
 

 

University of Patras 

 

School of Health Sciences 

Medical Physics Laboratory 

 

 

Evaluation of Diagnostic, Therapeutic and 

Dosimetric Applications in Nuclear Medicine, 

with the Development of Computational Models, 

and the Use of Monte Carlo Simulations 

 

 

Panagiotis Papadimitroulas 

B.Sc. in Applied Physics, M.Sc. in Medical Physics 

 

 

Ph.D. Thesis  

 

 

 

 

Patras, November 2015  



 

 

 

  



 

 

 

Πανεπιστήμιο Πάτρας 

 

Σχολή Επιστημών Υγείας 

Εργαστήριο Ιατρικής Φυσικής 

 

Βελτιστοποίηση διαγνωστικών, θεραπευτικών και 

δοσιμετρικών πρωτοκόλλων στην Πυρηνική 

Ιατρική με την ανάπτυξη υπολογιστικών 

μοντέλων και τη χρήση Monte Carlo 

προσομοιώσεων 

 

Παναγιώτης Παπαδημητρούλας 

Δίπλωμα στην Εφαρμοσμένη Φυσική,  

Μεταπτυχιακό Δίπλωμα Ειδίκευσης στην Ιατρική Φυσική 

 

 

Διδακτορική Διατριβή  

 

 

 

Πάτρα, Νοέμβριος 2015  



 

 

 

 

  



 

 

 

 

 

Three-member advisory committee: 

 

George C. Kagadis, Associate Professor UPAT (supervisor) 

George Loudos, Assistant Professor TEIA (member of the advisory committee) 

George Nikiforidis, Professor UPAT (member of the advisory committee) 

 

 

 

Seven-member examining committee: 

Associate Professor George C. Kagadis 

Supervisor 

Assistant Professor George Loudos 

Member of the advisory committee 

Professor George Nikiforidis 

Member of the advisory committee 

Professor Dimitris Visvikis 

Member of examining committee 

Professor George Panayiotakis 

Member of examining committee 

Associate Professor Dimitris Karnabatidis 

Member of examining committee 

Associate Professor Dimitris Apostolopoulos 

Member of examining committee 

  



 

 

  



 

 

 
  

Μὴ πάντα ἐπίστασθαι προθύμεο, 

μὴ πάντων ἀμαθὴς γένη 
 

Demokritos 470-370 B.C. 



 

 

 



 

i 

 

Acknowledgments 

I would like to express my gratitude to few people that helped and supported me throughout 

this thesis. 

First of all, I would like to thank my supervisor Associate Prof. George C. Kagadis for his 

trust to my person to curry out this thesis. His support all these years, was much more than 

supervising my thesis as he showed a strong belief in my personality. So, I would like to 

thank him as a good researcher and as a trustworthy friend, who continuously supported 

me. 

A person who was beside me all these years and gave me the chance to work with him, 

from my undergraduate years, was Assistant Prof. George Loudos. A special man, who 

inspired me with a vision which consisted the basis for this thesis. I thank him for all the 

nice and creative moments we had the last eight years. 

A special thanks to Prof. George Nikiforidis for his trust and support from my first year 

during my MSc degree, in order to continue for PhD studies in the Nuclear Medicine field. 

His advices were precious throughout our sessions. 

Finally, I would like to thank Prof. Dimitris Visvikis for hosting me in the LaTIM 

laboratory and his precious contribution, and support on the medical imaging study. I am 

grateful for the chance he gave me to collaborate with expert investigators of his group.  

I would like to thank the rest of the examining committee; Prof. George Panayiotakis, 

Associate Prof. Dimitris Karnabatidis, and Associate Prof. Dimitris Apostolopoulos for 

their kindness revising and examining the present PhD thesis. 

I would like to thank Ms. Theodora Kostou, who started as a MSc student learning GATE 

simulations, and now is a great colleague, who has contributed in part on this study.  

Last but not least, I would like to thank my colleagues E. David, S. Spirou, N. Efthimou, 

L. Fysikopoulo and M. Georgiou for the collaboration we have had so far, and the creative 

discussions all these years. 



 

ii 

 

Special thanks to my parents for their support and their strong belief in my choices. 

My PhD thesis study lasted almost 4 years. However, my undergraduate studies started in 

2003 and during those studies I met my wife. She was on my side all these years supporting 

all my choices in good and bad times. I owe this thesis to her love. Thank you Dimitra.  

* * * * * * * * * * 

This thesis was co-financed by: 

 European Union (European Regional Development Fund - ERDF) and Greek 

national funds through the Joint Research and Technology Program between 

Greece and France (2009–2011). 

 European Union (European Social Fund) and Greek national resources under the 

framework of “Archimedes III: Funding of Research Groups in TEI of Athens” 

project of the “Education and Lifelong Learning” Operational Programme. 

 European Union (European Social Fund – ESF) and Greek national funds through 

the Operational Program “Education and Lifelong Learning” of the National 

Strategic Reference Framework (NSRF) – Research Funding Program: THALES: 

Investing in knowledge society through the European Social Fund 

 

Panagiotis Papadimitroulas 

Patras, 2015 

 



 

iii 

 

Περίληψη 

Στην παρούσα διδακτορική διατριβή με τίτλο «Βελτιστοποίηση διαγνωστικών, 

θεραπευτικών και δοσιμετρικών πρωτοκόλλων στην Πυρηνική Ιατρική με την 

ανάπτυξη υπολογιστικών μοντέλων και τη χρήση Monte Carlo προσομοιώσεων» 

επιχειρείται μία καινοτόμος προσέγγιση στις σύγχρονες διαγνωστικές και θεραπευτικές 

μεθόδους που της Πυρηνικής Ιατρικής. Με τη χρήση σύγχρονων εργαλείων όπως είναι οι 

προσομοιώσεις Monte Carlo, τα ανθρωπόμορφα υπολογιστικά ομοιώματα και συστοιχίες 

υπολογιστών (cluster), σε συνδυασμό και με την αξιοποίηση κλινικών δεδομένων, 

πραγματοποιήθηκε μελέτη για την ανάπτυξη και πιστοποίηση μεθόδων και τεχνικών, οι 

οποίες βελτιστοποιούν τα εφαρμοζόμενα πρωτόκολλα Πυρηνικής Ιατρικής.  

Αρχικά πραγματοποιήθηκε εκτενής βιβλιογραφική αναζήτηση στα επιμέρους θέματα που 

διαπραγματεύονται στη διατριβή. Πιο συγκεκριμένα η βιβλιογραφική μελέτη 

περιλαμβάνει το ιστορικό και την περιγραφή των τεχνικών απεικόνισης Μονοφωτονικής 

και Ποζιτρονικής υπολογιστικής τομογραφίας (SPECT και PET), καθώς και την παράθεση 

των πιο σύγχρονων τεχνικών, που χρησιμοποιούνται για την υλοποίηση ρεαλιστικών 

προσομοιώσεων με σκοπό τη δημιουργία απεικονιστικών βάσεων δεδομένων, αλλά και τις 

μεθόδους που χρησιμοποιούνται για τη μοντελοποίηση κλινικών και προκλινικών 

συστημάτων ανίχνευσης ακτινοβολίας σε περιβάλλον προσομοίωσης. Παράλληλα 

μελετήθηκε η ιστορική εξέλιξη των διαφόρων ανθρωπόμορφων υπολογιστικών 

ομοιωμάτων που χρησιμοποιούνται σε εφαρμογές Πυρηνικής Ιατρικής. Η βιβλιογραφική 

αναζήτηση ολοκληρώνεται με τη μελέτη των δοσιμετρικών πρωτοκόλλων που 

χρησιμοποιούνται και εφαρμόζονται στην κλινική πράξη. Γίνεται λεπτομερής ανάλυση και 

ιστορική αναδρομή στον υπολογισμό “σημειακών πυρήνων δόσης” (Dose Point Kernels - 

DPKs), οι οποίοι εφαρμόζονται στη δοσιμετρία διαγνωστικών αλλά και θεραπευτικών 

πρωτοκόλλων. Το θεωρητικό υπόβαθρο της δοσιμετρίας συμπληρώνεται με την ανάλυση 

και την παράθεση προσωποποιημένων δοσιμετρικών παραμέτρων όπως είναι η μέθοδος 

υπολογισμού των S-values.  

Στην παρούσα μελέτη πραγματοποιείται διεξοδική ανάλυση για τη βελτιστοποίηση των 

κλινικών πρωτοκόλλων που εφαρμόζονται στην κλινική πράξη σε δυο βασικούς άξονες. 

Σε επίπεδο προσομοιώσεων γίνεται προσπάθεια για τη βελτιστοποίηση: 

i. διαγνωστικών / απεικονιστικών τεχνικών 
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ii. δοσιμετρικών / θεραπευτικών προσεγγίσεων. 

Πιο αναλυτικά οι δυο άξονες που μελετήθηκαν παρατίθενται στα κεφάλαια 2 και 3 

αντίστοιχα. 

Στο 2ο κεφάλαιο αρχικά παρατίθενται οι περιγραφές και τα αποτελέσματα της 

μοντελοποίησης των απεικονιστικών συστημάτων που χρησιμοποιήθηκαν στην παρούσα 

διατριβή. Στη συνέχεια γίνεται αναλυτική περιγραφή και συγκριτική μελέτη για τη 

ρεαλιστική μοντελοποίηση της ετερογένειας καρκινικών όγκων σε προσομοιώσεις PET, 

οι οποίες βασίζονται σε πραγματικά κλινικά δεδομένα. Τέλος, παρατίθεται η περιγραφή 

μιας συνολικής βάσης προσομοιωμένων δεδομένων που συμπεριλαμβάνει φυσιολογικά, 

καθώς και δεδομένα με ασθένειες απεικονίσεων PET/SPECT τόσο σε προκλινικό όσο και 

σε κλινικό επίπεδο. 

Στο 3ο κεφάλαιο αρχικά πραγματοποιείται, για πρώτη φορά, ο υπολογισμός των DPKs σε 

τρία διαφορετικά μέσα (μαλακός ιστός / νερό, πνεύμονας, οστό) για μία λίστα 13 

ραδιοϊσοτόπων που χρησιμοποιούνται στην Πυρηνική Ιατρική. Ο υπολογισμός των DPKs 

πραγματοποιήθηκε με το πρόγραμμα προσομοιώσεων GATE, το οποίο και πιστοποιήθηκε 

σε επίπεδο δοσιμετρίας φάσματος καθώς και μονοενεργειακών i) φωτονίων (γ), ii) 

ηλεκτρονίων (e-) και  iii) σωματιδίων β. Στη συνέχεια, έγινε μελέτη για την εξαγωγή των 

S-values σε προκλινικό επίπεδο, όπου και πραγματοποιήθηκε συγκριτική αξιολόγηση των 

αποτελεσμάτων μας με τη βιβλιογραφία. Παράλληλα εξήχθησαν S-values με 

συγκεκριμένες βιοκατανομές για τον ακριβή υπολογισμό της απορροφούμενης δόσης ανά 

όργανο κατά την απεικόνιση μυών με SPECT και ΡΕΤ. Το κεφάλαιο ολοκληρώνεται με 

το πέρασμα από το προκλινικό στο κλινικό επίπεδο, καθορίζοντας τη διαδικασία 

υπολογισμού των S-values για παιδιατρικές εφαρμογές κάνοντας χρήση κλινικών 

απεικονιστικών δεδομένων. Στη συγκεκριμένη παράγραφο γίνεται παράθεση των αρχικών 

αποτελεσμάτων που υπολογίστηκαν σε παιδιατρικά ομοιώματα. 

Η διδακτορική διατριβή ολοκληρώνεται με τη συζήτηση και την ανάλυση των 

αποτελεσμάτων στο 4ο και τελευταίο κεφάλαιο, όπου και παρατίθενται εφαρμογές και 

μελλοντικά βήματα που κρίνεται αναγκαίο να πραγματοποιηθούν για την περαιτέρω 

βελτιστοποίηση των πρωτοκόλλων Πυρηνικής Ιατρικής στην κλινική πράξη.      
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Abstract 

In the present thesis entitled “Evaluation of Diagnostic, Therapeutic and Dosimetric 

Applications in Nuclear Medicine, with the Development of Computational Models and 

the Use of Monte Carlo Simulations” the state of art techniques applied in Nuclear 

Medicine field are investigated. By exploiting modern tools such as Monte Carlo 

simulations anthropomorphic computational models and high performance computing 

clusters, as well as using clinical data, we are assessing several parameters for the 

optimization and the evaluation of the applied clinical protocols in Nuclear Medicine.  

Initially, we have performed an extensive literature research for all the topics which are 

investigated in this thesis. More specifically, the bibliographic investigation includes the 

history and the description of the emission based imaging techniques (single photon and 

positron emission - SPECT and PET), as well as the state of the art on the most recent 

approaches for the creation of realistic Monte Carlo imaging databases. The methods used 

in modeling clinical and preclinical detection systems are also reviewed. Alongside, the 

evolution of anthropomorphic computational models development, used in Nuclear 

Medicine field, is presented. The literature investigation is completed with the study of the 

dosimetric protocols that are used in clinical practice. There is a detailed analysis and 

historical review on the calculation of dose point kernels (DPKs) that are commonly used 

in the diagnostic and therapeutic dosimetry. The theoretical background on dosimetry is 

completed with the study of the personalized dosimetric factors, such as the calculation of 

S-values. 

In the present thesis, the evaluation of the clinical protocols is performed in two main 

directions. Based on the Monte Carlo simulations “ground truth” we try to optimize: 

i. diagnostic / imaging techniques 

ii. dosimetry / therapeutic protocols 

Analytically, these two main axis are described in Chapters 2 and 3, respectively. In 

Chapter 2 the description and the results of the modelled imaging systems are presented. 

Moreover, a comparison study of the realistic intra-tumor heterogeneity PET modeling is 

performed, based on real clinical data. Finally, a full description of the created simulated 

imaging database is given, including clinical and preclinical PET and SPECT data. 
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In Chapter 3, we provide for the first time the entire calculation procedure of the DPKs, for 

three different materials (soft tissue/water, lung and bone) for a set of 13 commonly used 

radioisotopes. The DPKs were extracted using the GATE Monte Carlo toolkit, which was 

initially validated for the dosimetry calculation using monoenergetic i) photon (γ), ii) 

electron (e-) and iii) betta (b-) particles. We continue our internal dose assessment study by 

calculating the S-values in preclinical applications. The S-values were calculated using 

whole body bioditributions as a source, while the procedure was validated with previously 

published data. Accordingly, the whole-body (heterogeneous source) S-values were 

extracted for the optimization of pediatric nuclear medical applications, so as to accurate 

calculate the absorbed dose per critical organ of interest. The biodistributions used in the 

pediatric studies were based on clinical data. 

The thesis is completed with the discussion and the analysis of the results obtained in each 

separate section. Future steps are suggested, so as to better exploit the presented results 

towards their application in clinical practice. 
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The past 30 years, Nuclear Medicine has become a standard clinical approach both in 

diagnosis and in therapy. All these years there has been a great effort on the evaluation and 

the optimization of the imaging schemes and the dosimetric protocols applied in clinical 

practice. In diagnosis the optimization of detector design including scintillators, 

collimators, materials, time detection and electronics is a field of research that plays crucial 

role for the formation of images with good quality and diagnostic information in terms of 

spatial resolution and sensitivity. Furthermore, for the evaluation of nuclear diagnostic 

procedures the processing and pre-processing techniques are evolving for more accurate 

and finest imaging of the interior of the human body. Such techniques include algorithms 

for image reconstruction, segmentation, registration, denoizing, smoothing, filtering, 

scatter – motion – attenuation and partial volume correction. All these methods were 

developed in parallel with the evolution of medical imaging technology and computer 

science. Nowadays, several research groups worldwide introduce more modern hardware 

systems and develop faster computational techniques and algorithms for more accurate 

diagnostic tools that will be used in clinical practice.  

Alongside the evolution of nuclear medical diagnosis, the research community should 

always keep in mind the effect of radiation and energy deposition in human body. Since 

1950s it was known that exposure to radioactive sources could produce therapeutic and 

diagnostic results, as well as induce risks for the patients. The assessment of deposited 

energy and thus the absorbed dose in human body are still of high interest, so as to better 

analyze the risks and the benefits of radiation exposure. Dosimetry in nuclear medicine has 

always been on the pick of the scientific interest and all the protocols applied in clinical 

practice should be firstly validated in terms of dose assessment, ensuring the protection of 

the patient and the medical stuff.  

During the evolution of Nuclear Medicine, diagnostic and dosimetric procedures were 

growing in parallel. Over the last two decades, computer science had a decisive role in 

imaging and therapeutic techniques. The integration of advanced computational methods 

in the field of medical imaging is rapidly evolving. Among those tools, MC simulations, 

which are widely used in Nuclear Medicine, are now reaching a mature state that allows 

their exploitation into the clinical practice. They provide well validated tools for accurate 

physics modelling, simulate radiation-matter interactions and particle transportation within 
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medium. The use of anthropomorphic computational phantoms is rapidly gaining interest 

for the optimization of the acquisition and processing protocols that are used in clinical 

practice. Thus, these models combined with Monte Carlo simulations serve as “gold 

standard” in applications such as imaging, dosimetry and radiotherapy. However, this type 

of simulations is rather computational intensive and published results cannot be easily 

duplicated by many groups. In addition, the reproduction of realistic-like data requires a 

number of parameters to be taken into account, to ensure the accuracy of simulated data. 

In the present thesis, we aim to optimize and evaluate diagnostic and dosimetric parameters 

using modern tools, such as well validated Monte Carlo code and high-resolution 

anthropomorphic computational models with accurate anatomical properties. Specifically, 

in the General Part of the study we have investigated the literature of the general aspects 

regarding nuclear medical imaging and the used radiopharmaceuticals, the theory and the 

most important dosimetric parameters, the development of Monte Carlo codes and the 

evolution of the computerized anthropomorphic phantoms. 

Moving on the Specific Part, we have studied and described the state of the art on the two 

main axis that we have dealt with. In Chapter 2 we have used Monte Carlo simulations for 

imaging applications. Initially we describe all the imaging systems that we have modelled 

and used for the imaging acquisitions applied in this study. The modelled systems were 

validated based on experimental data. Our main goal is to create a generalized simulated 

imaging databased including realistic emission tomography data for clinical and pre-

clinical studies. These data can be useful to scientific community as they are freely 

available, and could provide the basis for studying pre and post processing algorithms. 

Therefore, based on the state of the art of realistic simulated data, we investigated the tumor 

heterogeneity in simulated data in oncology applications. A dataset of 7 oncology patients 

was created and studied using textural features for the most realistic procedure, in order to 

take into account tumor heterogeneity in MC simulations. This dataset was included in the 

created generalized database, which includes 31 separate acquisitions with 4 different 

simulated scanners; 1 for preclinical and 1 for clinical single photon emission tomography 

2 for clinical positron emission tomography studies. 

The second axis of our study deals with dosimetric applications in nuclear medicine and is 

extensively described in Chapter 3. Initially the dosimetry approach using the Dose Point 
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Kernels (DPKs) is extensively described, reviewing the calculation techniques of DPKs 

with several MC codes. In this section the theoretical background is described and there is 

an extended calculation of new DPKs. The GATE MC toolkit was used and validated for 

the calculation of monoenergetic electrons, photons and beta particles. According to our 

knowledge there is no literature providing the total DPKs, which take into account the 

whole spectrum of the several isotopes. Thus, in our study we calculated a dataset of new 

DPKs in 13 commonly used radionuclides in 3 basic media (soft-tissue, lung, bone) 

existing in our body. These calculated total DPKs can be used for the optimization of the 

clinical dosimetric protocols, in combination with computed tomography images for 

dosimetry calculation in several organs and tissues of interest. The advantage of the 

proposed method is that using these DPKs we overcome the assumption that the whole 

body is equivalent to water material.  

Besides the DPKs calculation, we have extended our dosimetry study on the investigation 

of S-values for preclinical and pediatric applications. The state of the art is described and 

we have standardized the method of calculating S-values for specific bio-distributions. 

More precisely, we have used pre-clinical bio-distribution of commonly used 

radiopharmaceuticals derived from literature, in order to calculate the dose rate per organ 

in mice. Finally, we have moved on studying clinical applications in pediatric nuclear 

medicine. Accordingly, to the pre-clinical S-values, we used clinical bio-distributions 

derived from clinical SPECT data. We simulated the activity distributions inside pediatric 

computational models for the evaluation and the optimization of the dose per organ, 

extracting the S-values. In standard dosimetry, the currentmethod is to calculate the organ-

to-organ (source-to-target) S-values and to apply the absorbed dose in each organ 

according to the activity concentration. In our approach, for more accurate dosimetric 

schemes, we simulated whole-body biodistributions and extracted the S-values per organ 

taking into account the heterogeneous source distribution from all organs. The procedure 

was validated in preclinical simulations, comparing the extracted total S-values to previous 

published data. 

Concluding, the thesis is finished with Chapter 4, the discussion section, where we describe 

and analyze the results obtained from our research. All generateddata and the acquired 

procedures have been published and our results are available to the scientific community 
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for further investigation. We strongly believe that there are future steps that should be 

carried on in order to achieve the ultimate goal, which is to optimize and evaluate the 

clinical protocols used in Nuclear Medical Imaging and Dosimetry. All these future 

suggestions are discussed in the final section of the present study.  
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Chapter 1: Fundamentals of Nuclear Medicine 

1.1 Nuclear Medicine  

Nuclear medicine (NM) is the branch of radiology in which a chemical or compound 

containing a radioactive isotope is given to the patient orally, by injection, or by inhalation. 

Once the compound has distributed itself according to the physiology and metabolism of 

the patient, a radiation detector is used to obtain projection images from the γ-rays emitted 

during radioactive decay of the agent. NM provides emission images (as opposed to 

transmission images), since the radioisotopes emit their energy from inside the human 

body. Nuclear medical imaging (NMI) is a form of functional imaging. Rather than 

yielding just anatomical information of the patient, nuclear medical images provide 

information regarding the physiology and functionality of several organs of interest. 

NMI is an approach for noninvasive detection of a variety of human diseases. The two 

basic components of these imaging procedures are: a) the use of specific 

radiopharmaceuticals, and b) the use of a proper imaging system for the detection of the 

emitted photons. The latter is a position-sensitive detector that relies on detecting gamma 

photons emitted from the administered radionuclide. Many radioisotopes emitting single-

photons and positrons are used in clinical nuclear medicine. The radiopharmaceuticals are 

designed for tracing many pathophysiologic as well as molecular disorders, and utilize the 

penetrating capability of gamma rays to functionally map the distribution of the 

administered compound within different biological tissues [1].  

The use of radioactive isotopes for medical purposes has been investigated since 1920. 

Around 1940 there have been initial efforts to image the radionuclide distribution within 

the human body. In the late 1950s, Hal Anger developed and introduced the first gamma 

camera [2], an approach that is still used in the design of all the modern detection systems. 

The Anger camera consists of a scintillation camera which is a 2D planar detector to 

produce a 2D projection image without scanning. The projections can then be used for the 

production of tomographic images by computing and defining the spatial distribution of 

the radiopharmaceutical within a slice or a volume. The methodology of tomography in 

NM is very similar to the computed tomography (CT) reconstruction. In 1917, Radon 
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published the mathematical method for image reconstruction using 2D projections [3], 

which was applied in medical applications during 1970s, initially to CT and following to 

NMI. At the same time, iterative reconstruction methods were explored, but the clinical 

application of those methods had to wait until the 1980s when computer power and 

memory were sufficient [4].  

The tomographic system for single-photon emission computed tomography is called 

SPECT camera. Anger also showed that two scintillation cameras could be combined to 

detect photon pairs originating after positron emission. This principle is the basis of 

positron emission tomography (PET), which detects photon pairs. In 1970s the first 

dedicated PET system was built, which was used for phantom studies. Soon afterward, 

Phelps, Hoffman et al. built the first PET camera for human studies. For many years PET 

systems have been considered, almost exclusively, to be research tools. PET’s 

breakthrough in clinical practice dates in the late 90s and till now, these devices have 

integrated several technical developments and have had a significant impact on the practice 

and diagnostic quality of NM. 

However, the birth of NM instrumentation dates to 1925 when Blumgart and his coworker 

Yens had modified the cloud chamber to measure the circulation time using an arm-to-arm 

method [5]. They used a mixture of radium decay products that emit beta and gamma rays. 

Blumgart defined some assumptions for designing a detector and for the measurement 

methods that are still true and used in modern systems. In 1951, the rectilinear scanner was 

introduced so as to map radioactivity concentration accumulated within the human body. 

To scan a specific area of interest, the scanner had to move along a straight line collecting 

photons point by point. The scanner then moved over a predetermined distance and back 

in the opposite direction to span an equivalent length. This process continued until the 

device scanned the desired area of interest. Images were formed by a mechanical relay 

printer that printed the acquired events in a dot style [6]. 

1.1.1 Imaging techniques PET / SPECT 

In NMI the term emission tomography (ET) is usually used to encompass the two main 

techniques in NM: a) the SPECT, and b) the PET, which use radioactive materials to image 

properties of the body’s physiology, as earlier described. The ET images are used so as to 
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represent the spatial distribution of properties such as blood flow, glucose metabolism, and 

receptors concentration. Thus, ET can be used to detect tumors, locate areas of the heart 

affected by coronary artery disease and identify brain regions influenced by drugs. NMI is 

categorized as a functional approach and is distinguished from structural methods such as 

X-ray CT that principally depict the human body’s anatomy. As the term ET suggests, this 

form of imaging is a marriage of two basic principles: imaging through the use of gamma-

ray emission (called the tracer principle), and volumetric imaging of the body’s interior 

(called tomography). ET’s most commonly used application in clinical practice is the 

diagnosis of disease in humans. There are five main steps of a clinical NMI which are 

outlined in Figure 1 [7]. 

 

Figure 1. Basic key-steps in a clinical nuclear medicine study   

PET and SPECT are distinguished mainly by the type of radioisotope incorporated in the 

used tracer. SPECT studies use radiopharmaceuticals labeled with a single-photon emitter, 

a radioisotope that emits one gamma-ray photon with each radioactive decay event. 

Instead, PET requires the labeling isotope to be a positron emitter. Upon decay, a positron-
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emitting isotope ejects a positron (e+) from its nucleus. When the positron encounters an 

electron in the surrounding medium, the two particles annihilate, resulting in the release of 

two “equivalent” photons (511 keV each one). This distinction between the numbers of 

emitted photons dictates the type of hardware required to detect and localize each event. 

Figure 2 depicts a schematic distinction of the two approaches in their emission and their 

detection type. 

 

Figure 2. Left: Schematic of a single emitted photon detection, Right: Diagram of the annihilation and the 

detection of a pair of two photons in 511 keV. 

SPECT – Single Photon Emission Computed Tomography 

SPECT is the tomographic counterpart of nuclear medicine planar imaging, just like CT is 

the tomographic counterpart of radiography. In SPECT, a nuclear camera records X-rays 

and/or γ-ray emissions from the patient from a series of different angles around the patient. 

These projection data are used to reconstruct a series of tomographic emission images. A 

SPECT study begins with the administration of a radiopharmaceutical to the patient, 

usually by injection. Afterwards, the imaging hardware system begins detecting and 

recording gamma rays emitted by the radiopharmaceutical in the human body as a product 

of radioactive decay. Because of safety limitations on the amount of radiopharmaceutical 

that can be administered to the patient and the presence of a collimator, the rate of gamma-

ray emissions is relatively low (typically, ~104 counts/s/ml of a tissue of interest in a 

clinical SPECT study) [7]. Therefore, a SPECT study requires a relatively long period of 

time for data collection, for example a cardiac study takes 15–20 min, in contrast to a 

modern X-ray CT scan that can be completed in few seconds. The main components of a 
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typical gamma camera used in SPECT are the collimator, the scintillator (crystal), and the 

photomultiplier tubes (PMTs) as shown in Figure 3. 

  

Figure 3. Schematic diagram of a conventional gamma camera used in SPECT. 

Collimators: 

To form an image of the radionuclide activity distribution, it is appropriate to create a 

correspondence between points in the object and points in the image. For this reason, a 

specific component is used called collimator. The collimator is a thick sheet of a heavy 

material (such as lead), perforated like a honeycomb by long thin channels (Figure 4). The 

design of the collimator is responsible for the formation of the projection image by 

selecting only the rays traveling in (or nearly in) a specific direction, namely the direction 

in which the channels are oriented. Gamma rays traveling in other directions are either 

blocked by the channel walls or miss the collimator entirely as shown in Figure 4. The 

collimator illustrated in Figure 4 is a parallel-hole collimator, in which all the channels are 

arranged parallel one to another.  
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Figure 4. Schematic view of a parallel-hole collimator 

Scintillation Crystal: 

A γ-ray that successfully traverses the collimator, strikes the first element of the detection 

apparatus, a piece of crystal material called scintillator. Scintillation of a material is the 

prompt emission of light upon interaction with radiation. The scintillator produces many 

optical-wavelength photons from the high energy γ-rays. In NM, inorganic ionic crystals 

are the most important ones. They combine high density, and atomic number with a fast 

response and a high light yield, providing the possibility to construct large homogeneous 

crystals. These crystals form the backbone for X- and γ- ray detection. Another group of 

crystals is formed by organic scintillators, plastics and liquids, which have a low density 

and atomic number, and are primarily of interest for β particles counting. The quality of a 

radiation detector is expressed in terms of sensitivity, energy, time and position resolution, 

and the counting rate a detector can handle. All these parameters serve for the creation of 

a high quality image. Obviously, other aspects such as cost, machinability and reliability 

are also very important. 
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Photomultiplier tubes (PMTs): 

The optical photons produced by the scintillator are detected by a collection of 

photomultiplier tubes (PMTs). From a single photoelectron, a PMT can produce a cascade 

of electrons, which yields a measurable electrical current. Specifically, the interior of the 

entrance window of the evacuated glass envelope is covered with a photocathode, which 

converts photons into electrons. The photocathode consists of a thin layer of alkali 

materials. The conversion efficiency of the photocathode (η), called quantum efficiency, is 

strongly wavelength dependent (e.g. at 400 nm, η = 25–40%) [8]. The emitted electrons 

are focused onto the first dynode by means of an electrode structure. Figure 5 represents 

the photocathode, and the dynodes of a typical PMT. The applied voltage is in the range of 

200–500 V, and the collection efficiency α ≈ 95%. Typical dynode materials are BeO–Cu, 

Cs3Sb, and GaP:Cs. If an electron hits the dynode, electrons are released by secondary 

emission. These electrons are focused onto the next dynode and secondary electrons are 

emitted, etc. The number of dynodes n is in the range of 8–12. The signal is obtained from 

the last electrode, the anode, and gains in the range of 106–107 are obtained.  

 

Figure 5. Schematic of the photocathode and the dynodes used in a typical PMT. 

The produced current is detected by accompanying electronics, which register the 

occurrence of an event. Relative outputs from PMTs near the point of interaction of the 

gamma ray are used to calculate 2D spatial coordinates of the gamma-ray event relative to 

the face of the camera. The events are tallied in a histogram based on their position. At the 
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end of the imaging period, when multiple events have been tallied, the resulting histogram 

represents a projection image of the object. The projection images needed for image 

reconstruction can be obtained by repeatedly imaging the patient from many points of view 

by positioning the gamma camera at many orientations around the patient. Current SPECT 

systems accelerate this process, and capture a greater number of emitted gamma rays by 

positioning two or three camera heads at once around the patient, so as to measure multiple 

projection images simultaneously.  

PET – Positron Emission Tomography 

In principle, PET differs from SPECT as it uses positron (e+) emitters instead of single 

photon emitting radionuclides. The decay of each nucleus of a positron emitting isotope 

leads to the emission of two γ-rays that travel in nearly opposite directions from each other 

(Figure 6).  

 

Figure 6. Physics of positron decay and annihilation, resulting in two 511-keV gamma rays. 

This feature of PET isotopes, allows the measurement of the photons coordinates without 

needing a physical collimator as in SPECT approach. Instead, a technique called 

“electronic collimation” is applied. The patient is surrounded by a group of detectors, 

which are connected to circuit that senses the timing of the γ-ray recording. The coordinates 

of each decay event are inferred by using the fact that positron emitters yield pairs of 

gamma rays, and that the gamma rays constituting each pair travel in nearly opposite 

directions. When two gamma rays are detected roughly simultaneously, it is inferred that 

these two gamma rays must have resulted from the same decay event (coincidence 

detection). Thus, it is assumed that the originating decay event must have taken place 
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somewhere along the line segment connecting the two participating detectors. This line 

segment defines the coordinates, as shown in Figure 7.  

 

Figure 7. Schematic diagram of electronic collimation (coincidence detection) in PET. 

The spatial resolution of PET imaging is limited by the fundamental nature of positron 

annihilation [9-12]. As positrons travel through human tissue, they give up their kinetic 

energy principally by Coulomb interactions with electrons. In addition to the positron 

range, the variation in the momentum of the positron also leads to a limitation of the spatial 

resolution of PET imaging. One would normally expect the annihilation gamma rays to be 

anti-parallel. However, the variation in momentum of the positron results in an angular 

uncertainty in the direction of the 511-keV photons that is approximately 4 mrad (0.23°) 

[13]. Another significant factor limiting PET image resolution is the intrinsic spatial 

resolution of the detector. For a detector composed of small discrete crystals, all 

interactions are assumed to occur at the center of individual crystals for the purpose of 

back-projection, and image reconstruction. As a result, the point spread function (PSF) for 

such detectors is similar to a step function with a total width equal to the size of a crystal. 

Together, the positron range, non-colinearity, and detector PSF limit the resolution of PET 

tomographs. A final factor affecting PET image resolution is referred to as the parallax 

error, which results from the uncertainty of the depth of interaction (DOI) of the gamma 

rays in the crystal. Gamma rays travel some (unknown) distance in the crystal (or adjacent 

crystals) before being completely absorbed. As a result, if the gamma ray enters the crystal 

at an oblique angle, the location of the interaction will not be the same as the point of entry 
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into the crystal. Figure 8 illustrates three kinds of coincidence events that the system 

accepts: (1) scattered events in which one or both gamma rays scatter within the patient; 

(2) random coincidences, in which two separate decays result in the detection of only one 

gamma ray from each one, and the two events are close enough in time to be in coincidence; 

and (3) true coincidences, in which gamma rays are detected from a single decay that have 

not scattered in the patient. The goal in PET imaging is to measure and reconstruct the 

distribution of true coincidences, while minimizing the scattered and random coincidences 

and correcting for the bias (but not necessarily the noise) associated with scattered and 

random coincidences. 

 

Figure 8. The three types of coincidence events measured in a PET scanner. 

1.1.2 Radiopharmaceuticals 

ET imaging of a particular organ or disease begins with the administration of a 

radiopharmaceutical that will interact with the body in a way that will produce an 

informative image. A radiopharmaceutical consists of two parts: the tracer compound (e.g., 

FDG) that interacts with the body, and the radioactive label (e.g., 18F) that allows us to 

image it. Labeling isotopes fall into two broad categories: positron emitters, used mainly 

in PET, and single-photon emitters, used in SPECT. The most commonly used positron 

emitters are 18F, 82Rb, 11C, 15O, and 13N. Some commonly used single-photon emitters are 

99mTc, 201Tl, 123I, 131I, 111In, and 67Ga. The radioactive half-life of each of these commonly 

used isotopes is given in Table 1 (the half-life is the average time in which the nuclei of 
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one-half of a given population of atoms will undergo radioactive decay). Additional decay 

data for more radioisotopes can be found in NuDat (http://www.nndc.bnl.gov/nudat2). 

Table 1. Half-Life of the most commonly used radioisotopes in NMI 

Isotope Half-Life (t1/2) 

11C 20.40 min 
13N 9.96 min 
15O 124 sec 
18F 110 min 
67Ga  78.3 h 
82Rb 1.25 min 
99mTc  6.02 h 
111In 2.83 days 
123I 13.2 h 
131I 8.02 days 
201Tl 73.1 h 

The most common clinical applications of PET are in oncology, with neurology and 

cardiology accounting for most other clinical PET studies. SPECT is used routinely in a 

wider variety of applications. Table 2 includes a variety of the most commonly used 

radiopharmaceuticals, and their applications, are categorized as PET, SPECT and single-

photon planar imaging.  

Table 2. Clinical radiopharmaceuticals and their applications in NMI 

Radiopharmaceutical Application 

PET* 
18F-FDG Characterization, diagnosis, staging, and restaging of cancer - 

Solitary pulmonary nodule assessment - Epilepsy (refractory 

seizures) - Myocardial perfusion or viability assessment 
18F-Fluoride Bone imaging 
18F-AV-45 Aβ imaging 
13N-NH4+

 Myocardial perfusion 
82Rb-RbCl Myocardial perfusion or viability assessment 

 SPECT  
67Ga-citrate Infection or lymphoma detection 
111In-capromab pentetide Prostate cancer detection 
201Tl-TlCl Myocardial perfusion or viability assessment 

http://www.nndc.bnl.gov/nudat2
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99mTc-TlCl Brain lymphoma detection 
99mTc-MIBI Myocardial perfusion or viability assessment – Parathyroid 

localization 
99mTc-MDP Metastases or fracture detection 
99mTc-HMPAO Brain perfusion assessment 
99mTc-RBCs Liver hemangioma detection 
99mTc-sulfur colloid Liver/spleen assessment - lymphoscintigraphy 

Single–Photon Planar Imaging 
123I or 131I -MIBG Neuroendocrine tumor detection 
123I-NaI Thyroid function assessment 
99mTc-RBCs Gastrointestinal bleed detection 
99mTc-sulfur colloid Sentinel lymph node localization for melanoma and breast 

cancer 
99mTc-DTPA, MAG3 Renal function or obstruction assessment – Lung perfusion 

assessment 
99mTc-MAA Lung ventilation assessment 
99mTc-MUGA Left ventricular function characterization 
133Xe-xenon gas Lung ventilation assessment 

*A variety of PET radiopharmaceuticals are used as molecular imaging preclinical probes 

but aren’t yet introduced in clinical practice [14]. 

1.2 Dosimetry 

Since the early days after the discovery of radiation in 1895 by Wilhelm Conrad Roentgen, 

it has been known that exposure to ionizing radiation can be harmful to humans. In any use 

of ionizing radiation, one must prevent or minimize the risks of the use of the radiation 

while allowing its beneficial applications. Current research aims to identify the quantity 

for which the absorbed dose is the optimal to use in predicting biological effects. There are 

clearly complications that need to be considered in assessing the response of all biological 

systems to all kinds of radiation. Nonetheless, the quantity of absorbed dose, which gives 

the energy of ionizing radiation absorbed per unit mass of tissue (or any material for that 

matter), is usually indicative of the probability of a deleterious biological effect. 

The idea of using a radioactive tracer inside of the body to transmit signals to detectors 

outside the body, to investigate the movements of materials in the body and thus discern 

physiologic as opposed to only anatomic information, was exciting and revolutionary. The 

first application of nuclear medicine was diagnostic; studying structures and processes to 

diagnose diseases and guide medical response to potential human health issues. The 

majority of day-to-day practice in nuclear medicine continues to involve diagnostic 
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procedures, but radiopharmaceuticals used in nuclear medicine are also be applied in 

therapeutic applications where administering higher levels of activity exploits the ability 

of radiation to destroy deleterious tissues in the body (cancer, inflamed joints, and other 

applications) [15].  

Quantification of the amount of radiation received by a radioisotope is essential to the 

assessment of the possible risks in human tissues. The principal quantity used to identify 

and measure the amount of radiation received is the absorbed dose, which is usually known 

simply as “dose”; the word dose has a number of meanings in its general use [16]. 

In this thesis, we focus on the quantity which is described as “the amount of radiation 

administered to a given site from a radioactive agent”. Often, physicians / clinicians refer 

to the dose of a radiopharmaceutical given to a patient, meaning the amount of activity 

given to the subject (MBq or mCi) and not the radiation dose (rad or Gy) received in human 

organs and tissues. In order to avoid confusion, the term dosage is commonly used to refer 

to the quantity of administered pharmaceutical and the term dose is preserved for the 

quantification of radiation dose (i.e., energy/mass). The first quantity of main interest in 

nuclear medicine dosimetry is the absorbed dose. Absorbed dose is the energy absorbed 

per unit mass of a specified material. Absorbed dose (D) is defined as: 

𝐷 =
𝑑𝜀

𝑑𝑚
,  

where dε is the mean energy imparted by ionizing radiation to the matter in a volume 

element of mass dm. The units of absorbed dose are energy/mass. The typical defined units 

for absorbed dose are: 

1 rad = 100 erg/g 

1 gray (Gy) = 1 J/kg 

1 Gy = 100 rad 

The word rad was originally an acronym for the term of “radiation absorbed dose.” The 

rad is being replaced by the gray (Gy) unit in the SI (Le Système International d'unités) 

which is equal to 100 rad.  



II General Part       Chapter 1: Fundamentals of Nuclear Medicine 

  21 

  

During the evolution of medical dosimetry, it was observed that several biological effects 

of radiation exposure can be related to an amount of absorbed dose. At very low doses, 

there are no observable effects. When the dose exceeds a particular threshold, there could 

be several effects that may be observed. Another important quantity traditionally used is 

the equivalent dose, which is the absorbed dose modified by a factor related to the 

effectiveness of radiation in biological damage. Equivalent dose (HT,R) is defined as: 

HT,R = wR × DT,R 

where DT,R is the dose delivered by radiation type R averaged over a tissue or organ T, and 

wR (dimensionless) is the radiation weighting factor for radiation type R. The fundamental 

units of equivalent dose are the same as those for absorbed dose. However, special units 

have been established: 

H (rem) = D (rad) × wR 

H (Sv) = D (Gy) × wR 

1 Sv (Sievert) = 100 rem 

The recommended values for the radiation weighting factor have varied over the years as 

biological experimental results have changed. The current values recommended by the 

International Commission on Radiological Protection (ICRP) [17]. 

For photons and electrons, the values of the absorbed dose in Gy and equivalent dose in Sv 

are equal. For alpha particles, the equivalent dose is a multiple of the absorbed dose. To 

estimate absorbed dose for all significant tissues, one must determine for each tissue the 

quantity of energy absorbed per unit mass. This yields the quantity absorbed dose and if it 

is necessary someone can extend the extraction of equivalent dose. 

The absorbed fraction is a term used for the calculation of the fraction of energy released 

in a specimen that is absorbed within it. This factor, the absorbed fraction is often 

represented by the symbol φ. For photons (X-rays and γ-rays), the emitted energy usually 

escapes the medium, while electrons and beta particles, most energy is usually considered 

to be absorbed within the self-medium. 

We can now define a more generic equation for the absorbed dose rate in our specimen / 

object as: 
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�̇� =  
𝑘𝐴 ∑ 𝑦𝑖𝐸𝑖𝜑𝑖𝑖

𝑚
 , 

where �̇� is the absorbed dose rate (rad/h or Gy/s), A is activity (μCi or MBq), y is the 

number of radiations with energy E emitted per nuclear transition, E is the energy per 

radiation (MeV), φ is the fraction of energy emitted that is absorbed in the target, m is the 

mass of target region (g or kg), and k is a proportionality constant (rad-g/μCi-h-MeV or 

Gy-kg/ MBq-s-MeV).  

There are three main systems that give useful estimates of absorbed dose, assuming that 

good input data is provided to the system and that appropriate models are employed for the 

dose conversion factors. These are the ICRP (International Commission on Radiological 

Protection - www.icrp.org/), the MIRD (Medical Internal Radiation Dose - 

www.nndc.bnl.gov/mird/) and the RADAR (Radiation Dose Assessment Resource - 

www.doseinfo-radar.com/) system, the choice of which is based on each specific 

application. Most of the results in the ICRP systems are oriented toward protection of 

radiation workers, whereas those of the MIRD system are oriented towards nuclear 

medicine patients. The RADAR system is designed to accommodate both and has been 

implemented in automated electronic methods that have been tested and used by the 

international nuclear medicine community for many years. Many groups prefer to use the 

old 1970s MIRD pamphlets even today, while others regularly use the RADAR system, 

due to its convenience and wide acceptance. 

1.3 Monte Carlo simulations 

The core idea of Monte Carlo (MC) is to learn about a system by simulating it with random 

sampling techniques. This approach is powerful, flexible, and very direct. It is often the 

simplest way to solve a problem, and sometimes the only feasible. The MC method is used 

in almost every study that includes quantitative properties: physical sciences, engineering, 

statistics, finance, and computing, including machine learning, and graphics. MC is even 

applied in some areas, like music theory, that are not easily considered as quantitative. 

In literature, more and more scientific papers in the field of Medical Physics use MC 

techniques for the evaluation and verification of methods and algorithms, for the design of 

new systems, and the quantification of new tracers in imaging or in dosimetry. The basis 

of MC numerical techniques can be described as statistical methods where random number 

http://www.icrp.org/
http://www.nndc.bnl.gov/mird/
http://www.doseinfo-radar.com/
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generators are used to perform more realistic simulations for specified situations. Hence, 

the importance of such simulation programs is valuable in understanding the underlying 

physical processes taking place in a clinical procedure. The most important aspect of the 

application of MC simulations in the field of medical physics is the simplicity of the 

calculations of the physical interactions taking place (e.g. very-low energy photon 

interactions, production of secondary charged particles, photon elastic scattering, electron 

ionization, attenuated particles, etc.).  Alongside, a critical aspect regarding the routine 

application of MC methods in hospital and institutional workstations is the consumption 

of time, and resources for the adoption of such procedures. Realistic simulations for clinical 

application still require large computing resources. Thus, over the last twenty years, the 

evolution in computer science which has provided high performance computers (HPC), 

clusters, and grids of central processing units (CPUs), as well as graphical physical units 

(GPUs) lately, has been extensively exploited for the execution of MC simulations.  

Today, clinical calculations are becoming more personalized which tends to bring MC 

methods into daily clinical practice. Thus, there is an increasing interest over the last 

decade on the MC applications both in Nuclear Medicine, and in Radiotherapy/Dosimetry. 

Alongside, in vivo imaging studies have emerged as a critical component of biomedical 

research. As NMI provides a non-invasive way of assaying biological information and 

function, the number of scientific studies rapidly increases. According to Scopus 

(www.scopus.com), the number of relevant documents in “nuclear medicine/imaging and 

Monte Carlo”, “Radiotherapy and Monte Carlo”, and “Dosimetry and Monte Carlo” in the 

past 40 years are respectively shown in Figure 9.  

 

Figure 9. Number of studies relevant in Nuclear Medicine/Imaging and Monte Carlo. 

http://www.scopus.com/
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Figure 10. Number of studies relevant in Radiotherapy and Monte Carlo. 

 

Figure 11. Number of studies relevant in Dosimetry and Monte Carlo. 

 1.3.1 MC History 

The MC method has a long history. In statistics it was called `model sampling', and used 

to verify the properties of estimates by mimicking the settings for which they were 

designed. Hammersley and Handscomb [18] describe some computations done on the 

Boltzmann equation. A very early idea was the famous Buffon needle method for 

estimating by throwing needles randomly on a wooden floor and counting the fraction of 

needles that touch the line between two planks. MC sampling became far more prominent 

in the 1940s, and early 1950s. It was used to solve problems in physics related to atomic 

weapons. The name itself is from this era, taken from the famous casino located in Monte 

Carlo. Many of the problems studied had a deterministic origin. By now it is standard to 

use random sampling on problems stated deterministically but early on that was a major 

innovation, and was even considered to be part of the definition of a MC method. 
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There are numerous landmark papers in which the MC method catches on and becomes 

widely used for a new class of problems. Metropolis et al. [19] present the Metropolis 

algorithm, the 1st Markov chain MC method, for studying the relative positions of atoms. 

Tocher and Owen [20] describe a software for discrete event simulation of queues and 

industrial processes. Boyle [21] shows how to use MC methods to value  financial options. 

Gillespie [22] uses MC simulation for chemical reactions in which the number of molecules 

is so small that differential equations are not accurate enough to describe them. Kirkpatrick 

et al. [23] introduce simulated annealing, a MC method for optimizing very non-smooth 

functions. Kajiya [24] introduces a MC method called path tracing for graphical rendering. 

Tanner and Wong [25] use MC algorithms to cope with problems of missing data. The 

realization that Markov chain MC could be transformative for Bayesian statistical problems 

can be traced to Gelfand and Smith [26] among others. There are undoubtedly more major 

milestones that could be added to the list above, and most of those ideas had precursors.  

 1.3.3 MC Codes 

Since the early 90s, there have been several codes that have been extensively used for the 

simulation of radiation physics. EGS (Electron Gamma Shower) [27], and ITS (Integrated 

TIGER Series) [28] were the standard tools for the calculation of the transport of electron 

and photon beams mainly in the field of radiotherapy (RT), and for dosimetric studies. ITS 

consists of three independent codes, namely TIGER, CYLTRAN, and ACCEPT, 

simulating photon and electron interactions down to 1 keV. MCNP [29] was also a standard 

code for radiation physics which was extensively applied in the field of medicine in the 

late 90s. Its name stands for Monte Carlo N-particle transport. Initially, due to the 

association of MCNP in simulating neutrons, it was widely used for military purposes. 

Lately, following the involvement of electron transportation, high-energy photons and low-

energy photon simulations, MCNP was established as “gold standard” in the field of 

diagnostic, nuclear, and therapeutic medicine.  ETRAN [30] was also one of the first widely 

applied MC programs using the stopping powers of ICRU 37 [31]. Most of the electron 

transport data in ICRU Report 35 were calculated based on ETRAN code. In 2001, 

PENELOPE was published, which is a code system for MC simulations of coupled electron 

and photon transportation in arbitrary materials and complex quadric geometries [32, 33]. 
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Two years later, CERN made available in the public domain the Geant4 simulation toolkit, 

which is a generic MC code, handling the physical processes of particles interacting with 

matter (http://geant4.cern.ch/). Its areas of application include high energy, nuclear and 

accelerator physics, as well as studies in medical and space science [34]. Geant4 managed 

to be one of the “strongest” reference MC codes in the field of medical physics, for clinical 

and pre-clinical simulations. This statement can be understandable by the widely used MC 

codes that were developed based on the core of Geant4. GATE [35], GAMOS [36], TOPAS 

[37] and PTSIM [38], are typical examples of such codes. PTSIM (Particle Therapy 

Simulation) and TOPAS (Tool for PArticle Simulation) are specified for radiotherapy and 

particle therapy studies. GAMOS is a user-friendly framework to implement GEANT4 

simulations for nuclear medicine applications, which has been recently validated in small 

animal PET imaging [39]. Finally, GATE is an advanced toolkit developed by the 

international OpenGATE collaboration (http://www.opengatecollaboration.org/home) and 

dedicated to numerical simulations in medical imaging and radiotherapy (PET, SPECT, 

CT, RT, Dosimetry).  

During the 1990’s more MC codes were developed, dedicated for specific medical 

applications. The SimSET MC simulation package [40] 

(http://depts.washington.edu/simset/html/simset_main.html) stands for “Simulation 

System for Emission Tomography”, and models the appropriate physical processes and 

instrumentation that are used in NMI. It is designed for modeling both single-photon and 

positron emitters, for SPECT tomography (including scintigraphy), as well as PET 

applications. In its latest release, SimSET is based on the photon history generator (PHG), 

which generates and tracks the photons within the field of view (FOV) of the modeled 

system. Typical simulations proceed decay by decay, tracking the photons through the 

media of the phantom, the collimator module and then through the detector module. 

Finally, a binning module is responsible for archiving the detected photons or the 

coincident events into an output formatted array. Among the dedicated codes that were 

developed for SPECT applications is the SIMIND [41], SimSPECT (derived from MCNP) 

[42], MCMATV [43] while a series of codes were dedicated for PET simulations, such as 

PETSIM [44], EIDOLON [45], Reilhac et al. MC code [46], PET-EGS [47], and PET 

SORTEO [48].  

http://geant4.cern.ch/
http://www.opengatecollaboration.org/home
http://depts.washington.edu/simset/html/simset_main.html
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In Table 3, several MC codes are summarized in categories, divided in two main groups, 

the generic codes and the dedicated ones. All MC codes, are based on some common 

features like the random number generator, the probability distribution functions (pdf’s), 

sampling rules, and scoring (or tallying). However, there are also important differences 

between the MC codes which mainly deal with the accuracy of the physical processes 

modeling, flexibility, efficiency, execution time, and whether they are user friendly. 

Generally, even if the dedicated MC codes are faster in executing simulations than the 

generic, they usually suffer in terms of validation, accuracy and support [49]. 

Table 3. The main Monte Carlo codes categorized in “generic” and “dedicated”, including their main 

characteristics. 

Name Description 

Generic codes 

EGS4 Radiation Dosimetry 

Transport of electrons-photons 

(programing in MORTRAN) 

ITS High Energy Physics 

Includes TIGER-CYLTRAN-ACCEPT 

Transport of electrons-photons 

Accurate electron cross sections to 1 keV 

NIST database 

(programing in FORTRAN) 

MCNP Radiation Dosimetry 

Continuous energy  

Transport of neutrons-photons-electrons 

(programing in FORTRAN) 

GEANT High Energy Physics 

Transport of electrons-photons 

(programing in C++) 

ETRAN Radiation Dosimetry 

Transport of electrons-photons 

Dedicated codes 

SIMIND SPECT 

SimSPECT SPECT (derived from MCNP) 

MCMATV SPECT 

PETSIM PET 

EIDOLON PET 

Reilhac et al. PET 

PET-EGS PET 
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PET-SORTEO PET 

SIMSET SPECT – PET 

PTSIM Particle Therapy – RT – Dosimetry (based in Geant4) 

TOPAS Particle Therapy – RT – Dosimetry (based in Geant4) 

GAMOS SPECT – PET – RT – Dosimetry (based in Geant4) 

GATE SPECT – PET – RT – Dosimetry (based in Geant4) 

1.4 Anthropomorphic computational models 

Over the past 40 years of scientific evolution, imaging and radiotherapy techniques have 

become more and more individualized, increasing the need for fast and accurate diagnostic 

tools, and therapeutic schemes. MC calculations provide such tool for accurate 

computations in terms of the physical processes, although, for the completeness of a 

clinical or/and a pre-clinical realistic study more tools than simple MC calculations are 

needed. Thus, in radiation protection, radiological imaging and radiotherapy research, a lot 

of effort is put into modeling the anatomy of the specimen.  

For example, in order to estimate dose deposition taking into account the inhomogeneity 

within the body and determine the amount for the energy deposited in various parts of the 

organs by external or internal ionizing sources, a pattern of the anatomy is needed. Physical 

and computational models serve as mimicking the interior and exterior anatomical features 

of the human or the animal body. 

Computational phantoms have been combined with MC simulations since the 1960’s, and 

are used to simulate radiation transport inside the human body, for modeling as realistically 

as possible the clinical situations determining the radiation interactions within the body. In 

the field of medical physics, the relevant physical processes include photons/electrons with 

energies up to 20 MeV, protons up to 250 MeV, and in some cases of radiation protection, 

neutron sources found in nuclear reactors with energies ranging from a few keV up to 10 

MeV. The probability of an interaction occurring within an organ or tissue is determined 

by “nuclear cross sections” that are associated with the tissue electron density, the tissue 

chemical composition, and the radiation energy [50].  

In the past few decades the rapid evolvement in genetics and molecular imaging, combined 

with the development of techniques for genetically engineering small animals, have led to 

increased interest both in clinical protocols and in in vivo small animal research. One of 

the most dynamic areas of research in radiation protection, radiological imaging, and 
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radiotherapy is the modeling of human anatomy for MC-based radiation transport and dose 

simulations. Radiation dosimetry aims to determine the amount and distribution pattern of 

energy deposited in various parts of the human body by internal or external radiation 

sources. To protect against occupational exposures, regulatory limits are set for radiation 

doses associated with radiosensitive organs. In both diagnostic radiology and nuclear 

medicine, internal and external photons traverse through the body to form an image, 

depositing energy along their way. Radiotherapy, on the other hand, attempts to deliver a 

lethal dose to the target while sparing the adjacent healthy tissues from the adverse effects 

of radiation. Accurate definition of dosimetric schemes and protocols is rather essential 

and challenging as the human body consists of 3D heterogeneous tissues of various 

geometric shapes and densities, leading to extremely complex radiation interaction 

patterns. It is not practical and almost impossible to have direct dose measurements using 

physical detectors inside the human body. Consequently, dose estimates for select organs 

of interest have always depended on physical or computational anthropomorphic phantoms 

that mimic the interior and exterior features/properties of the human anatomy. 

1.4.1 Anthropomorphic phantoms evolution 

Since the 1960s, almost 130 computational anthropomorphic models have been reported 

in the literature for studies involving ionizing and nonionizing radiation. The majority of 

the published studies on radiation protection dosimetry are related to the development and 

applications of such models. Computational anthropomorphic models are generally solid 

geometrical phantoms that depict exterior and interior anatomical features of the human 

body. The computer graphics community has extensively dealt with solid geometry 

modeling for computer-aided design (CAD). Two general methods of solid-geometry 

modeling have been widely developed: constructive solid geometry (CSG), and boundary 

representation (BREP) [51].  

The organs’ and body surfaces of computational phantoms have been defined in terms of 

a variety of solid geometry modeling techniques: 

a) quadric equations (stylized phantoms, 1960-2000), 

b)  voxels (voxelized phantoms, 1980-2000), and 
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c)  B-splines surfaces or nonuniform rational B-splines (NURBS) or polygon meshes 

(BREP phantoms, 2000-today). 

Each of these techniques were adopted at specific times in the last 40 years with a great 

influence by the advances in computer science and/or in medical imaging technologies. 

Figure 12 depicts the evolution of an indicative organ (left lung) throughout the 

development of computational models. 

a)      b)      c)  

Figure 12. Model of left lung in a) stylized phantom, b) voxelized phantom and c) BREP polygon 

phantom.  

The first geometrical computational models were developed in Oak Ridge National 

Laboratory (ORNL) from Fisher and Snyder, during 1960s [52, 53]. They developed the 

Fisher-Snyder adult male phantom (with 22 internal organs, and more than 100 sub-

regions), and a series of pediatric models combining several geometrical shapes, such as 

cones, cylinders and ellipsoids. The pediatric phantoms were just a minimized 

transformation of the adult phantoms, assuming an entirely homogenous body. In 1969, 

the same group by Snyder at ORNL introduced the first heterogeneous phantom which was 

known as MIRD-5 Phantom from the international committee in nuclear medicine, Medical 

Internal Radiation Dosimetry (MIRD) [54]. This phantom was composed of 3 basic 

regions: skeleton (bones), lungs and the remainder body (soft tissue). The densities of these 

specific parts were about 1.5, 0.3 and 1.0 g/cm3 respectively. The International 

Commission on radiological Protection (ICRP) developed and introduced the “Reference 

Man” phantom in order to model the average adult man. The Reference Man was referred 

on an adult Caucasian man 20-30 years old, 70 kg weight and 1.70 m height [55]. 

In the mid ‘70s, a big effort was put in order to develop more accurate pediatric 

computational models. Thus in ORNL a set of children phantoms were developed, 
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including a newborn child, and four children in the ages of 1, 5, 10, and 15 years old. These 

models had a variety of complex geometrical shapes, but were not widely used, apart from 

a limited number of dosimetric studies. In 1980s, Cristy and Eckerman created a set of 

models, the stylized “Family” phantom series, which included an adult man, a newborn 

child and children in the ages of 1, 5, 10, and 15 years old [56, 57]. In this set, a model of 

an adult pregnant woman was added, in three different phases of the pregnancy period [58]. 

The Family set of phantoms (including the pregnant woman) are shown in Figure 13. 

 

Figure 13. Series of the Cristy and Eckerman Family models showing a) the external body, b) the interior 

anatomy of the organs and c) the several phantoms of the Family. 

The diagnostic imaging techniques such as CT and magnetic resonance imaging (MRI) 

played a crucial role in the identification, and accurate definition of interior organs of the 

body. Thus, CT and MRI data were the basis for the development of the so called voxelized 

phantoms. Approximately ~80 voxelized phantoms have been developed till now, which 

are based on clinical data of patients, and provide realistic approximation of the human 

body anatomy. This opened a new era in the development of the computational 

anthropomorphic models, as it became possible to create personalized phantoms with 

individualized characteristics of each specific patient. This kind of phantoms, are widely 

used until today in MC simulations for a variety of applications such as PET/SPECT/CT, 

radiotherapy (RT) and dosimetric calculations. There are four basic steps for the creation 

of voxelized phantoms (schematic view in Figure 14): 
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i.  Clinical tomographic data collection, 

ii. Identification and segmentation of the organs and tissues of interest, 

iii. Definition of the densities and the materials composition of each organ/tissue, and 

iv. Synthesis of the segmented images for the creation of the 3D phantom.  

 

Figure 14. Basic steps for the creation of a voxel phantom based on clinical data. 

The first attempt in developing computational voxelized phantoms based on clinical data 

was done by Gibbs et al. in 1982 [59, 60]. Subsequently there was a great increase in the 

development of voxel based models with a plethora of adult male, female, and pediatric 

phantoms. ICRP also introduced the Reference Computational Phantoms for a variety of 

medical applications [61, 62]. One of the most popular anthropomorphic phantoms was the 

Zubal phantom [63], which is based on CT data and the VIP-Man and was developed in 

2000 by the group of Xu et al. in the Rensselaer Polytechnic Institute (RPI) [64]. The need 

for personalized research with the use of computational models in a large variety of people, 

resulted in the creation of human voxelized phantoms, representing specific populations 

such as the Korean and the Chinese people [65-67]. 

The most modern types of anthropomorphic computational phantoms are the BREP-

Phantoms, which are based on the surface modelling of the organs of interest. The great 

advantage of the BREP approach is the accurate definition of the organ borders, as well as 

the possibility of parameterization of the models according to clinical patient specific 

characteristics. The possibility of motion incorporation, and modeling organ movement is 

one of the most important features of BREP phantoms. Examples of motion modeling are 

the respiratory and the cardiac cycle. The most popular, and widely used BREP model is 



II General Part       Chapter 1: Fundamentals of Nuclear Medicine 

  33 

  

the 4D Extended Cardiac Torso whole body phantom (Figure 15), developed by Segars et 

al.[68].  

 

Figure 15. Male (left) and female (right) anatomies of the 4D XCAT phantom. 
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Chapter 2:  Imaging Protocols Optimization 

2.1 Modelling imaging systems in GATE 

MC modelling is a powerful tool to study the design of the system and the effect of several 

parameters on the acquisition process in NMI. The modelling of PET and SPECT systems 

by MC methods is becoming more and more important in the nuclear medicine field, for 

optimizing the scanner design and evaluation methods such as image reconstruction, 

segmentation, etc. and is increasingly replacing complex or long experiments. Simulation 

of PET and SPECT systems must be initially validated by comparing different performance 

parameters such as sensitivity, spatial resolution, single and coincidence count rates, and 

scatter fraction between simulated and real results. The MC toolkit GATE [35] based on 

GEANT4 is dedicated to NM ET simulations, and has been successfully used to model 

different emission tomographs, in several preclinical, and clinical systems [69-71]. 

Attractive features of GATE include the possibility of precisely describing the detector 

geometry, explicitly modelling time-dependent effects such as radioactive emissions and 

dead-time effects, and handling of output data as signal pulses in the same versatile way as 

data processing in detectors. 

In this section we present the several PET/SPECT systems we modelled, and used for the 

simulation of the different acquisition protocols. 

2.1.1 Preclinical SPECT system 

All the preclinical studies in the present thesis were acquired in a small animal SPECT 

laboratory system that exist in National Center for Scientific Research “NCSR 

DEMOKRITOS". The preclinical gamma camera is based on two H8500 flat panel 

PSPMT’s with external dimensions of 52x52x34 mm3. The PMT’s are coupled to a NaI(Tl) 

crystal array with an active area of 98x48 mm2. The pixel dimensions of each crystal are 

1x1x5 mm3 with pitch of 1.2 mm. The parallel hole collimator is made of lead with 

hexagonal holes with 1.2 mm diameter and 0.2 mm septal thickness and 25 mm height. 

Full description and performance of the camera is described in Loudos et al. [72]. 
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The system was simulated in GATE, and validated for its spatial resolution and sensitivity 

comparing simulated, and experimental data. The system is shown in Figure 16 while the 

validation procedure is depicted in Figure 17 for its spatial resolution, and sensitivity 

respectively. 

a)   b)  

Figure 16. a) Preclinical small animal camera and b) GATE model of the preclinical system 

 

Figure 17. Simulated spatial resolution in comparison with the experimental measurements. 

 

Figure 18. Simulated sensitivity in comparison with the experimental measurements. 
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 2.1.2 Clinical SPECT system 

The gamma camera used in this thesis was the SPECT ECAM Dual-Head clinical system 

by Siemens (Siemens Medical Solutions USA Inc., Malvern, Pennsylvania, USA). The 

modeled system consists of a 59.1×44.5 cm2 homogeneous NaI(Tl) detector with a field of 

view (FOV) equal to 53.3×38.7 cm2. A high-resolution lead collimator, with hexagonal 

holes was used, with length equal to 24.05 mm and diameter equal to 1.11 mm. In GATE, 

the actual electronic signal produced by a real gamma camera when a photon hits the 

camera crystal is simulated in the digitizer module. In this module, we defined a Gaussian 

energy blurring of the incoming photon, with a mean of 140 keV and a full-width at half 

maximum (FWHM) of 10%. Finally, an energy filter was applied to reject all photons 

whose energy was lower than 20 keV (thresholder) or higher than 190 keV (upholder). The 

modeled system was compared with an existing clinical unit and experiments were 

conducted to validate the simulation in terms of spatial resolution and sensitivity. The 

results are presented in Figure 19 respectively. 

 

Figure 19. Simulated spatial resolution in comparison with the experimental measurements. 

 

 Figure 20. Simulated sensitivity in comparison with the experimental measurements. 
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 2.1.3 Clinical PET system 

All the PET simulations were carried out using a model of the Philips Allegro PET scanner 

which had already been fully validated for the GATE platform [73]. The whole scanner 

consists of 28 flat blocks, of 22 by 29 GSO (Gadolinium Oxyorthosilicate) crystals (638 

crystals per block). The surface area, and the thickness of the individual crystals are 4x6x20 

mm3. The scanner has an axial field of view (FOV) of 18.0 cm, and a radial FOV (patient’s 

port) of 56.0 cm. Moreover, an energy window between 350 and 650 keV was applied via 

the Thresholder and Upholder modules, while the energy blurring (blurring resolution) was 

set to 15% of 511 keV. Finally, the coincidence time window of the scanner was set to 7.5 

ns via the Coincidence Sorter. 

2.2 Applying realistic PET simulation in oncology 

 2.2.1 Introduction & Theoretical Background 

PET is considered the state of the art for oncology diagnosis and treatment planning, and 

18F-FDG is the most widely used radiotracer in such applications [74]. Optimization of 

quantification of PET images in clinical practice is also a field of intense interest and 

research to fully exploit functional information of this technique. Over the past years the 

introduction of computer science in the field of medical physics has been rapidly evolving. 

The GATE MC toolkit provides high accuracy in physics modeling and is optimized for 

Nuclear Imaging applications, with large flexibility in using voxelized phantoms and 

complex geometries, allowing movement incorporation [35, 75]. 

Compared to other MC packages, GATE offers additional precision considering physics 

modeling, which is handled by the Geant4 code [76, 77], and it has been extensively 

validated both on simple and more realistic geometries, which are highly demanding in 

computational resources. MC simulations of PET acquisitions are still the most reliable 

approaches to validate and assess the performance of image processing/analysis or 

reconstruction algorithms, such as: i) partial volume correction (PVC), ii) de-noising, iii) 

segmentation, iv) reconstruction, and v) automated detection. Moreover, MC simulations 

provide the ground truth of the input data, since they allow total control of interactions 

taking place. Thus, they can either provide artifact free data, to validate correction 
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algorithms or allow the execution of biased experiments to understand and quantify the 

effect of a process on acquired data.  

Simulated emission tomography images have been widely used for the evaluation, and the 

validation of processing methods and acquisition protocols used in clinical practice [78-

81]. Previous studies have presented simulated PET databases for such purposes. Reihlac 

et al. [82] proposed a cerebral PET database based on the PET-SORTEO MC code. With 

the same MC tool a database of FDG PET images for lymphoma was proposed by Tomei 

et al. [83]. A large database containing several cases of emission tomography simulated 

brain and whole body data was proposed by Castiglioni et al. in 2005 [84]. Recently, an 

open access database containing simulated PET-MR datasets based on real MR 

acquisitions was made available by King’s College London [85]. Although GATE is highly 

accepted in the nuclear imaging community, at the moment there is no GATE based PET 

database available, which could be used as a reference dataset regarding the simulation of 

realistic tumors with complex shapes and heterogeneous activity distributions. Two recent 

studies investigated the simulation of realistic PET images. The first introduced the use of 

variability in the phantoms in order to generate various anatomies, and the use of complex 

shapes and different levels of activity in the tumors in order to generate realistic tumors 

[86]. However this study only investigated the use of a limited number of activity levels in 

a tumor to generate heterogeneity. A more recent study by Stute et al. [87] demonstrated 

the feasibility of highly realistic simulations of PET images including tumors and 

accounting for the heterogeneous uptake throughout the body. Another recent study 

investigated the impact of the input data on the simulated images and it suggested using 

input data with very high spatial resolution in order to best reproduce the clinical images 

with the MC techniques [88]. In the study of Stute et al. 18F-FDG PET and 131I SPECT 

scans were acquired testing the propagation of the noise, and spatial resolution in the input 

activity distribution for realistic simulated data. Real patients’ scans were used in the 

simulations while the results showed that the noise properties of the reconstructed 

simulated images were almost independent of the noise input activity distribution. 

However, using high-noise and high-resolution patient data as input yielded reconstructed 

images that could not be distinguished from clinical images. Subtle differences between 
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the reconstructed volumes suggest that a very high level of noise might impact some small 

structures with heterogeneous activity distribution. 

In the present chapter we describe the creation of a PET database with realistic tumor 

simulations, incorporating both patient variability within anthropomorphic computational 

models and highly realistic and validated intratumor tracer uptake heterogeneity 

incorporating patient’s anatomical and functional characteristics. The impact of several 

parameters playing a role in clinical routine PET imaging was also investigated.  

 2.2.2 Materials & Methods   

This study incorporates the patient’s variability using anthropomorphic computational 

models. The Philips Allegro and the Siemens Biograph-6 PET scanners, already modeled 

in the GATE MC platform, were used in the presented database [73, 89]. The NCAT and 

Zubal phantoms were used for simulating different patients. PET/CT clinical data were 

used for the extraction of the activity distribution and the attenuation map. The simulated 

data were reconstructed using the STIR software [90]. A dataset of 7 different clinical 

studies was created and quantitative analysis was performed between the simulated and 

clinical images to evaluate simulation realism. The simulation procedure was divided in 

two main parts. The first one is the modeling of the scanner and the second one incorporates 

the description of the voxelized phantoms (including attenuation and activity maps). This 

study was based on the GATE v6.0 release using the Geant4.9.4 code [75, 76]. All the 

appropriate physical processes needed for realistic simulations were modeled using the 

“Standard model”. 

Clinical Data 

The simulated dataset is based on clinical PET/CT real data acquired on a Philips PET/CT 

Allegro/GEMINI system (Philips Medical Systems, Cleveland, OH, USA). Patients fasted 

for at least 6 hours before injection. The dose of administered 18F-FDG was 5 MBq/kg with 

a post-injection average of 60 min. CT data were acquired first (120 kV and 100 mAs, no 

contrast-enhancement). 3D PET data were acquired with 2 min per bed position, and 

images were reconstructed using CT based attenuation correction and a 3D row-action 

maximum likelihood algorithm (RAMLA) using a previously optimized protocol (2 

iterations, 4×4×4 mm3 voxels grid sampling, 5 mm 3-D Gaussian post-filtering, relaxation 
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parameter of 0.05) [91]. The seven oncological cases included different types of tumors. 

Specifically, 3 lung tumors (patients 1-3), 1 lymphoma in the ORL (patient 4) and 3 head-

brain tumors (patients 5-7) were modeled.  

In the present study we used the same scanner model for executing the simulations in order 

to have more comparable results to the clinical data. However, in the database a second 

dataset of the 7 oncology patients is also included using the Biograph-6 PET system.  

 2.2.3 Investigating tumor heterogeneity 

Attenuation Phantom 

The anatomy of the patients in our study was modeled using the non-uniform rational basis 

splines (NURBS)-based cardiac-torso (NCAT) and the CT-based head Zubal phantoms 

[63, 92-94]. The NCAT phantom provides very good flexibility for the creation of realistic 

organ models due to the NURBS surfaces. The NCAT phantom was adapted to the first 

three patient’s anatomy (patients 1, 2 and 3) with information from the corresponding CT 

data using an interactive software application [95, 96]. 2D slices of the NCAT phantom 

were overlaid with corresponding slices of the CT images. The organ shapes were modified 

by changing the position of the control points associated to the NURBS surfaces of each 

organ. Rotations, translations and scaling were applied to one or several organs, in order to 

achieve a global adaptation of the phantom to the anatomy of a given patient. For the last 

4 cases the Zubal head phantom was used, in order to simulate the tumors within them. In 

those 4 cases the Zubal phantom was not modified; instead only the tumor location was 

different across the different simulations. 

For the attenuation map, the attenuation coefficients at 511 keV photon energy of NIST 

[97] were used for the different organs participating in each simulation. The various organs 

in each phantom were simulated with the materials provided by the GATE Materials 

Database (Materials.db) [35] namely, Air, Lung, Body, RibBone, SpineBone, Intestine, 

Breast, Spleen, Blood, Heart, Liver, Kidney, Water, SoftTissue, Adipose, Brain, Skull and 

Muscle. The tumors in the simulations were considered as SoftTissue media. 

The phantoms imported in GATE had a voxel scaling of 4x4x4 mm3, equal to the crystal 

size of the modeled scanner. Details for all the phantoms and the simulation acquisitions 

are given in Table 4. 
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Table 4. Information for the clinical data and the phantoms imported in GATE. 

 Clinical Data 

Matrix 

Model Phantom 

Voxel Size 

Tumor 

voxels 

Tumor 

Activity 

(MBq) 

Inserted 

Activity 

(MBq) 

Patient 1 144x144x192 NCAT 4x4x4 631 0.68 34.50 

Patient 2 144x144x234 NCAT 4x4x4 1640 0.72 57.41 

Patient 3 144x144x212 NCAT 4x4x4 3185 11.15 82.87 

Patient 4 144x144x211 Zubal 4x4x4 1025 0.67 25.61 

Patient 5 128x128x93 Zubal 4x4x4 3068 4.21 29.03 

Patient 6 128x128x47 Zubal 4x4x4 842 0.88 25.85 

Patient 7 128x128x47 Zubal 4x4x4 893 1.03 25.97 

Activity map 

The activity distributions were inserted in the GATE software by defining the activity value 

of each individual voxel (in Bq). The exact SUV values of each voxel were calculated 

based on the clinical PET data [86]. The 18F-FDG distribution was extracted from the 

individual patient clinical data. Regions of interest (ROIs) were defined in the various 

organs (liver, lung, kidneys, etc.) to calculate the activity concentrations per organ. Then, 

the activity concentrations were compared to the theoretical standard uptake values (SUVs) 

that already exist in the literature [98].  

Tumor modeling 

In order to investigate the tumor activity distribution, the clinical tumors were inserted in 

the computational phantoms. Our purpose was to investigate the realism of the simulated 

heterogeneity activity distribution in the reconstructed images with respect to the actual 

distribution inserted in the simulated phantom. The anthropomorphic phantoms were 

prepared as discussed in section 2.2.3 (Attenuation phantom, Activity map) without 

modeling any abnormality of the patient. The exact tumor shape on each individual patient 

was then extracted from the clinical image and imported in the corresponding phantom. 

Initially the tumors were automatically delineated using the Fuzzy Locally Adaptive 

Bayesian algorithm from the clinical PET images [99]. Resulting segmentation masks were 

checked visually to ensure the entire functional PET uptake distribution was well included. 

A mask of the tumor was created for each patient defining the shape of the tumor based on 



III Specific Part              Chapter 2: Imaging Protocols Optimization 

  44 

  

the delineation result, representing the ground truth for our simulations. The assessment 

and comparison of the heterogeneity distribution visual appearance and quantification 

within the tumor was carried out by defining three different activity maps for the ground 

truth. The simplest consisted in extracting the mean activity value within the delineated 

tumor on the clinical PET images, and assigning it to a homogeneous activity distribution. 

These simulations will be denoted as “homogeneous” from here onwards. A second series 

of simulations were performed by using heterogeneous activity maps inside the tumors. 

The activity in each voxel of the simulated ground truth was defined with exactly the same 

value as in the corresponding clinical image (voxel-by-voxel heterogeneity distribution). 

These simulations will be denoted as “heterogeneous” from here onwards. Finally, activity 

maps corresponding to the clinical distribution after PVC within the tumors were also used. 

These will be denoted as “PVC” simulations from here onwards. 

Partial volume effects correction. 

Partial volume effects (PVE) are a consequence of the limited spatial resolution of PET 

scanners (about 5-6 mm full width at half maximum). This effect is major especially in 

tumor imaging, which concerns structures of 1 to several cm in diameter. In addition, tumor 

sub-volumes and heterogeneities may be smaller [100]. Several techniques have been 

reported in the literature for PVC compensation in emission tomography [78, 101-104]. In 

our study, we used an iterative deconvolution improved by a wavelet-based denoising 

previously validated for PET imaging [105].  

Figure 21 illustrates the three different simulated inputs for one of the simulated tumors 

along with the clinical original image. A line profile comparison between them is also 

depicted. These profiles provide an indication of the differences in the activity maps that 

were imported into GATE. 
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Figure 21. Representation of the activity distribution within the central slice of the patient5 tumor. a) clinical 

b) homogeneous, c) heterogeneous and d) PVC activity distribution. Cases b, c and d are the different inputs 

in the simulation for one patient. The normalized profiles in these four cases are presented in e) where the 

values are normalized to the maximum value of this slice. 

Simulation procedure 

Acquisition process: 

The simulations were carried out using the previously described model of the Philips 

Allegro clinical PET scanner. One bed position was simulated for each case studied, 

including the tumor in the specified FOV. Two-minute acquisition time was set according 

to the clinical protocol procedure. 

GATE v6.0 was used. GATE offers additional precision considering the physics modeling, 

although it is more computationally demanding than other simulation platforms such as 

SimSET [79] and SORTEO [106] that have been previously used for realistic simulations 

[86]. The simulations were executed in the GateLab grid, which uses parallel computers 

on the European Grid Infrastructure (EGI) [107, 108]. Five hundred processors were used 

per simulation, with every simulation lasting for about 15 hours. Running the simulations 

in parallel CPUs gave us the opportunity of implementing the acquisitions without any 

limitations in physical cuts or in using variance reduction techniques (VRTs), achieving 

good statistics required as in the case of clinical protocols.   

The simulated images were reconstructed using only the true coincidences, to obtain data 

with ideal random and scatter correction. Random and scattered coincidences were 

excluded from the reconstruction procedure, in order to isolate the information of the 
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“ideal” heterogeneous distribution and to investigate the tumor heterogeneity based on the 

ground truth of the phantom and the applied MC method. In Table 5 the number of the true, 

scattered and random coincidences are presented for all the patients (homogeneous case). 

Table 5. Number of coincidences (trues, scattered and random) for the 7 simulated patients. 

 Number of trues Scattered Randoms 

Patient 1 16,623,574 30 % 38 % 

Patient 2 28,792,096 25 % 49 % 

Patient 3 36,523,359 35 % 35 % 

Patient 4 8,129,216 33 % 37 % 

Patient 5 8,799,169 29 % 24 % 

Patient 6 6,018,485 32 % 26 % 

Patient 7 9,710,226 42% 25 % 

Simulated data processing—OncoBase: 

The STIR (Software for Tomography Image Reconstruction) open-source software 

(version 2.2) was used for the reconstruction of the simulated data with the OSMAPOSL 

iterative algorithm (with SPAN 3), which is the implementation of the Ordered Subset 

Expectation Maximization (OSEM) version of Green’s MAP One Step Late algorithm 

[109]. The Allegro system by Philips was also simulated in the STIR program for the 

reconstruction of the simulated sinograms. Data were reconstructed using 2 iterations. All 

reconstructed images resulting from the STIR software were 128×128×57 pixels, with 

pixel spacing 4×4×3.15 mm3. The 29 crystals of the scanner (4×4 mm2 crystal size) resulted 

in 57 slices in the reconstructed images with the pixel half scaling. Linear interpolation was 

therefore applied to the data, in order to be directly comparable to the clinical ones (the 

voxel scaling in the clinical data was 4×4×4 mm3). All reconstructed images were post-

smoothed using a 3D Gaussian filter with a 5 mm FWHM in order to be more comparable 

with the clinical data that was similarly filtered. Moreover, the database includes data from 

the Siemens Biograph-6 PET scanner. This system was also modeled in the STIR software 

resulting in images with 149×149×78 pixels (4×4×2 mm3). In order to extend the database, 

the dataset of the Biograph-6 includes reconstructed images of the 7 patients with 1 and 2 

iterations, with and without post filtering, for further investigation in processing 
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algorithms. In Figure 22 , 2 indicative patients of the database are presented. In Figure 22 

a central image plane (including the tumor) of patient 1 is shown. For the validation of the 

process, the simulated plane and its line profile is presented in kBq/ml (Figure 22). The 

mean activities of the simulated organs of patient 1 were calculated with their associated 

standard deviation (SD) and are presented in Figure 22. In order to validate the realism of 

our simulations the results of the mean activity in several organs were compared in to 

previously published data [83, 86]. Quantitative results of the organs showed the very good 

agreement of our simulations with other realistic simulations. Furthermore the simulated 

tumor-to-lung contrast was compared to the clinical one, showing a difference of 2.55%. 

 

Figure 22. a) Simulated central axial plane of patient 1 including the tumor, b) Line profile of patient 1 in 

kBq/ml and c) Mean activities (kBq/ml) in several organs compared to published data (*in the current study 

the tumor over lung contrast has been calculated in both clinical and simulated data). 

In Figure 23 patient 5 is presented with additional line profiles across the tumor and brain 

for comparison purposes between the clinical and the simulated images. Through this 

comparison, the tumor-to-brain contrast was investigated across the 2 images. Comparing 

point-by-point the two line profiles, differences ranged between 0 to 36%, with an average 

difference of 15.01±10.91%. 
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Figure 23. a) Clinical case: sum of axial planes of patient 5, b) Simulated case: sum of axial planes of 

patient 5 (PVC) and c) line profiles across the head including the tumor area. 

The entire database consists of seven different oncological cases and two different 

scanners. It includes the original clinical PET data for every patient, the mask of the tumor 

in every case (which represents the ground truth of the tumor), the sinograms in a format 

suitable for the STIR software and finally the simulated data of every case. The simulated 

data include the three activity maps that were previously described (homogeneous, 

heterogeneous and PVC), for every patient. The exact position of every tumor within the 

phantoms is also provided for every patient.  

In order to investigate the simulated intra-tumor heterogeneity, quantitative analysis is 

performed in the simulated data of the Allegro system, with 2 iterations in the 

reconstruction algorithm and 5 mm 3D Gaussian post-filtering.  All the other cases 

including the raw data, the sinograms and the reconstructions are available in the developed 

database, which is freely available to the interested reader of the journal as a supplemental 

material available in www.med.upatras.gr/oncobase/. 

 

 

 

 

http://www.med.upatras.gr/oncobase/
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Image analysis/comparison 

Each tumor in the reconstructed images from the raw simulated data was compared to the 

clinical tumor using several figures of merit in order to identify the most realistic result. In 

order to compare the simulated intratumor heterogeneity, all the data were normalized 

according to formula (1) in the same grayscale values (0-64). 

(𝐼𝑛 − min(𝐼)) × (
𝑚𝑎𝑥𝑇𝑁−𝑚𝑖𝑛𝑇𝑁

max(𝐼)−min(𝐼)
+ min(𝐼))   (1), 

Where, In is every value of the matrix of the image (I), minTN is the minimum value of the 

new grayscale range (0), maxTN is the maximum value of the new grayscale range (64), 

min(I) is the minimum value of the image and max(I) is the maximum value of the image. 

First, profiles were drawn across the tumors for visual and qualitative assessment. Second, 

quantitative measures were automatically extracted and compared across all simulated 

images with respect to the clinical one. We considered a mixture of global standard tumor 

quantification parameters (mean activity, standard deviation, kurtosis) as well as some 

textural features parameters recently proposed to quantify local (entropy, homogeneity, 

dissimilarity) and regional (intensity variability, size zone variability) uptake 

heterogeneity. The reconstructed (2 iterations), post filtered simulated data were compared 

to the clinical ones. 

Heterogeneity textural features 

Textural analysis was performed in our simulated data for the heterogeneity 

characterization in 18F-FDG images. In two recent studies [110, 111] the robustness (with 

respect to acquisition and reconstruction protocols) and physiological reproducibility 

(assessed on double baseline PET scans) of several textural features for tracer uptake 

heterogeneity quantification was assessed. Among all the parameters that can be obtained 

from textural features analysis, the most robust and reproducible were entropy, 

homogeneity and dissimilarity (for local characterization) as well as the size and the 

intensity variability (for regional characterization). These features were therefore chosen 

to quantify heterogeneity in the present study. 
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Local Features: 

All characteristics were extracted by normalizing the images in 64 levels grayscale. 

Normalization is required in the same grayscale range in order to have comparable feature 

values. Entropy, homogeneity and dissimilarity were extracted for all the images (clinical 

and simulated) as they are the most stable in reproduction. In order to extract these features, 

cooccurrence matrices were calculated according to Tixier et al. [112] study. Local entropy 

and homogeneity are defined according to Equations 2 and 3 respectively:  

Entropy = − ∑ 𝑀1(𝑖, 𝑗) log(𝑀(𝑖, 𝑗))𝑖,𝑗   (2) 

Homogeneity = ∑
𝑀1(𝑖,𝑗)

1+|𝑖−𝑗|𝑖,𝑗     (3) 

where M1 is a cooccurrence matrix, i and j refer to the specific cell coordinates on the 

matrix and M1(i,j) is an element of the matrix. 

Regional Features: 

According to Tixier et al., [110] the most stable regional features are Intensity and Size 

Zone Variability. The AUC index is also tested in the present study, which describes the 

area under a CSH curve (AUC), where CSH is cumulative SUV-volume histograms. It is 

a quantitative index of tumor uptake heterogeneity, with lower AUC values corresponding 

to higher degrees of heterogeneity [113].  

Global Features: 

The reproducibility of the global features was previously analyzed, [110] in accordance to 

which the SUV mean value and the kurtosis are the most stable parameters. In the present 

study the kurtosis and the mean intensity value were extracted for each patient. All 

simulated data were also compared voxel by voxel to the clinical tumor and the calculated 

mean difference is presented. All the images were also normalized in the same grayscale 

range (0-64) in the area of the tumor, in order to extract comparable global features. 
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2.2.4 Results 

Heterogeneity tumor distribution 

In this sub-section, the effect of the activity distribution within the tumor is investigated 

for the variable simulation parameters. Line profiles were selected in representative central 

slices of the tumor, in which different areas of heterogeneity appear. In Figure 24 all 

simulated cases, with and without post filtering are represented for patient 5. Profiles in the 

unfiltered images showed large variations, so we included only the profiles of the filtered 

data with 2 iterations, which are comparable to the clinical. The simulated homogeneous 

cases are not included in the profile comparisons as they do not exhibit intra-tumor 

heterogeneity. In addition, the clinical PET image is given with its corresponding tumor 

mask.  

 

Figure 24. Patient5; representation of a central slice of the different tumors simulated cases with and 

without 3D Gaussian post-filtering. The lines across which the profiles were plotted are given to compare 

with the clinical image. 
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Figure 25 show the simulated tumor line profiles (heterogeneous, PVC and clinical cases) 

in the seven different patients compared with the clinical PET image, respectively. Next, 

we will investigate two indicative cases for the line profiles comparison. 

In patient 1 the intensity of the first peak on the clinical tumor is observed at the distance 

of 9 mm. In the PVC images the peak is observed at 13 mm, while in the heterogeneous 

tumors there is a peak observed at 20 mm. In the region between 30-40 mm another peak 

is observed for both the clinical and the PVC cases in contrast to the heterogeneous 

simulation. 

The profiles of the tumor for a second indicative patient (patient 2) are shown in Figure 25. 

Two different regions are noticed in this case. In the first region a peak is observed at 15-

25 mm and in the second at 55 mm. Additional regions are observed in the PVC data with 

intensity similar to the clinical image. The second peak shows an intensity 3.5% higher 

compared to the clinical one, while in the case of the heterogeneous tumor the second peak 

shows a higher intensity of 20.7%. PVC case seems to best fit the clinical profile. 
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Figure 25. Comparison of the profiles between the post-filtered simulated data and the clinical tumor for 

patients 1 to 7. 
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Heterogeneity textural features 

Local Features: 

In Figure 26 the percentage of the mean differences of the local textural features within the 

tumors are represented. We have extracted the heterogeneity parameters for all 7 patients 

and the mean differences were calculated in order to extract a general conclusion. The most 

robust local features are presented namely Entropy, Homogeneity and Dissimilarity. It can 

be observed that the PVC simulated tumors provide the lowest differences compared to the 

clinical images. More specifically PVC cases show a mean difference of 2.24% for entropy, 

9.54% for homogeneity and 14.29% for dissimilarity. 

In Table 6 the percentage differences of all the patients of the reconstructed (2 iterations) 

filtered data (heterogeneous and PVC) are presented against the clinical data. The highest 

and the lower differences are marked for every feature taking into account all patients. The 

highest differences for entropy, homogeneity and dissimilarity are observed in the 

heterogeneous cases. On the contrary, the lowest values are observed in the PVC cases. In 

all patients it is clearly observed that the percentage differences for all local features in the 

PVC images are quite low. Only for patient 3 the dissimilarity for the PVC case shows a 

difference higher than 20.0%. However, even this value is lower than the hetero 

simulations. There are some cases (patient 5 and 6 for homogeneity and dissimilarity) that 

PVC gave worse results, although those results are lower than 20.0%. 

 

Figure 26. Histogram of the local features of the mean % differences of all the simulated patients in 

comparison with the clinical data. 
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Table 6. Percentage (%) differences of the local features for the simulated data of all 7 patients compared 

to the clinical PET data. The (%) mean difference of all the cases is also presented. 

 Entropy 

% Difference 

Homogeneity 

% Difference 

Dissimilarity 

% Difference 

Patient Hetero PVC Hetero PVC Hetero PVC 

1 0.13 0.35 5.30 3.73 6.14 5.95† 

2 10.19* 5.95 24.04* 17.20 24.07 15.96 

3 4.68 4.16 17.57 13.37 26.04 23.49 

4 0.90 0.88 17.87 12.50 28.85* 18.50 

5 1.93 2.41 5.85 9.99 7.54 12.29 

6 0.34 1.87 4.24 9.23 9.65 17.17 

7 0.27 0.04† 2.03 0.75† 7.80 6.67 

Mean 2.63 2.24 10.99 9.54 15.73 14.29 

* The highest value of the specific feature 

† The lowest value of the specific feature  

A general trend is observed, where local features in the simulations seem to have smaller 

variations compared to the features extracted in the clinical PET cases when the input in 

the activity distribution is corrected for the PVE.  

Regional Features: 

In Figure 27 the mean differences of the most stable regional features between simulated 

and clinical data are presented. In general, we have noticed that regional features and the 

AUC index have a trend similar to the local features. The PVC simulated tumors exhibit 

better results than the heterogeneous ones, when compared to the clinical regional features. 

This means that lower mean differences are found between PVC and clinical images 

compared to the other simulated cases in intensity variability and in the AUC index. For 

the size zone variability, the heterogenous tumors showed better results in the mean 

differences. More specifically 4.52% difference was observed between heterogeneous and 

clinical data, while PVC and clinical tumor had a mean difference of 5.21% which is very 

close to the heterogenous value. Similar to the local characteristics, in Table 7 the 

percentage mean differences, of the simulated reconstructed tumors compared to the 

clinical ones, are presented. 
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Figure 27. Histogram of the regional features of the mean % differences of all the simulated patients in 

comparison with the clinical data. 

Table 7. Percentage (%) differences of the regional features for the simulated data of all 7 patients compared 

to the clinical PET data. The (%) mean difference of all the cases is also presented. 

 Intensity 

Variability 

% Difference 

Size Zone Variability 

% Difference 

AUC 

% Difference 

Patient Hetero PVC Hetero PVC Hetero PVC 

1 6.79 2.96 1.27 3.37 3.25 5.50 

2 8.49 11.22 20.12* 18.81 11.86 4.29 

3 2.66 9.42 5.29 2.84 23.74 12.74 

4 15.81* 6.33 0.09† 0.55 19.21* 10.42 

5 10.32 0.83 3.49 5.81 2.60 14.31 

6 11.55 7.34 0.22 0.96 13.24 3.03 

7 0.75† 5.19 1.16 4.10 13.33 1.67† 

Mean 8.05 6.18 4.52 5.21 12.46 7.42 

* The highest value of the specific feature 

† The lowest value of the specific feature  

Both the intensity and the size zone variability are quite stable features for all the simulated 

cases with mean differences smaller than 8.05%. The highest differences are observed for 

all the features in the heterogeneous tumors, as it was also shown for the local features.  

Finally, large discrepancies are observed in the AUC index (which has not been tested 



III Specific Part              Chapter 2: Imaging Protocols Optimization 

  57 

  

before for its reproducibility) where PVC data are much better than the other simulated 

cases, with differences lower than 13% for all 7 patients.  

Global Features: 

In Table 8 the kurtosis, the standard deviation (SD) and the mean intensity values within 

the tumor of all the patients are presented. The mean difference of each feature is also 

included.  In Figure 28 in accordance to the local and the regional features, the percentage 

mean differences of the global features are presented in histogram. 

In general, according to the mean differences, Kurtosis and Standard deviation gives also 

better results for the PVC tumors. On the contrary the mean intensity values are better 

represented by the heterogeneous simulations with 6.97% difference compared to the 

clinical tumors. For all the global features we also observe that the highest differences are 

observed in the heterogenous cases, as in local and in regional characteristics. Moreover it 

is very interesting that comparing the intensity values of each voxel (voxel-by-voxel 

comparison) the smallest differences are observed in PVC data.  

As shown from the presented differences in Table 8 the global features are also better in 

the PVC simulated cases, closer to the clinical one, except for the mean intensity, which is 

better reproduced by the heterogenous tumors. Kurtosis for the PVC data shows differences 

lower than 20% for all the patients with a mean value lower than 10%.  

 

Figure 28. Histogram of the global features of the mean % differences of all the simulated patients in 

comparison with the clinical data. 
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Table 8. Global features for the simulated data of all 7 patients compared to the clinical PET data. The mean 

values of all the cases are also presented. 

 Mean Intensity 

% Difference 

Std  

% Difference 

Kurtosis  

% Difference 

Mean Difference voxel-

by-voxel comparison 

Patient Hetero PVC Hetero PVC Hetero PVC Hetero PVC 

1 6.02 14.83 16.79 13.24 7.31 0.45† 23.73 21.4 

2 9.37 19.25 35.52* 26.58 8.97 15.42 36.68* 35.18 

3 22.52* 1.82 20.02 9.08 50.59* 19.26 23.73 15.56 

4 1.19 12.73 15.15 12.11 18.18 7.74 22.73 20.36 

5 1.04 17.95 14.34 9.65 17.49 4.56 18.29 19.73 

6 7.99 25.02 16.33 5.46† 13.50 15.03 13.45† 20.95 

7 0.63† 15.04 15.60 11.85 4.61 6.06 34.83 33.01 

Mean 6.97 15.23 19.11 12.57 17.24 9.79 24.78 23.74 

* The highest value of the specific feature 

† The lowest value of the specific feature 
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2.3 Simulated Imaging Database 

Medical databases are used for many years in daily research for studying specific patient’s 

populations of multimodal data, such as PET/CT, SPECT/CT, PET/MRI. Most of them 

provide clinical data, based and categorized according to the acquisition protocol or studied 

disease. Taking into account the recent progress in MC simulations and computational 

phantoms, it becomes possible to reproduce clinical data, with realistic statistics as well as 

integrate patient’s specific characteristics in terms of total and organs size, gender and 

abnormalities. This combination can lead to tools, which provide the ground truth for each 

processing step of the obtained images. For example, image reconstruction has moved from 

standard analytical Filtered Backprojection (FBP), to statistical algorithms such as 

Maximum Likelihood Expectation Maximization (MLEM), which includes the geometry 

of the detector system, patient anatomy and a number of statistical phenomena in the 

reconstruction process. Another example is radionuclide dosimetry, where dose calculation 

needs to incorporate not only patient size, but also variations in organs size, radionuclides 

kinetics, patient motion etc. Image quantification, which is necessary both in diagnostic 

and therapeutic applications, cannot rely on simulated data that have qualitative but not 

quantitative accuracy. Realistic MC simulations can be performed by optimizing 4 basic 

levels: 

i. system design (flexibility in geometrical shapes),  

ii. physical processes modelling (for particle interactions), 

iii. realistic anatomical phantoms (for attenuation and activity maps), 

iv. high statistics (realistic number of simulated particles). 

The prevalent accessibility of high-performance computing (HPC) platforms stimulated 

the development of computational anthropomorphic anatomy models. Recently a number 

of groups have started to present simulated data and a number of attempts for the creation 

of open databases are reported. Reihlac et al [82] proposed a cerebral PET database while 

Tomei at al. [83] created an FDG-PET database for lymphoma based on the PETSORTEO 

MC code. In 2005 a large database of emission tomography simulated brain and whole 

body images was presented [84]. 

The use of anthropomorphic and animal computational phantoms is rapidly gaining interest 

in medical sciences for the optimization of the acquisition and the processing protocols that 
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are used in clinical and preclinical practice. However, they are rather computer intensive 

and published results cannot be easily duplicated by many groups. In addition, the 

reproduction of realistic-like data requires a number of parameters to be taken into account, 

to ensure the accuracy of simulated data. In this section we combined GATE with XCAT 

[68], Zubal [63], IT’IS [114] and MOBY [115] phantoms (shown in Figure 29), in order to 

create an open database of simulated PET/SPECT clinical and preclinical exams. The 

simulated data can be exploited in order to optimize acquisition and processing protocols. 

a)    b)    c)    d)  

Figure 29. Computational models used for the creation of the database: a) XCAT, b) Zubal, c) IT’IS and d) 

MOBY. 

 2.3.3 Description of the database 

The created database includes indicative data from both PET and SPECT modalities. All 

the data that have already been added to the database are presented in Table 9.  

Specifically, 7 oncological patients were simulated using the clinical PET systems and the 

simulated data incorporate patient specific variability [116]. Initially the PET/CT clinical 

data were obtained from 7 patients. The NCAT phantom was adapted to the clinical CT 

images and the anatomy of the NCAT was modified to match the patient’s anatomy. 

Furthermore, the PET clinical data were used to provide the activity distribution of each 

patient, which was imported into the simulation. The NCAT phantom was used for the 

three first patients for thoracic imaging, while the Zubal phantom was used for the 

otherfour cases, in order to simulate the head/brain tumors. Each tumor was delineated and 

segmented from the PET images and was imported in each respective phantom. The 
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resulting PET simulated data provided the 18F-FDG bio-distribution of these 7 oncology 

patients. The heterogeneous activity distribution within the tumors were taken into account. 

These simulations were repeated using 2 different clinical PET scanners (Biograph6 and 

Allegro). 

The ECAM dual head system was used for five SPECT simulations. Two scintigraphic 

bone acquisitions were performed using the biodistribution of 99mTc-MDP as it was taken 

from the literature. The XCAT and the DUKE model from the “IT’IS Foundation - Virtual 

Family series” were used for these acquisitions. In both phantoms the same activity 

distribution was imported in various organs and the same acquisition protocol was used in 

both cases. The anterior and posterior whole body images of these two models was the 

output of the simulations. Three SPECT acquisitions were also simulated using the same 

system and the activity bioditribution of 99mTc-N-DBODC taken from the study of Cittanti 

et al. [117] for cardiac imaging. 36 projections from 0o to 360ο with a 10o step were 

acquired from the XCAT, the Duke and Ella (from Virtual Family – IT’IS) phantoms. 

Finally, 4 preclinical studies have been included in the database using the small animal 

imaging prototype scanner. The MOBY phantom was used in order to model the anatomy 

of the mouse both for the attenuation and the activity map. Three different 

radiopharmaceuticals’ distributions taken from literature were tested namely; 99mTc-MDP 

[118], 99mTc-MIBI [119] and 99mTc-HMPAO [120]. In the 4th preclinical study a spherical 

tumor (3 mm) was imported in the right hand of the mouse, while the distribution in all 

mouse organs was obtained from an experimental study carried out in our group using the 

99mTc-RGD [121], which targets angiogenesis in tumors.  

Table 9. Nuclear medical imaging database contents. 

Radiopharma Scanner 
Organ of 

interest 
Phantom Gender Motion 

Pixel scaling 

(mm3) 

Scan time 

(min) 

Activity 

(MBq) 

Num. of 

Primaries 

  Planar / Scintigraphy (Anterior – Posterior)  
99mTc-MDP ECAM Bones XCAT Male No 3.54 6.67 925 - 

99mTc-MDP ECAM Bones XCAT Male Respiratory 3.54 6.67 925 - 

99mTc-MDP ECAM Bones ITIS Male No 2.0 6.67 925 - 

99mTc-MDP Small Animal Bones MOBY - No 1.0 4 4 - 

  SPECT (36 projections per 10ο)  
99mTc-N-DBODC ECAM Cardiac XCAT Male No 3.54 15 377 - 

99mTc-N-DBODC ECAM Cardiac XCAT Male Cardiac 3.54 15 377 - 
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99mTc-N-DBODC ECAM Cardiac XCAT Female No 3.54 - - ~10x1010 

99mTc-N-DBODC ECAM Cardiac-Plaque XCAT Female No 3.54 - - ~10x1010 

99mTc-N-DBODC ECAM Cardiac ITIS Male No 2.0 15 377 - 

99mTc-N-DBODC ECAM Cardiac ITIS Female No 2.0 15 377 - 

99mTc-N4amG ECAM Lung-Tumor XCAT Male No 3.54 - - ~10x1010 

99mTc-DTPA-aerosol ECAM Lung XCAT Male No 3.54 10 74 - 

99mTc-DTPA-aerosol ECAM Lung XCAT Male Respiratory 3.54 10 74 - 

99mTc-DTPA-aerosol ECAM Lung ITIS Male No 2.0 10 74 - 

99mTc-MIBI Small Animal Cardiac MOBY - No 0.5 6 581.52 - 

99mTc-HMPAO Small Animal Brain MOBY - No 0.5 37.5 130 - 

99mTc-RGD Small Animal Tumor MOBY - No 0.5 9.375 3.7 - 

  PET (one bed position)  

18F-FDG 
Biograph-6 

Allegro 

Tumor 

Patient1 
XCAT Male No 4.0 2 34.50 ~7x107 

18F-FDG 
Biograph-6 

Allegro 

Tumor 

Patient2 
XCAT Male No 4.0 2 57.41 ~7x107 

18F-FDG 
Biograph-6 

Allegro 

Tumor 

Patient3 
XCAT Male No 4.0 2 82.87 ~7x107 

18F-FDG 
Biograph-6 

Allegro 

Tumor 

Patient4 
Zubal Male No 4.0 2 25.61 ~7x107 

18F-FDG 
Biograph-6 

Allegro 

Tumor 

Patient5 
Zubal Male No 4.0 2 29.03 ~7x107 

18F-FDG 
Biograph-6 

Allegro 

Tumor 

Patient6 
Zubal Male No 4.0 2 25.85 ~7x107 

18F-FDG 
Biograph-6 

Allegro 

Tumor 

Patient7 
Zubal Male No 4.0 2 25.97 ~7x107 

 

All the resulted images from the realistic simulations are freely available to the scientific 

community, in order to test and evaluate several algorithms in pre and post processing 

steps. Thus, the sinograms of each acquisition are provided to make possible image 

reconstruction by different reconstruction algorithms. The imaging modalities are 

categorized as PET, SPECT with their clinical and/or preclinical data. Thereafter, we 

provide some indicative examples of the database that investigate several parameters. 

PET (clinical system): 

The 7 oncological patients presented in the database were simulated using both Biograph6 

and Allegro systems. The original PET clinical images are provided in order to compare 

the different reconstructed data. In Figure 30 the central slice of patient 2 is shown in three 

cases; the clinical image the image simulated with Biograph6 and the image simulated with 

Allegro scanner. Three line profiles are also compared. 
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Figure 30. First line: Planar anterior projections of patient3; a) clinical image, b) image simulated with 

Allegro system and c) image simulated with Biograph6 system. Second line: Corresponding line profiles. 

SPECT (clinical system): 

Using the ECAM dual head scanner, a number of 99mTc based radiopharmaceuticals were 

tested. In Figure 31 the 99mTc-MDP bio-distribution is presented using the XCAT 

computational model. More specifically the scintigraphic anterior and posterior projections 

are shown and a compressed image of them for each phantom (planar). 

 

Figure 31. Projections of MDP activity distribution in XCAT model a) anterior, b) posterior, c) planar. 
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SPECT (pre-clinical system): 

Figure 32 shows an indicative simulation of MOBY mouse model where a spherical tumor 

was added on its upper shoulder. The inserted activity biodistribution, was obtained from 

experimental biodistributions and is compared to the simulated one by calculating the % 

ratio at the organs of interest. More specifically the tumor/bladder ratio for the simulated 

data was equal to 0.8070, while the theoretical ratio according to literature was 0.7027, 

resulting to a difference of 12.98%. It must be noted that biodistribution data were extracted 

as an average of five mice, while the image in Figure 32 is a typical mouse scan. No 

transformation to MOBY was applied, to match the mouse used in the experiment, since 

its CT was not available. Thus, differences in organs size and shape are expected compared 

to standard MOBY. 

 

Figure 32. 99mTc-RGD experimental biodistribution, a) the MOBY phantom used with a 3mm lesion 

sphere, b) the simulated distribution with the localized tumor, c) the corresponding experimental image. 
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Chapter 3:  Dosimetry Optimization 

3.1 GATE Monte Carlo Dosimetric Applications 

MC simulations are widely recognized as an essential method to study the physics of 

nuclear medicine, radiology and radiation therapy. The concepts of deposited energy or 

absorbed dose is of particular interest both for therapeutic applications (eg. radiotherapy 

and hadrontherapy) and for all imaging applications involving ionizing radiations. In 

radiation therapy (RT), treatment planning requires an accurate assessment of the absorbed 

dose distribution throughout the organs/tissues of interest. This is true for a large variety 

of radiation therapy (eg. photon, electron, proton, carbon beams, radioisotopes), with 

different delivery conditions (broad beam, pencil beam, scanning, rotational, 

brachytherapy and targeted radionuclide therapy). In a diagnostic context, for imaging 

applications involving ionizing radiation such as CT, the assessment of the absorbed dose 

is also important to better analyze the risk-benefit of the procedure. Imaging and therapy 

have also become increasingly tied together: cone-beam or portal images are associated 

with conventional linac RT, CT acquisition are performed during tomotherapy, pairs of 

radiographs are acquired during Cyberknife treatments but also new imaging systems are 

developed for treatment monitoring in hadrontherapy rooms, such as hadron-PET, prompt-

gamma cameras or IVI (Interaction Vertex Imaging) system. There is therefore a need for 

an MC simulation platform supporting radiation transport modelling for both imaging and 

dosimetry applications.  

Many MC simulation tools have been developed for imaging or dosimetry applications. At 

the moment, GATE is the only MC platform supporting simulation of both imaging and 

dosimetry in the same environment. While GATE has been broadly validated and used for 

a large variety of PET and SPECT studies, there are still a limited number of papers 

reporting its use and reliability in the context of dosimetry. The purpose of the present 

chapter is therefore to present and analyse the current status of GATE for dosimetry-related 

applications. Published validation works are reviewed. Examples of using GATE in various 

situations that could serve as benchmarks are provided. This literature and benchmark 
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analysis illustrate the performance of GATE in dosimetry and RT in 2013, and might be 

later used to monitor the changes in future versions of GATE and Geant4 codes.  

Absorbed dose calculation in GATE 

In this study, we focus on the absorbed dose D, defined as the deposited energy per unit 

mass of medium, reported in units of gray (1Gy=1J/kg). In MC simulations, the energy 

deposited in a volume Edep is generally expressed in eV (1eV = 1.60217646 × 10-19 J). It 

can be converted to Gy by accounting for the volume of interest and the density: 

𝐷[𝐺𝑦]  =  (𝐸𝑑𝑒𝑝 [𝑒𝑉]  ×  1.60217646 ×  10−19 [𝐽/𝑒𝑉])/(𝜌[𝑔/𝑐𝑚3]/𝑉 [𝑐𝑚3]) (4), 

The absorbed dose D is a physics index and does not reflect the biological effects of 

irradiation. However, D is the first step in the direction of the assessment of the biologic 

impact of radiation, both for stochastic and deterministic effects. GATE is provided with a 

mechanism, named DoseActor, which stores the absorbed dose in a given volume in a 3D 

matrix. The actor is said to be “attached to” the volume. The user can provide the matrix 

size, and the matrix position is defined within the coordinate system of the monitored 

volume. Note that if the user defines a matrix size larger than the attached volume, the 

absorbed dose deposition occurring outside the volume but inside the matrix will not be 

recorded. The actor calculates the deposited energy in MeV (Edep), the absorbed dose D in 

Gy, the number of hits (a “hit” occurs each time a particle, either primary or secondary, 

steps in the volume, with or without energy deposition), and the local statistical uncertainty 

according to. The squared sums of Edep and D are also provided and can be used to compute 

the uncertainty when the simulation is split into multiple jobs. Equation 5 defines the 

uncertainty εk at pixel k, with N the number of primary events, dk,i the deposited energy in 

pixel k at primary event i. An option is available to report the absorbed dose into dose-to-

water, as traditionally performed in RT, and into dose-to-medium as in conventional MC 

simulations. The conversion is performed on the fly by taking into account the relative 

stopping powers and the energy transferred via nuclear interactions.  

       𝐷𝑘 = ∑ 𝑑𝑘,𝑖
𝑁
𝑖        𝑆𝑘 = √

1

𝑁−1
(

∑ 𝑑𝑘,𝑖
2𝑛

𝑖=1

𝑁
− (

∑ 𝑑𝑘,𝑖
𝑛
𝑖=1

𝑁
)

2

)       𝜀𝑘 = 100 ×
𝑆𝑘

𝐷𝑘
  (5), 
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During particle tracking, for each step occurring in the attached volume, the deposited 

energy is summed in the matrix. A position is randomly chosen along the step line and the 

values are stored in the matrix at that position. The user has to make sure that the step 

lengths are not too large with respect to matrix sampling. The output can be stored in mhd 

image file format, composed of a header file and a raw data file. This file format can be 

handled by several open-source image processing toolkits, such as ITK. One advantage is 

that the coordinate system of the image (called “origin”) within the scene (named the 

“world”) is also recorded. It therefore allows for positioning the absorbed dose matrix 

relatively to the attached volume for visualisation purpose. Other file formats, hdr 

(Analyze), txt and root, are also supported.  

Of major importance of the Dose actors is that they can be used in a unique simulation for 

multi-scale dosimetry. High accuracy in the dosimetric schemes nowadays requires the 

calculation of the absorbed dose in a multi-scale level, from organ to tissue level (clinical 

scale) and from tissue to cellular level (G4-DNA scale). Even though, patient-specificity 

can also be included with the use of the clinical images that can be imported in GATE. 

Examples of dosimetric applications using GATE are: molecular radiotherapy (MRT), 

brachytherapy, intraoperative radiotherapy (IORT), external beam RT (EBRT), particle 

therapy, and in vivo absorbed dose monitoring.  

3.2 Dose Point Kernels 

 3.2.1 Theory & State of the Art 

Radionuclides are widely used for both therapeutic and diagnostic applications in nuclear 

medicine, though, accurate patient-specific dosimetry is still not routinely performed in 

clinical practice [122].  

Simulation of radiation transport across any medium is possible using several Monte Carlo 

codes and provides accurate dose estimation, in the form of voxelized dose maps (voxel-

by-voxel). Although computational platforms are becoming more powerful, absorbed dose 

calculations based on Monte Carlo simulations that use patient-specific characteristics are 

still time consuming, especially when attempting to assign absorbed dose at the voxel level 

for reporting of dose-volume histograms. Despite the continuous hardware and software 

improvements, the application of personalized Monte Carlo dosimetry in clinical practice 
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will require time and analytical, fast approaches are still more attractive. One feasible 

approach is the use of Dose Point Kernels (DPKs), which give the absorbed dose deposited 

at a certain distance from a point source, assuming a homogeneous transport medium. At 

the moment DPKs based algorithms assume that human body is equivalent to water, 

without taking into account tissue variations. The combination of DPKs with patient CT 

data can provide a fast dose calculation, which takes into account patient specific anatomic 

information by using a proper, real time, algorithm as the authors have already proposed 

[123]. The calculation of DPKs for all isotopes and several tissues is required, in order to 

fully evaluate the proposed method against full Monte Carlo simulations, as well as 

optimize dose calculation algorithm. Finally, DPKs represent an interesting and quick way 

to benchmark the new versions of Monte Carlo codes.  

For many years the calculation of the absorbed dose as a function of the distance from point 

or extended photon and/or electron emitting sources has been facilitated by the formula of 

Loevinger et al. [124] and the point kernels of Berge [125]. The point kernels described by 

Berger had the drawback of assuming homogeneous transport media. The concept of the 

scaled electron point kernel was firstly introduced by Berger in 1973 [126]. The kernels as 

they were defined in Seltzer’s work in 1991 have been widely used until now [127]. Many 

Monte Carlo codes have been used in order to produce accurate electron DPKs. To this 

end, MCNP, EGS, GEANT4 and ETRAN are considered as reference codes.[128] More 

recently, PENELOPE and FLUKA have given results that show great agreement with 

previously published data [129]. Older MC codes like SMOOPY [130], SANDYL [131] 

and GEPTS [132] have been previously used to calculate the beta emitting DPKs.  

As it was proposed by Furhang et al. Monte Carlo techniques have also been used for the 

calculation of the photon contribution for the most important radionuclides in nuclear 

medicine, as the electron component of the isotopes dominates self-organ absorbed dose 

[133]. Nevertheless, the absorbed dose to adjacent organs includes a significant photon 

contribution, which should be taken into account in patient specialized dosimetry. 

However, special attention should be paid for low energy emitting particles, where most of 

the codes show the largest discrepancies among them [134]. Beta and photon dose kernels 

have already been calculated, under the assumption that the human body is equal to water 

medium [126-128, 130, 131, 133-137]. However, this assumption is insufficient for patient 
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personalized dosimetry and DPKs should be also calculated for other materials existing in 

the human body. For those reasons we propose to extend the existing DPKs dataset 

including a wide range of isotopes and tissue materials. 

GATE is a well validated Monte Carlo simulation toolkit for SPECT, PET, CT and recently 

Radiotherapy (RT) applications, based on the Geant4 core [138], whose applications 

include high energy, nuclear and accelerator physics, as well as studies in medical and 

space science [139, 140]. An older version of GATE based on Geant4 4.8.1 was validated 

by Ferrer et al. [141] by comparison of ETRAN and MCNPX codes. GATE v6.0, which 

makes use of the Geant4.9.2 Electromagnetic Physics Package, has already been validated 

for electron transport, generating electron DPKs and pencil beam kernels for an energy 

range between 15 keV and 20 MeV by Maigne et al. [134]. This release of GATE 

introduces a large number of modifications to the electron transport algorithms [142-144]. 

The more recent release of Geant4 (4.9.4) has introduced a number of modifications to the 

electron transport algorithms, which may lead to differentiations in the production of 

DPKs. In particular, the electron multiple scattering algorithms were improved in the latest 

release of Geant4, and are expected to provide more accurate results [140]. 

The latest version of GATE v6.1 which is used in this study and is based on the Geant4 

4.9.4.p02 implements these modifications in the electron transport algorithms in 

comparison with the older versions [141, 145].  Also the default multiple scattering model 

has changed in Geant4 4.9.4, to the G4UrbanMscModel93. New updated versions of the 

data sets (G4RadioactiveDecay.3.3 G4PhotonEvaporation.2.1) are also used in this version 

of Geant4 [146]. Thus, a complete comparison of the DPKs has done (including photon 

and beta emitting sources), before producing the new ion DPKs taking into account the 

whole spectrum of each isotope. Due to the changes of the physics algorithms of Geant4 

4.9.2 to 4.9.4 we include also a comparison of the monoenergetic electron DPKs with L. 

Maigne et al. study [134]. By this we standardize the method we used for the production 

of the DPKs as also we include a further comparison with the most recently published 

electron DPKs of FLUKA code [129].  

In the current study an extensive validation of GATE was carried out for DPKs calculation 

for different particles and in different media. Specifically, monoenergetic electron DPKs 

were generated for energies ranging from 15 keV up to 10 MeV in water, and were 
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compared to already published literature [128, 129, 131, 132, 134, 135]. In addition, 

electron DPKs were generated for bone using 10 keV and 1 MeV monoenergetic electron 

sources. Beta DPKs were calculated for 177Lu and 90Y beta spectra, both in water and bone, 

as well as for 32P beta spectrum only in water medium, which were also compared against 

reference data [129, 130, 135]. Finally, photon DPKs were calculated into water medium 

taking into account the gamma emitting contribution of 99mTc, 111In, 131I and 125I isotopes 

and were also compared with published results [133]. The end goal of this study was to 

provide a complete dataset for the most common radionuclides used in nuclear medicine. 

This dataset includes the total DPKs for 67Ga, 68Ga, 90Y, 99mTc, 111In, 123I, 124I, 125I, 131I, 

153Sm, 177Lu, 186Re and 188Re generated in water, bone and lung. With the term total DPKs 

we mean that the whole isotope spectrum is simulated, considering all possible interaction 

mechanisms. The presented database enlarges all previously published DPK datasets. 

Finally, a comparison of both total DPKs in water and soft-tissue, available in GATE, was 

performed. The entire dataset of GATE total DPKs is given at: 

www.med.upatras.gr/oncobase/pages/activities, in order to be reproducible and easily 

comparable to future Monte Carlo dosimetric studies, as well as be used in kernel based 

convolution algorithms. 

 3.2.2 Materials & Methods 

GATE Monte Carlo Parameters 

This study is based on the latest version of GATE (version v6.1), which has been extended 

for radiotherapy and dosimetry applications and includes new tools called “actors” [147]. 

This version makes use of the Geant4.9.4.p02 [139, 148]. GATE provides a wide range of 

sources that the user can easily handle, even by simulating all the emitting particles of each 

isotope using the Geant4 “ion” source, or by generating a monoenergetic electron or 

gamma source and beta or gamma spectrum sources. The model used for simulating 

physics is the “Standard” model of Geant4.9.4, GATE’s default model, which describes 

electron and photon interactions at energies ranging from 1 keV to 100 TeV. The physical 

processes that were included in the performed simulations are: Photoelectric effect, 

Rayleigh and Compton scattering, Bremsstrahlung, GammaConversion, 

PositronAnnihilation, ElectronIonisation and eMultipleScattering. The Rayleigh process 

http://www.med.upatras.gr/oncobase/pages/activities
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was simulated using the Penelope model, which is the only choice in the current release of 

Geant4. In all performed simulations the following parameters were set: EMin=0.1keV, 

EMax=10GeV, DEDXBinning=220 and LambdaBinning=220 as it is proposed by the 

GATE collaboration.  EMin and EMax, set the kinetic energy range for the physical 

processes of Geant4, while the DEDXBinning sets the number of the bins for the mean 

energy loss on a given step in Geant4 physics and the LambdaBinning sets the number of 

the bins for the Lambda tables. 

Dose Point Kernel calculation 

Electron, photon and ion (for the isotopes) DPKs were calculated in different media (water, 

bone, lung and soft-tissue). In all simulations a homogenous spherical phantom was used, 

with a point source located at the center of the sphere, emitting isotropically. The size of 

the simulated sphere differs according to the kind of the simulated particles (details are 

given in each section), as the photons deposit their energy at distances further away from 

the point source compared to the electrons. To calculate the DPKs a ‘tissue’ sphere was 

used in an ‘air’ environment and a dose actor was attached to it. The "dose actor" tool 

provided in GATE was used to tally the absorbed dose in a 3D matrix, where the dose was 

directly deposited in Gy units per particle [149]. The 3D matrix corresponds to the dose 

map, and it is divided by scoring voxels. Adding the voxels that are in same distance away 

from the source, concentric scoring shells around the isotropic point source are defined 

(voxelized shells). The thicknesses of these shells are equal to the voxel size of the 3D dose 

matrix in each distance as it is shown in Figure 33. The “dosel” has been defined as the 

scoring voxel of the volume. 

 

Figure 33. Schematic of the concentric scoring spherical shells (2D view). 
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3.2.3 DPKs Investigation 

Monoenergetic electron (e-) DPKs 

Water DPKs were produced for 15 keV, 50 keV, 100 keV, 500 keV, 1 MeV, 2 MeV and 

10 MeV electron sources. For comparing GATE toolkit with other MC codes, DPKs of 10 

MeV electron source were also calculated, even though this energy goes far beyond the 

energy range seen in Nuclear medicine applications. For bone, DPKs were produced for 

10 keV and 1 MeV electron sources. The size of the sphere for each simulation was 

calculated based on the method proposed by Maigne et al. [134]. The radius of the sphere 

where the dose is deposited is equal to 24x0.05xRCSDA where RCSDA is the continuous 

slowing down approximation range of electrons. Following this approach, we designed the 

spheres for each energy electron source and tested them with the visualization tools that 

GATE provides, to have spheres that would include all generated particles. This resulted 

in spheres which are slightly bigger than those of the reference study, which ensure that 

they include the entire absorbed dose. To determine the “electronStepLimiter” parameter 

we run preliminary simulations from which we concluded that the electronStepLimiter 

should be equal to 100-120 times smaller than the size of the sphere. In this study the 

electronStepLimiter was chosen so as to provide good agreement with the results of other 

MC codes. For low energy electrons we set the electronStepLimiter almost ~5 times 

smaller than the CSDA for 15 keV electrons and ~7 times smaller than the CSDA for the 

50keV electrons. For higher energies we didn’t observe differences when the 

electronStepLimiter is ~9 smaller than the CSDA. The number of the shells follows from 

the sphere size by defining the size of the dosels equal to the electronStepLimiter in the 

dose actor, in order to have at least one interaction in each dosel. Thus, the radius of the 

sphere that was used for each simulation can be calculated by multiplying the number of 

shells with the size of the dosel. The number of the shells was not the same in each 

simulation, since the magnitude of the radius varies from μm to mm. Defining a dosel size 

of a few micrometers can result in differentiations in the number of the voxels in the 

calculated dose map. In this case, we suppose that for 15 keV 60-70 shells with the used 

radius will not alter the results, for 50 keV 80-90 shells are required and for the higher 

electron energies 100-120 will also give robust results. The parameters that were set for 
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the monoenergetic electron DPKs are shown in Table 10 for water and in Table 11 for 

bone. 

This is an empirical method and further investigation of the electronstepLimiter needs to 

be done, but goes beyond the aim of the current study. On one hand, the electron step limit 

should be small enough, so as to simulate more accurately the nonlinear electron track. On 

the other hand, small electron step significantly increases the computational cost of the 

simulation. 

Table 10. Parameters for monoenergetic e-DPKs in water. 

e- Energy 

(MeV) 

CSDA 

(g/cm2) 

Number 

of Shells 

Dosel size -  

ElectronSteplimiter 

(mm) 

0.015 5.147×10-4 62 1.123×10-4 

0.05 4.320×10-3 86 6.227×10-4 

0.1 1.432×10-2 110 1.576×10-3 

0.5 1.766×10-1 116 1.909×10-2 

1.0 4.360×10-1 114 4.722×10-2 

2.0 9.875×10-1 112 1.058×10-1 

10.0 4.975 114 5.377×10-1 

Table 11. Parameters for monoenergetic e-DPKs in bone. 

e- Energy 

(MeV) 

CSDA 

(g/cm2) 

Number 

of Shells 

Dosel size – 

ElectronSteplimiter 

(mm) 

0.010 2.761×10-4 101 1.891×10-5 

1.0 4.711×10-1 111 2.521×10-2 

GATE provides the option to choose, in which level of the electron step, the energy will 

be deposited, by setting the “stepHitType” parameter. By default, the “PostStep” parameter 

is chosen, which means that the energy is deposited at the end of an electron step. In this 

study, the “random” parameter was set for the stepHitType [134]. With the random value, 

the stored information will be randomly distributed from the beginning of the electron step 
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to its end [150]. The DPKs are presented using dimensionless axes, as it was suggested by 

Cross et al. [131]. The y axis represents the scaled absorbed dose, defined as: 

𝐽(𝑟 𝑅𝐶𝑆𝐷𝐴⁄ ) = 4𝜋𝑟2𝐷(𝑟, 𝐸)𝑅𝐶𝑆𝐷𝐴/𝐸  (6) 

where r is the radial distance from the center of the sphere, RCSDA is the continuous 

slowing down approximation range of electrons with initial energy E, and the D(r,E) is the 

absorbed dose per source particle at a certain distance r. RCSDA values were taken by the 

National Institute of Standards and Technology (NIST) database [151, 152]. The x axis of 

the calculated DPKs represents the dimensionless scaled distance defined as: 

Scaled Distance = r/RCSDA   (7) 

The number of the particles simulated for the electron DPKs is equal to 2*107, while the 

associated statistical uncertainty is lower than 2.5%, 4.3%, 11.1% and 39.7% for distances 

r/RCSDA< 0.2, 0.4, 0.8 and 1.0 respectively whereas in the border of the sphere the 

uncertainty reaches the 100%. 

The results were compared to published kernels calculated by different Monte Carlo codes 

[128, 129, 131, 132, 135]. The monoenergetic electron DPKs were also compared to 

kernels recently produced by Botta et al. [129] using the FLUKA code for bone (bone-

ICRU) medium, as this was defined in the NIST database [153]. 

Beta isotope (b-) DPKs 

For the beta DPKs the simulated sources were “non-monoenergetic” electron point sources, 

emitting isotropically. For each of the beta emitting isotopes, the beta spectrum was 

considered, by using the “histogram” type of Geant4 for the emission source. The beta 

spectrum data that were inserted in GATE were taken from the LBNL database [154].   

GATE v6.1 validation was performed for 90Y and 177Lu both in water and bone, while the 

32P DPK was produced only in water to be compared with already published results [129, 

130, 135]. The absorbed dose distribution is presented in scaled DPKs similar to 

monoenergetic electron DPKs. The scaled absorbed dose in this case is defined as 

𝐽(𝑟 𝑋90⁄ ) = 4𝜋𝑟2𝐷(𝑟, 𝐸)𝑋90/𝐸  (8) 
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X90 corresponds to the radial distance, where the 90% of the dose is absorbed. In this case 

E is the average energy over the beta spectrum that was inserted in GATE. The results are 

reported showing the J(r/X90) as a function of r/X90. X90 values were derived from the study 

of Botta et al. [129] for isotopes 177Lu and 90Y and from Mainegra et al. [135] study for 

32P. 

These simulations were carried out with the same procedure as the monoenergetic electron 

DPKs. The average energy of each isotope spectrum is given in Table 12, which is in the 

range of 0.1 – 1.0 MeV. As previously described, 100-120 spherical shells should be 

defined (as the RCSDA was calculated according the average energy of each spectrum). The 

entire sphere (which size is calculated by the number of shells multiplied by the dosel size 

given in table 12) was divided into 113 concentric scoring shells. The dosel size was set 

equal to the electronStepLimiter, in order to have at least one interaction within each bin. 

For each one simulation of the beta spectrum 2×107 particles were generated, as in the 

monoenergetic electrons, while the resulted statistical uncertainty was lower than 1.7%, 

2.8%, 7.7%, 11.8% and 48% for distances r/X90< 0.2, 0.4, 0.8, 1.0 and 1.5 respectively as 

it was calculated from the 32P beta source. The parameters that were set to run the 

simulation are shown in Table 12. 

Table 12. Parameters for beta emitting isotopes DPKs. 

Isotope 

(MeV) 

X90 

(mm) 

Average 

Energy 

(keV) 

Number 

of Shells 

Dosel size – 

ElectronSteplimiter 

(mm) 

Water Bone Water Bone 

90Y 5.40 2.96 935.3 113 1.106×10-1 6.195×10-2 

177Lu 0.62 0.34 133.5 113 1.504×10-2 8.850×10-3 

32P 3.66 - 696.3 113 0.690×10-1 - 

Photon (γ) DPKs 

Photon DPKs were generated for 99mTc, 111In, 125I and 131I and the results were compared 

to those published by Furhang et al. [133]. A water sphere phantom was used, with a radius 

equal to 400 mm. The DPK absorbed dose in this case is defined as: 
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2( ) ( )K r D r r       (9) 

Where K(r) is the produced DPK, D(r) is the absorbed dose per source particle at a certain 

distance r and r is the radial distance from the center of the sphere. 

We have used two types of sources for the photon DPKs. For 111In, 125I and 131I the “ion” 

source of Geant4 was used, taking into account the entire gamma spectrum of these 

isotopes. All photons of the gamma spectrum of each isotope contributed to the absorbed 

dose, with the additional contribution of secondary particles from each electromagnetic 

interaction. The “dose actor” was combined with a “kill actor”, in order to kill all the 

primary electrons of each isotope, and keep only the generated photons spectrum. The 

photon DPKs were generated using 4 different dosel sizes for each simulation. The selected 

dosel sizes were 0.5×0.5×0.5 mm3 for radial distances 0-50 mm, 1.5×1.5×1.5 mm3 for 50-

150 mm, 2.5×2.5×2.5 mm3 for 150-250 mm and 3.0×3.0×3.0 mm3 for 250-400 mm away 

from the point source. For each distance a separate dose actor was attached. The reduction 

of dosel size near the source gives a more accurate absorbed dose calculation for distances 

close to the center of the sphere, whereas bigger dosel sizes were used at larger distances 

from the source to reduce the statistical uncertainty. [155] 2×107 particles were generated 

in order to produce the DPKs, while the statistical uncertainty was variable due to the dosel 

size variability and lower than 13.4%, 25.7%, 15.7%, 26.2, 38.2% for distances R< 5.0, 

10.0, 15.0, 20.0 and 30.0 cm respectively as it was calculated from the 111In gamma source. 

The 400 mm sphere was divided in 258 concentric scoring shells. The first 101 shells were 

equal to 0.5 mm, the next 68 shells were equal to 1.5 mm, the next 40 shells were equal to 

2.5mm and the final 49 shells were equal to the 3.0 mm dosel size (101×0.5 mm + 68×1.5 

mm + 40×2.5 mm + 49×3.0 mm = 399.5 mm of the sphere).  

In the case of 99mTc, the source was defined as monoenergetic gamma particles of 140.5 

keV. This means that there was no gamma emission spectrum with low x-ray energies that 

would consequently require high accuracy in regions close to the source, thus the dosel size 

was set 3.0×3.0×3.0 mm3, which resulted in 133 concentric scoring shells (133×3.0 mm = 

399 mm). 

For comparison, all the produced photon DPKs were normalized to the absorbed dose value 

at 15 cm distance from the center of the sphere. This distance was selected as providing 
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low statistical uncertainty and avoiding the high discrepancies due to the presence of low 

energy photons near the source [155]. 

Total DPKs for isotopes in different media 

A total DPK dataset for the most important radionuclides in nuclear medicine was 

generated for four different materials. More specifically DPKs were generated for 67Ga, 

68Ga, 90Y, 99mTc, 111In, 123I, 124I, 125I, 131I, 153Sm, 177Lu, 186Re and 188Re for water, bone and 

lung medium, whereas simulations in soft tissue medium were only done for 90Y, 111In and 

177Lu. Water is the basis of the theory for the generation of DPKs [126, 127]. Lung, bone 

and soft tissue are the basic materials of a human body, and their densities greatly differ. 

These materials were simulated following the ICRU and ICRP reports;[55, 156] the 

compact bone ICRU (density d=1.85 g/cm3), the lung ICRU (density d=0.26 g/cm3) and 

the soft tissue ICRP (density d=1.0 g/cm3). The total DPKs were generated by taking into 

account all emitting particles of each point source. All DPKs were generated by simulating 

4×107 particles in order to provide an absorbed dose distribution. Calculated absorbed dose 

incorporates contributions from beta, Auger and gamma emissions. All secondary particles 

from internal conversion have also contributed to the absorbed dose.  

The deposited energy from the electrons is about ~1000 times higher than the photon 

contribution. In addition, electrons deposit their energy at very small distances from the 

point source, whereas photons deposit their energy at much larger distances away from the 

source. For these reasons the generated kernels are presented in logarithmic scale in 

accordance to equation 9. The y logarithmic axis represents the absorbed dose multiplied 

by the square of the radial distance r (in mm), while the x axis represents the radial distance 

from the point source in mm. 

 3.2.4 Results 

Monoenergetic electron (e-) DPKs Validation 

The 15 keV, 1 MeV and 10 MeV DPKs in water as well as the DPKs that already exist in 

the current literature, are shown in Figure 34 (a-c). The DPKs for all other electron energies 

are given in Figure 35 (a–d).    
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Figure 34. Comparison of scaled DPKs for monoenergetic electron sources for energies a) 15 keV, b) 1 

MeV, c) 10 MeV between GATEv6.1 and other Monte Carlo codes. 

 

Figure 35. Comparison of scaled DPKs for monoenergetic electron sources for energies a) 50 keV, b) 100 

keV, c) 500 keV and d) 2 MeV between GATEv6.1 and other Monte Carlo codes. 

In Figure 36 (a, b) the DPKs produced in bone by GATE are compared to those produced 

by FLUKA [129] for electron energies of 10 keV and 1 MeV respectively.  
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Figure 36. Comparison among GATE v6.1 and FLUKA for monoenergetic electron DPKs a) 10 keV, b) 1 

MeV for bone medium. 

The results of the electron DPKs produced by GATE v6.1 are in very good agreement to 

kernels already existing in the literature. The mean differences of the values in the same 

distance from the source were calculated for each profile, in order to compare GATE v6.1 

against each cited code. The comparison results are presented in Figure 37. The differences 

of the points were calculated as: 

|𝐷𝑎(𝑟)−𝐷𝑏(𝑟)|

max (𝐷𝑎,𝐷𝑏)
× 100%    (10), 

for distances lower than 0.8 (r/RCSDA < 0.8) for water medium and distances lower than 0.5 

(r/RCSDA < 0.5) for bone medium. Da(r) is the absorbed dose at distance r as calculated by 

code A and Db(r) is the absorbed dose at the same distance calculated by code B. 

Also some differences of the maximum values are reported for additional information on 

the codes’ comparison. 
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Figure 37. Differences between GATE v6.1 and the other MC codes for all the calculated electron DPKs 

for energies ranging between 10 keV and 10 MeV. 

Larger discrepancies are observed for electrons with energies less than 100 keV. For the 

15 keV DPK in water, the difference between the highest values in GATE and EGSnrc is 

5.8%, whereas the difference between EGSnrc and MCNP4C is 9.3%. For the 50 keV 

electrons, similar differences are observed and are comparable to the variations between 

other Monte Carlo codes. More specifically, a 2.2% mean difference with a 4.4% difference 

of the maximum value between GATE and EGSnrc are observed, a 2.0% mean difference 

between GATE and EGS4-PRESTA and a 4.8% mean difference with a 6.7% difference 

of the maximum value between GATE and FLUKA are also observed. In Maigne et al. 

[134] a mean difference of almost ~3.5% is reported between EGSnrc and MCNP4C, while 

in Botta et al. [129] differences lower than 6% are reported between FLUKA and 

PENELOPE for 500 keV electrons and energies higher than 1 MeV. The comparison 

between the results of our study and FLUKA as far as the bone medium is concerned 

provides also very good agreement, with differences smaller than 6.5%. In fact, 1.5% 

discrepancies are observed in the maximum values for 10 keV electrons (in bone) and 3.1% 

in the maximum values for 1 MeV electrons (in bone) between GATE and FLUKA codes. 
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Beta DPKs Validation 

The 177Lu beta DPKs are presented in Figure 38 (a, b) for water and bone media 

respectively. The 90Y (water and bone media) and 32P beta DPKs, are given in Figure 39 

(a,b) and in Figure 40 respectively.  

 

Figure 38. Comparison of b- DPKs for 177Lu in a) water, b) bone medium between GATE v6.1 and 

FLUKA. 

 

Figure 39. Comparison of b- DPKs for 90Y in a) water, b) bone medium between GATE v6.1 and other MC 

codes. 

 

 

Figure 40. Comparison of b- DPKs for 32P in a) water, b) bone medium between GATE v6.1 and other MC 

codes. 
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Beta DPKs differences were compared according to the equation 10. The comparison 

between GATE and the other MC codes are represented in Figure 41. The differences were 

calculated for scaled distances lower than 1.4 (r/X90 < 1.4).  

More specifically, GATE simulated beta DPKs were compared to those of the EGS4 and 

FLUKA codes for 90Y, FLUKA code for 177Lu and EGSnrc and SMOOPY codes for the 

32P isotope. 

 

Figure 41. Differences between GATE v6.1 and the other MC codes for all the calculated beta DPKs (90Y, 
177Lu and 32P). 

The results show very good agreement and the differences between GATE and the other 

Monte Carlo codes range between 2.5% and 5.0%, with the exception of the SMOOPY 

code, where the discrepancies are about 8.4%. The higher discrepancies are observed for 

bone and the mean difference is equal to 4.2% for 177Lu and 4.7% for 90Y between GATE 

and FLUKA. PENELOPE and FLUKA code in Botta et al. [129] study, have discrepancies 

in case of water <1% and <2% in case of bone. Data comparison of literature reports for 

90Y (in water) for codes EGS4 [134] and FLUKA [129] show differences of about 1.7%. 

Photon (γ) DPKs Validation 

In Figure 42 (a-d) the photon DPK of 111In, 131I, 125I and 99mTc are shown respectively. The 

results are compared to those produced by EGS4 Monte Carlo code in Furhang et al. study 

[133] and both show very good agreement. 
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a)   b)  

c)   d)  

Figure 42. Comparison of a) 111In, b) 125I, c) 131I and d) 99mTc photon DPK between GATE and EGS4. 

More specifically, in 111In DPK maximum values, a difference of 1.4% is observed between 

GATE and EGS4 codes where, in 99mTc the difference of the maximum values is equal to 

1.8%. 

In the case of 125I the difference of the maximum values reaches 10.2%. The differences in 

this region very close to the source could exist because of the used source spectrum taking, 

into account the whole photon spectrum (including the X-rays) of the isotope, instead of 

having only the monoeneretic gamma rays as it was done with the EGS4 code. The mean 

differences between GATE and EGS4, for points at the same distances from the source are 

lower than 2% for all the isotopes. 

Total DPKs 

In Figure 43 (a-m) the generated total DPK for 67Ga, 68Ga, 90Y, 99mTc, 111In, 123I, 124I, 125I, 

131I, 153Sm, 177Lu 186Re and 188Re is presented. In the figures the DPKs are presented for 

one isotope and for the four different transport media. Differences between the absorbed 

doses in each medium can be clearly observed between soft tissue, lung and bone. Water 

and soft tissue have almost the same absorbed dose distribution, due to the density of those 
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materials, which is equal to 1.0 g/cm3. The observed discrepancies between water and soft 

tissue are lower than 1%. Total DPKs for water medium were also calculated for the 177Lu 

and 111In. Thus, the soft tissue at this level can be represented by water. 

a)    b)  

c)   d)  

e)   f)  
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g)   h)  

i)   j)  

k)   l)  

m)  

Figure 43. Total DPKs for 67Ga, 68Ga, 90Y, 99mTc, 111In, 123I, 124I, 125I, 131I, 153Sm, 177Lu 186Re and 188Re in 

water, bone, lung and soft tissue, by GATE v6.1 
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3.3 S-values  

As the use of radiopharmaceuticals in imaging and therapy is increasing, it becomes very 

important to achieve a higher level of accuracy in internal dosimetry on clinical and 

preclinical studies as well. To obtain appropriate absorbed dose response–effect 

relationships, the absorbed dose must be determined as accurately as possible. MC 

simulations combined with computational digital phantoms with accurate anatomic 

description offer novel tools toward the personalized absorbed dose calculation. The MIRD 

schema [157] for internal dosimetry was used in the current study to calculate S-values and 

absorbed doses. The mean absorbed dose is given by: 

𝐷(𝑟𝑇 , 𝑇𝐷) = ∑ ∫ �̃�( 𝑟𝑆, 𝑡)𝑆(𝑟𝑇 ← 𝑟𝑆)𝑑𝑡 
𝑇𝐷

0𝑟𝑇
     (11) 

 , where �̃�( 𝑟𝑆, 𝑡) is the cumulative activity in source tissue 𝑟𝑆 over dose integration 

period𝑇𝐷: 

�̃�( 𝑟𝑆, 𝑇𝐷) = ∫ �̃�( 𝑟𝑆, 𝑡)𝑑𝑡 
𝑇𝐷

0
     (12) 

The S-value is defined as the product of the emitted energy per disintegration and the 

absorbed fraction for the given combination of source and target regions, for the type of 

radiation emitted, divided by the mass of the target region (equation 3). 

𝑆(𝑟𝑇 ← 𝑟𝑆) =
∑ 𝑛𝑖𝐸𝑖𝜑(𝑟𝑇← 𝑟𝑆)𝑖

𝑚
      (13) 

, where ni, Ei and 𝜑(𝑟𝑇← 𝑟𝑆) are the number of nuclear transitions per nuclear transformation, 

the energy per radiation, and the absorbed fraction, respectively. S-values are therefore 

dependent on the geometry of both source and target regions, as well as the quality of the 

emitted radiation. S-values are generally calculated for anatomic models with the MC 

method for both animals and humans taking into account homogenous sources [158]. In 

the present study we are using equation 3 for the calculation of S-values on specific organs 

using homogeneous and heterogeneous whole-body activity distributions. 
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Simulation Parameters for S-values calculation 

This study was conducted on GATE v6.1 using the “Standard” physical model of Geant4 

v9.4 [159]. GATE’s default model describes electron and photon interactions at energies 

ranging from 1 keV to 100 TeV. All the appropriate electromagnetic physical processes 

(photoelectric effect, Compton, Bremsstrahlung, positron-electron annihilation) were 

included in the performed simulations. The Rayleigh process was simulated using the 

Penelope model [160], which is the only available option in the current release of Geant4. 

No cuts, neither variance reduction techniques (VRTs) were applied in the physical 

processes, to speed-up the simulations, as it wasn’t on our aims to study the parameters 

that would increase the statistical precision with the VRTs. Instead, we used the GATElab 

grid to reach as realistic results as possible (in terms of statistics). Voxel-based mouse 

geometry was implemented with the ‘CompressedMatrix’ option while the deposited 

energy was scored at the voxel level of the phantom with ‘DoseActor Edep’. Statistical 

uncertainties were calculated using ‘UncertaintyEdep DoseActor’. The size of DoseActor 

matched the phantom’s resolution. All simulations were carried out in the GateLab grid 

with 500 Central Processing Units (CPUs) used in parallel mode for each simulation [161].  

3.4 Pre-clinical S-values in Nuclear Medical Imaging  

Mice have been extensively used in preclinical research to develop and test new imaging 

and treatment methods for human diseases [162-164]. As the use of radiopharmaceuticals 

in imaging and therapy is increasing, it becomes very important to achieve a higher level 

of accuracy in internal dosimetry on small animal studies as well. To obtain appropriate 

preclinical absorbed dose response–effect relationships, the absorbed dose must be 

determined as precisely as possible. Monte Carlo (MC) simulations combined with 

computational digital phantoms offer novel tools towards absorbed dose calculation and 

the accurate anatomic description of the relevant species. The MOBY (mouse) and ROBY 

(rat) phantoms developed by Segars et al. [115] are based on non-uniform rational B spline 

(NURBS) mathematical models, allowing flexible manipulation of animal organs and body 

by defining a set of control points on each surface. Models are provided to the user as 

interactive programs allowing adaptive scaling of one or more selected organs. 
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Over the past years many authors have used several simulation codes and developed human 

and animal, mathematical, and voxel-based models for dosimetry applications. More 

specifically, Bitar et al.[165] simulated mono-energetic photon and electron sources using 

the MCNP4c2 [166] MC Code. S-values were calculated for 16 beta or beta–gamma 

emitting radionuclides and for a large number of source–target combinations for a 30 g 

mouse. Hindorf et al. [167] studied the parameters that influence the S-value calculation in 

mouse models using geometric shapes 10 organs were defined in voxel format for the 

estimation of self-absorbed dose and cross-absorbed dose. According to their study, organ 

mass and shape, as well as the source–target distance have a noticeable impact on dose 

estimation. Boutaleb et al.[168] calculated S-values with the N-particle MCNPX transport 

code and produced two three-dimensional (3D) segmented datasets of S-values. They 

compared the results and assessed the impact of mouse models for preclinical dosimetry 

on targeted radionuclide therapy. The first dataset was developed using a mouse model 

created by Bitar et al. [169], while the second one originated using the Digimouse model 

[170], which is based on a 28 g normal nude male mouse. 

Absorbed fractions were established by Stabin et al. [171] at discrete energies for electron 

and photon sources assumed to be uniformly distributed throughout 10 source and target 

regions in two realistic voxel-based models of a transgenic mouse and Sprague-Dawley 

rat, generated by a dedicated small-animal CT scanner. Mohammadi and Kinase evaluated 

the photon and electron specific absorbed fractions and S-values using mouse voxel 

phantoms and they investigated the effect of voxel size on S-values for some beta emitters 

such as 131I, 153Sm, 188Re and 90Y [172]. Specific absorbed fractions and S-values were also 

evaluated by Mohammadi et al. in whole bodies and all organs of a voxel-based frog and 

rat models as the source was distributed in the whole body or skeleton [173]. In another 

study, absorbed fractions and S-values have been evaluated for preclinical assessments of 

radiopharmaceuticals using a mouse voxel model [174]. More recently, Mauxion et al. 

[175] generated a 30 g mouse phantom based on the realistic hybrid model MOBY (version 

1). Dosimetric calculations (S-values and specific absorbed fraction) were performed with 

two MC codes (MCNPX v2.7a and GATE v6.1) for 18F, demonstrating that the comparison 

between two “similar” digital mice leads to different S-values. Moreover, a number of 

experiments have been conducted to assess organ mass variations impact on absorbed dose 
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[175]. Xie et al. already assessed variations in dosimetric characteristics as a function of 

total-body mass for several PET probes [176].  

In the current study, the major goal was to create a dataset based on realistic simulations 

of the dosimetric data with high accuracy, in terms of: a) Physics modeling using Geant4, 

and b) Mouse anatomy modeling using 4D-MOBY. Commonly used radiopharmaceuticals 

were tested to define the S-values for several organs of interest in preclinical studies. 

Furthermore, we extended the dosimetric calculations for common PET and SPECT exams, 

generating three whole-body mice based on MOBY, with varying organs’ size (22, 28, 34 

g), so as to specify organ’s size impact on S-value calculation. 

3.4.1 Materials & Methods 

The MOBY mouse computational phantom 

The computational whole-body 4D MOBY mouse phantom (Figure 44) combines the 

realism of a voxelized phantom with the flexibility of a mathematical phantom, based on 

NURBS [115]. The organ shapes are modeled with NURBS surfaces, widely used in 3D 

computer graphics to accurately describe complex 3D surfaces, providing the scientific 

community with a realistic model of the 3D mouse anatomy. This computational mouse 

phantom was used in all simulation in the current study. The phantom’s accompanying 

software generates 3D voxelized representations of the mouse anatomy at any user-defined 

resolution which can be used as attenuation and/or emission map in the GATE MC 

platform [177]. The phantom raw data generated by the MOBY software were transformed 

into interfile format (uint16). The activity maps were derived from literature biodistribution 

studies.  
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Figure 44. (Left) Anterior view of the 4-D MOBY phantom. (Middle) Cardiac and respiratory motions of 

the MOBY phantom. (Right) MicroCT and MicroSPECT images simulated using the phantom. 

Three different mouse models based on MOBY were used in this study; 22 g, 28 g and 34 

g respectively (Figure 45), taking as output the 3D dose maps. The organ masses for each 

model are presented in Table 13. All the three mouse models were saved in voxelized 

format in a 70×70×220 matrix with a 0.5 mm cubic voxel size. The resulting organ and 

body masses were calculated by multiplying each organ volume with its corresponding 

density. All the densities used in this dataset are defined in “Materials Database” of GATE 

[35]. Statistical uncertainties were kept below 10% for all organs.  

a)     b)     c)  

Figure 45. Visualization of a central slice of the three scaled mouse models used: (a) the 22 g, (b) the 28 g, 

and (c) the 34 g mouse models. 
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Table 13. Organ masses of the three mouse models (22, 28, 34 g). 

Organ 
Mass (g) 

22 g 28 g 34 g 

Lung 0.122 0.142 0.159 

Liver 1.787 2.160 2.385 

Kidneys 0.330 0.391 0.451 

Brain 0.573 0.674 0.679 

Marrow 0.819 1.049 1.295 

Thyroid 0.015 0.015 0.019 

Total mass 22 28 34 

The same MOBY 3D image (same size and resolution) was used, for assigning activity in 

each voxel so as to create the emission map. The 18F-FDG bio-distribution inserted in 

MOBY was obtained by Namavari et al. [178] 68Ga-RGD peptides were selected as another 

family of tracers suitable for imaging ανβ3 expression in vivo with PET as described in the 

study of Pohle et al. [179] for a group of 7 animals. The 131I biodistribution, widely used 

in clinical and experimental studies, was studied by Johan Spetz et al. [180], using a group 

of 5 rats. The bio-distribution of 111In-DTPA was derived by Li et al. [181], while the 

biodistribution of 177Lu-TETULOMAB was determined on nude mice without tumor 

xenografts by Repetto-Llamazares et al. [182]. Finally, for the 99mTc-HMPAO study we 

used the biodistribution obtained by Amersham and Nihon [183]. 

Table 14 summarizes the characteristics of the simulated studies, which were performed 

for the creation of the dataset. More specifically, the number of primaries simulated in each 

case and the biodistribution used are presented for each radiopharmaceutical. 

Table 14. Characteristics of the simulated dosimetric studies. 

Radiopharmaceutical 
Number of Primaries 

Biodistribution taken from: 
22 g 28 g 34 g 

18F – FDG 7×107 8×107 1×108 Namavari et al.[178] 

68Ga – RGD 7×107 1×109 1×109 Pohle et al.[179] 

Free – 131I  1×108 2×108 2×108 Johan Spetz et al.[180]  
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111In – DTPA 1×108 1×108 1×108 Li et al.[181] 

177Lu – Tetulomab 3×108 3×108 3×108 Repetto-Llamazares et al.[182] 

99mTc – HMPAO 1×108 8×107 3×109 Amersham and Nihon[183] 

Validation of preclinical S-values calculations 

The validation of S-value calculation was established in two different steps. Initially, the 

verification of extracted S-values was done according to the 30 g mouse model reported by 

Keenan et al. [184] We modified the original MOBY (version 2) model by inserting a 18F 

source acting as either a source or an organ for various combinations. The densities and 

material compositions were defined for air, lungs, bones and soft tissues, based on the study 

of Cristy and Eckerman [185], so as to be directly comparable to the work of Keenan et al. 

[184]. The phantom was generated as a 3D rectangular matrix of 45×45×162 voxels with 

a voxel size of 0.625×0.625×0.625 mm3 in full exhale respiratory phase. Most organ 

masses matched to the reference model with discrepancies ranging between 0.12% and 

7.9%. Total body mass, lungs and liver reached larger differences (7.8%, 50% and 80% 

respectively), because of the different MOBY version and the lack of information on the 

exact scaling parameters of the reference phantom.  

Secondly, we validated the procedure of extracting S-values in different organs using 

heterogeneous source distributions, as shown in Table 14. We executed a single simulation, 

with different activities in four separate organs calculating the S-value and the absorbed 

dose in these four target organs. In this simulation we took into account the self-absorbed 

dose per organ plus the absorbed dose from the other three organs respectively. 

Consequently, we used Keenan’s et al. [184] extracted S-values to calculate the absorbed 

dose on these four single organ-targets, using the four corresponding S-values of the organ-

sources. 

More specifically, absorbed doses for 18F were calculated simulating a 30 g whole-body 

mouse that had a heterogeneous source distribution with activity in kidneys, spleen, 

pancreas, and brain. In Table 15 the activity proportions in each individual organ are 

reported in MBq. The deposited energy was calculated in these four target organs using a 

3D dose map while the S-value for each organ was extracted with the aid of equation 13. 

For validation reasons, we inserted the same activity (as in our simulation) in the S-values 

reported in Kennan’s study and we summed the absorbed dose of every one of the four S-
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values with the same target. The resulted absorbed doses were compared to the absorbed 

doses resulting from our simulation extracted S-values. 

Table 15. Simulated activity distribution per organ in a 30 g mouse model. 

Source Mass (g) Activity (MBq) Total primaries 

Kidneys 0.375 50.95 

3.8×108 
Spleen 0.136 48.69 

Pancreas 0.384 146.24 

Brain 0.581 13.69 

Our method on generating S-values in the voxelized model using the GATE platform was 

further validated against other approaches [168]. A 30 g mouse was simulated with 5×108 

primaries and the entire emission spectrum of 131I was used. The source-organ was the liver 

while the liver, the kidneys and the lungs were the target-organs.  

3.4.2 Results 

Radionuclide preclinical S-values 

Calculated S-values for all the studies and for the three mouse models are presented in 

Table 16, accompanied by their respective statistical uncertainties, as they were calculated 

in GATE. 3D dose maps were created as output for each study. The dosimetric results were 

compared for the three different mouse models for the same radiopharmaceutical each time. 

Small, but noticeable, differences are observed between the three models, demonstrating 

that there is an effect due to their different size. More specifically, the S-values 

demonstrated differences between 0.41% - 50.00 % for the 22, 28 and 34 g mouse models. 

The smallest difference (0.41%) was reached in111In-DTPA for brain examination for a 

15.04% mass difference while the biggest one (50%) was observed in the 99Tc-HMPAO 

for thyroid examination for a 0.52% mass difference. 
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Table 16. S-values (Gy/Bq·sec) for whole body source for 18F-FDG, 68Ga-RGD and 111In-DTPA for the 

22, 28, and the 34 g mouse models (statistical uncertainties are given in parentheses). 

Target 18F-FDG 68Ga-RGD 111In-DTPA 

 22 g 28 g 34 g 22 g 28 g 34 g 22 g 28 g 34 g 

Lung 2.29E-12 

(3.5) 

2.00E-12 

(4.19) 

1.69E-12 

(3.76) 

3.59E-12 

(2.79) 

3.18E-12 

(0.87) 

2.72E-12 

(0.78) 

1.11E-12 

(4.08) 

9.51E-13 

(4.47) 

8.24E-13 

(4.50) 

Liver 2.23E-12 

(3.00) 

1.94E-12 

(3.69) 

1.71E-12 

(3.2) 

1.30E-11 

(1.29) 

1.18E-11 

(0.41) 

1.06E-11 

(0.36) 

4.03E-12 

(1.79) 

3.35E-13 

(1.98) 

3.04E-12 

(1.99) 

Kidney 8.54E-12 

(1.58) 

7.40E-12 

(1.94) 

6.18E-12 

(1.69) 

1.36E-11 

(1.29) 

1.23E-11 

(0.41) 

1.05E-11 

(0.36) 

4.18E-12 

(1.81) 

3.46E-12 

(2.01) 

2.99E-12 

(2.03) 

Brain 2.43E-12 

(2.78) 

2.38E-12 

(3.42) 

1.98E-12 

(3.01) 

3.96E-13 

(7.87) 

2.88E-13 

(3.15) 

2.32E-13 

(2.77) 

9.21E-14 

(11.1) 

9.18E-14 

(11.90) 

7.64E-14 

(12.06) 

Marrow 7.95E-13 

(5.78) 

6.81E-13 

(7.8) 

5.71E-13 

(6.32) 

1.57E-12 

(4.42) 

1.36E-12 

(1.65) 

1.10E-12 

(1.34) 

3.43E-13 

(6.89) 

2. 23E-13 

(7.79) 

2.38E-13 

(7.91) 

Thyroid 4.95E-13 

(6.9) 

4.35E-13 

(9.03) 

3.58E-13 

(7.35) 

1.30E-12 

(4.25) 

1.23E-12 

(1.19) 

1.01E-12 

(1.19) 

1.92E-13 

(7.9) 

1.61E-13 

(8.68) 

1.42E-13 

(8.72) 

Table 17. S-values (Gy/Bq·sec) for whole body source for 177Lu-TETULOMAB, 99mTc-HMPAO and 131I 

for the 22, 28, and the 34 g mouse models (statistical uncertainties are given in parentheses). 

 

 

Target 177Lu-TETULOMAB 99mTc-HMPAO 131I 

 22 g 28 g 34 g 22 g 28 g 34 g 22 g 28 g 34 g 

Lung 4.39E-12 

(1.42) 

3.71E-12 

(1.75) 

3.18E-12 

(1.57) 

4.66E-12 

(2.14) 

3.86E-12 

(3.01) 

2.69E-12 

(0.58) 

7.32E-13 

(5.29) 

6.47E-13 

(4.19) 

5.54E-13 

(4.01) 

Liver 8.78E-12 

(0.75) 

7.34E-12 

(0.95) 

6.63E-12 

(0.83) 

6.90E-12 

(4.56) 

5.66E-13 

(5.47) 

4.33E-13 

(1.03) 

9.79E-13 

(5.22) 

8.69E-13 

(4.10) 

7.62E-13 

(3.93) 

Kidney 5.79 E-12 

(0.96) 

4.83E-12 

(1.21) 

4.16E-12 

(1.05) 

2.52E-12 

(2.42) 

2.05E-12 

(2.83) 

1.47E-12 

(0.57) 

8.92E-13 

(4.00) 

8.03E-13 

(3.15) 

6.75E-13 

(3.03) 

Brain 4.91 E-14 

(10.59) 

5.36E-14 

(11.25) 

4.31E-14 

(9.9) 

6.02E-13 

(4.52) 

5.88E-13 

(5.25) 

4.14E-13 

(1.07) 

3.49 E-13 

(6.33) 

3.10E-13 

(5.33) 

2.81E-13 

(4.98) 

Marrow 1.46 E-13 

(8.51) 

1.26E-13 

(10.9) 

1.15E-13 

(8.47) 

3.56E-13 

(7.55) 

2.89E-13 

(8.9) 

2.08E-13 

(1.7) 

5.65E-13 

(7.66) 

4.47E-13 

(6.22) 

3.40E-13 

(5.96) 

Thyroid 1.92 E-14 

(9.20) 

1.85E-14 

(10.45) 

1.72E-14 

(8.87) 

6.22E-14 

(9.13) 

4.69E-14 

(9.25) 

3.13E-14 

(2.63) 

7.86E-10 

(0.13) 

6.87E-10 

(0.10) 

5.91E-13 

(0.10) 
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Validation of preclinical S-values calculation 

The comparison against Keenan’s phantom showed a good agreement. For organ mass 

differences of less than 2.39%, S-values differed from 0.21% to 13.5%. Calculated S-

values for several source and target organs are compared (Table 18). Calculations were 

obtained using MOBY (version 2) in GATE (current study), and values published by 

Keenan et al. [184]. All statistical uncertainties were kept below 10% for all studied organs. 

The exported differences are acceptable because of the organ masses variation, as already 

reported in the study of Mauxion et al. [175].  

Table 18. S-values for 18F using MOBY in the current study and the respective S-values from the Keenan 

et al. study. Differences of over 15% are highlighted in bold. 

Target 

organ 
Model 

Organ mass 

(g) 

S-values (Gy/Bq·sec) 

Source organ 

Kidneys Spleen Pancreas Brain 

Kidneys 

Current study 0.38 9.09E-11 1.36E-12 2.7E-12 2.77E-14 

Keenan et al. 0.37 9.68E-11 1.26E-12 2.34E-12 2.57E-14 

Difference 0.47% 6.03% 7.68% 8.96% 7.53% 

Heart 

Current study 0.33 1.03E-13 1.30E-13 1.64E-13 9.15E-14 

Keenan et al. 0.29 1.03E-13 1.12E-13 1.75E-13 9.24E-14 

Difference 0.13% 0.61% 13.50% 6.29% 0.96% 

Spleen 

Current study 0.14 1.36E-12 2.25E-10 4.01E-12 3.07E-14 

Keenan et al. 0.14 1.25E-12 2.56E-10 3.57E-12 2.81E-14 

Difference 0% 8.41% 12.20% 10.96% 8.58% 

Pancreas 

Current study 0.38 2.62E-12 4.10E-12 7.99E-11 3.10E-14 

Keenan et al. 0.38 2.34E-12 3.61E-12 9.15E-11 3.58E-14 

Difference 1.60% 10.85% 12.00% 12.5% 13.22% 

Brain 

Current study 0.58 2.85E-14 3.15E-14 3.16E-14 6.01E-11 

Keenan et al. 0.57 2.86E-14 3.02E-14 3.02E-14 6.71E-11 

Difference 2.39% 0.21% 4.15% 4.45% 10.38% 
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Table 19 presents S-values (Gy/Bq·sec) and absorbed doses (mGy) for the 30 g mouse 

model using our extracted S-values with a heterogeneous activity distribution within the 

body. Column three contains the resulted absorbed doses from the S-values extracted for 

each individual organ, taking into account a single organ source. The absorbed dose was 

calculated summing the four absorbed doses from each organ source, multiplying each S-

value with the administered activity used in our simulation. Lastly, the comparison of the 

absorbed doses in mGy calculated from S-values extracted for homogenous and 

heterogeneous sources is presented in percentage difference. The difference of the organ 

masses is already reported in Table 18. 

Table 19. S-values (Gy/Bq·sec), and absorbed doses (mGy) for the 30 g mouse model, extracted from the 

heterogeneous biodistribution using the primaries emitted from all the sources. 

 

In order to further validate the method of calculating S-values in several MOBY organs 

using GATE, an 131I source was used. Table 20 presents the differences in S-values 

generated using a 30 g mouse model (MOBY) against the Voxel-based and the Digimouse 

models [167, 169, 170]. The characteristics of these models are presented in Table 21. The 

calculated differences between MOBY vs. Bitar’s model [169] and MOBY vs. Dogdas’ 

model [170] are comparable to the differences calculated between those two studies 

(Bitar’s vs. Dogdas’ models) [169, 170]. Minimum differences for kidneys (16.24%) and 

lungs (29.20%) were observed between MOBY and Dogdas’ phantom, while minimum 

differences for liver (14.05%) were observed between MOBY and Bitar’s phantom. Larger 

differences were observed when comparing to the MCNPX code mainly due to the errors 

Target 

organ 

S-values 

(Gy/Bq·sec) 

Heterogeneous 

source distribution 

Absorbed dose 

(mGy) 

Heterogeneous 

source distribution 

Absorbed 

dose (mGy) 

Keenan et al. 

S-values 

Difference % 

 

Kidneys 1.17E-11 4.49 5.34 15.8 

Spleen 8.66E-11 33.16 25.96 21.7 

Pancreas 1.25E-11 4.80 13.7 6.49 

Brain 2.15E-11 8.27 9.20 10.20 
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raised by the “model generator” platform, which scales the various models to the same total 

mass and does not correctly model the variations in organ size, shape, and location [168]. 

Consequently, absorbed fractions or S-values obtained from different MOBY phantoms 

with reliable scaling can be more precise. 

Table 20. S-values (liver source) for a 30 g mouse with 131I source using GATE (MOBY) and MCNPX 

(Voxel-based and Digimouse models). 

S-values (Gy/Bq·sec) Difference % 

Target MOBY 

(GATE) 

Voxel-based 

(MCNPX) 

Digimouse 

(MCNPX) 

MOBY 

 vs. 

Voxel-based 

MOBY 

vs. 

Digimouse 

Voxel-based 

vs. 

Digimouse 

Liver 1.39×10-11 1.60×10-11 1.14×10-11 14.05 19.76 33.57 

Kidneys 2.15×10-13 3.42×10-13 2.53×10-13 45.60 16.24 29.91 

Lungs 6.58×10-13 1.55×10-12 8.83×10-13 80.79 29.20 54.83 

Table 21. Characteristics of the models studied in the current study. 

Reference 
GATE MCNPX 

MOBY Bitar et al.[169] Dogdas et al.[170] 

Mouse weight 30 g 30 g 28 g 

Matrix size 70×70×20 250×450×111 190×496×104 

Voxel size (mm3) 0.5×0.5×0.5 0.222×0.222×0.2 0.2×0.2×0.2 

3.5 Pediatric S-values in Nuclear Medical imaging 

Radiation Treatment remains among the most common therapeutic techniques, mainly for 

cancer treatment. Radiation dose calculations from internal sources of radioactivity have 

been a challenge to our scientific society over the last few decades, from the simple thyroid 

self-dose estimates of Marinelli and Quimby [186] to the three dimensional dose maps and 

dose-volume histograms for individual organs and tumors [187].  

Committee II of the ICRP was given the task of developing recommended limits for the 

maximum permissible amounts of radionuclides that could be delivered to the human body 

[188]. The committee modeled the human body as a set of separate spheres, whose size 

and composition were based on the characteristics of the “standard man”. The MIRD 

method [189] for internal dosimetry has been used for many years, employing S-values in 

combination with agent-specific biokinetic data, to obtain organ doses for various 
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radionuclides. Dose estimates thus derived, are applicable only to an individual who is well 

represented by the size and shape of the Reference Man. Even then, there may be 

considerable differences between the real structures of the body and the stylized 

representations of it in the computerized phantom. Nonetheless, this has been the state of 

the art for almost two decades, and is still widely used in internal dose assessment. The 

development of the Cristy and Eckerman [190] phantoms allowed dose calculations for 

different individuals, for variable size and age. Six phantoms were developed, which were 

assumed to represent children and adults of both genders. Absorbed fractions for photons 

at discrete energies were published for these phantoms, which contained approximately 25 

source and target regions. The S-values datasets were made available in the MIRDOSE 

computer software [191]. 

Patient specific dosimetry is of high interest in pediatric applications where exposure to 

ionizing radiation is widely debated. Exposure to radioactivity can damage DNA directly 

or indirectly. Pediatric patients are more susceptible to radiation-induced risks than adult 

patients owing to their more rapidly growing tissues, their wider and increased cellular 

distribution of skeletal active marrow, and their greater post-exposure life expectancy. 

Children have a higher risk of developing cancer compared to adults receiving the 

equivalent dose [192]. Recent studies conducted on a large pediatric population concluded 

that an increase in cancer incidence could be attributed to ionizing radiation.  In addition, 

exposure to ionizing radiation in children has a longer period in which it may cause 

developing of radiation-induced complications that may include cancer or as future parents 

risk for passing on radiation-induced genetic defects in the next generations23. Diagnostic 

applications (CT / SPECT / PET) and therapeutic schemes in Targeted Radionuclide 

Therapy (TRT) have to be reconsidered taking into account the individual characteristics 

of pediatric patients.  

Over the past 3 decades, administered doses in pediatric nuclear medicine have evolved 

through clinical experience, taking into account the radiation-absorbed dose to the patient, 

the type of study required, available photon flux, instrumentation, and amount of time 

needed to perform the examination. Estimates of administered activities for children older 

than 1 year old have typically been based on the recommended adult dose, corrected for 

body mass or body surface area [193, 194]. MIRD Pamphlet No. 17 in 1999 presented the 
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S-values at voxel level for the dosimetry of non-uniform activity distribution of radiation 

absorbed dose in body organs and tissues [195]. In 2008 the EANM (European Association 

of Nuclear Medicine) published their pediatric dosage card 

(www.eanm.org/publications/dosage_calculator.php?navId=285)  [196] while in 2011 the 

North American consensus guidelines recommended a set of administered activities for 

pediatric nuclear medicine.  

The development of accurate anatomical virtual anthropomorphic models has reached a 

mature state for clinical exploitation. Monte Carlo (MC) simulations, combined with 

accurate pediatric computational models can serve as reference for the accurate 

determination of absorbed dose, towards personalized dosimetry. A recent study uses 

realistic pediatric computational models for the assessment of radiation dose, calculating 

S-values [197]. The absorbed dose on organs of interest is crucial for children, where 

significant organ differentiations exist compared to the adult population. The known 

anatomy of the models and the MC tracking of the particles will serve as the ground truth 

against the resulted dose maps. Developing and optimizing dosimetry protocols in pediatric 

applications is therefore of great social interest and worldwide health scientific community. 

Accordingly, to the preclinical calculations studied in Section 3.4 we try to evaluate 

dosimetric techniques in pediatric nuclear imaging applications. Our ongoing investigation 

is based on the ground truth served by the computerized models incorporated in realistic 

Monte Carlo simulations. The major goal is to quantify the S-values of the most critical 

organs in children’s anatomy (1-15 years old) and create a general tool for the total 

calculation of the absorbed dose, according to the specified radiopharmaceutical 

biodistribution, the mass of the child and the administered activity. 

 3.5.1 Materials & Methods 

Pediatric computational phantoms 

For the evaluation and the optimization of the dosimetric pediatric protocols, calculating 

the S-values, we prepared a population of pediatric phantoms based on the XCAT [198] 

and the IT’IS [114] series models. In this study we tried to standardize the methodology 

for the calculation of S-values based on whole-body bio-distributions derived from clinical 

data. Our future final goal is to create a general tool for the absorbed dose assessment per 

http://www.eanm.org/publications/dosage_calculator.php?navId=285


III Specific Part                             Chapter 3: Dosimetry Optimization 

  100 

  

organ, taking into account specific characteristics of the patients such as the age, gender, 

weight, height, radiopharmaceutical and the administered activity. For this purpose, a 

population of pediatric computational phantoms is needed so as to create a database with 

as much different anatomical characteristics as possible. For this study we have created a 

population of 26 different high-resolution digital models both girls and boys in the range 

of 1-15 years old. The first 6 models were provided by IT’IS Foundation (3 boys and 3 

girls) with ~70 different organs been separated, while the next 28 models belong to the 

pediatric dataset of XCAT, including 11 boys and 11 girls. Figure 46 shows representative 

phantoms of the two series. 

a)    b)  

Figure 46. Indicative pediatric computational models from a) IT’IS Foundation and b) XCAT series. 

All the phantoms have been modified to interfile unsigned integer 16 bit (uint16) format in 

order to import them as attenuation and activity maps in GATE. 

Clinical radiopharmaceutical biodistributions 

In order to calculated the S-values we used the previously validated method (in Section 3.4 

for preclinical studies) using whole-body biodistribution of commonly used 

radiopharmaceuticals as a source. The S-values of critical organs of interest (targets) were 

calculated, taking into account the self-organ deposited energy. 99mTc-MIBI [119] and 18F-

FDG biodistributions were derived from literature in 3 different post-injection times (30 

min, 2 h and 6 h). 123I-mIBG, 131I-NaI and 153Sm-EDTMP biodistributions were derived 

from clinical single photon scintigraphy images in 4 different post-injection times. 
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Subsequently, we provide an example of the extraction of the activity distribution within 

the body for 123I-mIBG source. For this case the scintigraphy data of two children patients 

were used; 5 and 7 years old, 18.0 and 31.2 kg respectively. Regions of interest (ROIs) 

delineated on the organs with the highest activity concentrations in 4 different times. The 

organs that were chosen to be calculated are: heart, kidneys, lungs, liver, salivary glands, 

bladder and remainder body. Figure 47 represents indicative ROIs in anterior and posterior 

projection in liver and lungs in one children patient. 

a)    b)  

Figure 47. ROIs selection in 7 years old patient, a) in liver and b) in lungs in anterior and posterior 

projection. 

The specified ROIs were selected 0 sec, 3 h, 23 h and 45 h after the injection so as to 

calculate the respective time activity curves (TAC) for each organ. TACs provide the 

proportion of the concentrated activity in a specific organ during time and are individual 

for each radiopharmaceutical per organ and for every single patient. Figure 48  shows the 

representative TACs, extracted from the ROIs in Figure 47. 
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a)  

b)  

Figure 48. Extracted TACs from ROIs in a) liver and b) lungs, in a 7 years old patient. 

Based on the clinical extracted TACs the activity concentration is calculated so as to be 

inserted as activity map in GATE. More specifically according to the known number of 

voxels per organ and the density of the media that composes the organ, the exact volume 
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of every organ of interest is known and thus we obtain the appropriate activity in each 

voxel. 

 3.5.2 Results 

In the present section, initial results of the pediatric whole-body S-values calculations are 

presented. The output of each simulation is 3D dose map including the deposited energy in 

each voxel. The resolution of the “dose actors” was chosen to be equal to the voxel size of 

the attenuation and the activity maps (voxel size = 2.0 mm). The deposited energy per 

organ was calculated comparing voxel-by-voxel the computational phantom and the 

simulated dose map. The organ is delineated in the computational phantom (creating an 

organ mask) and then the same voxels are measured in the 3D dose map as shown in Figure 

49. 

 

Figure 49. a) Phantom model with selected ROI in kidney, b) 3D simulated dose map, c) extracted organ to 

serve as ground truth for the boarders of the dose map. 

All the simulations were applied with ~109 number of primaries keeping the statistical 

uncertainties lower than 10% (Table 22). Figure 50 and Figure 51 present the S-values 

calculated in 6 organs of interest (Heart, Kidneys, Liver, Testis/Ovaries, Pancreas, Brain) 

in one child (8 years old boy – IT’IS series) for 18F-FDG and for 99mTc-MIBI respectively. 

The characteristics of the 8 y old boy phantom are presented in Table 23, including the 

organ masses. 
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Figure 50. S-values variation for an 8 y old boy (18F-FDG) 30 min, 1.5 h and 4 h post injection time. 

 

 Figure 51. S-values variation for an 8 y old boy (99mTc-MIBI) 30 min, 2 h and 6 h post injection time.  

Table 22. Percentage statistical uncertainties on the calculated S-values per organ of interest. 

% Statistical Uncertainty 

Organ 18F-FDG 99mTc-MIBI 

Pancreas 3.9 2.8 

Liver 4.9 4.5 

Kidneys 2.6 1.7 

Brain 4.2 5.2 

Testis 7.5 4.1 

Heart 3.7 4.8 
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Table 23. Characteristics of the computational phantom used for the S-values calculation. 

8 years old boy 

Weight 25.6 Kg 

Voxel Size 2.0 mm 

Num. of Voxels 19722024 

Organ Mass Num. of Voxels 

Heart 310.3 36940 

Kidney 161.3 19204 

Liver 891.0 105073 

Testis 1.2 145 

Pancreas 8.9 1069 

Brain 1638.9 198987 

Accordingly, the same phantom was used for the calculation of the clinical extracted 

biodistributions for 123I-mIBG (from TACs). The variation of the S-values in each organ 

was calculated and is depicted in Figure 52. 

a)  b)  

c)  d)  
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e)  f)  

Figure 52. S-values variation for an 8 y old boy (123I-mIBG) 0 h, 3.01 h, 23.15 h and 45.84 h post injection 

time. 
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Chapter 4:  Results Analysis - Discussion 

4.1 Nuclear Medical Imaging 

Freely available datasets are of major importance in medical physics research, since they 

can provide reference data, methods and tools to compare results of different teams, as well 

as overcome resource limitations. However, in the field of Nuclear Medicine (PET and 

SPECT) the existence of simulated datasets, including the corresponding clinical images, 

is very limited in number, realism and variability. Although MC simulations have played 

a crucial role in the investigation of several algorithms for image processing and the 

evaluation of acquisition protocols on clinical systems, no reference dataset exists, which 

could be exploited by several groups that are working in the field. 

In order to create a generalized database including, providing realistic clinical and 

preclinical data, we tried to model and use some already simulated clinical and preclinical 

scanners. In order to use MC simulations for producing accurately realistic simulated data, 

the model of the scanner has to be well validated for several parameters: design, materials, 

count rate, sensitivity, spatial resolution, energy resolution, dead time etc. For the purposes 

of this thesis we simulated and validated the ECAM SPECT Dual-head (by Siemens) and 

a small animal SPECT imaging system existing in our laboratory. Both systems were 

validated for their sensitivity and spatial resolution comparing the simulated results to 

experimental ones. Furthermore, the clinical PET Allegro (by Philips) and Biograph-6 (by 

Siemens) previously validated in GATE were used for the execution of PET realistic 

simulations. 

In our study, a dataset of oncological simulated data was created, based on the GATE 

toolkit that provides high precision in the physical modeling (using Geant4 code) compared 

to other MC codes. To overcome computational limitations, we used the GateLab grid for 

our simulations, resulting in statistics similar to those of clinical protocols. We did not use 

any speed up methods like VRTs, cuts in physics or accelerated tracking algorithms for the 

particle transportation, although their application and effect on results accuracy can be a 

subject for future research. In addition, only one bed position was simulated and the effect 

from scattered photons originating from neighboring beds was not assessed.  
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The developed dataset, including the sinograms of the simulated data, is freely available to 

interested researchers for further parameter testing. In all cases the original corresponding 

patient is provided with the simulated one.  Several alternative approaches could be tested 

in reconstruction image correction and image processing at the different simulations of the 

same patient, for evaluation purposes. Moreover, it can be used to “predict” the clinical 

output when using an alternative clinical scanner or a different acquisition protocol. 

Simulated data resulted from simulations using a model of the Philips PET Allegro system. 

Moreover, simulated data of the same patients using the Biograph-6 PET system was 

included as the scanner has been previously accurately simulated. The added value and 

main new result of this work is that, in order to accurately simulate tumor heterogeneity, it 

is necessary to include a PVC step before introducing PET images as an activity input to 

GATE simulations. This step constitutes an alternative strategy to what has already been 

suggested before [88]. 

The presented database is based on flexible computational anthropomorphic models 

(NCAT and Zubal). The patient’s variability was taken into account in two different levels. 

Firstly, the anatomy of the NCAT phantom was adapted to the clinical CT data, and then 

the 18F-FDG distribution was extracted based on the corresponding PET images. This 

procedure is an easily reproducible one if adequate data are available, thus allowing 

producing a larger dataset. Realistic tumors in shape and in FDG uptake variability were 

modeled inside the phantoms. The correction of the PVE, which is responsible for the 

limited resolution in the borders of heterogeneous areas, was tested in the present study, by 

simulating the realistic tumors with contrast enhancement in the inserted distribution. 

Previously reported studies had also shown that insertion of the activity map with higher 

spatial resolution than usual could increase the quality of the simulated data in order to be 

comparable to the clinical ones [88]. Using original clinical images, without any 

preprocessing, as an input to a GATE simulation is a common mistake and will lead to 

more blurred simulated images, since the factors that limit image quality will be practically 

duplicated in the simulation.  

Our purpose was to standardize a method for accurate / realistic MC simulations within the 

tumors incorporating patient’s characteristics and anthropomorphic computational 

phantoms. The process and the effect of modeling realistic PET (18F-FDG) tumor 



IV Conclusion                   Chapter 4: Results Analysis - Discussion 

  110 

  

simulations, incorporating tumor variability, voxel based heterogeneity and partial volume 

correction has been analyzed. Seven patients were modeled using the NCAT and the Zubal 

phantoms, creating 7 different datasets of oncology PET situations. Extraction of textural 

characterization in the activity heterogeneity as well as profiles within the tumors resulted 

in highly realistic images. PVC simulated data (reconstructed with the STIR software) were 

comparable to the corresponding clinical images with the less differences.  

In conclusion, the oncology database “OncoBase” has been developed from raw data and 

includes the simulated outputs of clinical data, the respective sinograms (in STIR format) 

and the corresponding clinical PET data. This database is freely available in 

www.med.upatras.gr/oncobase/. 

As previously mentioned an open database can play significant role in medical physics 

research, since it can provide reference data, methods and tools to compare results of 

different groups, as well as overcome computational resources limitations. In the field of 

nuclear medical imaging (PET and SPECT) the existence of simulated datasets is very 

limited in number, accuracy and variability. Moreover, MC calculations can provide the 

ground truth in order to validate and evaluate different acquisition protocols, processing 

tools and reconstruction algorithms. By combining the advantages of MC techniques with 

the reliability of several computational models and the evolution of computer science, 

medical imaging protocols can be optimized in order to reduce the absorbed dose in 

patients and incorporate their personalized characteristics. 

The created PET “OncoBase” dataset was included in a more general database with 31 

realistic simulated acquisitions in total. 14 of them are the PET oncological cases, while 13 

of them refer to clinical SPECT acquisitions and the rest 4 preclinical studies using the 

MOBY mouse model.  

At the moment our work is focused on calculating the dosimetric data of the presented 

simulations. This provides additional info to the imaging applications and the dose per 

organ is provided according to the activity distribution and the respective computational 

model. In order to achieve this goal, all the sinograms of the simulations are available since 

this is a necessary tool for further investigation of the data. The standardization of high 

realistic nuclear imaging simulations is of high interest, as our future scope is to study 

personalized imaging protocols. In conclusion, the nuclear medical imaging “NMI_Base” 

http://www.med.upatras.gr/oncobase/
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database, has been developed incorporating realistic simulations of several scanners using 

computational models. The simulated database is freely available in 

www.bme.teiath.gr/ni/EnglishVersion/nuc_engl.html and will be continuously updated, by 

including more datasets of SPECT and PET clinical and preclinical. 

4.2 Nuclear Medicine Radiation Dosimetry 

4.2.1 DPKs 

GATE has been initially designed for the simulation and optimization of NMI systems, as 

well as the optimization of reconstruction and correction algorithms. However, the latest 

versions extend its applications to the fields of radiotherapy and dosimetry, thus making 

validation against other existing MC codes an absolutely necessary process. GATE’s tools 

allow importing medical images for making patient specific 3D absorbed dose calculations. 

However, even though realistic dosimetric simulations based on CT/MRI and SPECT/PET 

data are possible, they are computationally demanding and, at the moment, cannot be used 

in clinical routine. For this reason, a hybrid approach that would use both patient anatomic 

data and material based kernel convolution would be of interest. To this end a first step is 

the validation of GATE for DPKs calculation, as well as the construction of a total DPKs 

database. 

During this thesis we have performed an extensive literature search of published DPKs and 

compared GATE accuracy in simulating DPKs for monoenergetic sources, electrons, 

photons, as well as their combinations. In all cases GATE results were comparable to 

previously published data to demonstrate the appropriateness of GATE Monte Carlo code 

as an adequate tool for dose calculations in the field of nuclear medicine. For 

monoenergetic electron sources, the larger discrepancies were observed for low energy 

emitting sources, especially 10 keV and 15 keV. More specifically, differences of almost 

~6% were observed when comparing GATE with FLUKA and MCNP4C. At energies 

higher than 50 keV the discrepancies were lower than 5.0%, with the exception for the 

EGS4-PRESTA (for 500 keV) and FLUKA (for 1 MeV in bone). 

For beta radionuclides the results showed discrepancies close to 4.0% when comparing 

with FLUKA and EGS. In the study of Botta et al.[129] the discrepancies for the beta 

isotopes between PENELOPE and FLUKA were no higher than 2%. In that case the same 

http://www.bme.teiath.gr/ni/EnglishVersion/nuc_engl.html
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beta spectra were used, as in the present study, where the beta spectra were derived from 

the LBNL database.[154] These slightly higher discrepancies observed, are acceptable as 

different algorithms are applied in each code and the final result depends on the used 

simulation parameters. Finally, the photon DPKs showed discrepancies with a mean value 

lower than 2% when compared to the kernels produced by EGS4. In case of patient 

dosimetry these differences would have a minor impact as they are lower than the 

uncertainty normally affecting internal dose estimation. 

 A larger difference was observed in the maximum value of 125I photon DPK which was 

equal to 10.2%. This resulted from the fact that we chose to simulate the whole gamma 

spectrum of the isotope instead of using only the gamma monoenergetic emission, as it was 

done with the EGS4 code. The difference of the deposited dose due to the low energy 

photons is observable as 125I emits very low energy photons compared to 131I and 111In. For 

these two isotopes, the “ion” source was also used, taking into account the whole photon 

spectrum, but the contribution of low energy emissions is very low. A complete comparison 

of GATE v6.1 against various codes is provided with their respective percentage 

differences. 

Discrepancies among the codes can be expected as different Monte Carlo packages use 

different simulation algorithms. In GATE many parameters still need to be tested in detail 

for accurate dosimetric simulations as it is mentioned in the study of Maigne et al..[134] 

More specifically, electron step limiter plays a crucial role, which should be further 

investigated. Preliminary simulations have been implemented in order to choose an 

appropriate value of the “electronStepLimiter” for the purpose of this study. As it was 

discussed briefly in the section II.C, the electronStepLimiter parameter can alter the results. 

We have observed the following behavior; as smaller was the specific parameter the 

generated profile of the DPK was shifted in left, closer to the point source. In this study the 

values that were set for the electronStepLimiter, were determined so as to have comparable 

DPKs to the DPKs produced by other MC codes. An extended investigation of the 

influence of the parameter should be done, so as to standardize this parameter for each 

energy, as we also observed that for low energy electrons, this parameter should be bigger 

than higher energies.  
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Following GATE validation, a novel dataset of total DPKs was generated for three different 

media namely water, bone and lung and for the most widely used isotopes in nuclear 

medicine. Reported variations according to the material variation show that the assumption 

of using water based kernels for absorbed dose calculation using kernel convolution is not 

a sufficient approach. Convolution algorithms should be modified to take into account 

patient anatomic information, which can be easily extracted from a CT scan. Although the 

absorbed dose in soft tissue and water is almost the same, the calculation of DPKs for other 

materials could be further explored; GATE materials database accurately describes various 

organs and tissues and provides options to insert new ones. However, in this study DPKs 

in soft tissue were generated only for 111In, 90Y and 177Lu. Since no significant differences 

were observed (for those isotopes), the rest of the dataset includes the DPKs generated only 

for bone, lung and water. 

Total DPKs have been calculated using the GATE Monte Carlo toolkit for a variety of 

isotopes that are commonly used in nuclear medicine, both for imaging and 

radioimmunotherapy applications. The DPKs were compared against published data for 

different Monte Carlo codes and very good agreement was observed for electrons, beta 

particles, photons, as well as full isotope spectra. Discrepancies of the maximum values 

were ~6%, which is a typical difference among other Monte Carlo packages. A novel and 

complete dataset was produced, which extends the published DPKs to other tissues that 

exist in the human body, e.g. bone and lung. In addition, this dataset includes several 

radioisotopes used in nuclear medicine, for which total DPKs did not exist and is hereby 

publicly available. This dataset can be very important in patient-specific dosimetry for the 

implementation of a hybrid absorbed dose calculation method that will combine analytical 

convolution methods and patient specific anatomical information. It supports the 

appropriateness of GATE MC code as an adequate tool for absorbed dose calculations in 

the field of NM.  

4.2.1 S-values 

Animal dosimetry gains continuously increased interest as molecular imaging is applied in 

new domains (e.g. nanotechnology, theranostics) as a standard tool for studying the 

biodistribution of novel biomolecules or molecular mechanisms [199]. The detailed study 
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of all parameters on the applied protocols is required, to assess possible effects on results 

interpretation. The current trend is toward repeated studies in small animals and 

minimization of injected dose, thus dosimetry needs to be as accurate as possible. The 

choice of the used radionuclide or radiopharmaceutical can lead to significant differences 

and the standardization of a methodology for in silico dose assessment can provide an 

accurate estimation when designing in vivo protocols. 

Incorporating the precise physics modeling of GATE (by Geant4 code) with the MOBY 

phantom we produced realistic preclinical dosimetric data to serve as a gold standard [200]. 

In our study 3 mouse models were used; 22, 28 and 34 g respectively, based on real 

preclinical specific biodistributions to calculate the S-values of 6 radioisotopes (18F, 68Ga, 

131I, 111In, 177Lu, and 99mTc). Whole body activity distributions were used as the source 

organ. Calculated S- values’ differences were observed for 22 and 28 g mouse models, as 

well as 28 and 34 g mouse models respectively. More specifically, for 18F, a difference of 

2.08% was observed between the 22 and 28 g mouse models for the brain, while for the 28 

and 34 g mice a 16.96% difference was reached for the same organ.  Moreover, in the 68Ga-

RGD study the biggest difference (27.28%) was observed for the brain organ on the 22 and 

28 g mouse models. For brain, in the 111In-DTPA, an S-value difference of 0.41% was 

observed for mass difference of 15.04%, and 17.09% for mass difference of 0.69%.  For 

177Lu discrepancies of 3.68% and 6.9% were reached for 0.52% and 18.65% thyroid mass 

differences. The biggest difference (50%) was reached in the 99Tc-HMPAO examination 

for a 0.52% thyroid mass difference. Taking into account the currently available literature 

[168, 176, 201] those differences are within acceptable limits. Small variations in mice 

anatomy can result in significant differences in dose calculations, which leads to the 

assumption that there’s no standard model that can be used as a reference for dosimetry 

studies. More specifically, there could not be a specific mouse model with standardized 

organs and anatomy to implement dosimetry for murine studies in general. Nevertheless, 

extracting S-values for several organs with a mouse model can be useful if the dependency 

of the organ mass and absorbed dose is known. In order to assess the dose in a preclinical 

study somebody will need information on the mouse anatomy and volumetry information 

(e.g. microCT information) combined with the S-values. 
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Accordingly, to preclinical S-values initial results of clinical pediatric S-values is 

presented, as patient specific dosimetry is of high interest in pediatric applications. In this 

thesis, we have standardized the methodology for extracting the S-values in crucial, 

specific organs of interest from whole-body biodistributions. The biodistributions used 

have been extracted from real clinical pediatric SPECT/PET acquisitions. Several (3 - 5) 

time stamps were used for each radiopharmaceutical in order to extract the time-

dependency of the S-values according to the TACs of each organ. Thus, for each organ for 

every specific radioisotope a curve was calculated which shows the behavior of S-value in 

time. Based on the preclinical S-values study, these dosimetric data can be used for the 

optimization of pediatric dosimetric incorporating patient personal characteristics (e.g 

MR/CT anatomical information).  

4.3 Future steps 

PVC activity maps proved to improve the resulting images when compared to clinical data. 

This led to better results compared to simulations where the heterogeneity activity 

distribution was directly extracted from PET images. The presented analysis included 

reconstructed data of 2 iterations in the reconstruction algorithm. Further investigation 

comparing the number of the iterations in the reconstruction could be done in whole body 

simulations. Synthesis and analysis of these two methods in different organs in whole body 

simulations could increase the overall accuracy of emission tomography simulations. 

Furthermore, the standardization of the procedure for heterogeneity distribution, which 

plays a crucial role, could be combined with motion modeling in the phantom, since they 

are present in clinical data and they definitely affect the obtained clinical images. In this 

way, it will be possible to provide more qualitative and quantitative acceptable images and 

assess and/or develop new tools for the evaluation of post processing motion correction 

algorithms, towards improved heterogeneity resolution.  

Our future goal is aim to extend the generalized “NMI_Base” databse by including 

contributions of other research groups working in the field that can provide their data. 

Additional simulated systems can be added for comparing the results of identical 

acquisition protocols. Using the initial images that already exist in the database, 

reconstruction algorithms and processing/analysis techniques can be tested, such as partial 
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volume correction (PVC), de-noising, segmentation, filtering and automated detection. An 

additional step will be the incorporation of phantoms movement (respiration and cardiac 

motion); on the one hand, this will provide even more realistic results and on the other hand 

those data can be used for the evaluation of motion correction techniques. Another 

direction is the extension of the database by adding more isotopes and more computational 

phantoms (i.e for paediatric imaging applications).  

Using the calculated DPKs we plan to continue these studies and quantify the effect of 

using several DPKs on the total absorbed dose for different organs and isotopes, as well as 

introducing a more accurate dose calculation approach. Preliminary assessment could be 

in parts of the body that show strong tissue variations e.g. head and thorax. A full Monte 

Carlo simulation will be the gold standard and will be compared to the standard 

convolution of water based kernels, as well as tissue based kernels. The various material-

specific DPKs could be used in appropriate convolution based absorbed dose calculation 

algorithms towards patient specialized dosimetry. Accurate dosimetric schemes using 

personalized anatomical information represent a cutting edge research topic. Constructing 

a database, which gives the dose estimation in every organ/tissue (not only in the target 

organs) for various isotopes could be useful in clinical practice for imaging applications, 

especially when multiple imaging sessions are required. Another field where dosimetry 

issues raise is small animal imaging, where relatively high doses are repeatedly injected. 

Some initial work towards this direction has been conducted [123] where the DPKs are 

used to calculate dose decrease from the source voxel to a target voxel. This algorithm 

takes into account the materials and corresponding DPKs of all voxels along the path that 

connects source voxel and target voxel. 

The calculated preclinical whole-body S-values can be attributed to the comparison of a 

single modeled mouse (MOBY), with original data derived either from one mouse with a 

known weight or from an average weight from a mice population. However, it would not 

be possible to know in advance the exact dimensions of all organs in a real mouse. A step 

forward would be the use of SPECT/CT (or PET/CT) data and the modification of the 

standard MOBY phantom to match the exact anatomy of a given mouse. In that way it 

would be possible for future studies to compare the simulated dosimetric data with better 

accuracy, as in this thesis our aim was to provide a more general methodology, which can 
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be easily reproduced and give a good estimation of the expected dose in different organs 

for a given source. The impact of cardiac and respiratory motion in the absorbed dose of 

specific organs can be also investigated to quantify the effect on the S-values calculation, 

when the size and the position of the organs are modified. It is also worth of notice, to study 

the correlation and the impact of the organ masses (rescaled organs) on the resulted S-

values, as it seems that it is a crucial parameter for murine dosimetry. Thus, a next step of 

preclinical S-value calculation would be to extensively correlate calculated S-values with 

organ masses, anatomy, and used radioisotope (energy spectrum), so as to reach more 

accurate dosimetry data for any kind of mice. The ultimate goal would be the extension of 

this dataset into a freely available database, which will need to be properly designed and 

implemented, to set the requirements for including similar data from other contributors. 

Regarding the pediatric S-values calculation further investigation in necessary, as this is an 

initial approach on the methodology that should be followed for calculating accurate 

dosimetric data. The simulated S-values should be further validated with clinical dosimetry 

protocols and should be extended using a population of pediatric computational models 

varying in age, gender, height, weight. The main goal of this investigation is to create a 

framework for accurate personalized pediatric dosimetry for nuclear medicine applications. 

For this scope, a large database of extracted S-values in needed for several phantoms and 

for the used radiopharmaceuticals is such applications. Anatomical and volumetric 

characteristics could be derived for each patient using his/her corresponding CT/MR 

image, so as to derive the absorbed dose per organ in every critical organ.   

Combination of all the imaging and dosimetric results extracted in the presented thesis, 

could be used for the optimization and the “Evaluation of the Diagnostic, Therapeutic 

and Dosimetric Applications in Nuclear Medicine”. 
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