9 

Animal #5 17.4                 9.6 

Animal #6 16.2                 9 

 

The mice were placed on heated coach, and were anesthetized using 

isoflurane mixed with O2. After this, the mouse is placed on the micro-PET/CT 

bed, monitoring its cardiac rythm, and support its breaths with oxygen. 

 

4.3.1 mice PET imaging 

The reconstruction algorithm that is used in animal studies, was an OSEM 3D, 

with 4 iteration – 4 Subsets, in a low Regularization level. 

PET scanning protocol was a total 30min acquisition list-mode. For this list 

mode we performed 3 reconstructions, the one for the first 10 min, the second 

for the first 20 min, and the third for 30 min (Table 4.4).  

 

TABLE 4.4 

Acquisition method in animal studies 

0 min 10 min 20min 30min List-Mode 

Total Acquisition 

Time 

RECON_1    30min 

RECON_2    30min 

RECON_3    30min 
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RAW data were extracted from DICOM files via the AMIDE software, and 

were later processed with our algorithm developed using MatLab. 

 

4.3.2 Measurements 
The standardized uptake value (SUV) is a simple way of determining activity 

in PET imaging, most commonly used in Flourodeoxyglucose (FDG) 

imaging. As the name suggests it is a mathematically derived ratio of tissue 

radioactivity concentration at a point in time C(t) and the injected dose of 

radioactivity per kilogram of the patient's body weight (eq. 4.5). It is widely 

used in PET image interpretation and analysis. Ideally, the use of SUVs 

removes variability introduced by differences in patient size and the amount of 

injected FDG.  

 

    
    

[                                           ]  
            

 

The maximum SUV value (SUVmax) is a common choice and is adopted in our 

animal studies for all the time frames. Moreover, in research task it is adopted 

the threshold of SUVmax. Thus, in our animal studies we also calculated the 

mean value of the SUV (SUVmean), in a value range of (Threshold - SUVmax) of 

the VOI. This procedure was followed in order to define the geometry of the 

tumor and the distribution of SUV. 

The maximum standardized Uptake volume (SUVmax), calculated as follow: 

 

       
                             

             
                  

From the equation 4.7, the ROIactivity(max) is the max value detected in the 

VOI, while the mouse weight, and the injected dose are shown in (Table 4.1). 

In the calculations the voxel activity is measured in Bq/ccm, and the SUV is 

dimensionless due to 1ccm=1ml and under the assumption that 1ml of tissue 

weights 1gr. 

The pixel values of the images were in Bq/ccm, and the maximum value was 

measured to calculate the SUVmax of the VOI using the equation 4.7. Thus all 

images were converted into SUV values, by multiplying every original pixel 

value by the ratio of weight by injected dose (Figure 4.11). Working on (SUV) 

images, in every transverse slice where the tumor was clearly visible, a 

polygon shape ROI was drawn manually (Figure 4.11 (a)). A stack of these 

ROIs define the VOI. 
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(a)                                                        (b)  

Figure 4.11 The original image (a) expressed in Bq/ccm and (b) in SUV. 

For the selection of a ROI, a threshold criterion was used. This criterion was 

based on 10%, 20%, 50% and 60% of SUVmax. With our developed Matlab 

algorithm, and working on the SUV images (Figure 4.11(b)), the user is able 

to select empirically (Figure 4.12) any region he wants and then to extract the 

images with a threshold of 10%, 40%, 50%, and 60% of SUVmax(of the VOI) 

(Figure 4.13). After, in every image modified by a threshold, a mean of the 

SUV was calculated for pixel value range from the threshold up to SUVmax of 

the VOI. Totally, the mean of the means from all of the selected slices (the 

modified images), is the SUVmean (Threshold – SUVmax) of the VOI. This 

methodology was performed for all the thresholds and for the three 

reconstruction times. 

 

 

 

                                      

Figure 4.12 extraction of a region of interest 

 

 

 

(SUV) 
(Bq/ccm) 
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(a) 

 

 (b) 

Figure 4.13 An image slice of a 30min reconstruction time. (a) SUV Images with SUV values 

double formatted *(the range of colorbars is from threshold to the SUVmax of the whole VOI), 

(b) SUV images binary formatted. 

(SUV)* 

(SUV)* (SUV)* 

(SUV)* Threshold 10%*SUVmax Threshold 40%*SUVmax 

Threshold 50%*SUVmax Threshold 60%*SUVmax 

Threshold 10%*SUVmax Threshold 40%*SUVmax 

Threshold 50%*SUVmax Threshold 60%*SUVmax 
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4.3.3 Evaluation of the effect of acquisition time on SUV 

For the evaluation of the effect of acquisition time on SUV the Wilcoxon rank-

sum Test was used. This test, is known also as the Mann–Whitney U test 

[33].  Is a nonparametric test of the null hypothesis that two samples come 

from the same population against an alternative hypothesis, especially that a 

particular population tends to have larger values than the other. This test can 

be applied on unknown distributions contrary to t-test which has to be applied 

only on normal distributions, and it is nearly as efficient as the t-test on normal 

distributions [33]. 

p-value of the test, returned as a positive scalar from 0 to 1. p, is the 

probability of observing a test statistic as or „‟more extreme‟‟ than the 

observed value under the null hypothesis. Ranksum computes the two-

sided(„‟more extreme‟‟) p-value by doubling the most significant one-sided 

value. 

h, is the result of the hypothesis test, and is returned as a logical value 

in Matlab. If h is equal to one (1)(TRUE), indicates rejection of the null 

hypothesis at the 5% significance level, and if h is equal to zero (0)(FALSE), 

indicates a failure to reject the null hypothesis at the 5% significance level 

(figure 4.14).  

 

Figure 4.14 a two-sided diagram of the p-value. 

In this study, we create three populations, with sampling lower than 10, so 

even though we cannot distinguish the normality of the distribution, these 

populations cannot be a reasonably approximation of a normal distribution. 

The null hypothesis here is that the data in x and y are samples from 

continuous distributions with equal medians, against the alternative that they 

are not. A Wilcoxon test was performed, to compare the SUVs of the 3 

reconstruction times. This was done for every set of SUV (10%, 40%, 50%, 

60%, and SUVmax). The population was the SUVs of each experiment, the 

comparison was the medians of populations, between the three reconstruction 

times (figure 4.15). 

h=FALSE h=TRUE 
h=TRUE 

Rejection 

of null hypothesis 

Rejection 

of null hypothesis Acceptance 

Of null hypothesis 

95% 

(α/2)*100 (α/2)*100 

https://en.wikipedia.org/wiki/Nonparametric_statistics
https://en.wikipedia.org/wiki/Statistical_hypothesis_test
https://en.wikipedia.org/wiki/Null_hypothesis
https://en.wikipedia.org/wiki/Alternative_hypothesis
https://en.wikipedia.org/wiki/T-test
https://en.wikipedia.org/wiki/Normal_distribution
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Figure 4.15 P1,P2,P3, are the population compared for the 10,20,30min, representatively. 

 

The Wilcoxon-test that we performed in MatLab, is by default a Two-

sided hypothesis test, where the alternative hypothesis states that x 

(P1) and y(P2) have different medians, and a significance level 5% (100* 

α=0.05). In Table 4.5 there is an example of our measurements about the 

SUVmax. 

 

TABLE 4.5 
The statistics results of SUVmax for animals, and for the three acquisition frames 

SUVmax of The VOI Wilcoxon Test 

Reconstruction Time 10min 20min 30min  10min Vs 20min 10min Vs 30min 20min Vs 30min 

Animal_1 3.45 3.56 3.72 p 0.240 0.240 0.589 

Animal_2 3.;8 3.40 3.66 h FALSE FALSE FALSE 

Animal_3 1.73 1.84 1.93 

Animal_4 3.01 3.47 3.46 

Animal_5 3.35 3.71 4.09 

Animal_6 4.37 4.43 4.30 

 

 

 

 

 

 

 

Reconstruction Time 10min 20min 30min

Animal

Animal_1 1.99 2.05 2.15

Animal_2 1.79 1.91 2.02

Animal_3 1.07 1.21 1.31

Animal_4 1.87 2.32 2.17

Animal_5 2.09 2.35 2.45

Animal_6 2.61 2.61 2.55

SUVmean of 50%SUVmax

P1 P2 P3 

Wilcoxon Test 

P1 

P1 

P2 

P2 

P3 

P3 

Vs 

Vs 

Vs 
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Chapter 5                                             
Results 

 

5.1 Phantom Studies 
 

5.1.1 Uniformity Region 
18F-FDG Uniformity 

The results from the uniformity, as it is calculated by our developed program, 

are given in Table 5.1. It is presented an average activity concentration for 

these 3 experiments for a selected 30min 1st frame (see Table 4.2). Hence, 

the calculations gave us 191 kBq/ml, with a percentage standard deviation 

(%STD) of 3.94%. These numbers are in consistency with the scanner‟s 

software. The fillable region of the phantom according to our measurements 

following the geometric features of NEMA-NU 4 2008 standards (see figure 

3.2), was found approximately 20ml. The uniform region should therefore 

have a mean concentration at about 3.7 MBq/19.254 ml= 192.16 kBq/ml. 

Above all, our MatLab algorithm works properly, and in accordance with 

scanner‟s software and NEMA NU-4 standards.  

 

TABLE 5.1 
The uniformity for a 30 min acquisition time frame (1st Frame), of the three 

experiments and average of them 
18

F-FDG Scanning_1 Scanning_2 Scanning_3 AVERAGE  

Mean Activity 

concetration 

(Bq/ccm) 

193 192 188 191 

Std percent ( %) 3.80 4.23 3.79 3.94 

Minimum (Bq/ccm) 163 156 159 160 

Maximum 

(Bq/ccm) 
225 234 219 226 

 

The behavior of the Mean Activity Concentration Vs. acquisition time for three 

different scanning (experiments) of the IQ phantom are presented in Figure 

5.1.  It is obvious in all graphs that the average activity concentration does not 

change dramatically among the different acquisition frames, and this, verify 

the stability of our scanner over the acquisition frames, due to the fact that the 

curves overlapped each other. In addition there is no significant variation of 

the values for the three different scanning (experiments).   
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(a)                                                                                    (b) 

 

(c)                                                                   (d) 

Figure 5.1 (a),(b),(c) the Mean Activity Concentration of the VOI depending on Total 

Acquisition Time, and (d) (**)the Average of the Scanning 1,2,3. * (see Chapter 4, Table 4.2) 

 

The results of the percentage standard deviation %STD of the reconstructed 

image, indicate that as the acquisition time gets greater the noise in the 

reconstructed image decreases (Figure 5.2) 

 
Figure 5.2. percentage standard deviation %STD, representing the noise of the reconstructed 

image vs. the Total Acquisition Time. 
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5.1.2 Recovery Coefficients 

 

18F-FDG Recovery Coefficients 

 

In Table 5.2, is presented as an example of our measurements, the recovery 

coefficients of a 30 min acquisition frame, of the first reconstruction set*. The 

recovery coefficient should be as close to 1 as possible, note that the activity 

is uniformly distributed in the phantom. Here the 4mm, and 5mm rod are very 

close to one (1), the 3 mm Rod is always higher than 0.5 , the 2mm rod is 

almost 0.2, and the 1mm rod is always a little less than 0.1. Moreover it 

should be mentioned that the standard deviation increases as the rod 

diameter decreases. However this is not happened in some cases, and one 

reason may be bubbles (packed air) in the filled regions.  

 

 

TABLE 5.2 

 Frame of 30 min of Sequence1* 

Scanning 1 Scanning 2 Scanning 3 

Rod diameter RC std(%) RC std(%) RC std(%) 

1mm 0.04 28.20 0.05 22.20 0.02 57.73 

2mm 0.27 43.13 0.18 24.07 0.43 23.79 

3mm 0.72 24.10 0.62 18.79 0.77 20.00 

4mm 0.87 22.64 0.87 18.30 0.86 20.43 

5mm 0.91 22.50 0.82 19.16 0.94 19.60 

*(REC_1: Sequence Set 1, see Chapter 4, Table 4.2) 
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Figure 5.3 Recovery Coefficients for nanoScan PET/CT, working on IQ Phantom, for 5 

acquisition frames in 100 min list mode acquisition. (*) the frames have 1
st
 order in 

reconstruction (see Chapter 4, Table 4.2) 

 

Figure 5.3 illustrates the diagrams that shows the consistency between RC 

and the different diameters. The RC is growing as the region of interest 

getting larger, with the assumption always that there is a uniform distribution, 

like in this case. Resulting to a Characteristic curve vs. Source diameter, 

verify the good performance of the scanner. The results are in agreement with 

the bibliography [42,44], and moreover this evidence gives effort to the initial 

aim of this thesis, to reduce the acquisition time, due to the fact that the 

characteristic curves of the 5 acquisition frames are overlapped each other. 
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Figure 5.4 RC versus Total Acquisition Time. (*): see table 4.2, (**) Average of experiments 

1,2,3 

 

In Figure 5.4, is illustrated, the recovery coefficients of every 18F – experiment 

and average of them depending on total time acquisition. In a Total Time 

acquisiton, the RCs‟ values do not reflect significant variation for the five 

reconstruction sets. 
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Figure 5.5 RC versus the order of acquisition frames, for all the reconstructions and for all the 

experiments and average of them. (*) (for the order see Chapter 4, Table 4.2), (**) Average of 

the experiments (1,2,3) 

 

In Figure 5.5, it is shown the RC versus the order of the acquisition frames in 

a List mode of 100min. the results indicate that there is no significant 

difference, in RC by alterating the acquisition frames.  
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Figure 5.6 RC versus the order of acquisition frame. (*)(see table 4.2 about the 

ordering),(**)(is the Average of the three experiments (1,2,3) 

 

In Figure 5.6, there is a more closely prospect about the RC versus the order 

of acquisition frames. Here, every rod (source) is analyzed individually. This 

curve overlapping is an evidence supporting the aim of this thesis.  

 

Working on a reconstructed image, the RC indicates how much of the 

radioactivity, presents in a certain region can be detected or recovered in the 

reconstructed image. Consequently the RCs reflect the detectability of the 

scanner. From all the graphs we can conclude that the detectability is not 

affected over the time acquisition, neither from the order of the acquisition 

frame. 
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5.1.3 Spill-Over-Ratio 

 

18F-FDG Spill-Over-Ratio 

The accuracy of scatter corrections are given as the spill-over ratio in cold 

regions. The spill-over ratio in the water-and air-filled cylinders are reported in 

Table 5.3. 

 

TABLE 5.3 

From the Average of the experiments (1,2,3). Spill-Over ratio of Water and Air Chamber for 

the 5 reconstruction sets. 

 Sequence1 Sequence 2 

30 25 20 15 10 25 20 15 10 30 

Water 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

Air 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

 

 Sequence 3 Sequence 4 

20 15 10 30 25 15 10 30 25 20 

Water 0.12 0.11 0.12 0.12 0.12 0.12 0.12 0.11 0.12 0.12 

Air 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

 

 Sequence 5 

10 30 25 20 15 

Water 0.12 0.12 0.12 0.12 0.12 

Air 0.12 0.12 0.12 0.12 0.12 

 

From the following graphs it is shown that the time acquisition does not affect 

at all the Spill- Over ratio, neither the order the acquisition frames. 

 

In Figure 5.7 there is a graph of the Spill-Over ratio of Water and Air versus 

the acquisition frames for the five (5) reconstruction sets. This graph is an 

average of the experiments 1, 2 and 3. In accordance with bibliography [43], 

due to OSEM 3D reconstructing algorithm, with scatter correction, SOR for air 

cavity shows the same or even a slightly higher value compared to SOR for 

water. 
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Figure 5.7 Spill-Over Ratio versus acquisition frames for the five (5) reconstruction sets. 

In the following Carts in Figure 5.8, it is shown the Spill over ratio depending 

on the order of the acquisition frame individually. 

    

     

     
  

Figure 5.8 Spill-Over Ratio depending 

on the order of acquisition frame. 

(About the order see Table 4.2) 
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5.2 Animal Studies 
 

At the tables bellow it is shown that the SUV for all the animals is significant 

equal between the three acquisition time frames. In all cases we get a failure 

to reject our null hypothesis. To mention again the null hypothesis, is if the 

medians of the two populations are equal, at the 5% significance level. 

Unfortunately, our population is low, due to there were not much mice with 

melanoma to study. Nevertheless these results are more than hopeful. 

 

TABLE 5.7 

SUVmean of 10%SUVmax Wilcoxon Test 

Reconstruction Time 10min 20min 30min  10min Vs 20min 10min Vs 30min 20min Vs 30min 

Animal_1 1.15 1.12 1.16 p 0.485 0.589 0.937 

Animal_2 0.78 0.88 0.93 h FALSE FALSE FALSE 

Animal_3 0.79 0.95 1.03 

Animal_4 1.46 1.62 1.47 

Animal_5 1.41 1.58 1.55 

Animal_6 1.42 1.43 1.38 

 

TABLE 5.8 

SUVmean of 40%SUVmax Wilcoxon Test 

Reconstruction Time 10min 20min 30min  10min Vs 20min 10min Vs 30min 20min Vs 30min 

Animal_1 1.76 1.78 1.87 p 0.699 0.485 0.937 

Animal_2 1.59 1.52 1.78 h FALSE FALSE FALSE 

Animal_3 0.95 1.13 1.21 

Animal_4 1.73 2.01 1.86 

Animal_5 1.89 2.13 2.16 

Animal_6 2.3 2.28 2.25 
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TABLE 5.9 

SUVmean of 50%SUVmax Wilcoxon Test 

Reconstruction Time 10min 20min 30min  10min Vs 20min 10min Vs 30min 20min Vs 30min 

Animal_1 1.99 2.05 2.15 p 0.394 0.310 0.937 

Animal_2 1.79 1.91 2.02 h FALSE FALSE FALSE 

Animal_3 1.07 1.21 1.31 

Animal_4 1.87 2.32 2.17 

Animal_5 2.09 2.35 2.45 

Animal_6 2.61 2.61 2.55 

 

TABLE 5.10 

SUVmean of 60%SUVmax Wilcoxon Test 

Reconstruction Time 10min 20min 30min  10min Vs 20min 10min Vs 30min 20min Vs 30min 

Animal_1 2.30 2.36 2.47 p 0.394 0.240 0.818 

Animal_2 2.09 2.22 2.38 h FALSE FALSE FALSE 

Animal_3 1.19 1.30 1.38 

Animal_4 2.14 2.48 2.43 

Animal_5 2.31 2.57 2.70 

Animal_6 2.97 2.95 2.90 

 

 

TABLE 5.11 

SUVmax of the VOI Wilcoxon Test 

Reconstruction Time 10min 20min 30min  10min Vs 20min 10min Vs 30min 20min Vs 30min 

Animal_1 3.45 3.56 3.72 p 0.240 0.240 0.589 

Animal_2 3.;8 3.40 3.66 h FALSE FALSE FALSE 

Animal_3 1.73 1.84 1.93 

Animal_4 3.01 3.47 3.46 

Animal_5 3.35 3.71 4.09 

Animal_6 4.37 4.43 4.30 
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Chapter 6                                                         
Conclusion 

 
 
Beyond the aim of the thesis, the measurements of RC, Uniformity, and SOR, 
helped us to evaluate the robustness and performance of our new Scanner, 
concluding to the self-evident, that the results are in consistency with the 
vendor. Figures 5.4, 5.5, 5.6, indicate the stability of the system over the time. 
 
Moreover to this, the image-quality phantom studies demonstrated good 
values of uniformity, recovery coefficients and Spill-over ratio. Uniformity, 
Recovery Coefficients, and Spill-Over ratio values do not show significant 
variability over the acquisition time, even more by alterating the order of the 
acquisition frames, in a constant list-mode of 100min. although the %STD is 
changing over the time, and particularly decreases as the time frame 
increases, and this is a fate result. 
 
Concluding to phantom results, it is obvious that the time frames under 30 min 
do not affect dramatically the parameters of image quality, except the %STD 
(noise).  
 
It is uncontested that it can be selected a shorter acquisition time than 30 min. 

The question now is, how much lower, and to which types of cancer can be 

implemented. According to Figure 5.2 (%STD Vs Total Acquisition Time) the 

image noise at 25 min acquisition does not differ from the image noise at 30 

min acquisition. Moreover, at Figure 5.3, the characteristic curves do not differ 

between the five acquisition times from 10 min to 30 min. Above all, it can be 

supported that a minimum time of 25 min could be an optimum acquisition 

time in preclinical task. 

 
In the case of animal studies, it is concluded that the acquisition time does not 

affect significantly the alteration of SUV.  

Concerning the Wilcoxon-Test, the 5% significant level, could be lower to 

2.5% and therefore run again the Wicoxon-Test. Our mice population is not 

great enough to ensure the aim of this study, and a greater population of mice 

with melanoma, is a future work to deal with. Moreover to this, our study 

focused on melanoma disease, so other cancer types should be approached 

with the same methodology. This approach will give us important facts and 

data in order to support or reject our aim. In addition, we focus to our MatLab 

Code, and working for a compact version and graphical user interface. 
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