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1. Introduction to the International Conference on Monte Carlo Techniques for Medical Applications  
 

The organizers of the International Conference on Monte Carlo Techniques for Medical Applications would 
like to welcome you to Antwerp, during the spring of 2022. The conference takes place at the heart of the 
city. This is the 11th meeting in a series that started in 2001 in Montreal, Canada, where also the previous 
meeting was held in 2019. This time, the meeting is in Europe, and quite a bit later than originally planned for 
reasons known to all of us.  

We have put together what hopefully will be an exciting meeting focusing on Monte Carlo techniques in 
various fields such as radiotherapy, radiology, dosimetry, microdosimetry and radiobiology. New irradiation 
modalities such as Flash radiotherapy are still being developed, so there is still a great need f or beam 
modelling and treatment planning systems. Novel dosimetry systems are being invented still regularly. 
Imaging techniques are also progressing rapidly. On the more fundamental side radiobiology and 
microdosimetry modelling is still gaining more interest. So, it is only natural that Monte Carlo codes evolve 
to keep up with the pace of technical developments. All this, and more, will be covered during this conference.   

We brought together many of the leading specialists and vendors in the various fields that employ or develop 
Monte Carlo methods. We also have a large number of early stage researchers at the meeting, which 
demonstrates the field is very much alive. We hope for a highly interactive two and a half day symposium 
with cutting edge science, stimulating discussions and debates, and we hope you may emerge from it with 
new ideas, new collaborations and an expanded research network. This is now more important than ever in 
these strange times. Please also note that of the invited and keynote speakers, the majority is at an early 
stage in their career.   

Besides enjoying the Conference, we hope that you will also have time to enjoy the beautiful historical city of 
Antwerp.   

We wish you an exciting Conference!  

Antwerp, April 2022,   

 

Prof Frank Verhaegen, MAASTRO and Maastricht University, Maastricht, the Netherlands  

Prof Brigitte Reniers, University Hasselt, Belgium  

Prof Shirin Enger, McGill University, Montreal, Canada 

Jonathan Derrien, Institut Supérieur Industriel de Bruxelles, Belgium 
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2. Symposium Organization 
 
Scientific Organizers  
Prof Frank Verhaegen, MAASTRO and Maastricht University, Maastricht, the Netherlands 
(frank.verhaegen@maastro.nl) 
Brigitte Reniers (UniversityHasselt, Diepenbeek, Belgium),  
Shirin Abbasinejad Enger (McGill University, Montreal, Canada),  
Jonathan Derrien (Institut Supérieur Industriel de Bruxelles, Belgium) 
 
 
 
Logistic organizer 
Stichting Maastricht Radiation Oncology (Maastro), Maastricht, the Netherlands  
 
 
Symposium Secretariat  
mcma2022@maastro.nl 
 
 
Accessibility 
Please consult the following website for all travel information to the Symposium venue:  
https://mcma2022.com/ 
 
 
Internet access will be available throughout the conference: 
Look for eduroam, or other local wifi networks such as Antwerp Free Wi-Fi.   

  

 
 
 

  

mailto:frank.verhaegen@maastro.nl
mailto:mcma2022@maastro.nl
https://mcma2022.com/
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3. Sponsoring and Endorsements 
 
We would like to gratefully thank our generous sponsors: 
 
GOLD sponsors: PTW Dosimetry, I-SEE, DEMCON and IBA dosimetry.  

 
SILVER sponsors: Smart Scientific Solutions, IRISIB, BioWin, Brainlab, CRC Press, I.S.I.B. (Institut Supérieur 
Industriel de Bruxelles) and DosiSoft. 

 

 
     
 

 
 
 
 
 
 
 
 
 
 
 
The following organizations are endorsing the Symposium: The European Society for Radiotherapy and 
Oncology (ESTRO) and the Flanders Research Foundation (FWO) 
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4. Focus issue Phys Med Biol  

  

MCMA2022 has negotiated with the journal Physics in Medicine and Biology an opportunity to publish papers, in a 
Focus Collection issue on “Focus on the Monte Carlo Method for Medical Applications: From Macro to 
Microscale”.  

The Guest Editors for this Focus Collection are: Shirin Enger, Loïc Grevillot, Brigitte Reniers  

The Focus Collection is open to any contribution, also from outside the conference.  

The link to the Focus Collection call and submission for are here:  https://iopscience.iop.org/journal/0031-
9155/page/focus-on-the-monte-carlo-method-for-medical-applications-from-macro-to-microscale  

The link to all published Phys Med Biol Focus Collections is here: https://iopscience.iop.org/journal/0031-
9155/page/Focus_Collections   

 

 
 

 
 

 
 
 

 
 
 

 
 

  

https://iopscience.iop.org/journal/0031-9155/page/focus-on-the-monte-carlo-method-for-medical-applications-from-macro-to-microscale
https://iopscience.iop.org/journal/0031-9155/page/focus-on-the-monte-carlo-method-for-medical-applications-from-macro-to-microscale
https://iopscience.iop.org/journal/0031-9155/page/Focus_Collections
https://iopscience.iop.org/journal/0031-9155/page/Focus_Collections
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5. Symposium program 
 
For the full program of talks and posters, please consult:  
https://easychair.org/smart-program/MCMA2022/ 
 

 
 
Keynote Speaker   
 
We are proud to open the Conference with a seminar by one of the early career research leaders, Dr Aimee 
McNamara from Massachusetts General Hospital and Harvard Medical School. Dr McNamara will give her seminar 
“Towards mechanistic modeling of the response of tissue to radiation” on Monday April 11 in the first session.   
 
 
 
Invited speakers  
 
Dr. Loïc Grevillot, MedAustron Ion Therapy Center, Wiener Neustadt, Austria  
Prof. Dr. Guillaume Landry, Department of Radiation Oncology, University Hospital of the LMU Munich, Munich, 
Germany  
Dr. Ana Lourenço, Medical Radiation Science Group, National Physical Laboratory, Teddington, United Kingdom & 
Department of Medical Physics and Biomedical Engineering, University College London, London, United Kingdom  
Prof. Dr. David Sarrut, CREATIS Lab, University of Lyon, Centre de lutte contre le cancer Léon Bérard, France  
Dr. Markus Alber, Heidelberg University, Heidelberg, Germany  
Dr. Åsa Carlsson, Linköping University, Linköping, Sweden  
 
 
 
Poster session   
Throughout the Symposium all posters will be on display. There are dedicated poster viewing times where authors 
may be available at their posters.   
 
 
 
Vendors exhibition  
Vendors will exhibit in spaces near to the conference room during the whole conference.

https://easychair.org/smart-program/MCMA2022/
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 Abstracts: Oral presentations 
  



 

 9 

 

 

Features of TOPAS-nBio - release v1.0 

Jan Schuemann*1, Aimee McNamara1, Dohyeon Yoo1, Alejandro Bertolet1, Kathryn D Held1, Harald Paganetti1, Jose Ramos-Mendez2, Jhonatan Carrasco 

Hernandez
2

, Naoki D-Kondo
3

, Joseph Perl
4

, Nicolas Henthorn
5

, John Warmenhoven
5

, Samuel Ingram
5

, Michael Merchant
5
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5
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, 

Bruce Faddegon2 

1Physics Division, Department of Radiation Oncology, Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts, USA. 2University 

of California San Francisco Comprehensive Cancer Center, San Francisco, California, USA. 3Faculty of Mathematics and Physics Sciences, Benemérita 

Universidad Autónoma de Puebla, Mexico. 4SLAC National Accelerator Laboratory, Menlo Park, California, USA.5Division of Cancer Sciences, Faculty of 

Biology, Medicine and Health, The University of Manchester, United Kingdom. 6Radiation Laboratory and Department of Physics, University of Notre Dame, 
Notre Dame, Indiana, USA. 

Introduction 
Monte Carlo (MC) simulations are a powerful tool to simulate radiation transport. TOPAS offers patient level MC simulations and has been successfully 
applied to research in radiation therapy physics and macroscopic organ or cellular biology. However, more fundamental research is needed to understand 
the underlying mechanisms of radiation action. To model processes in detail at the (sub-)cell scale often not accessible with experiments, we developed 
TOPAS-nBio, a nanoscale extension to TOPAS for radiobiology. TOPAS-nBio provides a mechanistic simulation framework connecting track structure DNA 
damage induction to radiobiological outcome, integrating chemical reactions and DNA repair kinetics. TOPAS-nBio thereby aims to foster interdisciplinary 
work between biologists, chemists, and physicists with interest in radiobiology. 

Materials & Methods 

TOPAS-nBio has been developed as a library of extensions to the main TOPAS system (www.topasmc.org) and has been released open source (www.topas-
nbio.readthedocs.org). TOPAS/TOPAS-nBio is layered on top of the Geant4/Geant4-DNA MC toolkit. The first beta-release of the code occurred in 2019, 
which offered a framework to connect energy deposition within irradiated cells (physics) via molecular reactions (chemistry) at the level of sub-cellular targets 
such as DNA. The latest release was TOPAS-nBio v1.0, built for TOPAS release 3.7 (based on Geant4.10.6.p3). 

Results 

The TOPAS-nBio release v1.0 includes multiple new features [1]. New geometries include two new methods to fill the cell nucleus: (1) a whole nucleus 
DNA model using chromatin fibers and a fractal walk filling pattern, and (2) filling of the nucleus using spheres to represent topologically associated domains 
(TADs) of DNA based on the Hi-C technique. New scoring options offer direct scoring of single and double strand breaks (SSB and DSB) as well as saving the DNA 
damage in the Standard for DNA Damage (SDD) scoring format [2]. Chemistry improvements provide better agreement with experimental data of G-values. 
Biological outcome can now be simulated directly within TOPAS-nBio using the DaMaRiS biological effect model [3], or by interfacing via the SDD with 
other models such as MEDRAS [4]. Figure 1 shows the multi-scale approach and flexibility of modeling cell damage induction and repair in TOPAS-nBio by 
combining geometries, physics and chemistry lists, and DNA repair kinetic modeling. 

 

 
 

Figure 1: Mechanistic Modeling: DNA base-pairs with a hydration shell (a) which is used to wrap around histones (b), that can be combined to form chromatin 
fibers (c). Nuclear representations using Hi-C filling 

(d) (not yet released) and a fractal walk pattern in a spherical cell with a nucleus with chromatin regions and mitochondria (e), mitochondrion with mitochondrial 
DNA (purple) (f) that can be filled with mitochondrial DNA (g). An example of specialized cells, neurons with their dendrites (h) can have additional 
detail (spines) on the dendrites (i). Chemical reactions following radiolysis (j) are the last step of damage induction, before calculating biological endpoints using 
mechanistic models (k). 
Discussion & Conclusions 
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The release of TOPAS-nBio offers a user-friendly method to cell scale MC simulations based on Geant4 physics models. Over 200 users have already adopted 
the code and are active on the user forum. With new geometry and chemistry models and the direct inclusion of mechanistic repair models, TOPAS-nBio now 
includes modeling from initial radiation damage to observable biological endpoints. Future directions include extending the available set of cell 
representations and developing cell specific damage and outcome estimates. 

References 

[1] Schuemann, J. et al. TOPAS-nBio: An Extension to the TOPAS Simulation Toolkit for Cellular and Sub- cellular Radiobiology. Radiat. Res. 191, 125–138 
(2019). 

[2] Schuemann, J. et al. A New Standard DNA Damage (SDD) Data Format. Radiat. Res. 191, 76 (2019). 

[3] Warmenhoven, J.W. et al. Insights into the non-homologous end joining pathway and double strand break end mobility provided by mechanistic in silico 
modelling. DNA repair 85, 102743 (2020). 

[4] McMahon, S. J., McNamara, A. L., Schuemann, J., Paganetti, H. & Prise, K. M. A general mechanistic model enables predictions of the biological 
effectiveness of different qualities of radiation. Sci Rep 7, 688 (2017). 
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Update on the G4-Med project, a Geant4 benchmarking system for bio- medical physics applications developed by the Geant4 Medical Simulation 

Benchmarking Group 

P Arce1, D Bolst2, M-C Bordage 3, J M C Brown4,2,5, J. Carrasco Hernandez6, A. Chacon4, P Cirrone7, M A Cortés-Giraldo8, D Cutajar2, G Cuttone7, L 

Desorgher9, P Dondero10, B Faddegon6, S. Fattori7, C Fedon11, S Guatelli*2, S Incerti12, V Ivanchenko 13, 14, D Konstantinov15, I Kyriakou16, G 

Latyshev15, A Le2, C Mancini-Terracciano17, M Maire18, A. Malaroda19,2, A Mantero10, M Novak14, C Omachi20, L Pandola7, A Perales21, Y Perrot 22, 

G Petringa7, J M Quesada8, J Ramos-Méndez6, F Romano23, A B Rosenfeld2, M. Safavi-Naeini4, L G Sarmiento24, D Sakata25, T Sasaki26, I Sechopoulos 

27,28, E C Simpson29, T Toshito20, D H Wright30 

1CIEMAT, Madrid, Spain. 2Centre For Medical Radiation Physics, University of Wollongong, Wollongong, Australia. 3CRCT (INSERM and Paul Sabatier 

University), Toulouse, France. 4ANSTO, Lucas Heights, Australia. 5Department of Radiation Science and Technology, Delft University of Technology, Delft, 
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Physics (IRA), Lausanne University Hospital, Lausanne, Switzerland. 10SWHARD srl, Genova, Italy. 11NRG, Utrechtseweg, Arnhem, Nederland.12Université 
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National University, Canberra, Australia.30Private researcher. 

 

Introduction 

Geant4 [1] is a Monte Carlo code extensively used in bio-medical applications. Validation and performance monitoring focused on physics quantities relevant 

to this domain are of crucial need. To respond to these needs, we developed G4-Med, a fully automated benchmarking and regression testing suite of 

Geant4 for bio-medical applications [2]. 

Materials & Methods 

The testing suite currently includes 18 tests, from basic physical quantities (e.g. stopping powers, cross sections, dose point kernels) to tests of clinical 

medical physics applications, such as hadron therapy, brachytherapy, external electron beam therapy and mammography. Both electromagnetic and 

hadronic physics processes/models are tested. The tests have been integrated in the geant-val platform [3] and executed for Geant4 development 

tags and public releases. The physical observables are compared to reference data for validation and to previous Geant4 versions for regression testing. 

Geant4 11.0, to be released in December 2021, will be used to run the tests. In summary, major improvements in Geant4 11.0 of interest for bio-medical 

applications include multi-threading at the level of the event, a better computing performance, a more efficient management of the physics processes, 

and improvement of C++ coding techniques. In terms of new physics developments, the photon cross section database of the Livermore models has 

been migrated from EPDL97 to EPICS2017. ICRU90 stopping power data for protons, alpha, and light ions have been fully implemented and verified [5]. It is 

now possible to use state-of-the-art proton and alpha particle shell ionisation cross sections based on the ECPSSR approach as calculated by Cohen et al. [6], 

to model the PIXE processes. The Geant4-DNA package has been improved in terms of physics processes and chemistry modelling [7]. New track structure 

physics models for gold have been included as well [7]. In terms of hadronic physics, the radioactive decay model has been improved, the ParticleHP data 

library is now based on G4NDL4.6 and G4TENDL-1.4, and a new model of photonuclear cross section based on the IAEA photo-nuclear data library is 

available, among other changes [9]. 

Since the publication of [2], a new test has been included in the G4-Med benchmarking suite, called heavy ion therapy. The test, documented in [10], 

calculates the distribution of fragmentation products in the context of heavy ion therapy, in different phantom materials of interest. The simulation results 

are compared to experimental data obtained at the HIMAC heavy-ion treatment facility at the National Institutes for Quantum Science and Technology 

(QST), Chiba, Japan. In addition, the DPK and microdosimetry tests have been extended to Geant4-DNA physics lists. 

Results 
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At the conference, we will show the results of the regression testing of the G4-Med tests with Geant4 11.0, against simulation results obtained with previous 

Geant4 releases (10.5 and 10.6) and the reference data adopted in each test. Users can access and download the results of the benchmarking suite from 

the web [4]. We will then conclude with an insight in the new tests that we intend to include in the G4-Med in the near future. 
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PenMRT: A PENELOPE based high-resolution dose calculation engine for microbeam radiation therapy 

Sarvenaz Keshmiri1, Sylvan Brocard1 , Raphaël Serduc1 and Jean-François Adam*1,2 

1Université Grenoble-Alpes, INSERM UA7, STROBE, BIOB, 2280 Rue de la Piscine, 28610 Gières, France. 2Centre Hospitalier Universitaire de Grenoble, 

Grenoble, France. 

Introduction 

 
In radiotherapy, the compromise between an increased tumoral control and reduced side effects is quantified as the therapeutic index. In order to increase the 

therapeutic index, the use of synchrotron generated x-rays spatially fractionated into microbeams is being studied. The treatment in micorbeam radiation 

therapy (MRT) is performed via an array of intense parallel microbeams (25-50 µm wide beams replicated with a pitch of 200-400 µm) at high dose rate to 

benefits from the improved healthy tissues due to the dose-volume effect and FLASH effect. The promising preclinical results of MRT[1], encourages its clinical 

transfer. 

A safe clinical transfer of MRT needs an adequate treatment planning system (TPS). The calculation core of this TPS must be able to calculate accurately the 

dose in human or animal patient by taking into account the MRT beam specificities (high dose gradients, spatial fractionation and polarization effect). The 

most advanced dose calculation engine for MRT is a hybrid algorithm which inherits photon transport from Monte-Carlo (MC) method and electron 

transport from convolution based methods [2]. This algorithm is remarkably fast but limited to macroscopic rendering of dose without taking into account 

the complexity of dose distribution in multidirectional treatments. To overcome the limitations of the existing calculation methods, a multi-scale full MC 

dose calculation engine called penMRT has been developed and benchmarked against an already validated main program in the PENELOPE code package. 

Materials & Methods 

PenMRT is a main program based on PENELOPE (2018) MC code modified to take into account the voxelized geometry of the patient (CT scan) and offer 

a multi-scale dose calculation grid. The performance of penMRT is increased to make the simulations feasible within some millions of dose scoring 

bins necessary for micrometric calculations. To increase the calculation speed, the source replication possibility and an optimized parallelization based on 

OpenMPI is implemented penMRT. The simplifications and parallelization are necessary to have a dose calculation engine with a reasonable speed for 

clinical usages. Also a series of post-processing programs has been developed to make the simulation of conformal multidirectional treatment 

feasible. 

Results 

The benchmarking of penMRT against the already validated main program (penmain) shows no significant differences. The performance tests also, highlights 

the reliability of penMRT to provide multi-scale dose maps for the complex conformal multidirectional irradiation condition (figure 1.a, 1.b). The high-

resolution dose maps are used to extract the high-resolution differential and cumulative dose-volume histograms (dDVH and cDVH) (figure 1.c and 1.d) 

which helps to analyze the treatment plans with much finer metrics. 

 

 
 

Figure 1: Dose maps in X-Y plan for a MRT irradiation field of 2x2 cm2 in a water phantom, where X is the horizontal direction perpendicular to the 

microbeam array direction and Y is representing the depth 
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dose plan. The high resolution dose grid of 5µm (X direction) ×1mm (Y direction) ×(Z direction) covers a region of interest (ROI) at the centre of phantom. The rest 
of geometry is covered by millimetric dose grids. The direction of beam propagation is shown with a green arrow.(a) The macroscopic vision of the 
irradiated zone by three MRT fields. (b) A zoom on a high-resolution dose map shows the dose hot spots from two and three covering peaks. (c) The dDVH of 
a ROI in three irradiation field with a zoom on higher dose area (d) The cDVH in three fields irradiation. 
 
Discussion & Conclusions 

PenMRT, our multi-scale full MC dose calculation engine allows the user to obtain micrometric dose maps for photon irradiations. The reliability of penMRT 

was tested by benchmarking against an already validated main program. The ability of penMRT to calculate multi-scale dose maps in unidirectional and 

multidirectional treatments was also validated. To our knowledge, the first high-resolution dose maps and associated DVHs ever obtained have been 

produced, which is bringing a significant added value to the field of treatment planning in spatially fractionated photons fields. The future of this work 

is to perform experimental validation of penMRT using high-resolution detectors. 
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PenG4: Implementation into Geant4 of the PENELOPE physics models and class-II transport algorithm 

Miguel A. Cortés-Giraldo*1, Makoto Asai2 and Francesc Salvat3 

1Dep. Atomic, Molecular and Nuclear Physics, Universidad de Sevilla, Sevilla, Spain. 2Thomas Jefferson National Accelerator Facility, Newport News, VA, 

United States. 3Facultat de Física (FQA and ICC), Universitat de Barcelona, Spain. 

Introduction 

The Fortran code PENELOPE implements the most reliable interaction models currently available for general purpose Monte Carlo codes. Further, the 

transport of charged particles is modeled with an elaborate class-II algorithm in which hard interactions are sampled from the relevant restricted differential 

cross sections. In this work we describe a full translation of the PENELOPE physics subroutines, including interaction models and class-II transport 

algorithm, to C++ classes designed as an extension of the Geant4 toolkit. 

C++ classes and coupling to Geant4 

The PENELOPE Fortran subroutines were translated into C++ classes adapted to the specific structure of the Geant4 toolkit. The translation includes all the 

interaction models and class-II transport mechanics implemented in PENELOPE for electrons, positrons and gammas travelling in arbitrary materials. In order 

to use the class-II transport algorithm without interfering with the native algorithm of Geant4, dedicated ”PENELOPE-like” particles classes were derived 

from G4ParticleDefinition base classes, that are PenElectron, PenGamma, and PenPositron, respectively. All the PENELOPE physics are registered as a Geant4 

process with a wrapper class called PenEMProcess registered to the PENELOPE-like particles. Further, the implementation covers the scenario of converting 

a Geant4-like particle into a PENELOPE- like particle once its energy falls below a certain energy threshold set by the user (equal or smaller than 1 GeV, the 

upper limit of PENELOPE); this is implemented by a ”single-body decay” process called PenPartConvertProcess, registered to electrons, gammas and 

positrons. Once a particle becomes a PENELOPE-like particle, it is tracked as such until the end of its trajectory. To ease the use, a physics list constructor 

named PenelopeEMPhysics takes care of the appropriate process registration and energy threshold definition for the conversion into a PENELOPE-like 

particle. Further, the materials used in the DetectorConstruction class of the concrete application must be registered as PENELOPE materials in order to load 

all the properties calculated in PENELOPE code from its own material database, and set properly the PENELOPE transport parameters C1, C2, Eabs, Wcc and 

Wcr. 

Validation 

Our code interface PenG4 was verified with adaptations of examples included in the PENELOPE public distribution; Geant4 version 10.6.3 was used. We 

covered various cases of a pencil beam impinging on a cylindrical geometry, composed by one or more different materials, as indicated in Fig. 1, left panel. 

The case of a depth-dose distribution calculated for a 1.25 MeV photon beam irradiating a cylinder (50 cm radius) composed by two layers of water, both 

with a thickness of 2 cm, separated by a layer of aluminum with a thickness of 1 cm, is shown at the right panel. Calculations carried out with a Geant4 

application using our code interface PenG4 agreed within statistical uncertainties with calculations carried out with PENELOPE. More details on this validation 

can be found elsewhere [1]. 

 

 

Figure 1: Left: Diagrams of the geometries adopted for the validation of PenG4. In all cases, a pencil beam impinges along the z-axis on the lower surface of the 

cylinder as indicated by the arrow. Right: Depth-dose distributions calculated for 1.25 MeV photons incident on a cylinder composed by layers of water, 

aluminum, and water. All relative differences Δrel were within 3σ statistical uncertainties. More details can be found at [1]. 
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Conclusions 

With the aim of incorporating all the functionalities and reliability of PENELOPE code into Geant4, we have translated the PENELOPE physics and class-II 

tracking subroutines to C++ and organized into classes so that these can be used as an additional physics list constructor. The PenG4 package, including validation 

examples, is currently available from the authors, and it will be soon released through international agencies. 
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Design and validation of MaRSS: a Modular Radiation Simulation Software package 
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Introduction 

Geant4[1] is a Monte Carlo toolkit that provides a flexible platform to design radiation transport simulations. This flexibility requires a high level of complexity 

when writing new user-codes. New users must undergo extensive training to begin writing useful simulations. The aim of this study was to develop a modular 

radiation simulation software package called MaRSS based on Geant4 user-code to serve as both an educational tool and as a simulation tool for medical radiation 

detector simulations. 

Materials & Methods 

MaRSS builds on Geant4 using Penelope electromagnetic physics models and cross-sections[2]. To give the users possibility to change simulation parameters 

without changing the source code, MaRSS is equipped with a set of messenger classes which are intercom modules provided by Geant4 to configure 

applications and provide user interactivity with the code. These messenger classes add additional user commands that can be used to add or remove volumes 

from the simulation geometry and associated sensitive detectors. The sensitive detectors are objects that Geant4 uses to save simulation results. A number of 

default volumes and detectors are included in MaRSS that can be used for the design of scintillating fiber-based radiation detectors. MaRSS adds to the 

existing Geant4 sensitive detector code by creating a new base class called RunSD that is inherited by all sensitive detector objects. RunSD is implemented such 

that the code needed to initialize a sensitive detector is included in two classes, normally, this code is spread out in several classes. A similar approach is taken 

with geometrical volumes. To validate MaRSS, range in water of positrons emitted from four radioisotopes commonly used for positron emission tomography 

was calculated and compared with published work: Fluorine-18 (18F), Carbon-11 (11C), Oxygen-15 (15O) and Gallium-68 (68Ga). A sphere with a radius of 

1 m was filed with water. For each radioisotope, 100 million decay events were simulated originating at the center of the simulated water sphere. The resulting 

positrons were allowed to annihilate. Two energy cuts were simulated, 1 keV and 0.1 keV. Two histograms were created, one using the annihilation 

locations and another with the energy of the emitted positrons. Results were compared with published positron range values calculated with a PENELOPE[2]-

based Monte Carlo software called PeneloPET [3], an analytical expression to estimate the range of positrons described by Cal- Gonzales et.al.[3], a simulation 

by Lehnert et. al. [4] written using GATE[5] and a separate Monte Carlo software written by Champion and Le Loirec[6] that directly simulates the formation 

of positronium in water to calculate positron range. 

Results 

Figure 1 shows the mean calculated positron ranges and calculated positron emission energies compared to literature values. Simulated positron energy means 

were within 1.8% of literature values. Simulated ranges were within 2% of GATE simulation[4]. 

 

 
 

Figure 1: (a) Calculated mean positron ranged with two energy cuts compard, PeneloPET [3], analytical expression [3], GATE simulation [4]. and (b) Emitted 

positron energies as calculated by Champion and Le Loirec [6] (dotted lines, and calculated values (solid lines). 

Discussion & Conclusions 

The calculated values agree well with those form the GATE simulation[4]. The positronium had the largest difference from this study. This is due to the fact that 

Geant4 does not simulate positronium formation. This is expected as GATE is also based on Geant4. This shows that MaRSS implementation correctly calculates 

positron ranges. Both MaRSS and GATE agree with other published results for isotopes with low positron energies (0.7 % difference for 18F). In conclusion, we 

have developed and validated a modular Geant4 user- code, called MaRSS, that serves dual-purpose as a teaching aid and a radiation detector development 

platform. 
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Introduction 

Monte Carlo simulations can provide understanding of the phenomena that govern the characteristics of linear accelerator (linac) beams and aid the 

development of treatment planning systems. To create an accurate Monte Carlo simulation phase space for Halcyon™ (Varian Medical Systems) 

radiotherapy beam, the treatment head geometry is modelled according to drawings and the dual-layer multileaf collimator (MLC), that is critical to 

the model accuracy, is imported from CAD (computer-aided design) via CadMesh [1]. The purpose of this work is to present the validation of the 

model by comparing with accurate measurements and to provide field-independent phase space (PHSP) files for the Halcyon linear accelerator. The 

phase space files can be used for further research as an accurate treatment head model above the MLC, and for reducing the time to simulate particle 

transport through treatment head components. 

Materials & Methods 

An accurate representation of the Halcyon treatment head components was implemented in Geant4 (v.10.6.p02). The simulation application is based on 

a modified version of the VirtuaLinac [2]. Engineering drawings of the treatment head were used, and the incident electron beam parameters were modeled 

by a phase space provided from electron gun Monte Carlo simulations. A hundred phase space files above the dual-layer MLC were generated. We consider 

both open fields and fields limited by the dual-layer MLC, and computed the dose deposited in a water phantom. We validated the simulations by comparing 

the results with experimental ionization chamber and high-precision film measurements. As an example, dose validations were performed for field sizes 

varying from 2 x 2 cm2 to 28 x 28 cm2. The voxel size for the 40 x 40 x 40 cm3 water phantom was 2.5 x 2.5 x 2.5 mm3 and a source to phantom distance 

(SPD) of 90 cm. Measured and simulated percentage depth dose curves (PDD) and lateral dose profiles at depths (1.3, 5, 10, 20, and 30) cm were compared. 

The simulation parameters were adjusted for comparison with high- precision film measurements: a finer resolution 0.5 mm was selected, the water 

phantom size decreased, and the dose in plane was calculated in a certain depth in the phantom. The Geant4 physics list “QGSP_BIC_EMZ” with the 

standard electromagnetic processes and the most suitable for medical simulations was used. The particle range cut-off parameter was set to 0.1 mm. 

Results 

The obtained IAEA-compliant phase space files contain the particle index, the x, y, and z coordinates, the direction cosines px and py, the sign of pz, and the 

particle energy. In Figure 1 are shown simulated and measured percentage depth dose and lateral dose at depth 10 cm for 10 x 10 cm2 field with SPD 90 cm. 

The simulated data show good agreement with the measurements. As expected, the largest difference is on the surface for the PDDs and the penumbra 

region of the profiles. However, the difference could be explained by the surface inaccuracy and the finite size of the ionization chamber.

 

Figure 1: PDD and lateral dose profile at depth 10.0 cm for 10 x 10 cm2 field with SPD 90cm. Results with better statistics will be presented at the 

conference. 
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Discussion & Conclusions 

To summarize, the authors generated a Geant4 simulated IAEA-compliant phase spaces of the Halcyon linac above the dual-layer MLC. The validation of 

the phase spaces was performed with a high accuracy geometry implementation for MLC from CAD. The files will be provided publicly available and can 

be used for further research. A detailed validation stage with film measurements and fields limited by the dual- layer MLC will be performed and the results 

shared. 
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Introduction 

Currently standard electron beam treatments are delivered using dedicated applicators with standard or molded patient-specific cut-outs. As an 

alternative, electron beam shaping using the photon multileaf collimator (pMLC) was shown to enable efficient standard electron treatments as 

well as advanced treatment techniques such as modulated electron radiotherapy (MERT) and mixed beam radiotherapy (MBRT) [1]. For this approach, 

we previously developed a Monte Carlo (MC) beam model for pMLC shaped electron beams [2]. However, currently the commissioning procedure for 

this beam model is a manual process, which is time consuming and necessitates MC expertise as well as dedicated know-how of the beam model. In order 

to overcome this limitation, in this work an auto-commissioning procedure for this beam model is developed for Truebeam units and electron beam energies 

ranging from 6 to 22 MeV. 

Materials & Methods 

The electron beam model for a specific electron beam energy consists of an analytical part and a part performing individual MC radiation transport. 

The analytical part includes a main source representing the primary beam as well as a jaw source covering the secondary collimator jaws and representing 

the scatter contribution of the treatment head. Each source is divided into an electron and a photon part. For Truebeam accelerators equipped with a 

Millennium 120 MLC the secondary collimator jaws are set to a static field size of 15 x 35 cm
2

, while this field size is reduced to 15 x 17 cm
2 

in the case, 

where the high-definition MLC is used. The MLC is a patient specific component in the treatment head and thus MC radiation transport is performed 

for the MLC. 

The auto-commissioning procedure covers the configuration and tuning of the sources used for the analytical part. The configuration includes all pre-

determined information for a Truebeam treatment unit in general, which is collected only once before any commissioning and is independent of a specific 

linear accelerator. For this purpose, BEAMnrc simulations of the treatment unit were performed and information such as fluence distributions for the jaw 

source (electrons and photons) and the main photon source, the weight of the jaw source and the energy distribution of the photons were extracted from 

phase space data. The remaining parameters of the beam model for a specific linear accelerator are then tuned by means of measurements. First, the 

fluence of the main electron source is determined by measuring in-air profiles for a 40 x 40 cm2 field size at a source to surface distance (SSD) of 70 cm. The 

energy distributions for the electron sources are obtained by de-convolving the measured depth dose curve in units of cGy/MU at SSD = 70 cm for a 

field size of 15 x 35 cm2 or 15 x 17 cm2 with pre-calculated mono-energetic electron depth dose curves. This measurement and the corresponding measured 

depth dose curve at SSD = 90 cm are used to determine the focus position of the main source on the central axis. Lastly, the sigma of the lateral Gaussian 

shaped intensity distribution for the main electron source is determined by using measurements of depth dose curves for a 2 x 2 cm2 MLC shaped field size 

at SSD of 70 and 90 cm in units of cGy/MU. 

The commissioned beam model is then used to provide particles for the macro MC dose calculation algorithm in a user specified beam reconstruction 

plane perpendicular to the central axis below the reticle. For this purpose, a sampling procedure for the analytical part samples a particle at SSD = 70 cm, 

which will then be back projected to a plane above the MLC [3]. Then the particle is forward transported by MC radiation transport including the MLC 

shape to the beam reconstruction plane followed by the dose calculation. 

To validate the commissioned beam model, calculated and measured dose distributions in water were compared for different MLC shaped field sizes (2 

x 2, 5 x 5, 10 x 10 cm2) at SSDs of 70, 80 and 90 cm for electron beam energies ranging from 6 to 22 MeV. 

Results 

The auto-commissioning was successfully implemented. Instead of the manual commissioning taking up to several days of calculation time and several hours 

of user time, the auto-commissioning is carried out in minutes. Measured and calculated dose distributions agree generally within 3% of maximum dose or 2 

mm distance to agreement, which corresponds to the level of agreement achieved for the manual procedure [1]. Some validation results of the dose 

distribution comparisons are exemplarily shown in Figure 1. 
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Figure 1: Comparison of measured and calculated dose distributions for a pMLC shaped field size of 5 x 5 cm2 for three different electron beam energies 

(6, 15 and 22 MeV) at SSDs of 70, 80 and 90 cm. 

 

Discussion & Conclusions 

The newly developed auto-commissioning procedure allows an efficient commissioning of an MC electron beam model utilizing the pMLC for electron beam 

shaping without MC expertise and in-depth knowledge of the beam model. The result of this work eases the usage of pMLC for standard electron treatments 

as well as for more advanced treatment techniques such as MERT and MBRT in the future. 
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Introduction 

The Monte Carlo (MC) method is often used for the determination of beam quality correction factors for small field dosimetry [1]. For accurate results, 

a MC beam model must be adjusted to reproduce the experimental measurements of a given unit [2, 3]. This process requires the optimization of the 

parameters describing the electron beam incident on the target of a linac, specifically, the energy and the radial distribution of the beam. The aims 

of this study are to propose a new method for the determination of these parameters using a probabilistic approach, and to evaluate the impact of beam 

modeling uncertainties on various dosimetric functions and on simulated treatment plans in the context of stereotactic radiotherapy. 

Materials & Methods 

As an extension of the method proposed by Francescon et al 2008 [2], a probabilistic formalism is developed to estimate the probability distributions 

of the parameters to optimize. The method is applied to a CyberKnife M6 unit. Measurements are performed using the considered CyberKnife unit 

with four detectors (PTW 60012, PTW 60019, Exradin A1SL, IBA CC04) for two measurement types (output factors (OF) and tissue-phantom ratios (TPR20,10)). 

Simulations are performed in the corresponding setups using the EGSnrc suite. Using the optimized parameters, simulations are performed for validation 

purposes and to evaluate the impact of beam modeling uncertainties. Using a confidence region representing a probability of 95% (i.e., α = 95%) on our 

determined beam parameters, the impact is evaluated on simulated OFs, output corrections factors, dose profiles, percent-depth doses (PDD) and on two 

simulated treatment plans. 

Results 

The energy (E) and full width at half maximum (F) of the Gaussian radial distribution of the electron beam are optimized to E = 7.42 ± 0.17 MeV and F = 

2.15 ± 0.06 mm. The optimized model reproduces the measurements in 13 out of the 14 considered setups (figure 1). The impact of beam modeling 

uncertainties on OFs increases with the reduction of the field size (figure 2 (a)). Confidence interval (CI) half-widths reach 1.8% for the smallest field 

(figure 2 (b)). For output correction factors, the impact cancels in part leading to CI half-widths < 0.45%. A less significant impact is observed for PDDs in 

comparison to dose profiles. Plus, in absolute terms and in comparison to the reference dose, CI half-widths are < 1.4% for the latter types of measurement. 

For treatment plans, the impact is more significant for the treatment using a smaller field size and in high dose regions compared to low dose regions, 

typically affecting organs at risk. 

Discussion & Conclusions 

The proposed method results in the accurate optimization of the beam parameters while providing a method for the evaluation of their uncertainty during 

MC beam modeling of radiotherapy units. This study quantifies the impact of beam modeling uncertainties on simulated dosimetric functions using the 

optimized beam model in the context of small fields and provides a new perspective on the reachable accuracy for MC dose calculation in a clinical 

environment. 
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Figure 1: Simulated TPR20,10 (left) and OFs (right) centered around the mean, and corresponding experimental measurements as a function of the 

(detector, field size) pair. The error bars on the simulation results represent the 95% CI due to beam modeling uncertainties, while the error bars on the 

measurements include all sources of experimental uncertainty (α = 95%). 

 

 

 

Figure 2: (a) Simulated OFs as a function of the field size where the error bars represent the 95% CI due to beam modeling uncertainties. (b) CI half-widths 

as a function of the field size (black) and corresponding values weighted by the OFs (orange). 
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Introduction 
Fast dose computations are important for radiotherapy treatment planning, especially for plan optimization, requiring many variations before finalization. 

While fast approximations exist for most clinical treatments, they are not available for some specialized or novel treatments. One such novel treatment is 

microbeam radiation therapy (MRT), a pre-clinical technique which relies on arrays of sub- mm synchrotron-generated, polarized X-ray beams. MRT has 

been shown to exhibit improved healthy tissue sparing qualities making it a promising candidate for treatment of various tumours especially close to the 

central nervous system. 

Current research, mainly conducted at the Australian Synchrotron and the European Synchrotron Radiation Facility (ESRF, France), has provided important 

steps for MRT to move towards first trials involving humans. Treatment planning is currently performed using full Monte Carlo (MC) simulations. Precise 

dose computations using MC simulations for MRT are both time consuming and memory intensive due to the high resolution required to capture the dose 

gradients at the edge of the microbeam peaks. This paper investigates a time efficient alternative to full MC using generative adversarial networks (GANs) 

which are trained to accurately predict dose distributions for variable phantoms and irradiation scenarios. 

Materials & Methods 

A two-fold approach to these problems is explored: first, a novel data taking method for MC simulations is presented. The method considers both high 

resolution and long-range effects of stray radiation. Second, a deep learning model based on 3D-UNet GANs is created to mimic dose simulations of 

Geant4. It is shown that the model exhibits very short prediction times. As proof of concept, the dose depositions obtained using Geant4 for a broad 

synchrotron beam in a water phantom containing a bone slab of variable rotation angles and thicknesses is predicted. Subsequently, it is demonstrated 

that the model is generalisable by applying it to a simplified head phantom MC simulation. Finally, this paper conducts a systematic characterization of 

field size effects using MC simulation of individual beams to explore the transition to spatially highly confined microbeams is explored. 

Results 

For the broad synchrotron beam, the trained model predicts for both the bone slab inside the water phantom and the simple head phantom dose 

distributions with deviations of less than 1% of the maximum dose for over 94% of the simulated voxels in the beam. Dose predictions near material 

interfaces are accurate on a voxel-by-voxel basis with less than 5% deviation in most cases. Dose predictions can be produced in less than a second on a 

desktop PC compared to approximately 50 CPU hours needed for the corresponding Geant4 simulation. 

The predicted peak and valley doses from arrays of microbeams using the novel MC data collection approach match previous MC simulations and are 

found to be suitable for the use as machine learning training data. 

Discussion & Conclusions 

The presented proof-of-concept demonstrated that the proposed approach can be trained on Geant4 simulation data to very rapidly generate accurate 

dose predictions. A systematic MC study on dose depositions from arrays of planar microbeams suggests that the model can be extended for MRT dose 

prediction as well. The work presented in this paper implies that the approach can likely be adapted for other novel treatment methods as well. Studies on 

the inclusion of the model within a treatment planning system for MRT is considered for future work. 
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Introduction 

Glioblastoma (GB) is an aggressive tumour that accounts for nearly half of all malignant tumours of the brain. The standard of care consists of maximal 

surgical resection followed by concomitant chemoradiotherapy and adjuvant chemotherapy [1]. Despite standard treatment, the rapid growth of residual 

post-surgical tumour cells leads to a high local recurrence and low long-term survival. Intraoperative radiotherapy (IORT) aims to improve the loco-

regional tumour control by delivering a high single dose of radiation at the resection cavity immediately after surgery. Clinical trials are still underway to 

show the impact of IORT in the setting of irradiation of glioblastoma surgical cavity (INTRAGO) [2]. IORT can be performed with a portable low-energy x-

ray device, the INTRABEAM, that allows a conformal dose distribution when used with different applicators. Currently, doses from INTRABEAM are 

estimated based on tabulated data of in-water calibration provided by the manufacturer. This approach fails to provide 3D dose distributions required by 

commercial treatment planning systems (TPS) for the evaluation with adjuvant external beam radiotherapy (EBRT) plans [3]. This work addresses the 

accurate calculation of IORT dose in a platform that permits its combination with the EBRT dose. 

Materials & Methods 

A retrospective analysis was done using an EBRT plan of 60 Gy to the tumor bed. A previously validated Monte Carlo (MC) model of the INTRABEAM source 

with spherical applicators was implemented in an in-house TPS for the IORT plans. IORT simulations were performed based on the egs_brachy user code of 

EGSnrc using a voxelized phantom generated from the patients’ CT. The position of the INTRABEAM source was determined from preoperative MRI and 

post-operative planning CT. The IORT dose was converted to 2 Gy fractions equivalent dose (EQD2) by using a relative biological effectiveness of 1.5 and 

an α/β ratio of 2, as recommended in the INTRAGO protocol. The EBRT and IORT plans were added in the in-house TPS, and dose-volume histograms (DVH) 

were obtained. The dose to organs at risk (OAR) in the integrated plan was assessed with pre-defined dose constraints. The evaluation was performed 

using maximal point dose (D0.03cc) (dose to a volume greater than 0.03 cm3) to planning risk volumes (PRV) (OAR + 3 mm margin). 

Results 

Figure 1 shows an example of a dose distribution of the sum of EBRT and IORT plans, together with the DVH for some OAR. Dose to OAR were not significantly 

different in the EBRT and the integrated plans and satisfied the dose constraints in both cases, except for the brainstem. D0.03cc to the brainstem, which 

was evaluated at 57 Gy for the EBRT-only plan, was found to be 61.2 Gy when combined with IORT, thus exceeding its 60 Gy dose constraint. 

 

 
 

Figure 1: Left: Example dose distribution of the combined EBRT + IORT plan. The IORT prescription was 30 Gy at the surface of a 4.0 cm diameter applicator and 

dose was converted to EQD2. Right: DVH of some OAR for the EBRT plan alone and the combined EBRT + IORT plan. 
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Discussion & Conclusions 

This work presents a viable method to accurately obtain dose distributions from IORT plans and to combine them with boost or adjuvant radiotherapy planning 

doses. This may also be the first time the IORT MC calculated doses are combined with EBRT dose distributions to evaluate the OAR dose constraints in 

the context of INTRAGO. Although the methods have been presented here for dose calculations in glioblastoma, the same approach can be extended 

to different anatomical regions whereby an electronic brachytherapy device is used for IORT applications. 
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Introduction 

Backscatter from the secondary collimator jaws to the monitor chamber of a clinical photon beam increases with smaller field size of the jaws. This leads to 

reduced dose per monitor unit (MU). Monte Carlo (MC) simulations can consider this effect by direct simulation of the monitor chamber or by a correction 

function such as the one presented by Liu et al. [1], for which the polynomial coefficients are originally determined for a Clinac (Varian Medical Systems, 

Palo Alto, CA) treatment unit. Because the treatment head was redesigned for the TrueBeam (Varian Medical Systems, Palo Alto, CA) treatment unit 

compared to the Clinac, coefficients specifically determined for the TrueBeam are expected to differ to those for the Clinac. The aim of this work is to 

determine coefficients for the backscatter correction function of Liu et al. [1] for MC simulations of a TrueBeam 6 MV beam. 

 
Materials & Methods 

Output factors are measured in a water tank for a TrueBeam 6 MV photon beam for rectangular field sizes with all possible combinations of field width x 
(lower jaws) and length y (upper jaws) of 2, 3, 4, 6, 8, 10, 12, 15, 20, 25, 30, 35 and 40 cm. For all field sizes the mean of Microdiamond (PTW, Freiburg, 
Germany) and Semiflex (PTW, Freiburg, Germany) measurement was used, except for small fields (x or y < 4 cm) where only Microdiamond measurement 
were used and for large fields (x or y > 30 cm) where only Semiflex measurements were used. For all considered fields, output factors are also 
determined by MC simulations with a statistical uncertainty of about 0.4% performed by the Swiss Monte  Carlo Plan (SMCP) [2] utilizing the VMC++ 
algorithm for treatment head and phantom simulation without backscatter correction. The backscatter correction function S is given by (1+R(x0,y0)) / 

(1+R(x,y)), where R(x,y) = (a0+a1*y+a2*y2) + (a3+a4*x) * (a5*y+a6*y3). x0 and y0 are the field width and length of the reference 10x10 cm2 field [1]. 
The coefficients a0-a6 of S are determined by fitting the simulated to the measured output factors. Output factors are re-calculated again using the 
backscatter correction  function and compared to the measurements. The same comparison is repeated utilizing backscatter correction originally determined 
for a Clinac. 

 
Results 

a0-a6 are determined to be 1.77, 4.18e-2, 5.0e-5, 2.0e-1, -3.7e-2, 7.4e-2 and -1.22e-4 for a TrueBeam 6 MV beam. The difference between simulated and 

measured output factors for this beam are shown in Table 1a and 1b utilizing the backscatter correction determined for the TrueBeam and Clinac, respectively. 

The mean absolute differences in the output factors between simulations and measurements over all evaluated field sizes are 0.34% and 0.68% using 

the backscatter correction determined for the TrueBeam and Clinac, respectively. 

Table 1: Differences between simulated and measured output factors for a TrueBeam 6 MV beam utilizing the backscatter correction determined for the 

TrueBeam (a) and Clinac (b). 
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Discussion & Conclusions 

Polynomial coefficients for a backscatter correction function for MC simulations of a TrueBeam 6 MV beam are successfully determined. The results 

show that predictions of TrueBeam 6 MV output factors using backscatter correction determined for a TrueBeam halves the differences to measurement on 

average compared to using backscatter correction determined for a Clinac. 
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Introduction 

Photons and electrons are two particle types that are commonly used in external beam radiotherapy (EBRT). The penetration power and skin-sparing effect of 

high-energy photon beams make them especially suitable to treat deep-seated tumours. Electrons, which have a limited range, are generally used for treating 

superficial tumours to reduce the dose to deeper healthy tissues. Mixed-beam radiation therapy (MBRT) is an emerging treatment approach that combines the 

use of both particles in one plan to exploit their corresponding advantageous characteristics. Various studies have demonstrated the potential of MBRT in 

optimizing dose distributions to the target [1], however, a clinically practical QA procedure has yet to be established. Utilizing machine log files for dose 

reconstruction is a possible method for patient-specific VMAT QA [2], the same technique might be applicable to MBRT. In this study, an MBRT plan was 

delivered on Varian TrueBeam linacs and the feasibility of reproducing delivered MBRT dose distributions from machine log files was examined.  

Materials and Methods 

An MBRT plan for a patient with soft-tissue sarcoma (STS) in the right leg was robustly optimized with a prescription dose of 50 Gy in  25  fractions  

(Figure  1)  to  96%  of  the clinical  target  volume  (CTV).  The  plan consists of an arc delivery of a 6 MV photon beam at a source-axis distance (SAD) of 

100 cm, and step-and-shoot deliveries of electron beams of energies specified in Table 1 and indicated  in  Figure  1.  The  SAD  of  the electron delivery is 

shortened to 80 cm to reduce the effect of electron scattering in the air [3]. The plan was delivered once on three TrueBeam linacs (TB3, TB4, TB5) and 10-

fold on TB5 to account for the potential inter-linac and intra-linac differences. 

 
Table 1: Summary of the MBRT plan. 

 

 

Figure 1: The CT slice showing the contour of the CTV and the OARs, the photon arc (yellow), and the electron delivery angles (white arrows). 

Treatment log files were collected upon deliveries. Axis positions and Monitor Unit (MU) delivered at each control point was extracted from the log files to 

perform dose reconstruction by EGSnrc Monte Carlo calculations. The TrueBeam phase space file (TrueBeamPhsp) provided by Varian was used as the beam 

source for the simulation. DOSXYZnrc code was used to score the dose to the patient anatomy with the voxel size of 2.5x 2.5 x 2.5 mm3. The reconstructed 

mean dose to the CTV and organs at risk (OARs) were then compared with the planned dose and the percentage difference was computed for each structure. 

Results 

The MBRT plan was successfully delivered, and 12 sets of log file data were collected for dose reconstruction. 60 x 106 histories were simulated in the 

dose calculation such that the statistical uncertainties of each energy was below 1 % for voxels receiving more than 50% of the maximum dose. The log 

file-recalculated mean dose to the CTV and the OARs were computed and compared to the planned dose in Table 2 and Table 3. To examine the 

inter-linac difference in delivery, the computed doses across 3 different linacs are shown in Table 2. The deviations between the recalculated and the 

planned mean dose to the CTV varied between -0.03% to 0.08%. Table 3 shows the intra-linac variation. Mean, minimum and maximum dose over 10 sets 

of data collected from TB5. The recalculated mean dose to the CTV of 10 deliveries differed from the planned dose by 0.06 %. 
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Table 2: Comparison between planned and recalculated mean dose from 3 deliveries on different linacs for CTV and three OARs. 

 

 

Table 3: Comparison between planned and recalculated mean dose from 10 deliveries on TB5 linac. 

 

 
Discussion & Conclusions 

The log file-recalculated dose was in excellent agreement with the planned dose with no significant inter and intra-linac difference. High reproducibility of 

log file-dose reconstruction for MBRT plan was observed across deliveries. The deviations between the recalculated and the planned dose to the CTV 

were below 0.1 % for all datasets. The results demonstrated the deliverability of MBRT plans on Varian TrueBeam linacs and the feasibility of reconstructing 

the dose distribution of an MBRT plan with machine log files through Monte Carlo simulation. With this as a baseline, we will further analyze the 

sensitivity of this methodology to pick up intentionally introduced delivery errors within or outside of mechanical tolerances including mechanical lagging 

of leaves, gantry rotation errors, etc. 

References 

 
[1] S. Mueller et al., Physics in Medicine & Biology 62, 5840 (2017). 

[2] E. Schreibmann, A. Dhabaan, E. Elder, and T. Fox, Medical Physics 36, 4530 (2009). [3] E.E. Klein, Z. Li, and D.A. Low, Radiotherapy and 

Oncology 41, 189 (1996). 

*Corresponding Author: yee.tai@mail.mcgill.ca  

mailto:yee.tai@mail.mcgill.ca


 

 32 

 

Monte Carlo treatment planning process for dynamic trajectory radiotherapy including dynamic table translations applied to cranio-spinal 

irradiation 

G. Guyer*1, P.-H. Mackeprang1, S. Mueller1, W. Volken1, J. Bertholet1, H.A. Loebner1, D.M. Aebersold1, 

P. Manser1, and M.K. Fix1 

1Division of Medical Radiation Physics and Department of Radiation Oncology, Inselspital, Bern University Hospital and University of Bern, Bern, 

Switzerland 

 
Introduction 

Intensity modulated radiotherapy (IMRT) using discrete beam angles and volumetric modulated arc therapy (VMAT) in a single gantry arc are the standard 

of care for many radiotherapy treatments. Dynamic trajectory radiotherapy (DTRT) extends VMAT by dynamic table rotation, table translations and collimator 

rotation during beam-on. However, DTRT plans cannot be created by commercial treatment planning systems (TPS). Monte Carlo (MC) based dose 

calculation methods are favorable to calculate the dose of DTRT plans because table translations can be efficiently and accurately considered by 

continuously sampling particles along the dynamic trajectory. A MC based treatment planning process (TPP) able to generate DTRT plans was recently 

developed in our group. In this TPP, the beamlet and final dose calculation is performed with the Swiss Monte Carlo Plan (SMCP) [1] dose 

calculation framework interfaced with a research version of the Eclipse TPS (Varian Medical Systems, Palo Alto, CA). Moreover, the TPP uses an in-house 

developed direct aperture optimization algorithm for plan optimization. The aim of this work is to apply this TPP to a cranio-spinal irradiation (CSI) treatment 

and validate the calculated dose distribution by measurement. 

 
Materials & Methods 

A non-isocentric DTRT treatment plan including dynamic table translation is created for a CSI case on a TrueBeam linear accelerator (Varian Medical Systems, 

Inc., Palo Alto, CA) using the introduced TPP. This plan contains one dynamic treatment field translating the table over a range of 70 cm to cover the spine 

from caudal to cranial at a gantry angle of 210 degrees, continuing to a VMAT-like arc (210 - 150°) for the cranial part of the target volume before again 

translating the table towards caudal for a second spine part at a gantry rotation of 150 degrees. Figure 1 shows a 3D view of the DTRT setup. 

 

Figure 1: Eclipse 3D-view of the DTRT plan with table translations for the CSI case. The target volume is highlighted in red. 

DVHs and dose-volume parameters were extracted using Eclipse and qualitatively compared to a standard of care multi-isocentric IMRT plan. The DTRT plan 

was delivered on a TrueBeam linear accelerator in the developer mode and the dose distribution was measured using two interleaved sagittal / coronal 

Gafchromic EBT3 films (Ashland Advanced Materials, Bridgewater, NJ) in a cubic PMMA phantom. The calculated and measured dose distributions of the 

DTRT plan were compared using gamma analysis (3% global, 2 mm, 20% low-dose threshold). 

 
Results 

The DTRT treatment plan achieved similar dose homogeneity in the target and dose values to the organs- at-risk (Figure 2) while the delivery time was reduced 

from 8.3 min to 4.6 min when compared to the IMRT plan. The DTRT plan was successfully delivered and measured and calculated dose distributions of the 

DTRT plan agreed with gamma passing rates above 97%. 
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Figure 2: DVHs of the DTRT (solid) and IMRT (dashed) plans for the CSI case. Doses are relative to the prescribed dose (100%). 

Discussion & Conclusions 

A DTRT plan including dynamic table translations for a CSI case was successfully optimized and validated. The non-isocentric DTRT plan provided similar plan 

quality to a multi-isocentric IMRT plan while reducing treatment delivery time by 45%. 
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Introduction 

Radiotherapy aims to deliver a therapeutically effective dose to a target volume while simultaneously sparing organs at risk (OARs). Recent developments 

in volumetric modulated arc therapy (VMAT) have focused on increasing the degrees of freedom for treatment delivery aiming for better dosimetric 

plan quality while maintaining a reasonable delivery time. HyperArc radiotherapy uses different static table rotation angles to exploit a non-coplanar 

beam setup for more beam directions. Dynamic trajectory radiotherapy (DTRT) extends state of the art VMAT by dynamic table and collimator rotation 

during beam- on, to efficiently deliver the dose with a non-coplanar beam setup to the patient. The aim of this work is to assess the dosimetric robustness, 

using Monte Carlo (MC) dose calculation, of VMAT, HyperArc and DTRT treatment plans against systematic uncertainties in gantry, table and 

collimator rotation for a nasopharynx and a glioblastoma case. 

 
Materials & Methods 

A VMAT plan, a HyperArc plan, and a DTRT plan are created for a nasopharynx ( 95%1nI = 50 Gy) and a glioblastoma case ( 50%1nI = 60 Gy). All plans 

are optimized using a research version of the Eclipse photon optimizer (Varian Medical Systems, Palo Alto, CA) with the same set of objectives for each case 

and objective function values (OFV) are compared. The Swiss Monte Carlo Plan (SMCP) [1] is extended to enable the automatic MC calculation and 

evaluation of the dosimetric impact of uncertainty 

scenarios. In this work, systematic uncertainties in gantry, table, and collimator angle between ±1°, individually and in combination on the planned 

dose distribution for the created treatment plans are investigated. To evaluate dosimetric robustness, considering target and OARs, a plan is defined to be 

robust against an uncertainty scenario, when   98% (  2%) of the CTV is not reduced (increased) by more than 1 Gy and ( 2%) of each parallel 

(serial) OAR are not increased by more than 1 Gy, compared to the nominal scenario. The dosimetric robustness of the treatment plans is summarized by a 

robustness index (RI), representing the fraction of the uncertainty scenarios passing the before defined robustness criteria. 

 
Results 

The beam trajectories for all treatment plans are shown in figure 1. Plan quality, in terms of OFV, is 0.38 and 0.26 (VMAT), 0.18 and 0.10 (HyperArc), 0.18 

and 0.07 (DTRT) for the nasopharynx and glioblastoma case, respectively. The RI is shown in figure 2. For the nasopharynx case no uncertainty combination 

infringed the robustness criteria of the DTRT plan. The DVH bands of OARs showed greater deviations as compared to the ones of the CTV (figure 3). 
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Discussion & Conclusions 

The developed MC framework calculates the dose distributions of VMAT, HyperArc, and DTRT plans and performs automated robustness calculation. As 

demonstrated for the investigated cases, the DTRT and HyperArc plans are able to exploit non-coplanar field setup to improve plan quality compared to 

the VMAT plans. The plan robustness assessment against systematic uncertainties in gantry, table, and collimator angle resulted with the DTRT plans 

performing best for both cases. Furthermore, different structures accommodate different robustness: no substantial deterioration for CTV is visible 

for all plans, however greater variations in DVH for OARs close to the target, e.g., chiasma, are observed. 
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Figure 2: Robustness index (RI) of the 

nasopharynx & the glio-blastoma case for

investigated uncertainties. 

Figure 1: Left to right: VMAT, HyperArc and DTRT plan for the nasopharynx case (top) and for the 

glioblastoma case (bottom). Beam directions are indicated by the red bands, targets are shown in red, 

OARs in different color 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Dose-volume-histogram bands incorporating all considered uncertainty scenarios for the 

nasopharynx (top) and the glioblastoma (bottom) case. 
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Introduction 

Varian’s treatment planning system (TPS) Eclipse currently provides two dose calculation methods: the type-b analytical anisotropic algorithm (AAA) and 

the type-c Acuros XB (AXB) algorithm. Although AAA has historically been a rapid calculation method, AXB has allowed more accurate calculation, particularly 

around heterogeneities without sacrificing calculation speed and thus also often serves as a dose verification tool. However, both algorithms rely on the 

tuning of center-specific model parameters such as the dosimetric leaf gap and the leaf transmission coefficient and are therefore susceptible to a 

common failing point. As such, there is a benefit in using a dose verification method that is fully independent from the clinical TPS. In this study, 

RadCalcMC, a Monte Carlo-based dose verification software, was commissioned at the McGill University Health Centre to fulfill this role. 

Materials & Methods 

The dose distribution of 51 Volumetric Modulated Arc Therapy (VMAT) patient plans treated at the McGill University Health Centre were retrospectively 

calculated using 4 dose calculation algorithms: Eclipse’s AAA (version 11) and AXB (version 15), RadCalcMC (version 7.1) and an EGSnrc beam model 

using Varian-provided TrueBeam phase space files (TrueBeamPhsp). All plans were planned on the Varian TrueBeam linear accelerator using the 

Millenium multi-leaf collimator and 6 MV photon beams. The plans spanned a wide range of sites (head and neck, breast, abdomen, pelvis, and brain) and 

prescription schemes (from 4Gy/2fx up to 70Gy/35fx). For AAA, dose-to-water was calculated while the dose-to-medium was calculated for the 3 other 

methods. For all dose calculation algorithms, a voxel size of 2.5⨯2.5⨯3 mm3 was used. Voxel doses were scored in EGSnrc using the DOSXYZnrc user code. 

The mean dose 𝐷�𝑒𝑎�, the near-maximum dose 𝐷2% and near-minimum dose 𝐷98% of the planning target volume (PTV) were then calculated and 

compared to the TrueBeamPhsp dose. 10 plans were selected to be delivered on a water tank, where the dose to an A1SL chamber was measured. The chamber 

was positioned at 8.5 cm depth. The plans were collapsed to a gantry angle of 0° such that all beams were delivered vertically. The water surface was 

positioned at a source-to-surface distance of 91.5 cm such that the chamber is located at the isocenter. For 3 plans, the chamber position with respect to 

the isocenter was shifted horizontally to regions of lower dose gradients, while keeping the chamber depth constant. The dose to the chamber was calculated 

by setting all 1⨯1⨯1 mm3  voxels within the water phantom, including chamber voxels, to be water of unit density. The average dose of voxels within 

the chamber cavity contour were then compared to measurements. For all RadCalcMC and DOSXYZnrc calculations in this study, sufficient histories 

were simulated to obtain a type-A uncertainty of less than 1% for voxels receiving at least 50% of the maximum dose. To accurately model the influence of the 

chamber’s presence on the dose distribution, the dose to the chamber’s air cavity was also calculated using an egs_chamber model of the A1SL 

chamber [1]. For this purpose, particles were collected in an intermediate phase space file located at 60 cm from the source of the TrueBeamPhsp 

model, below the multi-leaf collimators. The egs_chamber calculation was then run from these intermediate phase space files with sufficient history 

such that the uncertainty on the dose to the chamber cavity was less than 0.2%. 
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Figure 2: Calculated chamber dose vs. measurement 

 

 

Results 

The PTV dose as calculated by each algorithm 

is compared to the dose calculated by DOSXYZnrc  

using the TrueBeamPhsp model in Fig. 1. Notches  

in the boxplot represent the 95% confidence interval  

about the median. Outliers, plotted as crosses, are  

points lying beyond 1.5 times the interquartile range  

from the first 

 

and third quartiles. Considering all metrics, the PTV dose calculated by RadCalc is the most consistent with the TrueBeamPhsp dose. The AAA dose is 
consistently found to be larger than the AXB dose across all metrics. This is expected as reporting dose-to-water is known to be ~0.5% larger than reporting 
dose-to-medium. Despite this artificial dose inflation, AAA’s median 𝐷�𝑒𝑎�is in agreement with TrueBeamPhsp. 𝐷2% and 𝐷�𝑒𝑎� as calculated by AXB 

were found to be significantly lower than both the TrueBeamPhsp and the RadCalc dose at the 95% confidence level. Although this was not the case for 
the near-minimum 𝐷98% metric, larger variations in this metric occur across calculation types. 𝐷98% doses are more sensitive to interface doses 
which are handled differently between calculation methods. The collapsed gantry dose to the chamber as calculated by each algorithm is plotted in Fig. 
2 as compared to measurements. Both the AXB and AAA-calculated doses were found to be generally lower than measurements, with a median dose 
difference of 1.2% and 0.8%, respectively. The median dose difference between measurements and the 3 Monte Carlo calculation methods, including 

RadCalcMC, were found to be less than 0.3%. One outlier plan was found to have a consistently hotter calculated/measured dose ratio than other plans 
for all calculation type. Including the outlier, the egs_chamber calculation provided a tighter overall agreement with measurements than DOSXYZnrc 
despite using the same beam model. 

Discussion & Conclusions 

 
  

Across 51 plans, the median 𝐷�𝑒𝑎�  to the PTV by 

RadCalcMC was found to be larger than AXB by 1.9%.  

Collapsed gantry measurements for a subset of these plans 
were taken as a further investigation into this discrepancy. 

Monte Carlo-based methods, including RadCalcMC, were  

found to provide better agreement with measurements. 
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Figure 1: Comparison of PTV doses with the TrueBeamPhsp model 
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Introduction 

For many clinical cases in radiotherapy, at least a part of the target is close to the body surface. For treating such targets with photon beams, a bolus is placed 

on the body surface such that the prescribed dose can be delivered homogeneously to the whole target including the shallow part. However, using a 

bolus is connected with placement uncertainties affecting the dose distribution or even the risk to accidentally omit the bolus. Recently, a Monte Carlo 

(MC) based treatment planning process (TPP) including robust optimization has been developed to create mixed photon and electron beam radiotherapy 

(MBRT) plans and validated against measurements [1]. It has been shown that robust optimized MBRT is a promising solution to treat targets with a 

superficial part [1-2]. The aim of this work is to investigate whether treatment plan quality can be maintained by robust optimized MBRT plans without using a 

bolus. 

 
Materials & Methods 

MBRT plans generated by the mentioned TPP [1] consist of photon multileaf collimator (MLC) shaped photon and electron apertures to be delivered in a 

step-and-shoot manner on a TrueBeam (Varian Medical Systems, Palo Alto, CA) treatment unit. Both beamlet and final dose calculation are performed within 

the framework of the Swiss Monte Carlo Plan (SMCP) utilizing the VMC++ algorithm and Macro MC algorithm for photon and electron apertures, 

respectively. For this study, a cylindrical phantom is designed with multiple CTV definitions varying in the surface to target distance (STTD) as illustrated in 

Figure 1. A serial and a parallel OAR are contoured as well, both shifted by the same distance as the corresponding CTV definition. 

 

 
 
Figure 1: A cylindrical phantom with multiple CTV definitions varying in the source to target distance (STTD). 

Beamlet dose distributions were calculated for five 6 MV photon fields (gantry angle = 0°, 60°, 95°, 245° and 285°) and six electron fields from gantry angle 

0° with beam energies of 6, 9, 12, 15, 18 and 22 MeV. Using these beamlets, robust optimized MBRT plans consisting of 50 apertures are created for STTD = 

0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 cm, once with a 5 mm bolus in place and once without. The same objectives were used for all plans and the robust optimization 

considered the nominal scenario and six error scenarios (0.5 cm translational systematic setup error along the superior & inferior, anterior & posterior, 

and left & right directions). The plans were compared in terms of objective function values and DVHs. 

 
Results 

The objective function values of the plans created without bolus were better for STTD = 1.0 and 0.8 cm, similar for STTD = 0.6 and 0.4 cm and worse for 

STTD = 0.2 and 0.0 cm compared to the plans created with bolus. However, the dosimetric differences between the plans created with or without bolus were 

minor for each investigated STTD as demonstrated in Figure 2 for the nominal scenario. 
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Figure 2: DVH comparisons in the nominal scenario between robust optimized MBRT plans created with or without bolus for a source to target distance 

(STTD) of 0.0 (left), 0.4 (center) and 1.0 cm (right). 

 
Discussion & Conclusions 

Robust optimized MBRT plans generated with or without bolus by a MC based TPP have similar treatment plan quality for an academic situation, suggesting 

that it is not necessary to use a bolus. However, the findings need to be confirmed with clinical cases and calculated dose in the superficial part of the 

CTV needs to be validated by measurements. 
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Introduction 

When dealing with ionizing radiation applications, it is often required to assess the absorbed dose by the tissues of the patients and the personnel involved. 

For this purpose, virtual phantoms combined with Monte Carlo simulations, have been widely used in radiation protection, nuclear medicine 

(radiopharmaceuticals) and radiation therapy fields. We propose here the 3D VirtualPatient as a tool used for different applications. 

Materials & Methods 

VPatient3D (VP3D) is a product developed by I-See ltd in a research context. It has been designed and modelled as a reproduction of a male average 

human being according to ICRP Report 110 (2009). The organs and tissues are well segmented and designed using BREP. Thanks to automatized 

scripts, it is possible to obtain high quality CT images of the desired resolution with no artefacts. The organ boundaries are well defined. During the CT images 

generation process, VP3D materials and tissues are charachterized. 

Results 

VP3D has been used to analyze the deposited dose in tissues due to both external irradiation and internal irradiation. 

Multiple source setups have been investigated considering all the clinical phases the patients go through, from imaging to treatment delivery. Conventional 

radiotherapy, proton therapy and metabolic radiotherapy have been simulated within ad-hoc built Monte Carlo applications. 

 

 

Figure 1: Virtual patient Web app [1]. 

Discussion & Conclusions 

This work has explored the great advantages of the use of virtual phantoms to simulate and to assess the effects of radiation exposure, without any 

external noise, artefacts or any privacy limitations. This tool, unlike actual patients, is characterized by a well-known anatomy that constitutes a reference 

from which best practices can be retrieved. Moreover, this gives the possibility to model different tumors shapes, filling a wide database of models for 

potential patient pathologies. A future step could be oriented to train an artificial intelligence (AI) algorithm to be used for an intelligent treatment planning 

system. 
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Introduction 
The tremendous evolution in dosimetric calculations via MC simulations has not been matched by approaches for analysis. For example, traditional 

approaches involve characterization of 3D dosimetric distributions via aggregated first order metrics such as mean and standard deviation, ignoring various 

characteristics of the distribution. In the present work, we demonstrate for the first time the potential for Haralick texture feature analysis1 to yield 

insights into detailed MC-generated dose distributions by considering the spatial distribution of the data. We demonstrate the application of Haralick 

analyses to both (1) micro and (2) macroscopic dosimetric data. 

Materials & Methods 

All MC simulations are carried out using the EGSnrc application egs_brachy2 to yield: (1) specific energy (energy imparted per unit mass) in a grid of 

microscopic (3 𝜇m)3 water voxels irradiated by photon sources (mean energies: 0.03 to 2 MeV); (2) 3D dose distributions for low dose rate 125I permanent 
implant prostate brachytherapy in idealized “TG186” models using media assignments for realistic tissues including calcifications (0 to 5% by volume) and 
“TG43” (water, no interseed interactions). The five most prominent Haralick features (homogeneity, contrast, entropy, correlation, and local homogeneity) 
are used to characterize each system in terms of the 3D distribution of specific energy or dose in conjunction with traditional first order metrics. 

Results 

Figure 1 provides colour maps depicting specific energies in (3 𝜇m)3 voxels for 6 MV, 192Ir and 125I sources, all with 30 mGy mean specific energy (dose). 
Visual inspection of these colour maps reveals 

patterns of energy deposition that differ for each source, which can be quantified using Haralick texture analysis as shown in Figure 2. For example, 

homogeneity is lowest for 192Ir compared to 6 MV and 125I, induced by the self-similarity in energy deposition for 6 MV and the large percentage of voxels 

with no energy deposited for 125I. Contrast is larger by a factor of 3.3 for 125I than for 6 MV, reflecting large disparities in specific energies for adjacent 

voxels for 125I. 

 

Figure 1: Colour maps depicting mapped specific energies for a layer of voxels in the scoring volume. Specific energy is mapped to values between 0 - 100 

represented using colours indicated (white is zero). 



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 42 

 
 

 

Figure 2: Subset of four textural features extracted from the 3D specific energy arrays with mean specific energy of 30 mGy for 125I, 192Ir, and 6 MV 

sources. 

 
Figure 3 presents a subset of Haralick features extracted from prostate 3D dose distributions as a function of % prostatic calcification. These results 

demonstrate how characteristics of 3D dose distributions are reflected in values of Haralick features. For example, calcified voxels affect 3D dose 

distributions by introducing hot spots in calcified voxels and cold spots in surrounding regions, thereby reducing homogeneity and increasing contrast. As 

the   percentage calcification increases, dosimetric changes due calcifications become so prevalent that an increase in homogeneity is observed. 

 

Figure 3: Haralick features extracted from 3D dose distributions calculated using MC simulations of idealized prostate models (TG186) and under TG43 

conditions, presented as a function of prostatic calcification. 

 

Discussion & Conclusions 

This work demonstrates that Haralick features can be used to characterize MC-generated dose distributions across micro- to macroscopic scales, thus 

providing a new approach for quantitative analysis of 3D dosimetric data. Future work will involve MC microdosimetric analyses considering cell 

populations and connecting with experimental measurements of biological response, as well as patient- specific radiotherapy treatments. 
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Introduction 

Intra Operative Radiation Therapy (IORT) is a technique that, after the surgical tumor removal, delivers a dose of ionizing radiation directly to the patient still 

in the surgery bed. This procedure helps to eradicate the microscopic residual tumor cells that can be left over. Currently, IORT procedures are mainly performed 

by dedicated mobile linacs which operates inside a operating room, with electron energies between 4 and 12 MeV. This single application can either be used 

as a boost to increase the tumor local control or, in the most favorable cases, as single dose treatment which replaces the radiotherapy cycle. Within 

IORT, whenever needed and possible, temporarily beam modifiers (such as the protection disc for breast carcinoma treatment) are used to protect the 

underlying healthy tissues during the irradiation and the beam is passively collimated by means of a PMMA hollow tube (applicator). The use of mono 

energetic high intensity pulses of electrons (needed to deliver as fast as possible the whole dose of several Gy) makes IORT the current best candidate 

for the first implementation of the FLASH effect into clinic [1]. Flash radiotherapy consists in a new modality where the whole dose is delivered with an 

average dose rate above 40 Gy/s and dose rates as high as 1000 Gy/s are achieved using very short irradiation pulses. The FLASH effect might represent a 

very interesting evolution of EBRT with electrons due to the additional healthy tissues sparing effects obtained on healthy tissue while maintaining an 

equally effective in tumour local control. Currently the two main IORT limitations are the unavailability of a Treatment Planning System (TPS) and of an 

accurate report of the dose delivered. Such limitations are both due to the very limited amount of time available (order of minutes) during the surgery to 

obtain both the imaging of the surgical field and the TPS computation. In this contribution we investigate the feasibility of IORT-FLASH treatments 

planning using a GPU-based fast Monte Carlo (MC) called FRED (Fast particle thErapy Dose evaluator), as a tool for dose calculation and treatment 

optimization. 

Materials & Methods 

The FRED MC has been developed to allow a fast optimization of the TPS in Particle Therapy, while keeping the dose release accuracy typical of a MC 

tool. This software has been written to run on GPU (Graphic Processing Unit), so to reduce the simulation time by a factor of 1000 compared to standard 

MC software [2]. Currently, the code is already used as research tool at several clinical and research centers for proton beams [3] while for carbon and electron 

beams is under development. The FRED electromagnetic results have been cross-checked and benchmarked against FLUKA simulations [4] and experimental 

data in the IORT context obtaining excellent results in terms of accuracy and simulation time. Using FRED we have simulated in detail the LIAC HWL accelerator, 

produced by SIT (Aprilia (LT), Italy). We have then combined  the  FRED  simulation  with  a  simple  modelling  of  the  FLASH  effect;  the  outcomes  of  a 

conventional dose rate treatment and a FLASH one have been compared and are reported. 

Results 

The tumour coverage and the dose absorbed by the organs at risk have been compared, carrying out a quantitative analysis adopting both Dose Volume 

Histograms (DVH) in the case of breast cancer, prostate and pancreatic cancer. The role of the FLASH effect in widening the therapeutic window while 

reducing the impact of the surgery, especially in superficial tumors, will be discussed as well. 

Discussion & Conclusions 

The results demonstrate the potential of FLASH effect in IORT and of FRED as a tool for treatment planning and dose-report calculations. 
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Introduction 

Coronary artery disease (CAD) is the most common form of cardiovascular disease and is caused by excess plaque along the arterial wall, blocking blood flow 

to the heart (stenosis). Percutaneous transluminal coronary angioplasty widens a narrowed artery, leaving behind metal stents (1). However, in-stent 

restenosis (ISR) may occur due to damage to the arterial wall tissue, triggering neointimal hyperplasia which produces fibrotic and calcified plaques, 

narrowing the artery again. Drug-eluting stents (DES) slowly release medication to inhibit neointimal hyperplasia to prevent ISR but they fail in 3% to 20% of 

cases (2). Intravascular brachytherapy (IVBT), which uses -emitting radionuclides to prevent ISR, is used in these failed cases. However, current dosimetry 

for IVBT is water based and does not consider attenuation of the radiation by heterogeneities such as the IVBT device guidewire, non-uniform distribution 

of  calcified plaques, and stent material, or the angular dependence of dose distribution (3, 4, 5). The aim of this study was to investigate the uncertainties 

in clinical water based IVBT dosimetry, considering the  effect of heterogeneities on dose distribution. 

Materials & Methods 

An inhouse Monte-Carlo based dosimetry package for IVBT applications based on Geant4 10.04 (patch 2) was developed. Patient’s artery was modelled as a 

32 mm long, 8.4 mm diameter cylinder comprised of three layers: tunica media, represented with muscle, tunica intima, represented with fibrotic plaque, 

and tunica adventitia, represented with collagen. These layers had mass densities 1.06 g/cm3, 1.22 g/cm3 and 

1.07 g/cm
3 

respectively. The innermost layer consisted of calcified plaque of density 1.45 g/cm
3 

with 

varying thicknesses between 0.9 and 1.9 mm with an eccentric shape and a rough surface. The stents had similar composition to Boston Scientific Synergy 

stents and were modelled to not overlap. The Novoste Beta-Cath 3.5F IVBT device model was used, which has a 90Sr90Y source. The geometry is shown in 

Figure 1a. A cylindrical scoring geometry was implemented. Two set of simulations were performed. In the first simulation called water phantom, the entire 

system consisted of water with unit density, and dose to water was calculated similar to the clinical water based dosimetry. In the second simulation 

called the artery model proper material and mass densities were assigned to each component. To ensure uncertainties below 0.8% within a 1 mm radial 

distance to the source and 2% within 4.2 mm from the source, 100 million decay events were simulated. The Penelope physics list was used to simulate the 

electromagnetic interactions between particles. Average, minimum, and maximum dose was calculated at 2.0 mm from the source center and directly and 1 

mm behind the outermost stents and guidewire. Absorbed dose was normalized to 23 Gy at 2.0 mm from the source center. 

Results 

Compared to the water phantom (Figure 1b), average dose in the artery model (Figure 1c) was attenuated by 50.9% at 2 mm from the source centre and 

directly behind the guidewire and outermost stent by 66.2%, and by 69.5% 1 mm behind this region. There was significant variation in dose around the 

source due to the guidewire attenuating dose the most, and heterogeneous distribution of calcification. 

a)   b) c)  Figure 1: The artery model with 

the Novoste Beta-Cath 3.5F Model with three sets of non-overlapped stents and arterial layer thicknesses indicated (a) as well as the anisotropic dose 

distribution for homogenous water phantom without guidewire (b), and the artery phantom with three sets of stents and guidewire present (c). 

 
Discussion & Conclusions 

Dosimetry for IVBT based on dose rate in water is not accurate. Heterogeneities need to be considered to deliver adequate dose to the lesion area. Stent 

material, heterogenous distribution of calcification and the off cantered placement of the guidewire affects the uniformity of dose distribution around 
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the source. Patients may benefit from personalized treatment planning taking dose-attenuating by different tissue/material heterogeneities into 

account. 
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Introduction 

HDR brachytherapy has proven an excellent alternative to surgery for the treatment of non-melanoma skin cancer.[1] For this reason, AAPM and ESTRO 

have published a joint report from the Task Group No. 253 (TG-253), including multiples radionuclides- (rBT) and electronic- (eBT) based brachytherapy 

sources, applicators, and a wide range of photon beams,[2] which may lead to different relative biological effectiveness (RBE). This work aims to 

study such RBE using the TG-253 devices, addressing the lack of these studies in HDR surface treatments. 

 
Materials & Methods 

The beams studied are: the Esteya (Elekta Brachytherapy, Veenendaal, The Netherlands) and INTRABEAM (Carl Zeiss Meditec AG, Jena, Germany) 

eBT systems, with 69.5 and 50 kV, respectively (see Figure 1); the Leipzig and Valencia applicators using the 192Ir mHDR-v2 source; and the Freiburg Flap 

applicator using 60Co Flexisource (all Elekta Brachytherapy, Veenendaal, The Netherlands). The primary electron fluence was scored (PENELOPE2018) at 

different depths in water and a skin phantom. The fluence spectra were used to calculate the DNA double-strand breaks (DSBs) and the RBE by means of the 

Monte Carlo damage simulator (MCDS).[3] 

 

 
 
 
Results 

Figure 2 (left) shows the primary electron fluence spectra of the HDR systems in water. The DSB of the Flex source 60Co was 8.28 per Gy per 109 DNA base 

pairs (both phantoms). Figure 2 (right) shows the RBE for all HDR sources in a phantom mimicking a typical skin layer. The RBE for the Esteya system and both 

192Ir applicators are practically constant at 1.06 and 1.01, respectively. The INTRABEM system shows a trend from the shallower positions into the depth, 

approximately from 1.11 to 1.06. 

 
 

 

Figure 1: Electronic brachytherapy (eBT) systems modeled in PENELOPE2018. 
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Discussion & Conclusions 

The DSB of 60Co and the RBE of 192Ir, near 1%, agree with those reported in the literature. RBEs obtained for the eBT systems are between 6% and 11% in 

the first two mm depth (skin layer). The values obtained here are lower than those published for eBT intraoperative treatments using similar beams and 

materials, reporting values up to 60%.[4] 

 
 

  

Figure 2: Primary electron fluence (water) of the HDR systems (left) and the relative biological effectiveness, RBE 

(right). 
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Introduction 

Radiotherapy is a well-known option for the treatment of keloid scars by reducing the scar recurrence. In high dose rate brachytherapy treatment option, 

the treatment catheter is surgically inserted inside the scar after the keloid removal and no bolus is applied over the treatment area during the treatment. 

This study aimed to investigate the feasibility and accuracy of the delivered dose from the high dose-rate afterloader in the keloid scar brachytherapy with 

Monte Carlo (MC) simulation and measurements. 

Materials & Methods 

Treatment doses were measured in a phantom made of solid water (SW) and polycarbonate (PC) sheets using a high dose rate Ir-192 source of the 

microSelectron afterloader system (Nucletron, Elekta AB, Stockholm, Sweden) and plastic applicator (CT/MR flexible implant tube 6F, single leader, 30 cm, 

Elekta AB), which was inserted inside the PC sheet. This sheet was placed between 2-mm-thick and total of 180- mm-thick solid water slabs for simulation 

of skin and innerbody structures (Figure 1a). The nominal treatment dose was set to 8.5 Gy at 0.5 cm distance from the sources simulating a 15 cm long 

scar treatment (29 stops with 0.5 cm stepsize). The planning dose calculation was done using TG-43 dose model, which does not take into account 

inhomogeneities. Central axis dose profiles at three different distances from the source were measured with a radiochromic film. The MC simulations were 

performed using the egs_brachy, which is an egs++ application based on EGSnrc code package [1]. Every measurement configuration and materials were 

modelled as precisely as achievable (Figure 1a). The microSelectron source model in egs_brachy library was used in simulations. 

Results 

Simulated and measured central axis dose profiles are presented in Fig. 1b, 1c and 1d. Profiles and doses are in good agreement, especially at depths of 

1.0 cm and 1.5 cm, where the doses were measured in (SW). 
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Figure 1: a) Cross-section of the phantom model (Red = SW, Blue = PC and Green = polymethyl methacrylate. MicroSelectron source is on the 

right hand side) and central axis dose profiles at three different depths from the source: b) 0.5 cm c) 1.0 cm and d) 1.5 cm. 

 
 
Discussion & Conclusions 

The simulated and measured dose distributions were in good agreement. Minor dose level difference between the film measurement (in water) 

and MC simulation at the depth of 0.5 cm is due to the fact that MC calculation results are dose in medium, which in this case is PC. The corresponding 

difference at depths of 1.0 cm and 1.5 cm between water and SW is not as prominent. The simulated and measured dose levels at the depth of 0.5 cm 

indicate that the nominal treatment dose can be achieved with the utilized setup. The future steps will be to compare the results to other measurement 

detectors and to clinical dose calculation algorithms. 
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Introduction 

The Monte Carlo method is extensively used in radiation therapy and is considered the gold standard for dose calculations in brachytherapy. Compared 

with traditional MC codes, the TOPAS (TOol for PArticle Simulation) toolkit is gaining popularity by having a much-simplified set-up for particle simulation 

and geometry description [1]. Even though MC simulations of all forms of radiation therapy are possible in TOPAS, there are no pre-built components 

focussed on brachytherapy prior to TOPAS 3.7 version. The objective of this work is two-fold. Firstly, it validates a package containing pre-built components 

which are useful for brachytherapy MC simulations. Secondly, it deploys the package alongside complementary educational resources. 

 
Materials & Methods 

As part of the brachytherapy package, 3 HDR (high-dose rate) and 12 clinically available LDR (low-dose rate) source models, a generic shielded applicator, a 

track-length estimator (TLE) for dose scoring were developed. In addition, a scorer filter for primary, first scatter and multiple scatter dose components 

separation was implemented to work alongside simulations with the volumetric source. LDR source models were validated through the calculation of TG43 

parameters and the comparison with published AAPM- vetted reference data. With the source surrounded by vacuum, the photon energy spectrum was 

extracted at 10 cm from the source. Based on the spectrum, the air-kerma strength was calculated. With the source immersed in water, the dose was scored, 

using the TLE, as a function of the radial distance from 0.5 mm to 10 cm along the transverse axis of the source. Based on the previous simulations, the dose 

rate constants and the radial dose functions were calculated. To extract the anisotropy function, the dose was scored at 0.5, 1 and 5 cm with cylindrical 

scorers covering an angle of 90°. The statistical uncertainty of calculated parameters was below 1% (k=1). The HDR sources, the applicator, and the TLE were 

previously validated through the calculation of TG43 parameters and the simulation of the MBDCA test cases [2]. 

 
To deploy the package, self-contained parameter files of the source models and the applicator were provided. A series of examples showed the 

usage of the pre-built elements. Additionally, a video tutorial was created to give insights on how the brachytherapy source models are built, and to give 

examples of some common simulation setups (e.g., extracting TG43 parameters). The tutorial described a couple of advanced examples such as the 

comparison of MC results with the dosimetry calculated by a treatment planning system and a multi-source implant. 

 
Results 

In general, source model validation results obtained with TOPAS were in good agreement with the reference data. The dose-rate constants were 
within 2% difference when compared with the MC-based reference data. Figure 1 shows the radial dose functions of the AgX 100 (I-125), the IAPd-103A 
(Pd-103) and the CS-1 Rev2 (131-Cs) source models obtained with TOPAS and compared with the reference data. Greater relative differences appeared in 
regions close to the source surface; such regions are susceptible to a significant dose gradient.  Note that the Proxcelan CS-1 Rev2 sour ce  model presented  
notable discrepancies with respect to the MC-based reference data, however, no significant differences were seen when comparing with the vetted TG-43 
reference data. Figure 2 presents the anisotropy functions for the same source models described before and the comparison with the reference data. Near 
the transverse axis region (90°) no significant relative differences appeared, whereas near the source tips (0°) discrepancies of up to 5% were seen. Results 
of TG43 parameters validated the MC models of the sources and such geometries were incorporated into the brachytherapy package for TOPAS. 

 



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 51 

 
The brachytherapy package was deployed in the TOPAS version 3.7, and it is available to all users with a valid TOPAS license. The provided examples in the 

package allowed fast access to the visualization of either an LDR source or an HDR source, and the visualization and the dose scoring of an HDR source 

inside an applicator. The educational resources teach users, in a step-by-step fashion, the concepts needed to perform their own brachytherapy simulations. 

 
Conclusions 

The source models of the brachytherapy package for TOPAS were systematically validated. The brachytherapy package and the tutorial provide a 

comprehensive solution for students, researchers, and clinical medical physicists, to get the needed skills and tools to perform brachytherapy MC 

simulations with TOPAS. Users get the brachytherapy package alongside the MC toolkit which is described in the official documentation [3]. A website 

gives general access to the tutorial [4]. 
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Figure 1: Radial dose functions extracted with 

TOPAS and compared with the reference data. 
Figure 2: Anisotropy functions (r=1 cm) calculated 

with TOPAS and compared with the reference data. 
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Introduction 

In this work, we used graphical mathematical tools to characterize the geometry of the Ru asymmetric plaques and developed more accurate and 

detailed geometries for Monte Carlo (MC) simulations which were validated against experimental dosimetric data from radiochromic film measurements. 

Materials & Methods 

The only source of geometric information available for the notched plaques is provided by the manufacturer in the user manual of Ru applicators, where the 

geometry of the cutout is characterized by three parameters: notch depth (a), notch interior radius (r1), and curvature radius of the edges (r2). By means of 

the software GeoGebra and photographic images of the asymmetric plaques available at our institution, the CIA, CIB, COB and COC applicator models, we 

determined the optimal values for the notch geometric parameters that best fit to the real shape of the plaque’s cutout. These new values were incorporated 

to the geometric models of the Ru plaques integrated in EyeMC1, an MC-based calculation system for ocular plaque therapy. Which implements a modified 

version of PENELOPE+penEasy intended to improve the efficiency by forcing the emitting positions to be homogeneously distributed across the active 

layer. 

For each asymmetric plaque type we ran simulations using the official and modified values of the geometric parameters. The resulting dose distributions were 

compared to EBT3 radiochromic film measurements performed in water following the procedure described by Hermida et al.2 

Finally, four real clinical cases were simulated in EyeMC using the official and modified geometries in order to evaluate the impact of the geometric 

modifications on the dose to the critical structures. 

Results 

The optimal values found for the notch parameters are reported in Table 1. The plaque showing the smallest discrepancy with the official parameters is the 

CIA, while the largest discrepancies are obtained for the COC. 

Table 1. Geometric parameters of the asymmetric plaques with the modified values derived from this work (official values given in brackets). 

 

    Plaque type   a (mm) 
  

r1 (mm)   r2 (mm)   
CIA 5.40 (5.5) 5.70 (7.0) 1.86 (1.75) 
CIB 6.10 (7.0) 7.80 (11.75) 1.78 (1.75) 
COB 5.18 (6.0) 2.28 (3.5) 3.055 (3.5) 
COC 8.21 (10.2) 2.48 (4.2) 2.742 (3.5) 

    

 
  

As shown in Figure 1, dose planes from MC calculations using the modified geometry have a very good agreement with film measurements, while those 

from the official geometry present large deviations in the region of the notch. 
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Figure 1. Isodose distribution comparisons, for each plaque type between film measurements (thin lines) and MC calculations (thick lines) using the 

official (left image) and the modified geometry (right image). COB dose planes have a 1.5º tilt perpendicular to the notch direction. COC dose planes have a 

3º tilt in the notch direction. 

The clinical cases calculated using the modified geometries present higher doses to the critical structures proximal to the cutout. The largest discrepancies 

respect to the official geometry were obtained in the dose to optic nerve and macula for the COC case, presenting 165% and 84% dose increases respectively. 

 
Discussion & Conclusions 

The results presented in this work prove that the geometric parametrization of the asymmetric Ru plaques proposed by the manufacturer is adequate for 

modeling the geometry of the cutout region, but the geometric parameter values provided for each plaque type do not fit properly to their real shape and, 

therefore, its implementation in MC models may lead to wrong results. The tunned-up geometric models provide a more accurate representation of the 

asymmetric plaques, greatly improving the agreement between MC calculations and experimental measurements. 

 
Finally, we have proven that variations on the values of the geometric parameters may have an important effect on the estimated dose to critical structures 

in real ocular plaque treatments. 
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Introduction: 

Electronic brachytherapy (eBT) combines the advantages of conventional brachytherapy by locoregional irradiation with the fact that the source can be 

switched off. The latter has major advantages in terms of radioprotection and dose modulation. eBT devices utilise (miniature) x-ray tubes for the generation 

of low- energy photons. The photon spectrum is determined by the target material and the electron source design. This in turn affects the microdosimetric 

characteristics. This study aims at comparing the photon and microdosimetric spectra of three different eBT devices used for surface skin treatment, 

that is, Axxent from Xoft (San Jose, USA), INTRABEAM from Carl Zeiss Meditec AG (Oberkochen, Germany) and Esteya from Elekta AB 

(Stockholm, Sweden). 

Materials & Methods: 

First for the Axxent system, a full Monte Carlo (MC) model of the S700 source in combination with a 35 mm skin applicator was developed using TOPAS Tool 

for Particle Simulation. The MC model is based on detailed specifications provided by Xoft with addition of some information as described by [1] and [2]. 

Validation is done by comparing (1) simulated to measured percentage depth dose (PDD) curves, (2) simulated to measured photon energy spectra 

and (3) simulated to measured half-value layer thicknesses (HVL). 

For the INTRABEAM device phase space files produced by [3] were used for the simulations of the bare source with a 40 mm surface applicator in TOPAS. 

Phase space files were in the IAEA format and produced by EGSnrc. Photon spectrum and HVL were measured in the work of [3]. Validation was done 

by comparing (1) the simulated to measured photon spectra and (2) the simulated to measured HVL. 

Last for the Esteya a photon spectrum acquired by VSL (Dutch Metrology Institute, Delft, The Netherlands) was used as source for the TOPAS simulations. 

This applicator for this device was a 30 mm surface applicator. 

Next, a MC model was developed of a prototype microdosimetric detector. This high-purity single crystal diamond was produced by the University of Rome 

Tor Vergata (Italy). The model is based on the data described by [4], [5], [6] and [7]. To obtain a microdosimetric spectrum, energy deposition per step 

was scored in the diamond’s sensitive layer and binned per energy. Since a slab detector is applied, the quotient of the energy deposition to the thickness of 

the sensitive layer (2.65 μm) gives the lineal energy expressed in keV/μm. The microdosimetric spectra of the three different eBT devices were then compared, 

as well as the mean values. All simulations were again performed with TOPAS. 

Results: 

Figure 1 provides an overview of the simulated photon spectra of the three eBT devices: Axxent (gray), INTRABEAM (yellow) and Esteya (blue). Differences 

can be explained by a different tube voltage (kVp), the design of the x-ray source and the target material that is used in the three different devices. 



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 55 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Photon spectra of eBT devices: Axxent (gray), INTRABEAM (yellow) and Esteya (blue) 
 
Simulations were then performed to score the lineal energy for the three different devices. Lineal energy spectra in frequency and dose 

were generated and the average values were calculated. These results were also compared to the microdosimetric spectrum of a high-

energy photon beam, i.e. cobalt-6 

Discussion & Conclusions: 

Although the photon spectra of the three different eBT devices for skin treatment are significantly different, variations in the microdosimetric 

spectra are rather small. This is currently under further investigation. However, when compared to high-energy photon beams, it can 

be noted that these low-energy photon beams have a significantly higher lineal energy. The microdosimetric properties of these beams 

should therefore be considered in the dosimetric planning prior to the irradiation of these patients. 
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Introduction 

Monte Carlo simulations are considered the gold standard in radiation dosimetry. They are increasingly used in deep learning endeavours aimed at fast 

and reliable dose calculations [1], and are also instrumental in the evaluation of radiobiological models [2]. In these two applications, the quality of the results 

depends on the amount of Monte Carlo data available. For deep learning, recent studies used Monte Carlo datasets comprising 10 to 270 patients [3–7] 

which, from a big data perspective, are small numbers. Larger datasets would potentially make deep learning models more general and allow for more 

accurate radiobiological parameter determination. This work proposes an automated Monte Carlo dose recalculation workflow that will be used in an 

upcoming large-scale retrospective study for LDR prostate brachytherapy with over 1200 patients. The workflow aims to comply with FAIR data management 

principles [8], and is therefore based on the DICOM standard to maintain interoperability, and to preserve and document expensive data (Monte Carlo 

simulation results). 

Materials & Methods 

A research-dedicated PACS (Orthanc [9]) gathers anonymized LDR brachytherapy treatment plans used in our clinic (RTPLAN, RTSTRUCT, RTDOSE DICOM 

objects, in addition to CT images). The proposed workflow extracts the patient geometry (with tissue characteristics) and the treatment plan (source strength 

and position) from these objects to launch dose calculations with the TOPAS MC code [10–12]. The resulting dose is then stored as a new DICOM 

RTDOSE object along with the contextual information associated to Monte Carlo parameters used. In some cases, additional structures are contoured 

in the recalculation workflow and are added to the original DICOM RTSTRUCT file. The entire workflow is packaged as a docker image [13] interacting 

with a job dispatcher feeding a Kubernetes cluster. Results, in the form of new DICOM objects, are automatically pushed back to the research-dedicated 

PACS through the same job dispatcher. 

Results 

Patient-specific Monte Carlo dose distributions were generated in LDR brachytherapy and successfully packaged in appropriate DICOM objects, along with 

contextual information and TG43-derived dose maps. The entire workflow, preserving computationally expensive data in robust containers, will be used in 

an upcoming large-scale retrospective study. 

 

Figure 1: Flowchart of the DICOM compliant Monte Carlo dose recalculation workflow. 
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Discussion & Conclusions 

The integration of Monte Carlo dose maps into the DICOM standard and its storage in a research-dedicated PACS ensures that the data is Accessible, 

Interoperable and Reusable. While this workflow may not fully follow FAIR’s Findable principle, it offers a production of durable, reusable and traceable 

dose maps valuable to the medical physics community. 
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Introduction 

Hadron therapy with heavy ions studied in the 1970s at Berkeley is regaining its strength, thanks to its relative biological effectiveness far superior to 

conventional therapies and to its greater effectiveness in treating hypoxic lesions. At present, more than 10,000 patients have been treated with 12C in 

the HIMAC and in the HIT patients are being treated with 3He and the treatments with 16O are being developed. This technique combined with the spatial 

fractionation of the beams increases their effectiveness and reduces the secondary effects considerably. Theoretical and preclinical studies have been 

carried out in which the great effectiveness of 20Ne ions is demonstrated [1, 2]. The aim of this work is to compare the biological dose obtained through 

the study of the spatial fractionation of 3He, 12C and 20Ne ions using the Monte Carlo simulation. 

 

Materials & Methods 

Based on the optimization carried out by González et al. [1] we implemented a simulation in Geant4 and FLUKA Monte Carlo (MC) codes, to calculate dose 

and the dose-average linear energy transfer (LETd). 

Three different rectangular minibeams (MBRT) were used as sources. The 3He with dimension of 1100 um x 2 cm, the 12C with dimension of 600 um x 2 

cm and the 20Ne with dimension of 500 um x 2 cm, the others simulation parameters used were similar to values reported in the refence [1]. 

From the dose and the LETd values obtained by MC, the RBE was estimated for the HSG cell lines. The RBE calculation was performed adjusting the values 

presented by Furusawa et al. [3] for the ions studied. 

 

Results 

The values obtained for the physical dose and the LETd of the 12C and 20Ne ions are very similar to those published by González et al. 2017 and 2018 [1] 

[4], as we use very similar conditions for the simulations. 

Figure 1 shows that the ratio between the dose at the tumor site and normal tissue is much higher in the 20Ne level compared to 12C. However, for the 

conditions of our study, it is observed, that the biological dose of the 20Ne beam decrease inside the tumoral region. This is due to the fact that the dependence 

for between alpha and LETd for HSG cells becomes maximum for values of 150 keV/um, as can be seen on the right panel of figure 1. At a depth of 70 mm 

that LETd value is already exceeded (>150 keV/um) and the alpha values begin to decrease as a result of the overkill effect. 

 

Conclusions 

• Depending on the response of the tumor cell lines to LETd, the most suitable ion will depend on the depth of the lesion to be 
treated. 

 

• For high energies (> 200 MeV per nucleon) significant differences are found in the dose and LETd values between the two 
simulation codes used. 
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Introduction  

In-beam Positron Emission Tomography (PET) is one of the modalities that can be used for in-vivo non-invasive treatment monitoring in proton therapy. 

Although PET monitoring has been frequently applied for this purpose, there is still no straightforward method to translate the information obtained from 

the PET images into easy to interpret information for clinical personnel. The purpose of this work is to propose a statistical method for analyzing in-beam PET 

monitoring images that can be used     to locate, quantify and visualize regions with possible morphological changes occurring over the course  of treatment. 

 
Materials and methods.  

We selected a patient treated for Squamous Cell Carcinoma (SCC) with proton therapy, to perform multiple Monte Carlo (MC) simulations of the expected 

PET signal at the start of treatment, and to study how the PET signal may change along the treatment course due to morphological changes. We performed 

voxel-wise two-tailed statistical tests of the simulated PET images, resembling the Voxel-Based Morphometry (VBM) method commonly used in 

neuroimaging data analysis, to locate regions with significant morphological changes and to quantify the change. 

 
Results.  

The VBM-based method could be applied to in-beam PET images, despite the image artefacts and limited statistics, typically present in such images. Voxels 

where the PET signal including morphological changes were significantly different from the reference could be clearly identified and visualized with specific 

colored patterns overlaid onto the CT scan. Fig. 1 gives an example of such a pattern. Moreover, the size of the regions that were identified as anomalous 

were in agreement with the size of the actually modified volume of the emptying of the cavity, as can be seen in Fig 2. If the viability of the method is 

confirmed in real data, we believe that this method would be appropriate to raise red  flags in case of anomalous PET images, facilitating the workflow of 

adaptive proton therapy. In this work we present the most recent results of the application of this method to in-beam PET images. 

 
Conclusions.  

The statistical method presented in this work is a promising method to apply to PET monitoring data to reveal inter-fractional morphological changes in 
patients, occurring over the course of treatment. Based on simulated in-beam PET treatment monitoring images, we showed that with our method it was 
possible to correctly identify the regions that changed. Moreover we could quantify the changes, and visualize them superimposed on the CT scan. The 
proposed method can possibly help clinical personnel in the replanning procedure in adaptive proton therapy treatments. 
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Fig 1: p-value maps overlaid on the planning CT scan, resulting from the analysis of simulated PET images, for the planning CT (a), and 

various volume reductions of the sinonasal cavity: 3.8 ml (b), 7.3 ml (c) and 13.1 ml (d). The insets on the left bottom represent how the 

situation in the CT actually changed. Red: voxels with significantly more activity than expected. Blue: voxels with significantly less activity 

than expected. 

Fig 2: Observed volume reduction in PET   simulated PET images, Vobs versus 

 actually introduced tissue volume reduction in the intermediate CT scans,Vmod
CT. A linear proportionality can be seen, implying that it was possible to 

estimate the size of the volume that changed from the PET image. 

  

 a       
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Introduction 

The Monte Carlo (MC) based dose calculation in proton therapy can play an important role in minimizing range uncertainty and providing robust treatment 

but comes at a higher computational cost [1]. To reduce computational cost while maintaining its accuracy, a general-purpose graphic processing unit (GPGPU) 

for parallel particle transportation [2, 3] has been utilized. However, some of the applications, like dose- influence calculation or temporal dose 

calculation, cannot take full advantage of the parallel architecture due to the limited memory size of the GPGPU and resulting expensive computational 

cost of memory transfer between the CPU and GPGPU. 

In this study, we developed a fast and memory-efficient MC code called “MOnte carlo code for QUIck proton dose calculation” (moqui). 

 

Materials & Methods 

We took the cross-section and material data from Geant4 and implemented the physics model developed by Fippel and Soukup [4]. Protons lose their 

energy through the electromagnetic and nuclear processes (proton-proton inelastic, proton-oxygen elastic, and proton-oxygen inelastic processes). Patients’ 

geometry, density conversion from CT image, and position and directional information of the primary particles are created on CPU and copied to GPU to 

transport the particles in a parallel manner. 

For efficient use of the GPGPU’s memory, we employed a hash-table consisting of dual key-value pair for the scoring process, as shown in Figure 1. The hash-

table's primary keys and values represent the voxel index of the scoring grid and the dose deposited to a voxel, respectively. The secondary keys represent 

user- defined binning, for example, spot indices or temporal indices of the treatment time. 

 

 
 

Figure 1: Hash-table data structure 
 
With the hash-table, voxels that do not interact with particles do not occupy memory. Therefore, we can store data in the form of a sparse matrix and 

maximize the memory utilization of the GPGPUs. This enables simultaneous scoring of various quantities. To show maximum memory utilization of the hash-

table, we computed the dose-influence matrix (Dij matrix, where i is voxel index and j is spot index) using moqui on GPU. 

In addition, we benchmarked moqui against TOols for PArticle Simulation (TOPAS) [5] by using a prostate cancer patient treated at our institution. 

Results 

The dose deposition for one CT slice from moqui and TOPAS is shown in Figure 2 together with the dose- volume-histogram (DVH), showing good agreement 

between moqui and TOPAS. Moqui took about 50 seconds with a GPGPU, whereas TOPAS took about 2 hours with 6 CPUs for the calculation. 

The plan has 2864 spots, and there are 512*512*251 voxels in the patient’s CT image. We obtained the Dij matrix of every voxel in the CT image and presented 

it in Figure 2. To get the same Dij matrix using the conventional array data structure, we would need a 512*512*251*2864 sized array, which requires 

about 700GB of memory while only 0.35% of the array elements have non-zero values. 
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Figure 2: Dose deposition results of the TOPAS and moqui and Dij matrix obtained from moqui 

 

Discussion & Conclusions 

We developed a fast and memory-efficient GPGPU-based MC code allowing fast dose calculations with large memory requirements, such as MC-based 

optimization and temporal dose calculations. We calculated the proton dose of a clinical case using moqui, and the DVH shows good agreement with TOPAS. 

Moqui will soon be available as open source on GitHub. 
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The main advantage of proton therapy (PT) compared to conventional radiotherapy is the precise dose distribution with high physical selectivity and 

normal tissue sparing. Despite the superior ballistics of protons, secondary particles created through interactions with beamline components and the 

patient can contribute to local and distant energy depositions1. Consequently, a complex mixed radiation field is generated which inevitably impacts 

the radiation-induced biological effects. Different beam parameters and delivery techniques can influence the production of secondary particles, mainly 

neutrons, which could potentially have a higher relative biological effectiveness2–4. Therefore, an accurate characterization of the radiation field is essential 

in order to assess the biological response. Monte Carlo (MC) codes are becoming indispensable for these applications. However, experimental validation is also 

needed. The aim of this work is to investigate the impact of aperture and field size on the secondary radiation field produced by a therapeutic proton 

beam in water using MC simulations and measurements with a Timepix-based detector. 

 

The MC simulations in this study are performed using TOPAS which is based on Geant4 and dedicated to radiotherapy applications 5,6. The simulations 

consist of 100 and 140 MeV proton pencil beams and two different scanned fields (5 x 5, 10 x 10 cm2), delivered with and without a brass aperture (opening 

of 8.9 x 

8.7 cm2) and impinging on a water phantom. A detailed simulation of the  different particle types contributing to the secondary radiation field in addition to 

spectral information are derived. Concretely, the total and particle specific absorbed dose, fluence, deposited energy, linear energy transfer and its averaged 

values are scored at several positions out-of-field. 

 
In parallel, the simulation results are also compared and validated against experimental data. To this end, out-of-field measurements inside a water phantom 

were performed using a MiniPIX-Timepix detector, at various positions covering a few cm lateral and distal to the field edge. The MiniPIX-Timepix detector 

used in this study is a semiconductor pixel detector equipped with a 500 µm silicon sensor (Fig. 1a). It has 256 x 256 pixels with independent readout chains 

and a total sensitive area of 1.4 x 1.4 cm2. The phantom was irradiated with proton beams which have the same parameters as the simulations (Fig. 1b). 

Irradiations were carried out at the West German Proton Therapy Centre Essen and ParTICLe Proton Therapy Center Leuven using the pencil beam scanning 

technique. The detector can be used for a wide range spectral and directional sensitive characterization of mixed radiation fields while enabling visualization 

of single particle tracks. Through detailed pattern recognition analysis of the pixel clusters created by each particle, an enhanced resolving power of 

particle-event type can be achieved (Fig. 1c). Consequently, the same quantities are estimated and compared with the simulated results. Finally, simulated 

and experimental data corresponding to different irradiation conditions are benchmarked. All the experiments have been performed, and the simulations 

and data analysis are ongoing. This work will demonstrate the feasibility of characterizing the secondary radiation field in PT using MC simulations and 

measurements. Moreover, it will shed light on the complexity of this field to which normal tissues and organs at risk are often exposed. 
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                a) 

 

Figure 1: MiniPIX-Timepix detector (a), irradiation setup showing the detector placed inside a water phantom irradiated by protons at the ParTICLe 
Proton Therapy Center Leuven (b), Timepix frame showing tracks created by different types of particles and the energy per-pixel for out-of-field 
measurements at a 100 MeV proton beam at the West German Proton Therapy Centre Essen (c). 
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Introduction 

Commonly used Treatment Planning System (TPS) solutions adopt a simplified beam-body interaction model to perform analytical calculations. An 

alternative is the use of MC simulations, which explicitly consider the interaction of particles with actual human tissues. Full MC approaches are usually 

only used to check treatment plans for a restricted number of difficult cases because, presently, they imply high computational times to meet the 

request of high accuracy. The advent of general programming Graphics Processing Units (GPU) has prompted the development of MC algorithms that can 

significantly reduce the plan recalculation time with respect to CPU based MC [1]. The FRED (Fast paRticle thErapy Dose evaluator) [2] software has 

been developed to allow a fast optimization of the treatment plans in charged particle therapy, radiotherapy, IORT (IntraOperative Radiation Therapy) and 

other possible applications while profiting from the dose release accuracy of a MC tool. In this contribution, the newly developed data- driven tracking model 

of carbon ions will be described. 

Materials & Methods 

Within FRED, ion interactions are described with the precision level already achievable in other leading- edge MC software used for medical physics 

applications, with the advantage of reducing the simulation time up to a factor of 1000. Both primary and secondary particles are tracked, and their energy 

deposition is scored along the trajectory. The nuclear model needed in the dose engine algorithm has been developed parametrising existent data and 

applying the needed energy and angular re-scaling to cope with fragments energies in the range where data are missing. The nuclear model was based directly 

on experimental data, to ease its update whenever new or updated results will be available from experiments. For example, data from the FOOT experiment 

[3], focusing on the study of nuclear fragmentation, will be available soon. In addition, by comparing the results of FRED, obtained from data, with the 

full-MC FLUKA, already clinically validated, there is a double check on the accuracy of the model. 

Results 

Results obtained in the comparison with FLUKA are satisfactory, especially for lower energies which are the most used in particle therapy. In particular, the 
relative difference between the total dose deposited in single pencil beams in FRED and FLUKA predictions is always within 2.5% in the 100-300 MeV/u energy 
range. Simulating a SOBP composed of ~40k pencil beams, the relative difference of the dose distribution is within 1.7% and the gamma-index 2mm/3% 
test shows a pass rate of 98.8%. Other tests about the behaviour of FRED in presence of heterogeneous materials (simulating SOBP in a real CT) 
shows an excellent agreement with FLUKA. The calculation of RBE and biological dose have been implemented too and, in particular, the Local Effect Model 
(LEM I) has been studied. Besides the successful implementation of the nuclear model, capable of clinical precision in computing the absorbed dose in 
particle therapy conditions, FRED also achieved an impressive advancement in computing time, with respect to conventional full MC software solutions. 
Exploiting the parallel programming power of GPU architectures, FRED is capable of tracking millions of primary particles per second on a single GPU card. The 
observed gain in processing time, when compared to the FLUKA full MC, was nearly a factor ~2000, depending on the energy of the primary beam. Using 
FRED in combination with GPU hardware, it is possible to process a complete treatment plan within minutes instead of days, opening the way for the use of 
FRED, not only for protons but also as a quality assurance tool in carbon therapy. 
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Figure 1: Left: the absorbed dose integrated over the longitudinal axis for carbon ion beams in water at different energies. Comparison between FRED 

(red continuous line) and FLUKA (blue dotted line) simulations, with the same scoring grid, and the same number of primaries is presented. Right: 

The absorbed dose in the ZY slice of a cube of dose simulated with FRED in a patient CT. 

Discussion & Conclusions 

FRED is already used as a research tool for planning and studying proton treatments in several clinical and research centres in Europe. After the validation 

of the transport of carbon-ion, electron and photon beams, it will be possible to use FRED to rapidly recalculate a complete treatment plan within minutes, 

instead of hours, not only for proton therapy but also for many other clinical applications where the time- factor is important. 
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Introduction 

In a recent study, we reported beam quality correction factors, fQ, in carbon ion beams using Monte Carlo (MC) methods for a cylindrical and a parallel-

plate ionization chambers (IC) [1]. A non-negligible perturbation effect was observed; however, the magnitude of the perturbation correction due to the 
specific IC subcomponents was not included. Furthermore, the stopping power data presented in the ICRU report 73 was used, whereas the latest stopping 
power data has been reported in the ICRU report 90. Therefore, the aim of this study is the extend our previous work by computing fQ correction factors using 

the ICRU 90 stopping power data and by reporting IC-specific perturbation correction factors. 

 

Materials & Methods 
The TOol for PArticle Simulation (TOPAS) MC code was used in this study with a modular physics list consisting of G4EMStandardOpt4, G4RadioactiveDecay, 

G4Decay, G4HadronElasticPhysicsHP, G4HadronPhysicsQGSP_BIC_HP, G4IonElasticPhysics, G4IonQMDPhysics, and G4StoppingPhysics. The mean 

excitation energies for water and air were set to 78 eV and 85.7 eV, respectively, and the production thresholds were set to 1 mm globally and 1 

m for a 2x2x2 cm3 region around the scoring volume. A 30x30x30 cm3 water phantom was simulated with a uniform 10x10 cm2 parallel beam incident 

on the surface. A farmer-type cylindrical IC (Exradin A12, Standard Imaging, Middleton, WI) and a parallel-plate IC (Exradin P11) were simulated in 

TOPAS using the manufacturer-provided geometrical drawings. The fQ correction factor was calculated, as a ratio of absorbed dose to water to absorbed 

dose to IC cavity, in pristine carbon ion beams in the 150-450 MeV/u energy range at 2 cm depth. The perturbation correction factors due to the presence 

of the individual IC subcomponents were calculated. For the cylindrical IC, the fQ correction factor was also computed with the effective point of 

measurement (EPOM) placed at the reference point by shifting the IC 0.75rcav distally. 

 

Results 
The ICRU 90 fQ correction factors for the P11 IC were found to be within 0.6% of the ICRU 73 correction factors, as shown in figure 1. The ICRU 90 fQ 
correction factors for the A12 IC displayed a greater difference from the ICRU 73 correction factors with the maximum difference being 1.08%. In general, 

the ICRU 90 fQ values were found to be larger than the ICRU 73 values, which agrees with the trend observed in the two stopping power ratio data. The 
A12 fQ,EPOM correction factors showed a much smaller energy dependence, with a magnitude of 0.17%, compared to the A12 fQ correction factors, which 

showed energy w𝑎𝑡𝑒𝑟 dependence of up to 0.98%. The ICRU 90 𝑆𝑎𝑖𝑟 at 2 cm depth was calculated to be 1.125 0.11% for the simulated carbon ion beams. 

Therefore, a mean perturbation correction of 0.06% and 1.53% was found for the A12 and P11 ICs, respectively. A decomposition of the total perturbation 
correction for the two ICs is presented in figure 2. For the P11 IC, the largest perturbation occurred due to the presence of the air cavity and the central 
electrode, whereas, the perturbation due to the wall and the air cavity was found to be more dominating for the A12 IC. Additionally, pdis and pEPOM were 

observed to be significant for the carbon ion beams with a small residual range due to the presence of a large dose gradient around the cavity. 

Discussion & Conclusions 

IC-specific ICRU 90 fQ and pQ correction factors are reported for a parallel-plate and a cylindrical IC in carbon ion beams. A non-

negligible perturbation correction (>1%) was found for the P11 IC, which should be considered when performing reference dosimetry for 

carbon ion beams. 
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Introduction 

In proton therapy secondary neutron lead to out-of-field doses to the healthy tissues of the patient. Assessment of these out-of-

field doses is often performed by in phantom measurements, which are very time consuming and not straightforward to interpret 

[1,2]. The goal of this work was to evaluate the variation of the out-of-field doses with different treatment parameters by means 

of Monte Carlo (MC) radiation transport simulations. The focus of this work was on simulation of doses outside of the phantom, 

which could be validated by measurements with ambient neutron monitors. Later on the validated simulation model will be used 

for fast prediction of out-of-field doses in proton therapy. This work is part of a more general task within Eurados Working Group 

9 on radiation dosimetry in radiotherapy and is the continuation of a previous measurement campaign performed at the CCB IFJ 

PAN proton therapy facility in Krakow. 

Materials & Methods 

Irradiations with a rectangular treatment volume were performed at the Skandion Clinic in Uppsala (Sweden) using an IBA gantry 

with a Pencil Beam Scanning (PBS) nozzle with a movable snout and a 30 cm x 30 cm x 60 cm solid water phantom. MC simulations 

were performed with MCNP6.2 and validated by ambient neutron monitor and TEPC measurements at six positions outside the 

phantom in terms of neutron ambient dose equivalent H*(10) per unit of absorbed dose in the treatment volume. Variations in 

field size area (3 cm x 3 cm - 30 cm x 30 cm), range (8-25 cm), modulation width (3-20 cm), use of range shifter and range shifter 

air gap (5-23 cm) were performed. 

Results & discussion 

Excellent agreement was found between simulations and measurements. The average ratio of the simulated over the measured 

H*(10) was 1.29 with a spread of 37%. H*(10) values between 0.2 and 300 µSv/Gy were obtained. The H*(10) was found to vary 

proportionally to the field size area. Further, the H*(10) was observed to increase with increasing proton range by a factor of 2 to 

8, depending on the measurement position. The H*(10) also exhibited a limited increase up to about 60% with increasing 

modulation width. Use of the range shifter increased the dose by typically a factor of 2. No significant dependence on the 

ange shifter air gap was observed. Approximate scaling laws based on these observations allowed to predict the relative variation 

of the H*(10) with variation of the treatment parameters within a factor of about 2. The contribution of neutrons scattered by 

the walls to the H*(10) was found to be negligible close to the phantom. The scaling laws assessed in this work might thus be 

universal for any PBS proton therapy facility, but this requires further validation at other facilities. 

Conclusions 

Approximate scaling laws were assessed in this work to predict the relative variation of the out-of-field neutron H*(10) per unit 

of absorbed dose in the treatment volume for PBS proton therapy facilities with field size area, range, modulation width and use 

of range shifter within a factor of about 2. More precise predictions of the relative variation and prediction of the absolute neutron 

dose requires simulations for the position of interest. It is planned to perform further simulations with the same validated model 

of the neutron H*(10), but now within the phantom, in order to build-up a lookup table that allows to predict the absolute neutron 

dose for different treatment parameters and for different positions relative to the treatment volume and the beam direction. 
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The treatment protocols of ocular tumors with proton therapy are well established, and dedicated eye- treatment systems can 

produce the clinical beam properties that meet the peculiar features required by eye-treatment modalities. However, for general-

purpose multi-room systems comprising eye- treatment beamlines and nozzles, the design and commissioning procedures 

must be optimized to achieve the performances of fully dedicated systems in terms of depth-dose distal fall-off, lateral 

penumbra, and dose rate. We present a realistic start-to-end beam transport and particle-matter interactions model of the 

Ion Beam Applications (IBA) Proteus Plus (P+) single-scattering eye- treatment room with Beam Delivery Simulation (BDSIM), 

a Geant4-based particle tracking and beam- matter interactions simulation code. The model is used to establish optimization 

patterns in terms of beam optics to achieve a smaller depth-dose distal fall-off than the design baseline while maintaining a nominal 

dose rate and lateral flatness of the dose deposition profile. A complete calibration procedure is developed, which allows 

the detailed design of the different components of the nozzle. The resulting dosimetric properties of the beamline are discussed in 

detail. 
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Introduction 

Phantoms consist of human substitute materials and are used to characterise the effect of radiation in tissue for quality assurance 

(QA) purposes in radiotherapy. 3D-printing is becoming an increasingly popular method for phantom construction due to its 

low cost and design flexibility. 3D-printers build samples by depositing materials such as plastics using a layer-by-layer method. 

The choice of materials and printing parameters allows the fabrication of plastics which can be made representative of different 

tissue types. Different infill patterns may be used to fill the inside of each layer and the infill percentage can be tuned to produce 

an object with the desired mass density. However, the internal structure of the samples may affect the radiation interactions, 

particularly with protons, which are sensitive to material compositions. The aim of this work was to develop a Monte Carlo (MC) 

framework to investigate the impact of printing settings on proton dose deposition and inform the development of novel 3D-

printable tissue-substitute materials. 

Materials & Methods 

A realistic setup of range measurements in proton beams was validated in GATE v8.2. We simulated the RAnge Length PHantom 

(RALPH) [1], which enables range verification of different tissue configurations using Gafchromic film. RALPH consists of two slabs 

of solid water (10×10×1 cm3), in between which a slab of interchangeable material (10×10×0.5 cm3) is located. This 

configuration is followed by two 5×10×10 cm3 slabs of solid water, with Gafchromic film placed in between (Fig. 1(a)). The 

interchangeable slab was replaced by 3D-printed slabs of Acrylonitrile Butadiene Styrene (ABS), a common 3D-printing filament. 

The slabs were simulated either as homogeneous blocks with mass density according to the infill percentage (20%, 50% and 80%) 

or considering realistic geometries that mimic the honeycomb pattern and different printing directions (Fig. 1(b)). The honeycomb 

pattern was mimicked through air cylinders built within the slab of ABS (Fig. 1(c)). The diameter of the cylinders was of 0.1 

cm, 0.2 cm or 0.4 cm, corresponding to 80%, 50% and 20% infill, respectively. The length of the cylinders was such that a 0.2 

mm surrounding solid shell of ABS was present, representing the number of outline solid layers used during printing. The air cylinders 

were positioned in the x, y or z directions – cylinders positioned in the z-direction were parallel to the beam direction. A 4×4 cm2 field 

of 150 MeV protons was simulated using 5×108 primary particles. The dose in the Gafchromic film was scored in 2D with a resolution 

of 0.1×0.02×0.02 cm3. 

 

 
Figure 1: Schematics of RALPH: the blue slabs are solid water, the red slab is the interchangeable material (ABS) and the yellow 

geometry is Gafchromic film (a). Representation of a real slab 3D- printed using the honeycomb pattern (b) and its 

representation in GATE (c). 

 

 

Results 
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The range of the proton beam, the width of the Bragg peak and the 2D dose distributions were evaluated for the various testing 

scenarios and are shown in Fig. 2 (a), (b) and (c), respectively. 

 
Figure 2: Range (a) and width (b) of the depth dose curves for the studied configurations. Example of a 2D local map 

difference between the patterned and homogeneous cases for 50% infill (c). 

Discussion & Conclusions 

 
Proton interactions resulted in different dose deposition shapes when considering the patterned versus homogeneous case 

as well as the different printing directions. The range was the highest and the width was the smallest for the homogeneous slabs, 

for all infill percentages. When the printing direction was perpendicular to the beam direction, differences of 0.2 mm to 0.7 

mm in range, and of 0.3 mm to 1 mm in width were found in comparison to the homogeneous scenario. These differences increased 

with decreasing infill percentage. No differences were observed between the x and y directions, as the effect of the rotation of 

cylinders around the z axis cancels out when the dose is integrated. Larger differences were found between the homogeneous 

case and cylinders parallel to the beam direction (up to 1 mm in range and 4 mm in width). For 20% infill, due to the large radius of 

each cylinder and the small spacing in between them, the protons interacted mainly with air. The range was similar to the range of 

the corresponding homogenous case, but the width was 4 mm larger, reflecting the energy spread that originated from scattering 

within the geometry. To conclude, we developed a MC-based framework able to simulate range measurements of realistic 

3D-printed materials. This framework will support the optimisation of 3D-printing settings for the development of tissue-equivalent 

materials. Further work is needed to experimentally validate current findings as well as further simulation work to mimic other 

3D-printed infill patterns and imperfections. 
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Introduction 
High-quality Monte Carlo simulations are of the utmost importance for new developments in personalized CT dosimetry. They are 

used, for example, to generate synthetic training data for neural networks which have the potential to accelerate and automate 

the calculation of the effective dose immediately after a CT- scan. A method for the detailed modeling of any CT-scanner is 

essential for this. 

In this work, a previously developed method for the experimental characterization of the beam of any CT scanner was further 

improved and integrated within the Monte Carlo open-source software EGSnrc [1], to perform CT-scanner specific calculations of 

the effective dose based on patient or phantom data. 

Materials & Methods 

EGSnrc is a widely used Monte Carlo software tool for the calculation of ionizing radiation transport [1]. Based on two of the 

EGSnrc C++ user-codes – cavity and egs_cbct – a procedure was developed to simulate a CT scan’s dose distribution and raw 

image data. It was therefore necessary to implement a new particle source into the EGSnrc Monte Carlo framework, which is 

based on a scanner-equivalent source model obtained by a non-invasive method developed by Rosendahl et al. [2]. 

Simulation geometries were defined as voxel phantoms in the EGSnrc format egsphant, created from preprocessed and edited 

Nifti-files based on real CT scans, which allows to include any patient specific geometry. As a proof of principle, the procedure was 

implemented for an Optima CT 660 from GE Healthcare. 

A benchmark was performed in which simulation results were compared to dose measurements performed on the Optima CT 

660. A Farmer-type ionization chamber (RC0.6, Radcal, USA) was placed in a PMMA standard body CTDI phantom (see Figure 

1b) at five positions (see Figure 1a) to perform the measurements 

Results 

 

  

(a) (b) 

Figure 1: (a) Example dose distribution of a CTDI phantom. (b) Measurement-setup 
 

 

Table 1: Comparison of dose values between measurement and simulation in the five positions in the CTDI-body 

phantom. For the simulation only the statistical uncertainty is shown. 

 
 80 kV 100 kV 120 kV 140 kV 

measurement p12 in mGy 3.30(3) 6.28(6) 9.99(9) 14.4(1) 

simulation p12 in mGy 3.607(1) 6.363(2) 9.449(3) 13.791(4) 

rel. deviations in % 9 1 -6 -4 

measurement p3 in mGy 3.21(3) 6.12(6) 9.75(9) 14.0(1) 

centre 
p12 

p9 p3 

p6 
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simulation p3 in mGy 3.560(1) 6.286(2) 9.353(3) 13.579(4) 

rel. deviations in % 10 3 -4 -3 

measurement p6 in mGy 2.66(3) 5.16(5) 8.29(8) 12.0(1) 

simulation p6 in mGy 2.976(1) 5.301(2) 8.029(2) 11.676(3) 

rel. deviations in % 11 3 -3 -3 

measurement p9 in mGy 3.22(3) 6.13(6) 9.77(9) 14.1(1) 

simulation p9 in mGy 3.589(1) 6.329(2) 9.409(3) 13.660(4) 

rel. deviations in % 10 3 -4 -3 

measurement center in mGy 0.741(1) 1.64(2) 2.84(3) 4.31(4) 

simulation center 0.823(1) 1.651(2) 2.918(1) 4.364(2) 

rel. deviations in % 10 1 3 1 

 

The results of the simulations and measurements are presented in Table 1. The deviations between the measured and 

simulated values were below 11%, for all beam qualities and positions. The best agreement was found at 100 kV, where all 

simulations agree with the measured values to within 3%. 

 
Discussion & Conclusions 
The developed procedure allows CT dose calculations based on a customized Monte Carlo model which can be adapted to any 

CT scanner as well as to patient-specific information. The calculated results agreed with the experimentally determined values to 

within 11%. This is similar to the results obtained in [2] and sufficient for the application purpose. The deviations between 

measurements and simulations depend on the beam quality, which is currently under investigation. 

The proposed method is suitable for the automatic generation of synthetic data. This is an important step in the scope of training 

neural networks for rapid dose calculations 
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Introduction 
Patient-specific dose estimates in computed tomography (CT) require the availability of an accurate description of the 

patient anatomy, including body shape and size, body weight, 3D distribution of internal tissues and organs, interaction 

coefficients of tissues. Moreover, one needs an accurate description of the imaging setup (CT scanner characteristics, irradiation 

geometry, and technique factors). Estimates of effective dose for clinical CT scanning of whole body or specific anatomical 

districts are commonly provided via Monte Carlo (MC) derived conversion factors (k factors) available from ICRP Publication 

110 [1], calculated using reference voxelized computational phantoms derived from medical imaging data, which describe the 

body anatomy as an anthropomorphic digital representation of organ volumes, for reference model human bodies. In an effort 

for providing CT effective dose estimates on an individual basis, the National Cancer Institute (NCI) in USA 

[https://ncidose.cancer.gov] developed a large dataset of 3D digital phantoms for children and adults of both genders and 

various heights and weights [2]. In this work we propose to use 3D optical scanning of the body shape as a patient-specific 

size measurement for CT effective dose estimates. As a preliminary step in this process, here we show the implementation of 

Geant4 based MC simulations for CT head scanning using an anthropomorphic voxelized head phantom derived from 3D optical 

scanning. We compared the head organ effective dose estimates so derived, with those provided by MC estimates with the 

software NCICT3.0 [2]. 

Materials & Methods 

CT in-silico examinations have been replicated via the Geant4 MC simulation toolkit ver 10.6. The code simulates a multi-detector 

helical CT (MDCT) scan of NCI voxelized head phantoms of  newborn, children and adults of both genders (uniform voxel volumes 

from 0.29 to 5.42 mm3). For MC validation we simulated CTDIvol measurements on a Toshiba Astelion CT scanner at 80, 100, 

120 and 135 kV using a CTDI head phantom. The radial X-ray beam profile was also measured and simulated using a CT ion 

chamber and XR-QA2 radiochromic films. The X-ray spectrum was computed via the TASMICS model, tailored after measurements 

of the beam HVL. The MC code provides 3D dose maps as well as image projections. Individual head size measurements were 

performed with an Artec Eva 3D optical scanner and Artec Studio 15 Pro software [https://www.artec3d.com/it/portable-3d-

scanners/artec-eva-v2]. The 3D silhouette of the patient body is used as an external rigid frame for incorporating a tailored 

version of the internal body anatomy derived from NCI phantoms matched for gender, age, weight, and height. We used the 

optical scanner to obtain a 3D model of the head, which can be registered (with fat as compensating filler tissue) with the 

segmented organs of the voxellized NCI phantoms and then inserted in our MC code in order to obtain a personalized CT dose 

estimate. 

Results 

Figure 1 shows absorbed dose 3D maps (mGy) obtained via MC simulations, for two  NCI  head phantoms. The ratio of dose to 

the brain tissue to dose to the eyeballs, is in agreement with the corresponding value provided by the NCICT3.0 software (Tab. 

http://www.artec3d.com/it/portable-3d-scanners/artec-eva-v2
http://www.artec3d.com/it/portable-3d-scanners/artec-eva-v2
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1). To show the process of adaptation of NCI phantom to the 3D optical scan, fig. 2 shows a voxelized optically scanned 

male adult head co- registered with a slice of a matched NCI head phantom. 

Figure 1: Examples of voxelized NCI phantoms and corresponding MC estimated dose maps. The line profiles show absorbed 

dose along the yellow lines. Tables compare brain and lens dose values obtained via MC with those availaible from NCICT3.0. 

 
 
Table 1: Ratio between dose absorbed by the brain and dose to the eyeballs: MC simulations vs. NCICT3.0 estimates. 

 
Phantom Geant4 MC simulation 

[brain dose (mGy)/eye 
dose (mGy)] 

NCICT3.0 estimate 
[brain dose 

(mGy)/eye dose 
(mGy)] Newborn 

head 0.9 ± 0.4 0.9 

Adult 
head 0.6 ± 0.3 0.8 

 

Figure 2: 3D optical scan of an adult male head, a 3D envelope used to adapt a matched NCI head phantom. Fat was 

used as filler tissue material. A slice of the co-registered head phantom is also shown. 

Discussion & Conclusions 

Organ body shapes via 3D optical scanning served for devising subject specific phantoms for MC personalized CT dose 

estimates. The internal organs were derived from the NCI phantoms database. A MC code has been written and validated 

using CT scanner characterization measurements, providing estimates of organ absorbed dose, compared with NCICT3.0 dose 

estimates. 
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Introduction 

There is great interest in the use of ion CT for image acquisition in modern particle therapy treatment planning since it 

promises to yield improved relative stopping power (RSP) maps compared to conventional x-ray CT as required for the 

treatment planning procedure. This study investigates image quality in proton CT (pCT) and helium CT (HeCT) focusing on 

image noise, spatial resolution, dose efficiency and RSP mean absolute percent error (MAPE) using a detailed Monte Carlo (MC) 

model of an existing scanner prototype. 

Materials & Methods 

Using the Geant4 implementation of the phase-II pCT scanner [1,2,3], pCT and HeCT image acquisition scans of four phantoms 

are simulated allowing the estimation of noise (expressed as image variance), spatial resolution, the scoring of dose and the 

evaluation of RSP accuracy. The imaging dose required to achieve the same image noise in a water and a head phantom is 

estimated at both native spatial resolution and in a scenario where the HeCT spatial resolution is reduced and matched to that 

of pCT using Hann windowing of the reconstruction filter (see figure 1). 

 

 
 

Figure 1: Normalised to pCT variance �/�
�

 scans. The parameters are linked via the application of  different Hann windows 

�Hann. The vertical grey line indicates the matched spatial resolution vs. spatial resolution 𝑓MTF10%  in pCT and HeCT 

 
Results 

The scanner prototyp is expected to yield a higher spatial resolution for HeCT than pCT by a factor of 1.8 (0.86 lp/mm vs. 0.48 

lp/mm at the centre of a 200 mm water phantom). At native spatial resolution, HeCT requires a factor of 2.9 more dose than pCT 

to achieve the same noise while at matched spatial resolution (see figure 2), HeCT requires only 38 % of the pCT dose. Finally, the 

RSP MAPE is 0.59 % for pCT and 0.67 % for HeCT. 
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Figure 2: pCT and HeCT matched spatial resolution at the equal-area insert which is placed at a radius of 72 mm in a 200 mm 

diameter water phantom. Both images are displayed with the same centre (C) and window width (W). 

 

Discussion & Conclusions 

The spatial resolution advantage of HeCT comes at the cost of increased dose. Matching spatial resolution via Hann windowing 

demonstrates that HeCT has a substantial dose advantage. Both modalities provide state-of-the-art RSP MAPE. 
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Introduction 

Image guided radiotherapy (IGRT) is essential to modern radiotherapy and relies heavily on cone beam CT (CBCT) systems. One 

way of improving IGRT is innovations in detector design and materials, innovations which can be evaluated through Monte 

Carlo (MC) simulation of CBCT. MC simulation of CBCT which includes the transport of optical photons in a scintillating detector 

allows for the estimation of detector spatial resolution, a key performance parameter in detector design. However, these simulations 

can be slow due to scintillation yields of thousands of optical photons per MeV of incident energy and hundreds of projection 

images per simulation. We developed Fastcat, a novel, experimentally validated, simulation method implemented as an open 

source python package for very fast (~1 minute) kilovoltage (kV) and megavoltage (MV) cone beam CT (CBCT) simulations. 

Fastcat allows users to simulate a variety of different detectors, beams, and geometries on a phantom such as a Catphan or 

anthropomorphic phantom, taking into account the optical spread of photons in the scintillator. 

Materials & Methods 

 
Fastcat stores pre-calculated MC data for detectors, phantoms, and beams at discrete energies. This data is combined with raytraces 

through the phantom calculated by a GPU raytracer. Each ray is attenuated according to the geometry of the source and 

detector as well as the phantom material. These two datasets are   weighted   by   detector   energy   response   and   beam   

spectra   to   create   CBCT   projections. 

 

 
 

Figure 1: Fastcat was validated experimentally on a Truebeam Linac with a 100 kVp on-board imager with a CsI detector (top) 

and a 6 MV therapy beam with a GOS detector (bottom). 

Additional user-set parameters in Fastcat are the detector, beam filtration, flattening filters, and anti-scatter grids. Fastcat 

contrast and noise magnitude were validated using a Truebeam linac and a Catphan 504 phantom for 100 kVp and 6 MV CBCTs, 

respectively. To demonstrate Fastcat for optimizing an MV-CBCT setup, we investigated a number of novel MV beam/detector 

combinations. EGSnrc was used to model 2.5 and 6 MV photon spectra with carbon, aluminum, and tungsten targets. OSFs 

were simulated in Topas for cadmium tungstate (CWO), gadolinium oxysulfide (GOS), and cesium iodide (CsI) detectors. 
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Results 

Truebeam contrast and noise magnitude were within the 99% confidence interval of Fastcat values (Figure 1). Fastcat simulation 

times were 51s and 77s for the kV and MV CBCT on a Nvidia GeForce RTX 2070, respectively, significantly shorter than the 

estimated 1 core-year long full MC simulations. The 2.5 MV carbon target with the CWO detector improved MV-CBCT contrast to 

noise ratio (CNR) by a factor of 8.0-14.9 compared to that of the standard GOS detector with a 6 MV tungsten target and by a 

factor of 8.9-11.1 compared to the 2.5 MV tungsten target. 

 

 

Figure 2: Fastcat CNR of three inserts of the Catphan phantom for a number of detector and beam combinations compared 

to the GOS 6 MV W target combination for a phantom dose of 7 mGy. 

Discussion & Conclusions 

We developed a tool to quickly simulate CBCT through a combination of pre-calculated MC data and GPU raytracing. To 

demonstrate this tool we studied and proposed improvements addressing the low contrast to noise ratio in MV-CBCT. The 

rapid prototyping of CBCT setups available through Fastcat could greatly improve the development of CBCT systems by providing 

a fast alternative to MC simulations in key development situations: Allowing researchers to efficiently optimize a CBCT detector 

design based on quick feedback in terms of image quality in phantoms for a given dose. 
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Introduction 

Breast cancer is the main cancer, for the spread and number of deaths, in the female population. The currently most 

widespread method for early diagnosis is mammography, an examination carried out by means of a projective radiography with 

the use of a low dose of X-rays. However, there are several problems associated with this type of analysis, in particular for breasts 

with a high glandular fraction where the overlap of healthy tissues could hide the tumour mass, making a correct diagnosis difficult. 

In recent years, several clinical trials have begun with the aim of testing the diagnostic power of new 3D X-ray imaging techniques 

and comparing them with 2D digital mammography. These new techniques, which are Breast Computed Tomography (BCT) and 

Digital Breast tomosynthesis (DBT), provide three-dimensional images that allow a better possibility of investigating the internal 

anatomical structure of the breast. However, carrying out these clinical studies are expensive, time-consuming and require 

additional doses to be administered to patients. However, it is also essential to have a sufficiently high number of patients, 

for each different characteristic of the breast, and this is not always possible. To overcome these difficulties, in vivo clinical tests 

have recently been replaced with Virtual Clinical Trials (VCTs), carried out with computational numerical methods. 

The main objective of this work is the realization of a platform for VCT studies dedicated to breast X- ray imaging and in particular 

to breast CT, using a MC code implemented on a GPU computing platform. 

Materials & Methods 

For this VCT studies we use anthropomorphic phantoms taken from the Zenodo database [1]. Both imaging and dosimetry were 

studied. The phantoms were irradiated on an angle of 360 degrees by carrying out an irradiation every degree for a total of 360 

simulations, one for each projection. We simulated two different X-ray sources: 

- 80kV, W anode, inherent filtration 1.58 mm Al, HVL= 5.74 mm di Al. 

- 49kV, W anode, inherent filtration 1.63 mm Al and 2 mm PMMS, HVL= 1.39 mm di Al. 

The detector used for the simulations has a surface area of 29 cm x 23 cm and its pixels are 200 µm x 200 µm for a total of 

1450x1150 pixels. Furthermore, for each projection, 3x1010 photons were fired. 

The code used is gCTD [2]: a Monte Carlo code that runs on a GPU developed by the team of the University of Texas 

Southwestern Medical Center. The graphics card used for the implementation of the code is the GEFORCE RTX 3090, a card 

equipped with 10496 cores, clock speed of 1.70 GHz and 24 GB of dedicated GDDR memory. 

Results 

The anrtopomorphic phantom used for these preliminar test consists of 385×385×214 voxels, each voxel has a dimension of 

0.3539×0.3539×0.2056 mm3. The glandular mass fraction of the phantom is equal to 17%. Fig. 1a shows 5 different 

reconstructed slices at different z positions in the phantom using the simulated projections from our simulation code. The 

slices were obtained simulating two different spectra. 

 

 

a) b) 
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Figure 1: a) Five reconstructed slices at different z position in the phantom obtained simulating a breast CT acquisition with 80 

kV (upper row) and 49 kV (lower row) energy spectrum. b) Dose distrubution maps in five different slices calculated for a breast 

CT acquisition with a 80 kV (upper row) and 49 kV (lower row) energy spectrum. 

At the same time, the code provides the dose distrubution map inside the irradiated phantom. In fig. 1 are reported examples 
of the dose distrubution in 5 differene slices when we use a 80 kV energy spectrum and 49 kV energy spectrum. 

Discussion & Conclusions 

For this work, the gCTD code of the University of Texas Southwestern Medical Center was implemented on the GeForce RTX 

3090 graphics card, for carrying out virtual computerized tomography exams dedicated to the breast. Attenuation 

tomographic maps and 3D dose maps were obtained. The enormous computational effectiveness of the Monte Carlo code on 

GPU is evident, which in less than 4 hours allows for in silico examinations in which up to 1013 X-rays are used, the same used in 

real clinical examinations. 

In the context of Breast CT, for which two different spectra were used (one obtained by simulating an X-ray tube powered at 49 kV, 

the other at 80 kV), a higher average glandular dose is observed with the low energetic spectrum but with a better quality of the 

tomographic reconstructions. In fact, the difference in the attenuation coefficients of the tissues obtained following the 3D 

reconstruction of the slices is greater at lower energies and this allows a better distinction of the different breast tissues. Mean 

glandular dose (MGD) values in the virtual tests are similar to those of the corresponding real clinical examinations. The study 

conducted here is part of a start-up phase of VCTs based on graphics cards. A continuation of the initiated study could include 

the virtual examination of breasts affected by lesions (derived from breast CT clinical examinations) as the geometric and spectral 

characteristics of the simulated examinations vary, and then compare the results with in vivo clinical tests. 
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Introduction 

Current translational efforts in X-ray grating interferometry (GI) [1], such as the grating based breast CT (GI-BCT) currently under 

development in our group, greatly benefit from simulation of imaging and radiation protection relevant quantities such as 

fringe visibility or patient dose. In previous work we introduced a novel semi-classical Monte Carlo (MC) algorithm for the 

simulation of grating interferometry with a focus on Talbot-Lau interferometers that overcomes the issues of simultaneous 

simulations of interference and scattering phenomena (such as Compton and Photo effects) and thereby enables simulation of 

radiation dose and fringe visibility within one framework. Furthermore, the introduction of variance reduction techniques for 

the transport through flat (planar) gratings provide necessary faster transport, compared to Huygens principle MC approaches 

[2,3], for the simulation medical devices. However, cone beam setups, such as the GI-BCT, often rely on bent gratings to improve 

the overall performance of the interferometer. Furthermore, in many setups the interference patterns generated by the absorption 

and phase gratings are not resolvable by the detector. Instead of direct measurement of the interference pattern phase stepping 

curves are acquired by measuring the intensity as a function of the position of an additional absorbing analyzer grating, 

which is introduced in front of the detector. This work aims at extending the EGSnrc [4] based MC framework for the simulation 

of a GI-BCT prototype in two steps. First, tackling simulation times, the previously developed variance reduction techniques for 

diffraction at flat gratings is extended to bent gratings. Second, enabled by the design of the GI simulation framework, the 

direct simulation of phase stepping is introduced for greater memory efficiency enabling large scale (several cm) simulations of 

micro meter length-scale interference patterns. Finally, the compatibility of the MC framework to simulate scattering related 

quantities is demonstrated in the example of the deposited energy. 

Materials & Methods 

The previously implemented c++ object oriented EGSnrc based MC simulation framework for GI is extended by three classes 

representing bent source gratings, phase gratings and detectors scoring phase stepping. 

The cylindrical bending of gratings in cone beam setups such as the GI-BCT ensures minimal impact of the grating aspect ratio by 

ensuring steep incident angles of the x-ray beam on the gratings. Combined with the large bending radii – compared to grating period 

– the previously implemented transmission function based variance reduction techniques for diffraction effects at flat source and 

phase gratings can be generalized to bent gratings enabling simulations over several cm field of view of the GI-BCT. For the 

simulation of phase stepping in MC the detector is discretized twice: (1) in a low resolution for the scoring of phase stepping 

(corresponding to the actual pixel size) and (2) in a high resolution for the scoring of the sparse history wise interference patterns 

within the pixels. Instead of simulating the analyzer grating explicitly for each phase step, phase stepping is simulated by 

applying an analyzer grating position dependent mask (calculated using Beer-Lambert law) to the sparse higher resolution 

detector signal after every egsShower call and after finishing transport of secondary photons. The phase stepping curves of the 

pixels are then updated by adding the sum over the masked high resolution signals. 

As a proof of principle, the deposited energy is scored in a single grating setup containing a polystyrene and silicon cylinder 

with a radius of 0.87 mm on a region basis and compared to a conventional MC simulation using the EGSnrc tutor2pp 

usercode. 

Results 

The MC simulated interference patterns of the GI-BCT with a finite source size and a polychromatic beam have the theoretically 

expected and experimentally verified period. First MC results suggest achievable visibilities of around 26% with ideal optical 

components and grating alignment. Apart from the benefit of simulating a significant part of the experimental measurement 

process including leakage through the analyzer grating, using direct scoring of phase stepping significantly reduces the memory 

usage. Memory improvements depend on detector resolution, number of phase steps, and the discretization used to record the 

interference patterns. However, from simple simulations on small field of view of the GI-BCT with a relatively high number of 

phase steps of 20 the size of the output files was reduced by a factor of roughly 1300. The relative error of the deposited energy 
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compared to conventional MC without the simulation of diffraction effects is around 0.03% and 0.02% for the silicon and 

polystyrene cylinders, for simulations with 5 × 108 histories. 

Discussion & Conclusions 

The EGSnrc based MC framework for XGI has successfully been upgraded with bent gratings, and direct simulation of phase 

stepping. The boost in memory efficiency for small field of views greatly simplifies the simulation of larger field of views, 

especially when parallelized on multiple cores, each generating separate output. Together with the proof of principle of scoring 

deposited energy this demonstrates the capability of the MC framework to simulate scattering and interference phenomena 

in a polychromatic Talbot-Lau interferometer within one framework. 
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Introduction 

Dynamic Positron Emission Tomography (dPET) is a functional imaging modality that provides an accurate assessment of patients’ 

physiological activities and response to treatments such as cancer, cardiac diseases and Alzheimer’s disease. It requires the 

measurement of the time-course activity concentration of the positron emitting PET radioisotopes in the patient’s arterial 

plasma, called the Arterial Input Function (AIF). The gold standard measurement of the AIF requires blood samples from the patient 

during the dPET. In our group, we are developing a non-invasive radiation detector that, placed on a patient’s wrist during the 

dPET scan, measures the number of positrons and photons escaping the radial artery and calculates the AIF. We have also 

developed a Modular Radiation Simulation Software for detector simulations called MaRSS that allows the user to run a Geant4-

based Monte Carlo simulation, to calculate the AIF. Using the Monte Carlo method, MaRSS simulates a radioactive source decay 

in the radial artery and scores the amount of radiation escaping the radial artery and reaching the detector placed on the 

simulated patient’s wrist phantom. The wrist phantom is designed as a cylinder containing 2 holes that simulates the radial 

artery and vein. The shape and the depth of the radial artery vary between patients and proper knowledge of the distance between 

the radial artery and the skin, as well as its surface area, is important to accurately design the wrist phantom. Therefore, our aim 

was to develop a graphical user interface (GUI) allowing the user to import 2D ultrasound scans of a patient’s wrist, provide tools 

to measure the distance between the radial artery and the skin as well as the radial artery’s surface area and to create the necessary 

input file to MaRSS. The GUI provides MaRSS with a patient specific and more accurate wrist phantom, providing a patient-

specific and more accurate calculation of the AIF without knowledge of C++ or Geant4. 

Materials & Methods 

The GUI elements were implemented using the multi-platform application and widget toolkit Qt 5 [1]. The C++ library, VTK 8.2.0 [2] 

was integrated in the GUI, which enables the user to import and manipulate the 2D ultrasound images. The toolkit comprises a 

measurement tool, a visualization window, a detector tab, a radiation source tab and MaRSS which is its simulation tool. To create 

an accurate wrist phantom, three 2D 

– cross secctional ultrasound scans of the patient’s wrist at 2 cm, 4 cm and 6 cm from the wrist crease and 1 longitudinal scan 

along the radial artery may be acquired and saved in DICOM format. In our case the BK3000 ultrasound system is used. These 

scans are imported into the GUI by selecting the folder that contains the images. Using the measurement functionalities shown 

in the top left corner of Figure 1, the surface of the radial artery is measured by drawing an ellipse on the artery’s boundary, 

then the toolkit measures the surface of the drawn ellipse and displays it in the Measurement window. The artery’s depth is also 

measured and displayed by drawing a straight line between the artery’s boundary and the skin. Using the left and right arrows, the 

user can navigate through the selected folder and measure the artery’s surface and depth on the other scans. The top right corner 

of the GUI shown in Figure 1, illustrates a Detector tab and a Source tab. The Detector tab allows the user to import a detector in 

STL format and place it on the ultrasound scan to simulate different setups of the detector, this functionality is still under 

development and is optional. The Source tab allows the user to add the radioactive source used during the dPET by entering its 

mass number and its atomic number. After completing the 3 mandatory steps : import of the scan, measurement of different 

parameters extracted from the scan and choice of the radioactive source, the user can run the simulation by clicking on Run 

Simulation in the Simulation menu. The toolkit runs the MaRSS and creates the wrist phantom using the artery’s surface and 

depth measured by the user, then starts the decay of the chosen source placed randomly inside the artery. 
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Figure 1: The GUI for the radiation detector simulations 

Results 

This toolkit allows the user to import 2D ultrasound scans and measure the radial artery’s surface and depth along the wrist, choose 

the radioactive source from the Source drop-down menu and specify the detector position. An input file to the MaRSS is thus 

created providing the required information to simulate the wrist phantom, the source and the detector’s position in MaRSS. The 

Run Simulation tab displays the output of the simulation in the GUI making it the only used tool for setting up the simulation and 

viewing the results. 

Discussion & Conclusions 

This toolkit enables the user to run a Geant4 Monte Carlo based simulation for detector development applications in 3 easy 

steps, not requiring any programming knowledge. 
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Introduction 

Monte Carlo codes are an essential tool for performing experiments in a controlled condition and exploring new detection systems. 

Among the various MC codes in Radiation Therapy, TOols PArticle Simulation (TOPAS)[1] has been widely used due to its flexibility 

and not requiring programming knowledge. 

TOPAS works based on Geant4 physics and allows to define geometries, sources, and scoring functions using text-based input 

parameter files. In addition, users can implement their own geometry components, scoring functions, or material conversion 

using extensions (code sections that can be added to TOPAS) while maintaining the ease of text-based parameterization. Most 

TOPAS applications have focused on radiotherapy dose calculations or radiobiology modeling [2, 3]. In this study, we demonstrate 

a TOPAS extension for medical imaging applications. 

Materials & Methods 

We developed cone-beam computed tomography (CBCT), positron emission tomography (PET), and single positron emission 

computed tomography (SPECT) systems using TOPAS. The detector structures and scoring functions are defined in a generic 

imaging extension for each imaging application. 

 
For CBCT, we implemented a flat-panel detector. The detector is composed of a columnar scintillator and photodetector, as shown 

in Figure 1 (a). When photons interact with the scintillator, the optical photons are generated and detected by the photodetector. 

The scintillating materials are coated with reflecting material to confine optical photons. To transport and score the optical 

photons, users have to define the optical properties of the scintillating materials and surface between the scintillator and the 

photodetector for their purpose. The TOPAS parameter files control the radius and height of the scintillating materials, pixel size 

of the detector plane, and the multiplicity of the optical photons. 

 

 
 

Figure 1: Detector structure of (a) CBCT system and (b) PET and SPECT systems 
 
The extension creates a detector composed of a collimator and photon detector for the PET and SPECT systems, as shown in 

Figure 1 (b). Several multichannel detectors are positioned in a ring shape for the PET system, and two planar detectors face each 

other for the SPECT system. Similar to the CBCT system, detector parameters, such as diameter and height of the detector 

ring, the number of pixels, and the dimensions of the collimator, are defined in the TOPAS parameter files. When photons 

interact with the detector, positional and temporal information of coincidence photons are scored. 

Results 

We built imaging detectors in TOPAS using the developed extension. We made a 16*16 cm2 sized flat- panel detector as a CBCT 

system, eight 8*3cm2 sized detectors covering 18 cm of field-of-view for PET, and two 25*25cm sized detectors to cover 30 cm 

of field-of-view for SPECT. The results are shown in Figure 2. Figure 2 (a) shows a pink and light-blue box (scintillator and 

photodetector) comprising the flat- panel detector and a yellow ellipse resembling the Shepp-Logan phantom[4]. For the PET 

and SPECT detectors (Figure 2 (b) and (c)), the pink and the light-blue boxes are the collimator and the photodetector, respectively. 

The nine disks in the middle of the detectors resemble a phantom made of radioisotope sources. 
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Figure 2: Detectors and phantoms built on TOPAS (a) flat-panel detector for CBCT, (b) ring-detector for PET, and (c) two planar 
detectors for SPECT 

 

Discussion & Conclusions 

In this study, we developed TOPAS extensions for medical imaging applications. With the extensions, we built example CBCT, PET, 

and SPECT systems in TOPAS. The parameters in the systems can be easily controlled with TOPAS parameter files so that users 

can customize the detector systems and readouts. This will help simulate medical imaging systems without the knowledge of 

programming. 
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Introduction 

The current way of producing Mo-99, one of the key medical isotopes worldwide with tens of millions of diagnoses per year, 

does not have a long-term perspective. The used fission of U-235 in nuclear reactors is not sustainable due to reactor age, 

the high-level radioactive waste generated and proliferation concerns. Here we present an alternative factory design where 

Mo-99 is produced by electron irradiation of stable Mo-100. This SMART factory, which is under development at IRE in 

Fleurus, Belgium [1], overcomes all abovementioned challenges. 

 

 
Figure 1: Production method of medical Mo-99 in the SMART factory. A high intensity, high-energy electron beam hits a Mo-

100 target, which is partially converted to Mo-99 via Bremsstrahlung-induced gamma-n reactions. A large shower of 

unwanted, high-energy photons and neutrons is released in the process that need to be shielded to protect the 

environment around the exposure cell. 

 
Design considerations 

In this design, the partial conversion of Mo-100 target to Mo-99 is achieved by irradiation with a 75 MeV electron beam (see 

Fig. 1). This energy is high enough to trigger the desired Bremsstrahlung-induced gamma-n reaction. To produce enough Mo-

99 in that way and to achieve a high specific activity, a high current and current density on the target is required. Specifically, 

2 MW of power is dissipated in a Mo- 100 target the size of a matchbox (see Fig. 2a, basement). Consequently, the target is 

subject to high heat loads and material degradation due to radiation damage. Further, an intense shower of unwanted, high- 

energy photons and neutrons is released in the process. Those need to be shielded to protect the environment, personnel as 

well as electronic equipment in the harvest module (Fig 2a, ground floor) where the activated Mo-100 is extracted from the 

target. 

We use the Monte-Carlo tool FLUKA to simulate the production rates of Mo-99 in the target as well as radiation damage 

(dpa), heat loads as well as radiation doses and component activation. The simulation output guides concept design (Fig. 2a) 

for the target itself as well as all surrounding equipment, the shield and the surrounding building. For all components, thermo-

mechanical robustness and minimal material degradation and radiation dose outside the shield need to be guaranteed. For this 

purpose, we have in-house expertise in FLUKA, radiation and shielding architecture, flow and thermal architecture, mechanical 

engineering and material sciences relevant for radiation damage. For example, to define the shielding and the distinction between 

hot zones and zones safe for operators, complex cascades of nuclear side-reactions and particle transport through the exposure 

and harvest module (see Fig. 2a) need to be captured correctly. Since the dose rate spans many orders of magnitude from inside 

the target to the required low dose rate in the safe zones and the activation has to be evaluated in all parts of the building, 

advanced biasing techniques are required to achieve good statistics and computation times. This allows  for  fast iteration 

with the mechatronic and thermal design. 

To test the proposed factory design (Fig. 2a), we developed a scaled-down demonstrator (Fig. 2b) using the same design process 

combining Monte-Carlo simulations with other design disciplines. For example, the shielding stack (from inside to outside: 

lead in blue, polyethylene in black and borated polyethylene in white) follows directly from the FLUKA results. 
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Figure 2: SMART concept on large and small scale. a, Schematic representation of the SMART factory design. The high-

radiation exposure zone in the basement and the hot-cell for target harvesting are separated from the zone safe for 

operators (green). b, Photograph of a miniaturized version of SMART designed as verification setup for radiation damage and 

cooling concept at the ELBE beamline at HZDR. 

 
Conclusions & Outlook 

Our work combines advanced mechatronics and the knowledge of Monte-Carlo-based radiation simulations to come up with 

engineering solutions in an extreme radiation environment [2]. This combination is crucial to develop the SMART factory but is 

equally applicable to a wide range of medical devices, both in imaging and radiotherapy. 
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Introduction 

In a previous work [1], a method was proposed to model by a Generative Adversarial Network (GAN) [2] the distribution of particles 

exiting a patient or a phantom during Monte Carlo simulation of SPECT imaging devices. This approach allows reduced 

computation time (few seconds) compared to conventional Monte Carlo simulation (few minutes), as there is no need to track 

again the particles within the phantom. The file containing the GAN parameters is smaller (few MB) than the phase space file (few 

GB). However, this approach requires training a new GAN each time a parameter is modified. In this work, we extend the 

architecture developed in [1] such that the GAN has to be trained only once for a family of activity distributions. 

Materials & Methods 

We modeled families of phase space distributions of photons exiting a phantom during Monte Carlo simulation of SPECT 

imaging devices with conditional GAN (condGAN) [3]. The condGAN is trained on a phase space dataset containing, in addition 

to the energy, time, position and direction of exiting photons, a vector of conditions composed of four dimensions: the 

initial energy and the position of emitted photons within the phantom (a total of 12 dimensions). At the end of the training 

process, one component of the condGAN, called generator (G), is obtained. Photons with specific energies and positions of 

emission can then be generated with G to replace the phase space dataset. The condGAN was composed of 4 neural networks: in 

addition to the generator and critic, two constrainer networks were used to ensure that the generated photons have the desired 

initial conditions. The main advantage is that G is now parametrized with condition vectors in order to produce photons exiting the 

phantom such as they were emitted from the given source distribution. The condGAN is trained only once on a dataset containing 

all the desired conditions. We considered the NEMA IEC phantom with six spheres of increasing diameters (10 to 37 mm). A 

source distribution with the same activity concentration in all spheres emitting photons at eight different energies in 113-637 

keV range was considered. The training dataset, a phase space file containing distributions of photons exiting a phantom, was 

generated via Monte Carlo simulation. The condGAN was trained for 500 epochs on a dataset containing 17e6 photons. 

Results 

In figure 1, we show on the left the marginal distribution of the generated phase space using the condGAN with specific initial 

conditions (emission from the six spheres inside the phantom with energy of the source of 637 KeV). On the right, we show a 

projection obtained with an ideal reconstruction method from the phase space generated with the condGAN. In figure 1, the 

six spheres of increasing diameters inside the phantom are clearly visible (right side), as well as the energy peak at 637 KeV 

(topleft panel in left side). Notice that the other 7 energies can also be generated, with the corresponding energy peak in the 

generated phase space. 
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Figure 1: On the left, marginal distribution of the generated phase space with the condGAN with initial conditions (photons 

emitted from the six spheres with energy of the source of 637 KeV). On the right, projection of the ideal reconstruction from 

the generated phase space. 

 

 

Discussion & Conclusions 

In this work, we extended the method proposed in [1] to model families of phase space distributions of photons exiting a 

phantom during Monte Carlo simulation of SPECT imaging devices with a conditional Generative Adversarial Network (condGAN). 

Our results show that in addition to the speed up of the simulation, we are able to generate photons with specific conditions, 

such as the initial energy and position of emitted photons within the phantom. However, the size of the 3 smallest spheres 

in the reconstructed image are still overestimated with the condGAN compared to Monte Carlo simulation. In a next step, we will 

work on improving the quality of the reconstructed image from the generated phase space. We will also add background emissions 

in the whole phantom and consider different phantoms. 
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Introduction 

Dose measurement on the patient during x-ray guided interventions has huge importance for the prevention of deterministic and 

stochastic side-effects associated with ionizing radiation [1]. State-of-the-art dose monitoring systems do not provide a realistic 

measure of the patient's absorbed dose during the intervention, causing biased conclusions during the dose assessment. Monte 

Carlo (MC) simulation frameworks can obtain a precise and realistic estimation of the dose, but with a long computation time. 

We propose a fast deep convolutional neural network (DCNN) trained on a GPU-based MC simulation generated database for 

estimating patient radiation dose during x-ray acquisition based on the patient's morphology and organs composition as well 

as the orientation of the x-ray imaging system. The MC simulation was validated on clinical data measured during interventional 

procedures at Brest Hospital. 

Materials and Methods 

We used a public data set consisting of 82 CT scans of the abdominal region [2]. We generated the 3D patient dose distributions 

using GGEMS, a validated GPU-based MC simulation platform for dosimetry applications [3]. We ran the simulations on voxelized 

phantoms corresponding to the CT scan of the patient. We defined a radiation cone-beam source distributed along an arbitrary 

100kVp tube energy spectrum. We simulated all the possible machine orientations for all the patients, resulting in a database of 

180482 dose maps. By running 1×107 particles per simulation and using the track-length estimator for dose recording, we 

achieved an average statistical uncertainty of 4.6 %. 

We propose a DCNN model based on the 3D-Unet [4], that accepts two inputs: The CT-scan of the patient and a 1-D vector 

containing the numerical values of the two machine’s orientation angles. The network’s output is the dose map. Our main 

modification is the use of fully-connected layers to process the angles vector. The result is reshaped and concatenated to the 

bottom of the encoding path. The model was trained and validated on 65 patients along with a 4-cross validation schema and tested 

on 17 patients. 

We carried out a clinical validation on six patients during endovascular interventions at the Brest University Hospital. It aims to 

validate the MC as the reference for the dose map database generation by comparing MC simulation with real measurements 

during an intervention. We used passive dosimeters based on Optically Stimulated Luminescence (OSL) technology (nanoDot®, 

Landauer, IL, USA) to measure patient radiation doses in four different anatomical areas and we compared to those obtained by 

MC simulation. 

Results 

The DCNN model yielded mean relative errors of 4.6 ± 1.0 % and 2.3 ± 0.6 % for the peak skin dose, and total body dose respectively. 

Our DCNN can predict a 3D dose map with a running time of 72 ms on a GTX 1080Ti GPU, which is 80 times faster than a GPU-based 

MC simulation. Two cases of predictions on the test set are illustrated in Figure 1. On the clinical validation, the mean relative error 

of MC simulation with respect to the measured doses was 7.6 ± 1.53 %. 
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Figure 1: Dose distribution comparison on an intermediate slice for 2 patients of the test set (best and worst case). From left 

to right: The MC simulated dose distribution (ground-truth), the predicted dose, and the absolute and the relative error between 

the prediction and the ground-truth. 

Discussion & Conclusions 

The DCNN can learn from an MC simulation-generated database with low errors within the skin and body. Computation time is 

compatible with real-time monitoring during interventional radiology. Additionally, we found a correlation between skin doses 

measured in clinical practice and the doses calculated with MC simulation. Future work will focus on including other acquisition 

parameters in the neural network, such as the imaging device position and x-ray tube voltage. 
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Introduction 
Recent developments on asymptotic Variance Reduction Techniques (VRT), especially in deep learning, open new ways to 

improve the efficiency of Monte Carlo (MC) simulations. For example, denoising techniques, which is used to enhance MC 

estimations, were recently revisited with deep learning approaches [1]–[3]. If these methods are promising, they are dedicated to 

a given application and limited to basic dose distributions. The global aim of our work is to improve the efficiency of MC simulations 

by enhancing the statistical quality of the dose distributions by using a post-processing provided by a deep learning approach. 

In contrast to the other works our goal is to introduce new methods allowing recovering complex dose distributions from MC 

simulations in a generic way, i.e., not depending on a particular medical application. Here, we are presenting our preliminary 

work, a deep learning approach that uses patient’s anatomy to recover fine details in complex dose maps, especially where the 

dose is very small. 

Materials & Methods 

The first step of our work was to build a training data set for the learning stage. Then, a MC simulation was setting up by defining a 

patient voxelized phantom and a photon cone-beam source placed behind the patient. A public data set composes of 82 CT 

scans from the pancreas region was used for this study [4]. For each of these CT the same MC simulation was performed twice by 

considering two different levels of statistical precision, one with 106 photons (low sampling) and one with 3x109 photons (high 

sampling). Simulations were performed using the Open-Source GPU-based MC platform GGEMS [5]. Different processing has 

been applied on the obtained dose maps to build the 2D training data set. A total of 6561 samples were obtained and distributed 

as follows: 5240 samples for training (80%), 1310 samples for validation (20%), and 10 samples for testing. The deep learning 

architecture was based on the U-Net [6]. Adam optimizer was used with a learning rate of 10-4 and Mean Squared Error (MSE) 

loss function was used. The network was trained to recover the high sampling dose map (output) from the low sampling dose map 

and the corresponding CT slice (inputs). However, a second training was performed for comparison purposes without considering 

the patient’s anatomy (CT slice). The best model was recorded during each training (200 epochs, 10 batches). Each model was 

tested on the 10 test samples. The GPU card used for MC simulations and the training was a NVIDIA GTX1050. 

Results 

Running time for the low sampling MC simulation was 8 s with a mean uncertainty of 53±30% and 1050 s for the high sampling with 

a mean uncertainty of 1.2±0.7%. Each training stage took one day. The Figure 1 shows a representative result for one sample of 

the test set. The model, which does not consider the anatomy of the patient, was able to improve the overall static quality of 

the dose map. However, small details in the background, where the dose level is low, remain blur. The MSE value for this 

case was 1.3x10-4. Where the patient’s anatomy was considered into the training stage, fine details in the background were 

recovered properly, with a better similarity to the high sampling map with a MSE value of 2.57x10-5. 
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Figure 1: One representative result from the test set considering or not the patient’s anatomy. The columns, from left to right, 

correspond to the low sampling MC simulations (input of the neural network), the ground truth from the high sampling MC 

simulation, the result obtained from the neural network, and the absolute error between the ground truth and the neural network 

prediction. 

Discussion & Conclusions 

These preliminaries results are promising, since a quick MC simulation of 106 particles can lead to a result statistically equivalent 

to a simulation with 3x109 particles, and therefore obtain a real gain in terms of simulation time. However, the proposed 

method only works for this MC simulation setup and any change will decrease the performance. Therefore, our final objective, 

and our work in progress, consists of proposing a generic method that works for all types of MC simulations. 
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Introduction 

In previous works [1,2], it has been shown that phase-spaces can be modeled with Generative Adversarial Network (GAN [3]) such 

that the generator approximates the initial distribution of particles, thereby being able to be used as a source for Monte Carlo 

simulation (MCS). This approach was applied for modeling photon beams from Linac head in radiation therapy treatment [1], 

and for gammas exiting phantoms or patient CT during simulation of SPECT systems [2]. Compared to conventional phase-space 

files, GAN’s generator was shown to be compact, few MB instead of few GB. Moreover, splitting MCS of SPECT imaging system 

in two parts, 1) tracking emitted particles within the phantom/patient CT, 2) tracking particles in the detector, and modeling 

the first part with the GAN generator was shown to lead to computational time gain. However, such a GASP (GAN-generated 

Source of Particles) approach cannot readily be used for the simulations of PET imaging systems because it requires particle time 

information and the knowledge of the initial emitting event to distinguish between Trues, Scatter and Random coincidences. In 

this work, we extend the GASP method to consider pairs of particles, timestamps, particle weights. We also propose a new 

parameterization that improves the training. 

Materials & Methods 

The training dataset was created from a conventional analog MCS composed of the phantom object and a source of beta emitter 

activity. The phantom was embedded in a cylinder. All photons exiting the phantom were stored when they reached the cylinder. 

Stored information was: the kinetic energy, the 3D position, the 3D direction, the timestamp of the particle, but also the ID of 

the initial event (emitted beta+). The dataset was processed to group photons coming from the same initial events. Groups 

can contain 1 (16.4%, when one back to back photon has been absorbed), 2 (83.3%, including scatter), 3 or more photons 

(0.3%). For the moment, only pairs were considered. Pairs have been parameterized with TLOR (Timed Line of Response) 

considering the timed-weighted estimated emitted position and direction. Wasserstein GAN with Square Hinge gradient penalty 

[4] was trained from this dataset. 

Simulation experiments have been performed with a NEMA IEC phantom composed of 6 spheres of increasing diameters (10 

to 37 mm) filled with the same activity concentration. To compare analog simulation with GASP, an ideal reconstruction 

method has been used. It considers all pairs of particles in the phase space, with their associated timestamp and backproject them 

into the image space considering the speed of light, such as in [5]. Obtained images correspond to a perfect PET detector 

allowing “worst-case” comparison. All developments have been performed within GATE and using Pytorch. 

Results 

Training datasets were generated with 4e6 pairs of gammas. GANs were trained in about 2 hours and lead to 1.5e6 parameters 

(about 30 MB). Fig1 shows ideally reconstructed images from analog and GASP simulations. 
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Figure 1: (Left) ideal reconstruction from 1e6 gamma pairs of an analog Monte Carlo simulation of IEC 6 spheres phantom with 

the same activity concentration. (Right) same simulation performed with GASP. The bottom graphs show vertical and horizontal 

profiles. 

Discussion & Conclusions 

The proposed GASP method mimicked the initial phase-space, reproducing most of the expected activities. However, while 

sufficient for modeling PET detectors, the results are still not perfect: e.g. the smallest sphere is overestimated compared to the 

analog simulation. The GASP can generate 1e6 pairs of gammas in about a few seconds compared to minutes or more with Monte 

Carlo. 
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Introduction 

Microdosimetry deals with stochastic effects of energy deposition at the micron scale, and for this reason it offers a superior 

characterization of the radiation field quality compared to standard dosimetry. The main physical quantity considered in 

experimental 

microdosimetry is the lineal energy y, obtained by dividing the energy deposition 𝜀 by the mean chord length l traversed by radiation inside the detector. While 𝜀 is directly 

measured, the value of l is calculated as most probable path, and thus depends both on 

the detector geometry and on specific assumptions on the radiation field (typically considered isotropic and uniform). Recently, 

we proposed to experimentally measure the real path length inside the microdosimeter by using the Hybrid Detector for 

Microdosimetry (HDM) [1]. HDM consists of a Tissue Equivalent Proportional Counter (TEPC) for measuring the energy 

deposition 𝜀, followed by 4 layers of Low Gain Avalanche Detectors (LGADs) for proving the real track length l. A scheme of the 

detector geometry can be found in Figure 1 (left panel). Using Geant4, we have carried out a feasibility study of HDM 

performances when exposed to both protons and carbon ions and found that the major limitation of the proposed detector is 

the low detection efficiency (only 3% of particle have been detected for protons and 15% for carbon ions). 

Materials & Methods 

In this work [2], we present an advanced random forest (RF) based machine learning (ML) model, trained and tested on Geant4 

simulations, developed to improve HDM features in the following aspects: i) the detection efficiency is increased up to 100%, 

filling particles not detected because of scattering within the LGAD layers or non-active regions, ii) the track reconstruction 

algorithm precision and iii) charge identification of the particles traversing the TEPC. Steps i) and ii) are summarized in Figure 1 

(right panel). 

Results and Discussion 

Thanks to the ML models, we were able to reconstruct the microdosimetric spectra of both protons and carbon ions, predicting 

for every particle detected by the TEPC both the real path length and the charge. The ML model results have been extensively 

studied, focusing on non-accurate predictions of the real track lengths and particle species, inrder to find hidden patterns both 

in the model and in the dataset. Such analysis has been used to identify HDM limitations and to understand possible future 

improvements. Finally, this new augmented microdosimetric information have several advantages: the microdosimetric 

distribution can be used as the input for radiobiological models, such as the Generalized Stochastic Microdosimetric Model (GSM2) 

[3], and it can be exploited to develop a truly microdosimetry-based amorphous track models. 
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Figure 1: Left panel: Hybrid Detector for Microdosimetry (HDM) geometry: a TEPC (microdosimeter stage) is followed by 4 

layers of LGADs (tracker stage). 

Right panel: Workflow of the ML algorithm developed in this work: from the input dataset generated with Monte Carlo 

simulations, we were able to achieve first an augmented dataset, where the position of particles not detected by the TEPC 

are retrieved. Then, the real track length is reconstructed expoliting the tracking module. 
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Introduction 

In microdosimetry, the energy imparted by radiation to a micrometric site is generally estimated through a measurement of 

ionizations, using the conventional W-value (i.e., the mean energy expended in a gas per ion pair formed) as a conversion factor 

between the two quantities. However, when the site size is lowered to the nanometre range, this procedure fails [1]. This work 

aims therefore at studying the reasons behind this failure, in order to define a reliable procedure to calculate the energy imparted 

from nanodosimetric measurements of the ionization yield, applicable when the site size is in the range 1 – 100 nm. In particular, 

the new procedure should allow at least to calculate the microdosimetric mean values 𝜀𝜀𝐹𝐹 and 𝜀𝜀𝐷𝐷 of the energy imparted 
distribution f(ε) (or, equivalently, the first and second moments 𝜀𝜀 and 𝜀𝜀2) starting from the corresponding moments 𝜈𝜈 and 𝜈𝜈2 of the ionization cluster size  distribution  P(ν).  Since  absolute 

measurements of the energy imparted (e.g., by means of calorimeters) are not feasible at the nanometric 

scale, this problem can be studied by Monte Carlo simulations only. 

Materials & Methods 

Monte Carlo simulations were performed with the Geant4-DNA track structure code [2], with both the ”option 2” and the 

”option 4” physics lists. Liquid water spheres with diameter of 1, 10 or 100 nm were defined as sensitive volume, and were immersed 

in an external water layer in order to provide secondary electron equilibrium. A pencil beam of either protons or carbon ions with 

initial energy in the range 1 – 100 MeV/u crossed centrally the sensitive spheres along their diameter. At the passage of each 

primary ion, both the energy imparted and the number of ionizations were scored in the sensitive sphere. At the end of each 

simulation run, the probability distributions f(ε) and P(ν) were derived, together with their mean 

values. The ratio 𝜔𝜔� = 𝜀𝜀⁄𝜈𝜈 was used to convert P(ν) into a distribution of energy imparted, which was then compared to f(ε). Variations of 𝜔𝜔� were studied as a function of particle type and energy and sensitive volume 

size: this quantity can be considered a microscopic analogue of the W-value, but it is defined in a volume 

and takes into account both secondary electron escape and the possibility of zero events. 

Results 

The ratio 𝜔𝜔� depends only weakly on particle type (deviations between protons and carbon ions are within 5%), while the 
dependence on ion energy is negligible (less than 1%). The dependence on sensitive volume 

size is stronger: 𝜔𝜔� increases up to 20% if the site size increases from 1 nm to 100 nm. In this respect, the 

different fraction of secondary electrons which are able to leave the volume plays a crucial role. 
Figure  1  shows  an  example  of  comparison  between  the  f(ε)  and  P(ν)  distributions,  plotted  in  the 

 
microdosimetric representation 𝜀𝜀 𝑑𝑑(𝜀𝜀) vs log(𝜀𝜀), where 𝑑𝑑(𝜀𝜀) = 𝜀𝜀 𝑓𝑓(𝜀𝜀)⁄𝜀𝜀. Data are shown for 100-MeV/u carbon ions in sensitive volumes 1 and 10 nm in  diameter. The factors 𝜔𝜔�  used to convert P(ν) into a 

distribution of energy imparted are 17.7 eV and 21.6 eV, respectively. It can be seen that the general trend 

of the two distributions is the same in both cases, even if P(ν) provides a low-resolution estimation of f(ε), 

especially in the low-energy region. 



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 103 

 
 

Figure 1: Microdosimetric spectra obtained either from the energy imparted distribution (green) or from the ionization 

distribution (orange), for 100-MeV/u carbon ions in spheres 1 nm and 10 nm in diameter. 

Discussion & Conclusions 

The comparison of P(ν) and f(ε) must deal with the discrete nature of the ionization process, as opposed to energy imparted which 

is a continuous quantity, and there can be structures in f(ε) which are not reproduced by P(ν). In this sense, ionization-based 

techniques provide a low-resolution measurement of energy imparted. This is especially true when the number of ionizing 

collisions is small, as for small sensitive volumes or sparsely-ionizing primary ions. However, the general trend of the two 

distributions is the same, and a relation can be drawn between them using a conversion factor 𝜔𝜔� almost independent of particle 

type and energy, depending only on sensitive volume size. This implies that the microdosimetric mean values 𝜀𝜀𝐹𝐹 and 𝜀𝜀𝐷𝐷 can 

also be accurately calculated starting from P(ν), converted to energy imparted by means of 𝜔𝜔� . In order to obtain a good agreement 

between the two distributions, the assumption of using the W-value as a conversion factor must be relaxed, and the probability for 

zero events must also be accounted for. 
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Introduction 
Microdosimetry is the branch of radiation biophysics that describes stochastic effects of energy deposition. The radiation field 

characterization offered by microdosimetry is widely used in particle therapy, together with radiobiological data, for predicting cell 

survival and assessing the relative biological effectiveness (RBE), as well as in radioprotection for estimating the quality factor 

(Q). 

In this work, we used microdosimetry to investigate the in- and out-of-field radiation generated by proton, 4-Helium and 

16-Oxygen beams. Protons are the most common ions used in the clinics, while in August 2021 the first patient was treated with 

4-Helium a the Heidelberg Heavy Ion Center (HIT) in Germany. 16-Oxygen is a very promising candidates for radioresistant 

tumours, for which an ion heavier than 12-Carbon is required. While the in-field data can be used to validate radiobiological models 

for tumour control probability, the out-of-field data can help assessing the irradiation of normal tissue, from which potential toxicity 

effects are caused. 

Materials & Methods 

The microdosimetric spectra were acquired with a Tissue Equivalent Proportional Counter (model LET ½ Far West Technology) 

placed at different lateral positions and depths inside a water phantom. The experiments with protons were performed both 

with a 148 MeV pencil beam [1] and a Spread-Out-Bragg-Peak (SOBP) [2] at the Trento Proton therapy Center (Italy). The 

measurement campaigns with 160 MeV/u 4-Helium and 360 MeV/u 16-Oxygen pencil beams were carried out at the NASA 

Space Radiation Laboratory (NSRL) of Brookhaven National Laboratory (USA). 

All experimental data have then been simulated with the microdosimetric extension of TOPAS Monte Carlo code [3], together 

with the standard dosimetric quantities dose and the linear energy transfer (LET), not measured with the TEPC. Simulated 

2D dose distribution can be found in Figure 1, left panel. 

Results and Discussion 
In  all  experiments,  we  collected  microdosimetric  yd(y)  spectra  and  calculated  the distribution parameters (yF, yD and y∗). In 
addition, we estimated the Relative Biological Effectiveness  (RBE)  values  at  several  depths  in-  and  out-of-field,  exploiting  
the 

Microdosimetric Kinetic Model (MKM) [4], the Loncol radiobiological weighting function [5] and the McNamara phenomenological 

model [6]. In addition, for the out-of-field positions we estimated the quality factor Q according to the ICRP-ICRU recommendation 

[7]. 

The comparison between measurements and simulations indicates a good agreement for protons (Figure 1, center and right panel) 

but relatively large discrepancies for the heavier ions. These data point out to the limited accuracy of the nuclear fragmentation 

models implemented in the Monte Carlo, and advocate for the need of additional double- differential cross section 

measurements for radiotherapeutic beams on tissue-like targets [8] to validate the codes. For this reason, we will discuss the 

most popular physic lists used to simulate heavy ions, focusing on the discrepancies between microdosimetric spectra 

computed using different physics lists, benchmarked against the experimental data. 

 

 

Figure 1: Left panel: 2D dose distribution simulated with TOPAS in the water phantom of the 148 MeV SOBP proton beam at 

the Trento Protontherapy Center. Center and right panel: comparison between the measured and simulated yd(y) spectra for the 
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protons. In the center panel, we reported selected data for the in-beam region, while in the right panel we show spectra acquired 

at a fixed lateral direction (50 mm with respect to the central axis of the beam) and at different depths in water [2]. 
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Introduction 

Gold nanoparticle dose-enhanced radiotherapy (GNPT) is a novel treatment modality involving the introduction of gold 

nanoparticles (GNPs) into cancer cells to enhance energy deposition close to the particles (within nano- to micrometers of the 

GNPs). To understand the biological effects of this treatment, an understanding of the pattern of energy deposition in the cells is 

needed, thus it is necessary to have a computational framework that can accurately and efficiently model populations of realistic 

cells. Previous work on modelling of GNPT has focused on dose enhancement (the ratio of dose to tissue with GNPs over dose to 

tissue without) as a macroscopic quantity across all volumes of interest, neglecting variations of energy deposition in cellular 

populations [1]. The framework developed here allows for the study of energy deposition in nuclear and cytoplasm compartments 

near to where the GNPs are in the cell, allowing for assessment of energy deposition patterns across populations of cells with and 

without GNPs. 

Materials & Methods 

A multiscale Monte Carlo tissue model has been developed in the EGSnrc application egs_chamber, which is customized to allow for 

scoring in multiple regions simultaneously [2]. Cells are modelled as 7.35 µm radius spheres, containing 5 µm radius spherical 

nuclei. Individual GNPs are modelled as 25 nm radius spheres of solid gold arranged in a close-packed hexagonal lattice pattern. 

GNPs within cells are distributed either within a shell around the nucleus (perinuclear) or within four spherical endosomes (4-

endosome). Approximately 550 cells are randomly arranged in an 80 µm radius sphere at the centre of a (2 cm)3 cube of bulk 

tissue that acts as a scatter phantom. Cross-sections of the multiscale model are shown in Figure 1. 

 

 

Figure 1: Cross-sectional images of the multiscale tissue model: (a) bulk tissue phantom; (b) population of cells; (c) examples of 

GNP configurations in the cell, showing both the endosome (top half) and perinuclear (bottom half) configurations. 

The macroscopic tissue phantom is irradiated with 0.25 cm radius circular parallel beams of photons of varying energies (20-100 

keV) initiated 0.5 cm from the phantom. For a given energy, the cell population is irradiated to a given no-gold nominal dose 𝐷 for 

a range of gold concentrations (0 – 25 mg of gold per g of tissue). Specific energy (𝑧, energy imparted per unit mass) is scored in each 

cell’s nucleus and cytoplasm. 

Results & Discussion 

Sample specific energy distribution histograms are shown in Figure 2 for an incident photon energy of 30 keV. Figure 3 summarizes 

the results for 0, 5, and 20 mg/g gold concentrations irradiated by 20-100 keV photon beams to a no-gold dose level of 0.2 Gy for 

both GNP configurations. 
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Figure 2: Nucleus and cytoplasm specific energy distributions for three gold concentrations and two GNP configurations at a 0.02 

Gy macroscopic no-gold dose level. 

 
Figure I: Nucleus and cytoplasm mean specific energy as a function of beam quality and nominal dose for three gold 
concentrations at a 0.2 Gy macroscopic dose level. Mean specific energy (�̅�) is denoted with a marker and standard deviation of 
the distribution (𝜎!) is denoted by the height of the error bars.ose enhancement due to gold (approximated by  𝑧/̅𝐷) increases 
with gold concentration. It  remains constant with nominal dose, while the relative spread (approximated by 𝜎!/�̅�) decreases as 

nominal dose increases. Dose enhancement is higher in nuclei than in cytoplasm for the perinuclear configuration and vice 

versa for the 4-endosome configuration. Overall, cell dose enhancement is higher in the perinuclear arrangement than the 4-

endosome configuration. This indicates that the enhancement is sensitive to GNP configuration and position in the cell, which is 

being considered further in ongoing work. 

Conclusions 

This is, to our knowledge, the first work to assess variation in the pattern of specific energy distribution across cell populations 

containing discretely-modelled intracellular GNPs. The framework introduced here for investigations of specific energy deposition 

enables assessment of GNPT dose enhancement and relevant microscopic metrics within both tumour cells and healthy 

cells. Our work will help push the understanding of GNPT microdosimetry to a whole new regime, allowing for further 

understanding of the biological effects seen for both in vivo and in vitro experiments. 
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Introduction 

 
Microdosimetry is a useful technique to monitor the radiation quality of therapeutic radiation fields since it measures the imparted 

energy at the micrometer level, which is correlated to radiation effectiveness. In proton therapy a fixed relative biological 

effectiveness (RBE) of 1.1 is considered in almost all Treatment Planning System (TPS) to calculate the RBE-weighted dose. 

However, RBE increases at the end of the proton range where the Linear Energy Transfer (LET) increases leading to an 

underestimation of it that can result in suboptimal treatment planning. Recently, more advanced TPS consider the RBE variability 

as a function of LET, which is calculated at several depths across the irradiated tissue volume. In this context, microdosimetry 

offers experimental tools for the validation of LET-based TPS. Tissue Equivalent Proportional Counters (TEPCs) are the reference 

detectors. Miniaturized TEPCs have been developed at the Legnaro National Laboratories of INFN [1], which can be used in high 

intensity particle beams thanks to the reduced section of the sensitive volume. Experimental measurements can be 

complemented with Monte Carlo simulations to study the microscopic distributions of the imparted energy in detail. The 

TOPAS code has been used to simulate the response of a reference mini-TEPC in a clinical proton beam to benchmark simulations 

with experimental data. 

Materials & Methods 

Monte Carlo simulations were performed using the code TOPAS (Tool for Particle Simulation) [2]. Simulations were done 

using the Microdosimetric extension developed by [3] scoring the imparted energy in the mini-TEPC from which the lineal energy 

value is derived. Frequency and dose distributions are then calculated with usual microdosimetric formalism as reported in the ICRU 

Report 36 [4]. The implemented geometry of the cylindrical mini-TEPC reflects a simplified geometry of the real detector employed, 

which has a sensitive volume of 0.9 mm of diameter and height [5], and it is the same reported in [6]. In both measurements 

and simulations, the detector was filled with pure propane to simulate 1 µm in tissue at a density of 1 g/cm3. Measurements 

were performed at the CATANA beam line of LNS-INFN in a monoenergetic proton beam of 62 MeV of energy. The primary 

beam energy implemented in simulations was optimized to obtain the best match with the experimental dose profile 

measured with a Markus chamber. In measurements the detector has been centered at the isocenter and a stack of PMMA layers 

was used to simulate the penetration depth in the patient. Simulations were performed in 8 positions along the dose profile 

where measurements were available using water phantom. The default physics list of TOPAS has been used. 

Results 

In Figure 1 the comparison of the dose profiles is reported together with the two spectra gathered in the entrance and in the fall-

off positions. 
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Figure 1: Left panel: Dose profiles obtained with simulations and experiments. Mid panel: Spectra in the entrance position. Right 

panel: Spectra in the fall-off position. 

From Figure 1 it is possible to observe that the experimental microdosimetric spectrum is better reproduced in the fall-off position 

where, on average, the energy deposition events are bigger due to protons with higher stopping power. The spectrum in the 

entrance position, that is obtained with the nude detector in front of the nozzle, shows some discrepancies especially below 1 

keV/µm due to limitations of the transport cut offs. In general, the obtained agreement is good considering that some differences 

are intrinsic in the two different methodologies. For example, the simulated spectra are always narrower than the experimental 

ones and one possible explanation is that the electric field is not simulated, thus the stochastic due to the electronic avalanche 

is neglected. 

Discussion & Conclusions 

In this study simulations of the response of a mini-TEPC have been performed with TOPAS and compared with eight spectra 

measured at the mono-energetic beam of CATANA. Results will be compared in terms of shape of the spectra and average values 

of the distributions. The shape of the spectra is consistent with the experimental distributions, the biggest differences are 

observed in the entrance positions, where the energy deposition events are small. 
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Introduction 

The water cross sections used in Monte Carlo simulation tools such as Geant4 (GEometry ANd Tracking) and its extension Geant4-

DNA has failed to model the ionization process, especially at low incident energy [1][2]. However, low energy electrons 

produced from the ionization of bio-molecules are responsible for almost two third of the induced damage [3]. Thus, providing 

an accurate calculation of cross-sections is necessary for an accurate simulation and for valid investigations of particle interactions 

within the biological medium. Additionally, liquid water is represented as a single molecule (H2O) in these codes. But in real 

life, it exists in the form of molecular clusters - groups of water molecules held together by hydrogen bonds [4]. 

Therefore the objectives of our work are: 

• Calculate the ionization cross sections of complex biological molecules in order to improve simulations of 

biological damage induced by ionizing radiation 

• Study the impact of water clustering on the simulation 

Materials & Methods 

The calculation of cross sections is done on the computing mesocenter HPC (high performance computing) of Strasbourg 

University using the MPI (message passing interface) technique and our program [5][6] that calculate the triple, double, 

simple and total ionization cross sections in the framework of the first-born approximation, with the distorted/coulomb wave 

functions to represent the ejected electron, the plane wave to represent the incident and scattered electrons and the Single-

center molecular wave functions generated using Gaussian09 to represent the target molecule. 

Results & Discussion 

1. Program validation 
Triple Differential Cross Sections (TDCS) calculated with our program are validated for water and other complex molecules such 

as pyrimidine and tetrahydrofuran [6]. Then the whole program is validated for the water molecule and we are working to extend 

it to more complexe molecules.The impact of clustering on the simulations To get as close as possible to the structure of real 

water, we calculated the total cross sections of the ionization of 1, 2, 3 and 4 water molecules by single electron impact with 



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 111 

the coulomb-wave model (Figure 1) and implemented these cross sections in Geant4-DNA. In the presentation, we will show 

how the use of water clusters can impact the simulation of induced damage. 

Figure 1: Total cross sections for the ionization of 1, 2, 3 and 4 water molecules. 

Conclusions 

The main objective of our work is to improve simulations of biological damage induced by ionizing radiation. In the 

workshop, we will present our algorithm for the calculation of cross sections, our results for the water molecule, and our study 

on the impact of the use of water clusters on the ionization cross sections and on the damage induced by ionizing radiation. 
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Introduction 

Among the several radiopharmaceuticals used routinely in nuclear medicine, 2-[18F]fluoro-2-deoxy- D-glucose (18F-FDG) and 

99mTc-DMSA are ones of the most used. The use of radiopharmaceuticals in paediatric individual requires an awareness of the 

technical and logistical issues unique to this patient population. Paediatric patients are more radiosensitive to radiation compared 

to an adult. The ICRP 128 provides the time-integrated coefficient activity (TIAC) for the 18F-FDG. The TIAC values are the same 

for all types of patients’ organs, except for the urinary bladder contents, which are distinguished by the patient’s age. This work 

aims to estimate the dosimetric parameters for the 18F-FDG administered to paediatric patients using the TIAC proposed by 

Khamwan et al. For this purpose, it was used the paediatric voxelized phantom “Baby”, from Helmholtz Zentrum, and two 

MC codes EGSnrc and MCNPX to simulate the radiation transport. 

Materials&Methods 

The phantom “Baby” was modelled to perform the simulations using the MC EGSnrc and MCNPX codes. Two different values 

of TIAC were used to compare the absorbed dose per injected activity of the 18F-FDG. First, the TIAC provided by the ICRP 128 

for Brain (0.21 h), Heart wall (0.11 h), Lungs (0.079 h), Liver (0.13 h), Urinary bladder contents (0.16 h), and Other organs and 

tissues (1.7 h), here It will be referred as the “oldtiac”. And second, the TIAC published by Khamwan et al. for Brain (1.150 h), Heart 

wall (0.032 h), Lungs (0.019 h), Liver (0.109 h), Urinary bladder contents (0.09 h), and Other organs and tissues (1.2 h), and refer as 

“newtiac”. 

Results 

The dose deposited per organ was simulated and the absorbed dose per injected activity (mGy/MBq) was calculated due to the 

biodistribution of the radiopharmaceutical. The mean average of the differences for the absorbed dose per injected activity 

between the EGSnrc for the “oldtiac” and “newtiac” was 42.85%. The organs source Brain, Heart wall, Liver, Lungs, and Urinary 

bladder wall presented differences of 79.29, 201.27, 27.26, 220.86, and 68.07%, respectively. The EGSnrc results for the “newtiac” 

were compared to the ICRP 128 interpolated results and it showed a mean average of 16.77%. For the absorbed dose per injected 

activity, the results showed differences of 87.29 for the Brain, 243.96 for Heart wall, 35.73 for Liver, 36.05 for Lungs, and 52.62% for 

Urinary bladder wall. The differences found in the absorbed dose per injected activity for 18F-FDG calculated with the EGSnrc and 

MCNPX codes for the “oldtiac” and “newtiac” were analyzed and it is possible to observe lacks in the TIAC data for urinary bladder 

in newborns provided by the ICRP 128. 

Conclusion 

This work aims to estimate the dosimetric parameters for the 18F-FDG administered to paediatric patients using the TIAC 

proposed by Khamwan et al. and compare against the data provided by the ICRP 128. For this purpose, we used the paediatric 

voxelized phantom “Baby” and two MC codes EGSnrc and MCNPX simulating the radiation transport. The results showed some 

differences in the absorbed dose per injected activity for 18F-FDG and consequently some lacks in the data provided by the

 ICRP 128. 
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Introduction 

TOPAS [1] is a platform based on the Geant4 toolkit for Monte Carlo simulations. While Geant4 was originally developed for 

high-energy physics applications it has found widespread use in medical physics and radiation oncology. TOPAS allows its use 

without using C++ language, as Geant4 requires. Instead, a system of parameter specification is used to, for example, generate 

geometries from an extended catalog, specify radiation sources and physics models to use, choose what quantities to score, and 

control motion for all components. In addition, TOPAS adds functionality tailored to medical physics and already 

incorporates multiple tools for dosimetry and other applications on external radiotherapy [2] and, recently, brachytherapy [3]. In 

this work, we show recent developments to address internal dosimetry after radiopharmaceutical injection for patients. 

Materials & Methods 

To evaluate the impact of the physics models included in our simulations, we calculated S-values (i.e., dose per unit accumulated 

activity) for soft tissue in cubic ‘target’ regions (voxels) of different size: 2.2 mm, 5.0 mm and 9.3 mm, for a point source of 90Y. 

We compared results for two different electromagnetic (EM) physics options: the ‘standard’ option from TOPAS and Geant4 and 

the so-called ‘option4’, which offers higher accuracy at tracking electrons which uses more detailed models to characterize 

multiple Coulomb scattering at a higher computational cost. The β-particle point source was modeled as an isotropic particle 

generator emitting electrons with initial energies sampled according to the 90Y emission spectrum given by the Radiation Dose 

Assessment Resource (RADAR) database. Dose was scored in a grid of 11 x 11 x 11 voxels in each case made of soft tissue as 

modeled in Geant4 according to the ICRU Report 44. S-values were obtained as the quotient between the absorbed dose (in Gy) 

and the total number of histories, set to 107 (or 10 MBq s) in our simulations. 

We implemented the capability of reading hybrid SPECT/CT or PET/CT images from DICOM format in TOPAS. TOPAS can read 

DICOM CT files and create a 3D voxelated patient assigning materials to each voxel as a function of the HU number according to 

different methods. The (SPECT or PET) DICOM NM image is a 3D reconstruction composed of the number of counts collected for 

each voxel, whose size and position do not necessarily match those of the CT voxels. We implemented a geometry aligned with the 

CT grid but with different voxel size based on the DICOM NM voxel grid to serve as the basis for particle sources. For each 

history (i.e., e- emitted) an NM-grid voxel is selected with probability proportional to the number of counts in it, and then the 

position for the β-particle emission is selected with uniform probability across the voxel volume. Finally, an energy is selected from 

the radionuclide emission spectrum. We used the SPECT/CT image obtained from bremsstrahlung of the 90Y β-particles for a 

patient treated for HCC with 90Y-microsphere radioembolization at the Massachusetts General Hospital. This way a source 

map based on the activity distribution was generated, calculating the accumulated dose per GBq using 107 histories. We 

considered all the radionuclides to remain at the same position as when the image was acquired, which in the case of 

microsphere-based radioembolization is a reasonable assumption. 

Results 

Figure 1 shows the S-values calculated in soft tissue for 90Y β-emissions with both EM physics lists utilized in this work. While the 

‘standard’ option took about 30 minutes for simulating 107  histories, the more accurate ‘option4’ took 42 h, with results 

in good agreement except at 10 mm, which approximately represents the maximum range of the emitted e-.. 
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Figure 1. Voxel-wise S-values calculated using two EM physics constructors in TOPAS: ‘standard’ and ‘option4’.  

Figure 2. SPECT/CT image and accumulated dose using TOPAS for a patient treated with 
90

Y-microsphere radioembolization.ontained 

within the patient on the SPECT image. 

Figure 2 shows the calculated dose distribution on an axial plane or a patient treated for HCC with 90Y-microspheres. Activity 

is assumed to be permanently deposited on the same positions as indicated on the SPECT/CT. The color bar indicates Gy/GBq 

injected assuming   all   the   activity   is 

Discussion & Conclusions 

We present new features integrated in TOPAS to create a comprehensive tool for medical physicists and nuclear medicine clinicians 

interested in carrying out dosimetry for radiopharmaceutical treatments in a fast and easy way. TOPAS is an ideal environment for 

addressing research problems on radionuclide dosimetry, providing access to well validated Geant4 physics, advanced but 

ready-to-use features for radiation transport, dosimetry, imaging, and biology. 
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Introduction 

The mean glandular dose (MDG) is considered the most appropriate dosimetric quantity for risk assessments associated with 

mammography, since the glandular tissue is the most sensitive to ionizing radiation exposure [1]. However, this quantity cannot 

be measured directly due to the breast anatomy and tissue distribution. The well-established method for DGM estimation is 

based on the product of the measured incident air kerma on the breast by appropriate conversion factors called normalized 

glandular dose (DgN), calculated by Monte Carlo simulation. In this work the authors studied the correlation between other 

dosimetric quantities besides MGD to be used as alternative or complementary conversion coefficients in mammography: mean 

glandular dose (MGD), mean dose in the whole breast (MDW), mean skin dose (MSD) and mean dose in the inner homogeneous 

section of the breast (MHD), achieved using Monte Carlo simulation. These conversion factors can be useful for MGD estimation 

from experimental dose evaluation based on phantom dose distributions. 

Materials & Methods 

The PENELOPE code (v. 2018) with a modified and validated penEasy extension (v. 2020), as a main program was used. The 

simulated geometry represents a mammography examination in craniocaudal (CC) view. A block of water (30×17×30 cm³) mimics 

the patient body. The breast is located between the compression and support plates with dimensions 26×14×0.2 cm3, and is 

shaped as a semicylinder with 8 cm radius and variable thickness (between 2 and 8 cm). The inner section of the breast is 

composed of a homogeneous mixture of adipose and glandular tissues in different weight fractions (glandularities from 1% to 

50%), and enclosed by a 1.5 mm skin layer. A point source collimated within 4 edges of an ideal detector with 30×24 cm² area, 

which was located 66 cm from the source and 1.5 cm from the support plate. The source emits monoenergetic photons from 10 to 

50 keV. The energy absorbed in different regions of the breast (glandular tissue, whole breast, skin and inner homogeneous section) 

was simulated for a variety of breast thicknesses and glandularities. The cut off energy for photons was 1 keV, while electrons 

were considered locally deposited. The number of simulated histories was on the order of 108, to achieve statistical 

uncertainties smaller than 1% (2 ). The conversion coefficients between the dose absorbed in different regions of the breast and 

the MGD were estimated as: for whole breast, 𝑐𝑤 = 𝑀𝑊𝐷/𝑀�𝐷; for skin, 𝑐𝑠  = 𝑀𝑆𝐷/𝑀�𝐷; and for the inner homogeneous 

section, 𝑐ℎ  = 𝑀�𝐷/𝑀�𝐷. 

Results & Discussion 
 
Figure 1 shows the conversion coefficients 𝑐𝑤, 𝑐𝑠 and 𝑐ℎ as function of beam energy for breast thicknesses of 2 cm, 5 cm and 8 
cm, and 20% glandularity. The conversion coefficient 𝑐𝑤  decreases as the beam energy increases below 20 keV, and becomes 
almost constant for energies between 25 keV and 35 keV. In this energy range, 𝑐𝑤 also increases slightly with the breast thickness 
(below 5cm) and it is almost constant for thicker breasts. The conversion coefficient 𝑐𝑠 shows a high variability with the  breast 
thickness and decreases as the beam energy increases for energies below 30 keV. For higher energies, 𝑐𝑠 assumes almost constant 

values as the energy increases for all breasts thickness. These variations are explained by the higher penetrability of the beam for the 
higher energy photons. The conversion coefficient 𝑐ℎ  is independent of the breast thickness for beam energies lower than 30 

keV, increasing slightly with the breast thickness for higher energies. This coefficient is almost constant with the breast 
thickness and the beam energy for energies between 15 keV and 25 keV. The energy dependence can be explained directly from 
the G-factor used for converting the energy absorbed in the homogeneous mixture to the energy absorbed in glandular tissue. 
However, this factor does not explain the dependence with breast thickness. All the conversion coefficients are dependent on 
the breast glandularity, and despite having the same graphic behavior, the relative differences between the coefficient values 
reach 27% for 20% and 50% glandularity. 
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Figure 1: Conversion coefficients for (a) whole breast, (b) skin, and (c) inner homogeneous section for different thicknesses of 

a breast and 20% glandularity. Uncertainty bars not visible. 

Conclusions 

In the mammography energy range, the conversion coefficients 𝑐𝑤  and 𝑐𝑠  proven to be useful for MGD estimations from 
dose measurements in the whole breast (or phantom) or inner homogeneous section of the 

breast due to the observed energy dependence. On another hand, the conversion coefficient 𝑐𝑠 shows to be 

useful for most energetic x-ray beams as those used for contrast enhanced digital mammography. Finally, 

these conversion factors can be used as alternative or complementary to DgN coefficients for determining the MGD in 

mammography based on experimental evaluation of breast (or phantom) dose. 
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Introduction 

In MRgRT beams, the characterization of different types of detectors and calculation of quality correction factors accounting for 

the magnetic field (B-field) are required. However, the behaviour of detector response in a strong B-field is still not fully 

understood. Moreover, the direct impact of the B- field on electron fluence perturbations has not yet been characterized. The 

purpose of this study is to evaluate the B-field effect on the electron fluence spectra in several detectors in small and broad 

MRgRT beams, and to provide insights into the effects of density, high-Z components, and detector geometry. 

 
Materials & Methods 

Monte Carlo calculations in the user code cavity (EGSnrc)[1,2] of the electron fluence are performed in seven detectors (solid-

state: PTW60012 and PTW60019, ionization chambers: PTW30013, PTW31010, PTW31021, and PTW31022 [3,4], Medscint 

scintillator fiber) placed in water and irradiated by Elekta’s Unity 7 MV FFF photon beam with a reference (10 x 10 cm2) and 

small (3 x 3 cm2 for the Farmer chamber and 1 x 1 cm2 for the rest) field, at 0 T and 1.5 T. Three chamber axis orientations are 

investigated: parallel or perpendicular to the B-field (Lorentz force pointing towards the stem or to the tip) and always 

perpendicular to the photon beam. One orientation for the solid-state detector is studied: parallel to the photon beam and 

perpendicular to the B-field. For the scintillator, all four orientations are investigated. Additionally, to identify the underlying 

physical mechanisms behind the fluence perturbations, electron fluence spectra are calculated in two modified detector 

geometries: 1) bare cavity filled with a material having the same atomic properties as water but with the electron density of the 

original material and 2) in the bare cavity filled with water. 

 
Results 

For all detectors, the variation in total electron fluence due to the B-field is presented in table I.  In figure 1, the electron fluence 

spectra for each type of detector is presented in one orientation along with the corresponding effect of the magnetic field. 

For the farmer chamber, the B-field effect is less important in the parallel orientation than in the perpendicular orientation. In the 

latter, the interplay between the gyration radius and the cavity size dramatically affects the electron fluence. For the small cavity 

chambers, a significant impact of the small field size is observed in all orientations, attributed to the lack of lateral charged particle 

equilibrium  (CPE) combined with the effects of the magnetic field. The B-field orientation impact is not as significant as for the 

Farmer chamber since their cavity aspect ratio is equal or close to 1:1. 

For the solid-state detectors, the B-field strongly impacted the solid-state detectors in both field sizes. The total fluence is reduced 

by as much as -15.06 ± 0.09 % and -16.00 ± 0.07 % for the silicon diode and the microDiamond, respectively. The high-density and 

high-Z extracameral components seem to be responsible for the strong effect of the B-field. 

For the scintillators, the magnetic field effect is only relevant in the small field. The reduction in total fluence tends to be smaller 

than in the other detectors. The electron fluence perturbations come from the lack of lateral CPE in the small fields which is 

amplified by the B-field. 

Discussion & Conclusions 

This work provides insights into detector response in B-fields by illustrating the interplay between several factors causing 

dosimetric perturbation effects: 1) chamber and B-field orientation, 2) cavity size and shape, 3) extracameral components, and 4) 

electron energy. Low-energy electron trajectories are more susceptible to change in B-fields, and they are associated with detector 
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response perturbation. Detectors with high-density and high-Z extracameral components exhibit more significant perturbations in 

B-fields, regardless of field size. 

Table 1. Percentage of total electron fluence variation due to the B-field 
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Introduction 

Early detection of breast cancer significantly reduces its mortality and the most used examination for its detection is 

mammography in screening routines. Although there is a low risk of radiation-induced carcinogenesis associated with the exam, 

this risk must be understood [1] and radiation dosimetry in these tests must be accurately evaluated. Mean Glandular Dose (MGD) 

is currently the main quantity employed in mammography dosimetry and is mostly studied using Monte Carlo (MC) simulations 

[2]. However, the breast model considered in the simulations plays a major role during the MGD, more specifically, how the 

glandular tissue is distributed inside the breast. Recent works indicate that the MGD could be significantly overestimated if 

simplified models with homogeneous distributions are used instead of more realistic heterogeneous models [3]. Therefore, the 

study of more realistic breast models could provide more accurate MGD levels found in mammography exams in a population. 

This work aims to compare the impact of different voxelized heterogeneous breast models on MGD values compared to a 

well established homogeneous model. 

Materials & Methods 

MC simulations were performed using the PENELOPE (v. 2018) with penEasy (v. 2020). The geometry consisted of a block of 

water, simulating the patient chest (30×17×10 cm) cm3, with compression and support paddles (26×14×0.2 cm3, PMMA) in 

contact with the breast. The breast was modelled as semi-cylinder, 10 cm radius, and a compressed thickness of 2, 5 and 8 cm. 

The breast is made of cubic voxels of 0.5 mm, and consists of a mixture of adipose and glandular tissues enclosed by a 1.5 mm 

layer of skin. Three types of glandular tissue distributions were studied: (i) Homog: homogeneous (uniform random sampling), 

(ii) Gauss: gaussian distribution [3], (iii) Fit: fitted equations from real breasts as probability distributions [4]. MGD was 

determined by averaging the energy deposited in voxels defined as glandular tissue, by the total mass of glandular tissue inside 

the breast. The anode/filter combinations and tube potential used for each breast thicknesses are: 2 cm - Mo/Mo 24 kV and 

W/Rh 25 kV, 5 cm - Mo/Mo 28 kV and W/Rh 28 kV, and 8 cm Mo/Mo 30/35 kV and W/Ag 32 kV. 

To study the impact of glandular tissue distribution on breast dosimetry, the relative differences in MGD values between the 

gaussian/fitted and homogeneous breast models were calculated as results. 

Table (1) shows the MGD differences for the gauss/fit models compared to the homogeneous ones using equation (1) for each 

simulated case. The statistical uncertainties for all values were smaller than 1% (2𝜎). 

It can be observed that the breast thickness and spectrum used had a great impact on the relative differences, due to beam 

penetrability and the variability in the glandular tissue distributions among the models. A significant variability among the breast 

models is observed. In general, the relative differences increase as a more realistic breast model (fit) is chosen. 

Table 1: Relative differences of MGD values for gaussian (case ii) and fit (case iii) breast phantoms compared to 

homogeneous model (case i). 

 

 

Discussion & Conclusions 

Results have shown that MGD for homogeneous breasts is overestimated as compared  with  those obtained from models with a 

more realistic glandular tissue distribution. The breast models with a glandular tissue distribution sampled from fitted parametric 

equations or following a gaussian distribution allows the study of more realistic MGD dose values. For instance, results show MGD 
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relative variations up to 47% and 61% for gaussian and fit models, respectively. In addition, the random sampling technique used 

to build these phantoms is straightforward, requiring only a few minutes to be generated in a common personal computer 

and is capable of covering a wide range of different breast characteristics. 
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Introduction 

Dose-area-product (DAP) has been proposed as an alternative quantity for reference dosimetry in radiotheraputic photon and 

proton beams. Large-area ionization chambers [1] and calorimeters [2] have been used to demonstrate the principles of DAP 

measurements, but no systematic investigations into the behaviour of those detectors and their perturbations for this purpose 

have been performed. The systematic variation of dose as a function of photon field size in both thick and thin window large 

area ionisation chambers varies greatly when considering scatter and leakage photons in small fields (below 2cm x 2cm). This has 

previously been determined using scatter factors and dose thresholds to remove the “low dose bath”. Scatter factors have 

previously been calculated using MC codes PENELOPE and GEANT4, however this has mainly been achieved for phantom scatter 

only. To be able to calculate dose due to the primary beam, scatter and leakage accurately it has been suggested to split the dose 

due to photon beams into dose contributor components using EGSnrc. Gottshalk [3] accomplished this for the dose distribution of a 

proton beam stopping in water. Gottshalk [3] defined several components of a proton beam, including; a central, trumpet-shaped 

“Core” in which contributions from the primary/pencil beam i.e protons slowed due to electromagnetic interactions only; a 

”Halo” region which consists of charged secondary particles due to elastic and nonelastic scattering with the nucleus of atoms in 

the medium; the “Aura”, which surrounds the Core and the Halo and consists of secondary photons and neutrons from inelastic 

nuclear interactions and the “Spray” encompasses the low dose region and includes contributions from collimator scatter etc. In this 

work, the same concepts are applied to photon beams. 

Materials & Methods 

Monte Carlo simulations have been used to separate dose components in a photon beam, utilising the AUSGAB flags and LATCH 

variables along with bit regions using the IREGION_TO_BIT variable in DOSRZnrc and BEAMnrc. These features, specific to 

EGSnrc [4] and associated usercodes, can be used to separate the absorbed dose within a chamber into its constituent 

components. The AUSGAB flags and LATCH bits can be set following certain interactions within the phantom and so can be used 

to identify the origin of secondary particles after interaction, and therefore used to separate the scored dose into dose 

components. Setting bit regions to each of the component modules within the linear accelerator module in BEAMnrc, including 

the collimator, Jaws, Target, flattening filter etc. allowed dose components where photons had previously interacted could be 

excluded. Excluding bit regions associated with potential scattering components removed the Spray component from dose 

calculations. To then separate the Halo component of the photon beam, DOSRZnrc was used with the ‘scatter fraction’ option 

(IFULL=3) that allows the scoring of scatter dose from interactions within the phantom. These interactions include Compton 

scattering and photoelectric events but can be modified to include bremsstrahlung as well. To be able to score the dose from 

phantom, where only the incident photons from the primary beam are considered, the source code for DOSRZnrc, which is 

written in Mortran, needed to be modified. 

Results 

Each of these components can be defined in the modified DOSRZnrc code by implementing different logic within the AUSGAB scoring 

subroutine [4] corresponding to interactions occurring in certain components of the linear accelerator model and the phantom or 

dosimeter. For example, to score the dose due to phantom scatter just from head scatter originating in the linear accelerator modelled 

in BEAMnrc. dose from particles only with certain specific LATCH bits were included in the scoring subroutine. This corresponds 

to the photons that have interacted in the target and interacted with components within the linear accelerator and also interacted 

within the phantom. This logic along with the use of the subroutine WATCH to analyses the particle interactions, were used to 

confirm whether the modified code was working as we intended it to. The table below shows the dose to the core of a 

simple dosimeter set up within a water phantom in DOSRZnrc obtained for each of these components using a 10MV X-ray 

BEAMnrc linac model. 
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Dose Component Original Code 

(GyCm^2) 

Type A Uncertainty (%) Modified Code 

(GyCm^2) 

Type A Uncertainty (%) 

Head scatter N/A N/A 4.108E-17 0.217 

Phantom scatter 

(from primary beam) 

N/A N/A 1.370E-17 0.226 

Phantom scatter 

(from head 

scatter) 

N/A N/A 3.263E-18 0.136 

Total phantom scatter 1.696E-17 0.273 1.696E-17 0.284 

Table 1: Dose components calculated both by the original and modified DOSRZnrc code. 

Discussion & Conclusions 

These premilinary results show how DOSRZnrc can be used to split the photon beam into dose components and used to calculate 

correction factors for each of these components using example beam data. Followup work is currently being done to make the 

beam more realistic in terms of energy and field size as the results are intended for use in small fields (less than 3cm x 3cm). The 

table shows total phantom scatter fraction calculated from the components of phantom scatter as found from the modified 

DOSRZnrc code are within statistical uncertainty with the total scatter fraction calculated by the original DOSRZnrc code. 

This provides validation that the modified DOSRZnrc code can be used to accurately separate the scatter fraction into these pre-

defined components. 
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Introduction 

Ionization chamber measurements are part of pre-treatment patient specific quality assurance procedures for point dose 

verification of complex plans for intensity/volume modulated treatment therapy [1,2]. Dynamic irregular field apertures and 

gradients create non-reference dosimetry conditions where the current methodologies for absorbed dose determination in static 

conventional and small fields cannot be applied. Large correction factors have been obtained for a microionization chamber in a 

selected irregular beamlet [3]. Positioning of the ionization chamber in low gradient regions was recommended to achieve smaller 

differences between measured and calculated doses by the treatment planning systems [2,3]. Additional data for various chambers 

and their integral response are needed to assist the standardization of the absolute dose verification for dynamic photon beam 

irradiation. 

In the present work, the response of cylindrical ionization chamber CC13 (IBA-Dosimetry) is studied focusing on dynamic intensity 

modulated 6 MV and 15 MV beams. 

Materials and Methods 

A detailed model of the cylindrical ionization chamber CC13 was developed using the EGS Chamber user code in the EGSnrc Monte 

Carlo (MC) package, following the technical specifications: 0.6 cm air cavity diameter, 0.58 cm cavity length, wall and central 

electrode made of Shonka plastic. The chamber model was embedded in a water phantom at different positions. Varian TrueBeam 

6 MV and 15 MV accelerator models, developed earlier, were used to simulate the ionization chamber irradiation for dynamic 

beam delivery produced by the so-called Chair multi-leaf collimator (MLC) sequence. Simulations were carried out in three steps. 

1) BEAMnrc phase spaces were generated below the secondary jaws for 6 MV and 15 MV beams respectively. 2) Resulting phase 

spaces were used as input to generate phase spaces below the MLC (Varian Millennium). 3) Resulting phase spaces from 2 were 

used as beam sources in EGS Chamber. BEAMnrc, DOSXYZnrc (reference geometry) and EGS Chamber simulations were carried out 

in parallel using a CPU cluster and with relevant settings; [statistical accuracy sought = 0.400, Global ECUT= 0.521, Global PCUT= 

0.01, Global SMAX= 1e10, ESTEPE= 0.25, XIMAX= 0.5]. Typical cluster run-time for EGS Chamber simulations was 3-5 hours for 

ncase≈3×109. The absorbed dose to air in the air cavity of the chamber, (Dchamber), was calculated as well as the absorbed dose to 

water, (Dw), for the same volume and geometrical position as for the air cavity when the ionization chamber was removed. 

Conversion factors, f = Dw/Dchamber, were obtained for chamber positions in non-reference and reference geometry (10x10 cm 

static field, 10 cm depth, Source-Surface-Distance of 90 cm). Correction factors, C = fnon-ref/fref, were calculated to quantify the 

variations of the conversion factors. Factor definition based on small-volume dose determination was adopted following the 

formalism in [3] as more relevant to pre-treatment quality control than the point dose formulation. 

Results and Conclusion 

Correction factors between 0.99 and 1.03 were obtained for ionization chamber positions in high, low dose regions and close to 

penumbra (Fig. A). Values between 0.92 and 0.94 were found at penumbra off-axis positions indicated in the figure. The difference 

between 6 MV and 15 MV results was within the statistical accuracy. Calculations for ionization chamber positions across the 

narrower high dose region (white line in Fig. A) confirmed the domination of the correction factor at penumbra off-axis (Fig. B). 
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Fig. A (left): Red points: Ionization chamber positions on a 2D dose dose distribution in water phantom at 10 cm depth. Black line: 

penumbra off-axis positions; White line: profile level for the positions in Fig. B (right). Insert in Fig. B: corresponding dose profile, 

the position of the largest correction factors indicated in red. 

In conclusion, an uncorrected CC13 ionization chamber response can be applied for dose verification in dynamically accumulated 

high and low dose regions close to large gradients when assuming 3% tolerance between measured and calculated dose. 

Uncorrected measurements at positions inside gradients results in over- or underestimation of the absorbed dose to water of 4% 

to 9%, respectively. 
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Introduction 

Monte Carlo (MC) simulation is not used for dosimetry in clinical practice due to the long computation time. Several groups, 

such as [1], tried to replace the complex MC simulation with a Neural Network (NN) to speed up the computation of absorbed 

dose in internal radiation therapy. However, NNs require a large amount of memory during training. A patch-based approach was 

proposed to reduce this problem [1], including a final step called “mosaicking” where the patches are stitched together to generate 

the final absorbed dose map. To our knowledge this is the first work to address the problem of mosaicking for internal 

dosimetry in MC simulations. We analysed three mosaicking options and compared them to a whole body (WB) absorbed dose 

map. 

Materials & Methods 

Multiple MC simulations were performed on the GATE platform (version 8.2) with Geant4 (version 10.05) [2] in order to 

compute the absorbed dose for nuclear medicine therapies involving Y-90, as the worst case scenario since its beta particles have 

a large penetration in tissue. The inputs  of  each simulation (with 108 primaries) were a CT patch (to define the geometry and 

the tissue composition [3]) and a PET patch (to define the source). The radioisotope was simulated using the built-in GATE 

ion source. A WB simulation (with 25x108 primaries) computed the reference absorbed dose (size 234x159x226). The number 

of primaries was selected to keep the uncertainty of the GATE simulation < 20%. The three cropping layouts (CLs) are: (1) no 

overlap (size 80x80x80); (2) overlap (overlap of 30 mm on each side - size 100x100x100 - inspired by [1]); (3) geometry 

overlap only (geometry size 100x100x100 - source size 80x80x80). In the case of CL(3), the source patches are zero-padded to 

match the size of the geometry patches and not let any beta emissions get out of the simulation, resulting in an overlap of the 

source patches of 15 mm only in the zero-padded region. The spacing is 1.5x1.5x1.5 mm3. The different CLs are designed to ensure 

that the overlapping/border regions match. Moreover, the overlapping regions are always bigger than the maximum penetration 

depth in tissue of Y-90. In particular, CL(3) is designed so that the contribution of the voxels on the borders of the source is not lost, 

as in CL(1), or counted twice, as in CL(2). 

Results & Discussion 

The different mosaicking strategies were evaluated by computing the relative error to the reference WB absorbed dose. In the 

overlapping region CL(1), CL(2) and CL(3) yielded 14 ± 14, 15 ± 16 and 11 ± 12%, respectively. The relative error in the non-

overlapping region is similar for all CLs and is in the range of the uncertainty of the GATE simulation (16 ± 23, 17 ± 26, and 16 ± 

21%, respectively). 

CL(1) does not consider the contribution of the voxels on the border of one patch to the absorbed dose of the voxels on the border 

of the neighbouring patch. CL(2) seems to be an easy way to reduce that error, because it uses overlapping non-zero source 

patches, but numerically the results are comparable to CL(1). Therefore, we propose CL(3), which keeps the contribution of the 

voxels on the border without “counting” the overlapping non-zero regions in the source patches more than once. Moreover, an 

evaluation of the Maximum Intensity Projections (MIP) (Figure 1) shows that even if the mean of the relative error is small, 

the CL(1) and CL(2) have a problem in dealing with the border effect. In CL(3), by making the source smaller than the geometry, we 

correctly model the beta emissions of Y-90. Despite this approach not considering secondary radiation, we reduce the relative 

error by 3-4% in the overlapping region as compared to CL(1) and CL(2). 
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Figure 1: MIP of the absolute error in arbitrary units: CL(1) (left), CL(2) (center), CL(3) (right) 

Conclusions 

In this work, we compared three mosaicking strategies based on different cropping layouts for patch-based Monte Carlo 

simulations for internal dosimetry. The correction method of [1], i.e. CL(2), performs similarly to simply not treating the borders, 

particularly as done following CL(1). On the other hand, despite not modelling secondary radiation, the strategy following CL(3) 

produces better numerical and visual results. Based on this, we recommend CL(3) for isotopes with big penetration range and 

where precise dosimetry is needed. For other cases, a dealing of the border region following using CL(2) does not improve the 

results over CL(1). 
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Introduction 

The mechanistic evaluation of biological effects induced by ionizing radiation is necessary, not only to understand low-dose 

carcinogenesis in many domains but also to improve existing and develop, innovative therapeutic approaches using ionizing 

radiation. TOPAS-nBio is an open-source MC application specifically designed for the radiobiological domain by providing single 

cell and (sub-)cellular simulations based on the Geant4-DNA extensions [1]. Several approaches were introduced in TOPAS-nBio to 

calculate DNA damages induced by ionizing radiation. In the currently released version of TOPAS-nBio (v1.0), a human fibroblast 

nucleus model was provided including chromatin territories with the same volumetric density of DNA nucleotides across the 

whole nucleus (6.08 Gbp DNA and a density of 14.4 Mbp/µm3). However, in each chromatin territory and at different cell cycle 

stages DNA is arranged in regions of high and low density, classified as hetero- and euchromatin, respectively. This study aims to 

design a realistic DNA geometry containing higher and lower DNA density regions inside the whole nucleus. 

Materials & Methods 

In order to development of different compaction level for the DNA geometry, we started from a previously developed method of 

filling a spherical nucleus according to the Hi-C technique using topologically associated domains (TADs) represented by 

spheres [2]. Hi-C data consists of several thousand TADs that classify the chromosome territories and genome length (shown by 

color and size) as shown in figure 1(a). However, in this representation, DNA density is constant, and no detailed chromatin geometry 

is available to fill the TADs. This also limits the possibility of assigning genes to a specific sphere. To add heterochromatin and 

euchromatin to the Hi-C model, each TAD was filled with cubic structures in which DNA is arranged in different ways, so-called 

voxels. We used three different voxel sizes depending on the TAD radius to efficiently model DNA chromatin inside the TADs. 

Results 

Depending on the TAD sized, three different voxel sizes (12, 24, and 36 nm) were automatically selected and packed inside each 

TAD as shown in figure 1(c). Figure 1(d) shows how DNA is wrapped around a nucleosome and chromatin fibers located in 12, 24, 

and 36 nm voxels. Also, each voxel was connected such that the whole nucleus DNA forms a continuous path using linker DNA. 

For heterochromatin regions, nucleosomes and chromatin fibers were packed densely. For euchromatin regions inside the TAD, 

more plasmid DNA was used to connect each nucleosome and chromatin fiber as shown in figure 2. 

Discussion & Conclusions 

We extended the existing work in TOPAS-nBio to develop a more realistic DNA representation with different chromatin 

compaction to fill the nucleus. Such detailed structures can be used to study the importance of DNA chromatin compactions 

in damage induction and subsequent repair. This development will be part of TOPAS-nBio in future releases. 
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Figure 1: (a) 3D rendered images of Hi-C nucleus (b) TOPAS-nBio GUI of representation (c) Three different stacking methods 

using three different voxel size based on the TAD radius (d) Three different numbers and shapes of the nucleosome and chromatin 

fiber based on the voxel size. 

 

 
 

Figure 2: (a) Various reference nucleosome geometries for 12 nm voxels, (b) DNA packing and connection for 12 nm voxels with 

hetero- and euchromatin regions inside the small size TAD, (c) various reference chromatin fiber geometries in 24 nm voxels, (d) 

DNA packing and connection in 24 nm voxels with hetero- and euchromatin regions inside the medium size TAD 
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Introduction 

Research dealing with a better understanding of the origin and mechanisms behind deleterious effects of radiation therapies 

on healthy tissues is a crucial topic in radiation protection. For a large part, these side effects result from damage to the nucleus 

DNA molecule of healthy cells exposed to ionizing radiation during treatment [1]. In order to better describe the molecular 

mechanisms underlying these undesirable effects, our laboratory is developing a simulation chain to calculate early radiation-induced 

damage to DNA for different beam qualities [2]. Studies at this scale require a nanodosimetric description of energy deposits, enabled 

by the Geant4-DNA Monte-Carlo toolkit [3,4,5,6], coupled to DNA geometrical models with molecular resolution. The current 

version of this simulation chain allows a realistic modeling of the topology of DNA damage (number of DSBs, their complexity, 

their spatial distribution) at the cellular level for different beam qualities [7,8,9]. Up to now, the geometries of the cell genome 

used in the simulation take into account chromatin compaction by implementing 52% euchromatin and 48% heterochromatin, 

distributed randomly along the genome which makes it possible to account for experimental observations [9]. In order to improve 

the quality of these DNA damage results, we present a more realistic nucleus geometric model. The DNA damage results 

obtained for a cell using the new geometric isochore model are compared with those obtained previously with a random 

distribution of chromatin compaction respecting the same overall heterochromatin/euchromatin ratio. 

Materials & Methods 

The new geometric model is based on the isochore biological model [10,11,12] carrying out a mapping of the genome, by 

segmenting it into portions of 1 Mbp in our application. Each of these segments is then classified into one of five isochore families 

(L1, L2, H1, H2, and H3) based on the ratio of CG base pairs it contains and related to different degrees of chromatin fiber 

compaction [13]. The families that constitute the genome core are the most decondensed, specifically H2 and H3. Therefore, L1, 

L2 and H1 families compose the genomic desert. To evaluate the influence of these new geometric models on the topology of 

radiation-induced DNA damage, simulations are performed for perpendicular irradiations of protons ranging from 500 keV 

to 10 MeV, i.e. for LET ranging from 4.3 keV.μm-1 to 43.2 keV.μm-1. 

Results 

The comparison of nanodosimetric calculation on both geometries indicates that the mean number of DSBs/event/Gbp is 

increased of 3-10% in the isochore nucleus. The location of the damages, as shown in Figure 1, allows to understand the different 

mechanisms responsible for this increase.  
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Figure 1: Strand Break yield in the isochore nucleus respecting their location: genomic desert or genome core. 

 

Discussion & Conclusions 

As a conclusion, chromatin compaction distribution of DNA fiber based on the theory of the isochores increases the mean 

number of DSB/event calculated, but remains in agreement with previous geometries already validated. This increase is particularly 

observed in the highly decondensed regions (genome core), more sensitive to indirect damage. However, a moderate increase in 

damage is also observed in the most condensed regions (genomic desert), due to the higher reaction rate of the excess adenine 

base present in these regions. From a biological point of view, this model also allows to simulate the higher radiation 

sensitivity of the genome core in comparison with the genomic desert. This information is fundamental because the genome 

core is transcriptionally active. 
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Introduction 

With the continuous developments and the increasing complexity of irradiation techniques in radiotherapy, the current risk models 

for the irradiation of healthy tissues need to be reviewed. An understanding of the mechanisms of occurrence of the biological 

effects at the basis of these risks is thus necessary to update them and adapt to these changes. In this frame, Monte Carlo Track 

Structure (MCTS) codes are indispensable tools to improve the knowledge of the links between the physics of ionizing radiation and 

its biological consequences which have their origin at molecular level. A first simulation chain based on Geant4-DNA [1,2;3,4] 

was developed, capable of combining direct and indirect effects on a detailed molecular level model of the DNA content of a 

eukaryotic cell nucleus [5, 6]. The features of this simulation chain have been made public through the so-called dnadamage1 

Geant4-DNA user example. In this presentation we will detail the last developments brought to this simulation chain, in 

particular the refinement of the geometry of the DNA target, the possibility of simulating the chemical step by the 

Independent Reaction Times (IRT) approach and the addition of early DNA damage repair models to extend the simulation to latter 

effects. 

Materials & Methods 

 
Our simulation chain, already validated in terms of Double Strand Breaks (DSBs) induction for a wide range of beam qualities 

[6,7], has been updated to the Geant4.10.06.p02 version and new features have been added. First, the geometry of the DNA 

target was modified according to the isochore family theory [8] that describes the distribution of the two chromatin compactions, 

namely heterochromatin and euchromatin, into segments along the genome. The simulation of the chemical stage is very 

expensive in terms of computation time and recent developments within the Geant4-DNA collaboration have allowed the 

release of new methods all based on the IRT approach which improve the rapidity of this part. One of these methods [9] has been 

integrated into our simulation chain and a comparison with the default Step by Step (SBS) simulation method, has been performed 

in terms of DNA damage induction. Finally, DNA damage repair models were added to estimate cell survival rates according 

to the Two Lesion Kinetics (TLK) model [10] or the time evolution of the fraction of unrejoined DSBs according to the Local Effect 

Model (LEM IV) [11]. For these two endpoints, a comparison with experimental data on fibroblasts is proposed. 

Discussion & Conclusions 

The new geometrical model now takes into account information on the distribution of heterochromatin and euchromatin within 

the nucleus. It allows the localization of damage in critical areas such as the genome core where DSB induction has been found 

to be more important than in the genome desert. The DSB induction calculated with the IRT method is overestimated by about 

15% compared to that calculated with the SBS method over a wide range of LET. While this remains acceptable given the 

uncertainty of experimental measurements, we will show that some repair models are sensitive to these variations. Repair models 

give results in good agreement with the literature data which proves that the simulation chain is able to provide relevant input 

data for such models. All these improvements allow to make progress in the understanding of the mechanisms at the origin 

of the biological effects but also to establish future developments that will be integrated into the open source code Geant4-

DNA. 
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Introduction 

Radiolysis of water results in the production of different radicals and chemical species, among these the hydrated electron. In 

hydrated electron dosimetry, absorbed radiation dose to water can be measured by using rapid absorption spectrophotometry 

where the yield of produced hydrated electrons is monitored [1]. In order of obtain accurate absorbed dose with hydrated 

electron dosimetry, the G-value of hydrated electrons, which refers to the number of hydrated electrons produced per 100 

eV of energy absorbed by the medium, must be accurately determined. The G-value of hydrated electrons as well as other 

radical species can be calculated by using the GEANT4-DNA toolkit [2]. However, GEANT4-DNA does only provide chemical 
parameters for the calculation of G-values at room temperature (25°C) and neutral pH (6-7). The aim of this project was to 

further develop the GEANT4-DNA source code such that G-values for hydrated electrons and other reactive species can be obtained 

at different temperatures and pH values. 

Materials & Methods 

The independent reaction times (IRT) method [3] is implemented in the GEANT4-DNA source code, which uses a particle-
based representation of a chemical system where all reactants of interest are modeled as spheres and solvents are modeled 

as continuum. This method breaks down the n-body problem to a two-body problem using the independent pairs approximation 
[4]. In this project, additional flexibility was added to the IRT method. Currently, chemical parameters such as diffusion 

coefficients, reaction rates, water density, and the Onsager radius [5] are initialized in GEANT4-DNA with values set at ambient 

temperature. We replaced these values with corresponding temperature-dependent polynomials. The reaction rates were made 

temperature dependent with values taken from Elliot and Bartels (2009) [2], the thermalization distance of electrons were made 
temperature dependent with temperature dependent displacement parameter and density of water was made temperature 

dependent both taken from Hervé du Penhoat et al. (2000) [6]. Regarding the pH dependence, the initial concentration of 

hydrogen ion (H+)/hydronium ion (H3O+) was scaled for a desired pH [5]. The following changes were made to the 

GEANT4_DNA source code. In the G4DNAChemistryManager class, two new methods setTemp and setpH were added and 

new variables Temperature and pH were defined and initialized. In the G4EmDNAChemistry_option3 class, a new constructor 

that takes temperature and pH as input was added, and the variables Temperature and pH were defined and initialized. The 

temperature dependent diffusion coefficient values of all molecules are instantiated in this class. A new method called 

ConstructReactionTablePhTemp was implemented to initialize the reaction rates of all the reactions with temperature-dependent 

polynomials, and concentrations of hydroxyl ion (OH-) and H3O+, which vary depending by the input pH. In 

G4DNAMolecularReactionTable class, the set and get methods for temperature were added. The Onsager radius with 
temperature-dependent polynomial was initialized in this class. To let GEANT4-DNA users to benefit from the changes made in 

the source code, a GEANT4- 

DNA example called chem6 was modified to obtain temperature and pH dependent G-values of hydrated electrons. To validate 
our additions to the GEANT4-DNA source code two sets of simulations were performed. In the first set of simulations 

the dependency of the G-values of hydrated electrons on temperature was examined. A water cube with 1 km side was 
irradiated with an isotropic source of 1 MeV electrons. Primary electrons were stop after lossing the first 10 keV of their 

energy. Secondary electrons were simulated down to thermalization. The end time of the simulation was 1µs. The water pH was 

set to 7. The temperatures varied from 25°C to 350°C. In the second set of simulations dependency of the G-values of hydrated 
electrons on pH was examined. The same phantom and energy were used. However, the temperature was kept constant at 

a value of 25°C while pH varied from 5 to 11. 
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Results 

The temperature dependent G-values for hydrated electrons from this work were compared with values published by Elliot 
and Bartels [2] as shown in Table 1a, the differences in percentage are less than 7%. The variation of the simulated G-values of 

hydrated electrons with pH are presented in Table 1b. 

 

 

Table 1: a) Temperature-dependent G-values of hydrated electrons simulated in this work compared to the values of Elliot 

and Bartels (2009) [2]. b) pH-dependent G-values of hydrated electrons. 

Discussion & Conclusions 

GEANT4-DNA source code was successfully updated to obtain temperature and pH dependent G-values. 
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Introduction 

DNA is the most important target in radiotherapy. Generally, the DNA lesions are determined by averaging over all the exposed cells. 

However, due to stochastic nature of radiation interaction with matter number of DNA lesions varies with nuclei size. There is a 

variation in nuclei size for the same cell type and between healthy and cancerous cells. DNA double strand breaks (DSBs) is one of 

the most toxic lesions and could induce apoptosis in cancerous cells following radiation. H2AX protein become phosphorylated at 

the site of each DSB after a few minutes following the irradiation and γ-H2AX foci can be used as a biomarker for DSBs. 

Microdosimetry can be combined with radiobiology to develop radiobiological models and predict the  biological  effects  of  

ionizing  radiations.  Dose  mean  lineal  energy  (̅�̅��̅�),  is  a   recommended microdosimetry   quantity   for   evaluation   of   relative   

biological   effectiveness   [1].   Similar   to   all microdosimetry quantities, the value of ̅�̅��̅�  depends on the target size. The aim 

of this study was  to investigate the influence of target size on ̅�̅��̅� and to correlate the ̅�̅��̅� values with DSBs obtained  from 

irradiation of HeLa cells with 192Ir brachytherapy source and 225 kV X-rays. 

Materials & Methods 

Cell and cell nuclei size distributions and γ-H2AX foci were extracted from previously obtained digital fluorescent microscopy 

images for HeLa cell line irradiated with the MicroSelectronV2 (Elekta Brachytherapy, Veenendaal, The Netherlands) 192Ir 

brachytherapy source and 225 kV X-rays (X-RAD SmART) to an absorbed dose of 4 Gy [2]. Watershed algorithm implemented in 

Scikit-Image [3] was used to extract nuclei size distribution. A constant nucleocytoplasmic ratio of 2.42 [4] was applied to generate 

cell radii distribution. A 3D model was generated using the Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) [5] by sampling from cell/nuclei size histograms based on the 2D microscopy slides, referred to as the full model. 

LAMMPS generated 3D model was input into MicroDose [6,7] an inhouse Monte Carlo software for microdosimetry applications 

based on Geant4 [8]. MicroDose was used to calculate y̅̅d̅ values for both radiation qualities. The ̅�̅��̅� values were also determined for 

targets of fixed radius from 5-20 µm. In a particular fixed radius model, nuclei of fixed radius were closely packed without having cell 

spacing. 

Results 

The mean values of cell and cell nucleus radii corresponding to a single microscopy image were 14.66 +/- 2.02 µm and 7.49 +/- 1.03 

µm respectively. The distribution for cell and nuclei sizes is presented in Figure 1 B and C. The y̅̅d̅ values determined in full model were 

1.031 +/- 0.070 keV/µm for 192Ir and 1.341 +/- 0.018 keV/µm for 225 kV X-rays. For fixed target sizes from 5-20 µm, the y̅̅d̅ values 

range from 1.132 +/- 0.090 keV/µm to 0.757 +/- 0.018 keV/µm for 192Ir and 1.625 +/- 0.022 keV/µm to 0.759 +/- 0.010 keV/µm for 

225 kV X-rays as shown in Figure 1A. For a target size of 7.0 µm, the y̅̅d̅ values were 1.051 keV/µm and 1.395 keV/µm which 

corresponds to 8.75 and 24.5 number of radiation induced foci per Gy for 192Ir and 225 kV X-rays respectively. 
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A) 

Figure 1 A): Comparison of y̅̅d̅ values for 192Ir (blue solid line) and 225 kV X-rays (red solid line) for targets of fixed radius from 5-
20 µm. The difference in y̅̅d̅ values is larger for small target sizes as compared to large target sizes where the y̅̅d̅  curves merge 
representing equal y̅̅d̅ values for two investigated energies. 
B ): Lognormal plot of extracted nucleus size distribution (blue dotted line) from a microscopy image. 
C ): Lognormal plot of cell size distribution (red dotted line) corresponding to nucleus size distribution observed in the 
same microscopy image. 

Discussion & Conclusions 
Both ̅�̅�𝑑 ̅ values and the number of radiation induced foci per nuclei per Gy are higher for the lower energy X-rays source (225 kV) 
compared to the more energetic 192Ir source. As the individual  nucleus size 

decreases in a microscopy sample, the corresponding number of radiation induced foci per Gy decreases 
but the ̅�̅�𝑑 ̅  value increases for both radiation qualities investigated. Larger differences in �̅̅��̅� values were observed for 225 kV X-
rays as compared to 192Ir in fixed target sizes. 
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Introduction 

 
According to Google scholar statistics [1], Deep Learning (DL) applications in external radiotherapy have considerably increased over 

the last decade covering every aspect of healthcare path from organs/tumour automatic segmentation to post-treatment radio-

induced toxicity predictions. However, few of them concern dose distribution prediction due to apparent difficulties to assess 

sufficient dosimetry (depending on anatomical localization). Actually, studies proposed DL models based on CNN architecture, such 

as derived popular U-Net or Res-Net architectures [2,3] with an error of 5-10% in predictive performance on PTV and OARs. Lately, 

an interesting feasibility study on recurrent model (LSTM) was investigated by Neishabouri et al. [4] for protontherapy dosimetry 

prediction. 

 
Materials & Methods 
In this study, we investigate a new method considering physics, mechanical and anatomical informations [2,5] to predict 2D fluence 

distributions in VMAT prostate treatment. 10 patients with a prostate cancer previously treated at HNFC oncology centre on Clinac 

2100C accelerator (Varian) were used. Dose computation was calculated on Eclipse treatment planning system using AAA algorithm 

with 3 arcs clinical protocol. For each patient, MLC leaf positions were extracted from DICOM data to build binary beam eye view 

images for every arc control points (178). Simultaneously, phase space files were generated with EGSnrc [6] code and 2D fluence 

distributions were performed with GEANT4/GATE Fluence actor [7] at fixed distance source-to-detector (DSD). Our Monte-Carlo 

supervised DNN was built with Tensorflow & Keras libraries. Predictive performance was evaluated with the two following metrics 

to compare input data and true fluence: Mean-Squared Error (MSE) and Structural Similarity Index Measure (SSIM). 

 
Results 
The DNN model was able to predict accurate fluence in good agreement with true Monte Carlo 2D fluence distribution in field beam 

(Fig. 1). The model show significant difficulties to apprehend penumbra regions with errors reaching 30% of true value; i.e. region 

where normalized fluence is within 20%-80% of the maximum value. However, the mean MSE of fluence map was under 10-2 with a 

median value of 3x10-3. 
 
Discussion & Conclusions 
The purpose of this study is to consider previous results as input data to feed a new DL model including anatomical patient data 

without additional post-prediction process for 3D dose distribution predictions. International Conference on Monte Carlo 

Techniques for Medical Applications, 2022 
 
 

(a) (b) (c) 
   
 
Figure 1: (a) Scheme of DNN architecture ; (b) True fluence distribution calculated with GATE (left) and predicted fluence from DNN 

(right) ; (c) Histogram of true and predicted fluence distribution. 
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Introduction 

Monte Carlo code systems are usually written by old version programming languages, such as FORTRAN or C. The codes were 

developed over decades and contain a tremendous number of code lines, procedures, and functions. The EGS5 code system for 

electrons and photons transport is based on the 1980’s EGS4 versions [1]. The EGS5 code was updated in a manner of advanced 

transport methods, database extensions, and updates, but also the whole EGS5 code was translated to FORTRAN77. The EGS5 

version includes Main-code, User-code in FORTRAN, materials input, and CGView Windows application for geometry preparation 

[2] EGS5 Monte Carlo simulations have been developed and applied for many medical physics setups. 

It is essential to combine all parts of the EGS5 code system into a fluent script and make the code preparation much more modern 

for users. We developed a utility program using Python to make the EGS5 not rely on the user’s programming knowledge, free 

format, and user-friendly. 

Materials & Methods 

The EGS-SMS parser program was developed under Phyton code to address several simulation preparation efforts, all in one 

package. The user can write the simulation in a plain text file. First, the file begins with the geometry description based on CG 

(similar to CGView), while energy cutoffs are included. Next, a line to switch on/off process parameters is to be filled. After that, the 

material description is filled, either by a call to PEGS (inp) file or by filling the file with materials description (using a new format). 

The next block in the text file is BEAMBEGIN, to describe the desired radiation source. BEAMBEGIN presents new features to assist 

the user in making use of build-in commonly used source distributions. Source position has prepared functions: 

'GAUSS','UNIFORM','LORENTZ','BEXP','EXP’. There are functions for beam direction: isotropic or cone beam. User-defined 

distribution is also possible to construct by the user. 

Scoring the simulation results can be performed in several demands: particle tracking, detector spectrum, energy deposition for 

each region, dose absorption (3D). 

The next command is the simulation running conditions: RUNPROP ncases ncycles inseed luxlev assertion ncases – # of histories 
ncycles – # of repetitions for statistics inseed – seed selection for random no. Generator luxlev – random no. generator parameter 
assertion – is the particle energy is higher than the maximal cross-section 

Results 

The simulation results output is controlled by the user, using simple commands. The simulation results can directly be output as a 

dose map, as shown in Fig. 1. 
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Figure 1: Dose map example of angular irradiations and detection. The dosimeter can be observed in the center. 

Discussion & Conclusions 

A new tool to edit and run EGS5 Monte Carlo simulations was developed. The EGS-SMS tool is an efficient and straightforward way to 

prepare the user's required simulations. It is easy to implement the most common requirements of a Medical Physics application 

without FORTRAN coding. 
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Introduction 

The Dynamic Collimation System (DCS) is an energy-layer specific collimation device designed to reduce the lateral penumbra in 

pencil beam scanning proton therapy (PBS-PT). The DCS consists of two pairs of nickel trimmers that rapidly and independently 

move and rotate to intercept a scanning proton beam along with an integrated polyethylene range shifter (RS) to treat shallow (<4 

cm) targets [1]. The DCS mounts to a telescoping nozzle system to minimize the trimmer-to-surface distance to reduce in-air 

scatter post- collimation and maximize target conformity. This work utilizes a validated Monte Carlo model of the IBA PBS-

dedicated nozzle system at the Miami Cancer Institute to examine the penumbra sharpening and normal tissue sparing 

associated with the DCS for three-dimensional cube dose distributions as a function of target depth, trimmer-to-surface distance, 

and lateral field size. 

Materials & Methods 

Uncollimated and collimated pristine and range shifted integral depth dose and lateral profiles were used to develop and validate 

models of the scanning beam and the DCS, respectively, that were incorporated into the Geant4-based TOPAS Monte Carlo tool as 

user extensions [2]. In-house MATLAB-based planning and dose optimization tools were used to create treatment plans for 

uncollimated and collimated configurations incident on a water phantom. Beamlets were planned, simulated, and then 

optimized to determine the number of protons per beamlet to provide a uniform dose of 5 Gy within the target for equal 90% 

target prescription dose coverage between the uncollimated and collimated plans. The distance between the target edge and the 

20% isodose (P20%) was calculated to evaluate penumbra differences. A 3x3x3 cm3 cube target was used to examine the depth 

and air gap dependencies on penumbra sharpening, while uniform square fields with sizes ranging from 1x1x1 cm2 to 10x10x1 

cm2 were used to investigate any variations in the P20% as a function of lateral field size. 

Results 

For 3x3x3 cm3 cube plans using a pristine beam, reductions in the P20% with collimation ranged from 60% to 37% for depths ranging 

from 5 cm to 16 cm, respectively. For a range shifted beam the P20% reductions varied from 53% to 49% for the proximal and distal 

regions of the 3x3x3 cm3 cube centered at 5 cm depth. Collimated P20% values in the X and Y-directions were within 0.7% of each 

other for pristine cases but differed by up to 12% for the range shifted case. For the 3x3x3 cm3 cube centered at 6 and 15 cm in 

depth, minimal dependence on the trimmer-to-surface distance was observed with maximum variations in the P20% of 0.1 

mm and 0.15 mm, respectively. For the range shifted cube centered at a depth of 5 cm, differences in the P20% up to 4.8 mm 

were observed between the fully extended (5 cm) and retracted (18.15 cm) trimmer-to-surface distances. The fully extended 

collimation configuration was still able to reduce the P20% by an average of 1.4 mm compared to the uncollimated case. No 

correlation was observed between the P20% and lateral field size for pristine and range shifted beams, where P20% varied across 

the range of field sizes simulated by 1.3 mm and 0.8 mm for the uncollimated and collimated dose distributions, respectively. 
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Figure 1: (Left) Simulated uncollimated (red) and DCS-collimated (blue) line profiles in the x-direction through the center of a 

3x3x3 cm3 cube centered at a depth of 10 cm in water (C3-D10). (Right) A plot of P20% for 3x3x3 cm3 cubes centered at various 

depths in water for multiple planes within each cube. The cube centered at a depth of 5 cm (C3-D5) was treated with range 

shifted beamlets while all other plans utilized pristine beamlets. Collimated results utilized a 5 cm trimmer-to-surface distance. 

Discussion & Conclusions 

A Monte Carlo model of the DCS was used to simulate the penumbra sharpening associated with collimation for depths, 

lateral field sizes, and trimmer-to-surface distances. Signficant (37-60%) reductions in the P20% for a 3x3x3 cm3 target were 

observed for all depths investigated. Additionally, P20% reductions were found to be independent of the trimmer-to-surface 

distance and lateral field size for pristine fields while range shifted fields were largely impacted by the trimmer-to-surface distance. 

References 

[1] Geoghegan, T. J., et al. (2020). Medical Physics, 47(7), 2725–2734. https://doi.org/10.1002/mp.14139 

[2] Nelson, N. P., et al. (2021). Medical Physics, 48(6), 3172–3185. https://doi.org/10.1002/mp.14846 

Acknowledgements 

Research reported in this abstract was supported by the National Cancer Institute of the National Institutes of Health under award 

number R37CA226518. DEH, RTF, and PMH are co-inventors on a patent that has been licensed to IBA. 

*Corresponding Author: npnelson3@wisc.edu 

  

mailto:npnelson3@wisc.edu


International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 144 

 

4. Suite for In Silico Dosimetry: cloud Monte Carlo simulations for advanced ionizing radiation applications 

Mattia Cretoni1, Claudia Pardi1 and Faiza Bourhaleb*1 1I-See ltd, 
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Introduction 

Monte Carlo simulations are the gold standard in reproducing the transport and the interactions of ionizing radiation in a 

heterogeneous medium. The main issues in using this calculation technique are the high computing resources needed together 

with the necessity of an accurate modeling of the problem. To respond to this need we provide on demand web applications, In 

Silico Dosimetry, implemented for the specific oncologic facilities trying to cover all needs in matter of Monte Carlo simulations. 

Web applications assist the design phase of the facility, the commissioning phase and finally the quality assurance for treatment 

verification and radiation protection. 

Materials & Methods 

A platform which hosts a suite of applications has been developed. In order to speed up simulations, a distributed computing 

approach is used and is fully managed by dedicated clusters, for each application. The first three proposed tools (BraggPeakRifi, 

Shielding, Design) assess the radiation effects on materials from a physical point of view and are based mainly on GEANT4 

Monte Carlo simulation package. BraggPeakRifi models the beam delivery line of a typical particle therapy facility and runs a 

full Monte Carlo simulation of a monoenergetic ion beam in a 3D phantom. Shielding web application performs the shielding 

investigations needed during the design phase of the facility, also for the check of secondary particles diffusion in the treatment 

room around the beam delivery line. Design app is an example of a beam monitoring device accurately modeled in order to help in a 

virtual testing to optimise the device for the final beam line. Other simulations concerning radiation biology and cell survival 

evaluation (Survival) are based on models needed especially in the field of particle therapy. We implemented mainly the Local 

Effects Model (LEM) and the Microdosimetric Kinetic Model (MKM), models that are already applied for clinical use in that field. 

Finally, the TPS Verification tools perform a full Monte Carlo simulations of a given particle therapy treatment plan. Those 

simulations accurately reproduce the active scanning delivery technique of a typical beam delivery line and calculate the dose 

inside a 3D phantom built up starting from a real CT of each patient. 

Results 

We benchmarked the version we use of GEANT4 with measurements in different situations. The free parameters are chosen 

to characterize the best possible the requirement of the final users. Analysis and results export are customized to the need of 

the facility from the dosimetry and radiation protection point of view. For each web application, results are exported in the required 

formats. Analyses of the requirements of users in innovative facilities can be done using the database of physical and radiobiological 

information automatically generated. 

 

 

Figure 1: Main page of In Silico Dosimetry Suite platform[1]. 

Discussion & Conclusions 

In Silico Dosimetry suite is providing a platform for answering the need in matter of Monte Carlo simulations of innovative 

radiation therapy technology. It provides both full Monte Carlo simulations investigating a specific problem and a tool for 
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continuous monitoring in a facility where we need a full check of the area exposed to radiation. It has a dedicated cloud 

and the relative platform managing a distributed computing to support simulations. The database/look-up tables generated from 

the calculations needed by different users and the corresponding results for innovative radiation oncology facilities is an 

important source of information and an instrument to define the standard requirements of those advanced centres. 
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Introduction 

Dynamic trajectory radiotherapy (DTRT) extends volumetric modulated arc therapy (VMAT) by dynamic table rotation, dynamic 

collimator rotation and optionally dynamic table translation. In our research group, a Monte Carlo (MC) based treatment planning 

process for DTRT was developed, consisting of a path optimization step, in which the dynamic gantry, table and collimator 

rotations are determined, and an intensity modulation optimization step, in which the apertures, consisting of the dynamic 

multileaf collimator (MLC) pattern and corresponding monitor unit (MU) weights along the path are determined. In the intensity 

modulation optimization, restrictions on the maximal MLC movement between apertures and on the maximal MU weights are 

controlled by two factors: the MLC freedom factor λMLC and the MU freedom factor λMU. After the optimization, a final MC 

dose calculation is performed taking the continuous movement of all dynamic axes and the exact MLC geometry into account 

[1]. Finally, a MU weight reoptimization is performed to mitigate the difference between the optimized beamlet dose and the 

final dose. Differences between optimized and final dose calculation may be due partly to MLC pattern changes between control 

points. In this work, calculation of the fluence of an aperture using interpolation of the MLC pattern to the neighboring apertures 

was introduced at the intensity modulation optimization step to respect the continuous movement of the MLC during delivery. 

The aim of this work is to assess the influence of the fluence interpolation during optimization on the final optimization result. 

Materials & Methods 

A VMAT setup consisting of two arcs with a spacing of 5° for a head and neck (H&N) case and a DTRT setup for a brain case are 

prepared. Treatment plans are created with and without consideration of fluence interpolation during optimization and with 

restrictions on the MLC and MU weights such that the other dynamic axes are not slowed down, are maximally slowed down to 

half the speed or no restrictions on the MLC and MU weights are placed. This corresponds to values of λMLC and λMU set to 

1, 2, and infinity, respectively. The objective function values after the optimization, after the final dose calculation and after the 

MU weight reoptimization are calculated and compared based on the dose distributions. 

Results 

The objective function values are shown in figure 1 for the H&N case and in figure 2 for the brain case. For both cases, the objective 

function values after optimization are similar whether fluence interpolation is used or not. The objective function values increase 

maximally 8-fold after final dose calculation if the fluence interpolation was used but increase up to 290-fold if the fluence 

interpolation was not used. In most of the optimizations, more freedom in MU and MLC leads to even larger discrepancies between 

optimization and final dose calculation. The MU weight reoptimization is not able to fully reduce these discrepancies.  



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 147 

 

      
 

 
 

 
 

Figure 1: Objective function values after optimization fO, after final dose calculation fF  and after the reoptimization fR of 

VMAT plans for the H&N case. 

 

 

 

 
 

Figure 2: Objective function values after optimization fO, after final dose calculation fF  and after the reoptimization fR of 

DTRT plans for the brain case. 

Discussion & Conclusions 

Comparisons of the final optimization result with and without consideration of fluence interpolation demonstrated the 

importance of the fluence interpolation during intensity modulation optimization for VMAT & DTRT. 
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Introduction 

Pixellated spectroscopic X-ray detectors allow simultaneous acquisition of images at multiple energies, which can in turn be 

used for quantitative imaging. However, this may be hampered by small-pixel effects [1]. This paper will look in particular at 

escape fluorescence photons. Fluorescence photons from the detector material produced within one pixel may escape the 

detector or be detected in an adjacent pixel, resulting in artifacts within the detected X-ray spectrum. When a fluorescence photon 

leaves the pixel where it was created, the total energy deposited in the original pixel is the energy of the original photon, minus 

that of the escaped fluorescence photon. This is called an escape event. For exposures to monochromatic beams, these events 

form an isolated escape peak which can be added back to the original photopeak. However, when the detector is exposed to 

a continuous spectrum from an X-ray tube, escape events arise at many energies. The result is an escape continuum, that distorts 

the shape of the detected spectrum. For accurate quantitative imaging, escape fluorescence photon effects must be corrected 

for. This paper describes a Monte Carlo model to quantify escape corrections in the pixellated spectroscopic device 

HEXITEC. 

Materials & Methods 

The device modelled was a 1 mm-thick CZT crystal, 2 cm x 2 cm in size, reverse-biased at 1000V. The first part of the model 

used Geant4 with the Livermore physics list [2], which produced a list of energy depositions within the detector. Each energy 

deposition was then processed by code written in Python to simulate the charge transport. To investigate escape events, the 

response to monochromatic X-ray beams of various energies was simulated. Using the resulting spectra, the ratio between the 

number of each escape event and the number of events within the main photopeak (the escape ratio) was measured. 

Results 

 

 
Figure 1: Modelled exposure to a 59.5keV monochromatic X-ray beam, compared with an exposure to an Am241 gamma source 

in experiment. 

Figure 1 shows a comparison between the experimental and the modelled response to a 59.5 keV 241Am source. The escape 

peaks from Cd and Te appear in the correct positions and the ratio between their intensity and that of the main 59.5 keV photopeak is 

comparable to the experimental ratio. For instance, the ratio for the Cd K escape peak at 36.3 keV is 6.1%±0.4 % in the model 

compared to 6.3%±0.4 % in experiment. The escape ratio shown in Figure 2 increases at lower primary photon energies. This is 

because the lower- energy primary photons stop nearer to the cathode (entrance of the detector), and therefore the resulting 

fluorescence photons have a greater probability of escaping the sensor via the cathode side. 
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Figure 2: Escape ratios as a function of incident photon energy. 

Discussion & Conclusions 

This work was aimed at quantifying the magnitude of escape photons effects in a pixellated spectroscopic detector. The 

probability of causing an escaped event rises above 15% for the K events at photon energies below 40 keV, so escaped events 

contribute to a non-negligible distortion of the spectrum. To correct the spectrum, the escaped event should be removed and 

added back at the energy of the original photon that caused the fluorescence. The results from these simulations will 

allow correction of spectra for escaped events, therefore improving the accuracy of quantitative imaging. 
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Introduction 

The use of voxelized sources (i.e. from PET or SPECT images of patients) is widespread in Monte Carlo (MC) simulations for 

medical applications. Hence, spatial source sampling is the first step of the simulation and consists in sampling the position of 

particles to be simulated according to a given 3D voxelized activity map. This is usually done by calculating the Cumulative 

Distribution Function (CDF) in each dimension, reducing the N points sampling according to the activity distribution over the 

domain Ω ⊂ ℝd (d=2,3) to a N points sampling according to a uniform distribution over [0, 1]d. This method, known as the 

Inverse Transform Sampling (ITS), requires N uniformly sampled points in [0,1]d then mapped to Ω in order to simulate N 

primary particles from the source. In classical MC simulations, these N points are uniformly sampled pseudo-randomly and 

independently, leading to worst-case scenarios where they are poorly equidistributed. We propose here to investigate quasi-

random sequences, whose usage in Computer Graphics is very effective and is still being improved [1], in order to increase the 

sampling efficiency. The method can also be used with geometrical importance sampling (GIS). 

Materials & Methods 

Many sampling strategies have been proposed to improve the convergence speed of MC integration by correlating the sample 

position in the domain, hence referred to as Quasi Monte Carlo (QMC) methods [2]. The discrepancy is an important uniformity 

quality measure in QMC [3]. Samplers minimizing this quantity (e.g. Hammersley sets in 2d, Halton and Sobol’ sequences in arbitrary 

dimensions  s  [2]) so-called low discrepancy samplers, have a direct impact in the MC error convergence (from O(N-1/2) for 

random samples to O(log(N)
s
/N), for a large class of integrands). These “low-discrepancy” sequences are essentially deterministic 

but are often followed by a pseudo-random scrambling step [4] that preserves the low-discrepancy nature of the samples. 

QMC methods permit a better estimation of the source activity domain with respect to the number of sampled points (N). 

However, in the presence of background noise, it is not always desirable to stick to the given distribution: the proportion of 

particles sampled in the background could be unnecessarily high. The general idea of GIS is to focus on “useful” particles in order 

to save computational time. Here, we gave more importance to high activity zones in order to reduce the relative number of 

simulated particles coming from the background by replacing the given activity distribution � by an alternative distribution �  that 

accentuates high values of �. In our experiments we choose �  =   �  (followed by normalisation).The proposed sampling strategies 

have been compared with the classical approach in terms of normalized Root-Mean-Square-Error (nRMSE). For a fixed number N of 

desired particles, N points were sampled in [0,1]d with a particular sampling strategy, then these points were mapped to their 

corresponding coordinates in Ω. The estimated value assigned to a voxel is the proportion of sampled points it contains. nRMSE is 

then the root of the empirical mean (over Q simulation) of the voxel-wise mean of the squared difference between the given 

(normalized) activity distribution and the sampled source, normalized by the maximum value of the reference activity map. In our 

experiments, Ω=[0,1]2 with activity concentrated in 6 disks (2D NEMA IEC phantom) and an additive gaussian white noise all over 

the domain (background ratio 1:15). The image is voxelized with Nx=100 voxels in each direction. We evaluate the nRMSE for 

different values of N. We used Q=20 for the empirical mean square error. 
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Results 

 

 

Figure 1: Convergence of nRMSE for different methods. Blue: classical random independent sampling; Red: Halton sequence 

(+Owen’s scrambling); solid/dashed line: no geometrical importance sampling / with importance sampling. When importance 

sampling is applied: thin dashed line for the background error and thick dashed line for spheres’ error. Bottom left-hand corner, 

comparison of the source activity map and the sampled points with/without importance sampling for N = 104. 

Discussion & Conclusions 

Quasi-random sampling of particles leads to a better convergence rate of the estimated activity map to the true one, with 

experimental convergence rate around O(N-3/4) versus the reference O(N-1/2) convergence rate (nRMSE divided by 3 for 106 

sampled particles). These results indicate that further improvement should be made to design or adapt new sampling methods. 
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Introduction 

Chest radiography is one of the most commonly performed x-ray exams. Nowadays, due to the COVID-19 pandemic, this exam is 

used to aid in the diagnosis and management of patients [1]. Therefore, optimization, i.e., adequate the dose maintaining high image 

quality, is necessary due to the risk related to the use of ionizing radiation [2]. Monte Carlo (MC) simulation is a valuable tool 

for optimization studies. However, in most MC codes, e.g., PENELOPE, the detector is modeled only considering the quantum 

noise [3], without including other noise components present in a real detector [4]. Consequently, a realistic detector model 

changes the final image. This work is focused on studying the detailed detector modeling impact in the optimization results. 

Methodology 

The simulation is divided into two steps: (i) chest examination simulation and (ii) detailed detector modeling. The MC 

code PENELOPE v.2014 [3] with the penEasy v.2015 [5] were used. The semiconductors detectors modeling consists of the 

simulation of the electron-hole pair (EHP), which was based on the penEasy Imaging code [6]. In each electron interaction, the 

absorbed energy was converted into EHP, using the Poisson distribution, modulated by the Fano factor (F) and the pair creation 

energy (W). The point detection was sampled considering a two-dimensional Gaussian distribution, where the standard 

deviation was obtained from the Einstein equation for diffusion [6]. The Hetch equation models the charge trapping [4]. Two types 

of detectors were modeled: energy integrating (EI) and photon counting (PC). In the PC mode, after each story, if the energy 

collected in each pixel was higher than a threshold (ethr) a photon was counted. 

The simulation geometry consists of a point source of poly-energetic beams with tube potential between 40-120 kV, located 100 

cm from the detector, a homogeneous box composed of soft tissue (20×20 cm² area and 10 cm thick) representing an AP chest view 

of a newborn patient. An aluminum step with 4×4 cm² area and 1.5 cm thick was included in the phantom as contrasting detail. 

The phantom rested on a 3 cm thick carbon fiber table. The EI detector is composed of amorphous selenium (aSe), 500 µm thick, 

W = 50 eV, F = 0.059, and E = 10 V/µm [7]. The PC detector is composed of cadmium telluride (CdTe), 1000 µm thick, W = 

4.43 eV, F = 0.15, E = 0.1 V/µm [7]. Both detectors have an area of 20×20 cm² and pixel of 100 

µm. In the simulations, the mean absorbed dose (MAD) in the phantom was quantified. The image quality was quantified by the 

contrast-to-noise ratio (CNR). The optimization was performed using the Figure of Merit (FOM=CNR²/MAD) [8]. The FOM was 

normalized by its values at 60 kV without charge dispersion. The tube potential interval in which the FOM is maximum, with 

variations lesser than 5%, was defined as the interval optimum tube potential. 

 

 

 

 

 

 

 

 

 

 

Figure 1: FOM/FOMr as a function of the tube 

potential for the aSe and CdTe detectors, with and 

without (only PENELOPE) the charge dispersion. 
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Results and Discussion 

Figure 1 shows the normalized Figure of Merit (FOM/FOMr) as a function of the tube potential for the aSe and CdTe detectors, with 

and without charge dispersion modeling. The FOM/FOMr dependency with the tube potential is similar for the cases with and 

without the charge dispersion. The optimum tube potential differs up to 5 kV with the charge dispersion. The intersection between 

the optimum tube potential range with and without the charge dispersion is 40-65 kV and 55-75 kV for the aSe and CdTe 

detectors, respectively. For the aSe detector, the inclusion of charge dispersion yields a decrease in FOM, i.e., a decrease in CNR. 

This is mainly due to the charge trapping. For the CdTe detectors, the result was the opposite, the charge dispersion increases 

the CNR. In the charge dispersion model, fluorescence and Compton scattered photons are counted separately from the incident 

photon, differently from the penEasy. Such separation results in double counts, a problem largely faced in photon counting 

detectors. Using only the native PENELOPE code (without charge dispersion) the simulation speed is up to 50% higher than 

the detailed detector modeling. 

Conclusions 

This work focused on the detailed detector modeling impact in the optimization results via FOM. There is a difference in the 

image quality when the charge dispersion was implemented. However, the FOM dependency with the tube potential did 

not change. Therefore, for the cases studied, the impact on the optimal exposure parameters defined for large area contrasting 

details can be neglected. In future studies, anthropomorphic phantoms of different ages could be included as well as additional 

filtrations, antiscatter grid, and different energy thresholds for the photon counting detector. 
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Introduction 

Virtual clinical trials in x-ray breast imaging [1-4] are in-silico reproductions of clinical trials on patient populations with simulated 

apparatuses and digital models of the patients. They permit to reduce costs and time related to recruitment of volunteers and to 

the clinical tests and permit to avoid unnecessary radiation risks to the exposed patient. 

The AGATA project (Advanced GeAnt4-based platform for virtual clinical Trials in X-ray breAst imaging), funded by the Italian 

Institute for Nuclear Physics (INFN, Italy), developed a platform for virtual clinical trials comprising a Geant4 based Monte Carlo 

software[1-2]. Fundamental asset of the AGATA project is the used digital patient models. Hence, this must permit anatomical 

noise in the acquired image similar to that of real images. For this reason, the AGATA project developed a dataset of digital 

patients directly derived from 3D clinical breast images acquired with a CT dedicated scanner at UC Davis (California, 

USA)[3], then presenting realistic silhouette and tissue distribution. A second asset for realistic images replications is represented 

by a fair detector model. Hence, computed images must present noise and spatial resolution of those acquired with real scanners. 

At this point, the AGATA project developed an empirical model for a suitably post-processing of the in-silico images in order to 

resemble real ones. This post-processing tuning is based on the relations between raw-simulated images and images acquired 

on clinical scanner [4]. 

This work aims at evaluating two aspects of the developed platform: 1) the anatomical noise in the computed image projections, in 

order to evaluate the appropriateness of the developed digital patient dataset and 2) the image quality of the simulated and post-

processed images also in comparison to images acquired on clinical scanners. 

Materials & Methods 

The Monte Carlo platform is based on Geant4 toolkit and detailed desceibed in refs [1-2], with patient derived breast phantoms 

described in ref. [3] and the empirical model for tuning spatial resolution and noise of the computed images in ref. [4]. 

In order to evalute the anatomical noise in simulated images, we have simulted mammogramms of 50 breast phantoms contained 

in the database in ref. [3]. The simulated systems replicated technique factors of the Hologic Selenia dimension DM/DBT scanner. 

Two phantoms tests were done. A contrast phantom made of PMMA squared slabs incuding different thickness of Al sheet and a 

CD-MAM phantom were used. Images of this phantoms were acquired via a physical Hologinc Selenia Dimension Scanner. Immages 

were reproduced in the AGATA platform and noise and spatial resoltion tuned as in ref. [4]. Details visibility and contrast were 

evaluted and compared.  

Results 

Figures 1a and 1b show a simulated mammogramm and a slice from a simulated DBT exam, respectively. The inner structure 

and the anatomical noise reflects those of real images. Figure 1c reports an image profile across a PMMA-Al edge, for a 

simulated and the in-silico replicated image. Simulated image is post processed in order to tune noise power and spatial 

resolution. The graph shows that both the edge sharpness and fluctuation noise are replicated in silico. The contrast-to-

noise ratio between the Al insertion and the PMMA resulted 23.0 in the measured image and 21.3 in the simulated post-

processed one.  iscussion & Conclusions 

Althoguh the anthropomorphic phantoms’ shape and the use of fine MC code responde to the request of realisms in the 

simulated images, this characteristic have to be proved. In this work we analized the anatomical structure in the 

simulated images, which reflect those on patient population. The evalution of the β coefficient, as proposed in previous 
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work [5], is ongoing. The comparison to images of test objects acquired on physical scanners and those simulated 

presented similar characterisitcs in terms of edge- sharness, noise and contrast-to-noise ratio. 
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Introduction 

177Lu-DOTATATE is used in clinical routine for the targeted treatment of neuroendocrine tumors (NET) expressing somatostatin 

receptors (SSTR). Treatment optimization may be achieved thanks to a better understanding of the biological effects induced 

by 177Lu, using preclinical models such as cell lines. The evaluation of the absorbed dose-response relationship is needed to 

investigate efficacy and toxicity of the treatment. However, most of the preclinical studies correlate the biological observations 

to the added activity in the medium, and not to the absorbed dose in cells, a more accurate parameter. Indeed, the 

absorbed dose following 177Lu-DOTATATE therapy is dependent on SSTR expression, which may vary from one model to another. 

Therefore, there is a need to develop cellular dosimetry methodology. In this study, Geant4 Monte Carlo simulations are 

conducted to determine the absorbed dose in cells when irradiated with 177Lu-DOTATATE. 

Materials & Methods 

The absorbed dose in cells was calculated using Geant4 toolkit by simulating experimental conditions1. These latter conditions 
are a 12-well plate in which 1000 cells were distributed randomly in the bottom of one of the wells, exposed during 4 hours to 5 

MBq activity of 177Lu-DOTATATE contained in 1 ml of medium. During this period, 177Lu-DOTATATE is internalized in cells. Once 
the activity is cleared from the wells, cells are kept for a period of 10 days, cells keep being irradiated by the internalized fraction, 
as 

 
 

 

shown in figure 1. In Geant4 simulations, the radioactive source is constructed manually and is composed of 177Lu main emissions 
(electrons, gamma photons, auger electrons and X-rays). To simulate a given cumulated activity [MBq/s], defined as the number 
of disintegrations during a given period, a number of primary particles is calculated, based on the relative intensity and energy of 
each of the emitted particles. 

To determine the contribution of the inter-wells cross-dose, the ratio between the inter-wells cross-dose and a single well self-

dose was evaluated. This has been done by simulating simple cell geometry. The cell was constructed as a mono-layer cell 

composed of water in a cylindric form in the bottom of the well. 

The validation of the model developd in this study consists of comparing its results of the absorbed dose in the nucleus with that 

from a reference2 for same simulated experimental conditions (cell geometry, initial activity, incubation, and maintenance 

periods). 

Results 

The inter-wells cross-dose of (380.29 ± 6.65 nGy) was negligible compared to the self-dose of (608.27 ± 0.5 µGy), being only 0.06 

% of the total absorbed dose. 

 

Figure 1: experimental conditions simulated in Geant4 
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As shown in figure 2, a relative difference in the order of 10-20 %, of absorbed dose to the nucleus, has been calculated 

between both compared models, when simulating the same experimental conditions mentioned earlier. 

 
Calculated total absorbed dose to cells following the experimental conditions was 3.92 ± 0.24 Gy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Conclusions 

The low contribution of inter-wells cross-dose to total absorbed dose in cells, allows to neglect this cross- dose. 

When comparing absorbed dose to the nucleus to the reference article, simulated in the same conditions, a relative difference in 

the order of 10-20 % is obtained, which validates the constructed simulation model. This project has provided a methodology to 

calculate the absorbed dose to cells in different experimental conditions. 
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11. Recent developments in BDSIM for medical applications 
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Beam Delivery Simulation (BDSIM), is a C++ program that uses the GEANT4 toolkit to model the beam propagation inside a 

beamline and simulate the interactions between the beam and the accelerator components or the shielding. This software is used 

to model a wide range of accelerators and in particular those for medical applications such as the IBA ProteusOne. A complete 

model of the center has been developed and validated with experimental data by measuring a Bragg peak at the isocenter. 

This Bragg peak has been simulated with a scoring mesh located at the isocenter. The computation time was also optimized 

by modifying the production cuts of the secondary particles. The latest developments of the software now allow the import 

of DICOM images obtained from CT scans. This new feature allows studying precisely the dose deposited at the isocenter 

taking into account the different heterogeneities of the environment. 
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The advancement of proton therapy techniques for cancer treatments has been significantly progressing over the past decade, 

leading to a worldwide increase in the construction of treatment facilities. Next-gen proton therapy systems are evolving towards 

more compact designs. Furthermore, the new proton therapy centres are often coupled with research programs aiming to 

improve the scientific knowledge on the impact of proton beams onto living cells, electronic circuits or shielding materials. 

Such research activities require proton beams in larger energy ranges with higher currents and greater irradiation times than 

clinical conditions. The systems reduction in size in addition to the increased centres workloads result in the production of a larger 

amount of secondary particles. The activation level of those future proton therapy centres is therefore expected to be higher 

leading to an increase in the ambient dose and the amount of radioactive waste gathered at the end of the centre life span. 

These operating conditions pose new challenges for the shielding design and the reduction of the concrete activation. To tackle 

them, we use a seamless approach to simulate all the processes relevant for the evaluation of the concrete shielding activation. A 

realistic model of the Ion Beam Applications (IBA) Proteus One (P1) system using Beam Delivery Simulation (BDSIM), a Geant4- 

based particle tracking code, that allows a single model to simulate primary and secondary particle tracking in the beamline 

and its surroundings as well as all particle-matter interactions is used to extract the secondary particles fluxes. Then, those fluxes 

are given as input to the code system and library database FISPACT-II that allows a thorough computation of the shielding 

activation by solving the rate equations using ENDF-compliant group library data for nuclear reactions, particle-induced and 

spontaneous fission yields, and radioactive decay. This approach is applied to the proton therapy research centre of Charleroi, to 

be built within the Walloon region ”Protherwal” project in Belgium. Results show the evolution of the clearance level and the 

long-lived nuclides concentrations through the facility lifetime when using different types of concrete. The effectiveness of 

coupling BDSIM and FISPACT-II gives a glimpse of the possibility of a complete activation study following the actual workloads of 

the centre, allowing a better assessment of the shielding activation level at any time of the facility life span. 
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13. Exploitation of HPC for realistic pediatric dosimetry simulations using GATE 

 

Georgios Savvidis1, Konstantinos Chatzipapas1 and Panagiotis Papadimitroulas1,* 1BIOEMTECH, Mesogeion Av. 

387, 15343, Athens, Greece 

Introduction 

The objective of this research concerns the development of a realistic dosimetric database based on the estimation of absorbed 

dose rate at different organs using Monte Carlo (MC) simulations. Several radiopharmaceuticals with clinically specified 

biodistributions and pediatric applications in Nuclear Medicine (NM) procedures were studied in the context of this project [1]. 

High Performance Computing (HPC) resources utilized to achieve low statistical uncertainties. 

Materials & Methods 

The absorbed dose rate assessment for this study was based on GATE_v9.1 Monte Carlo toolkit [2]. For our purpose 20 

computational phantoms (15 XCAT [3] and 5 IT’IS [4]), with different anatomical characteristics and varying age, gender, 

mass and height were simulated using 5x108 primary events. Four different radiopharmaceuticals (99mTc-MDP, 123I-mIBG, 131I-

MIBG, and 153Sm-EDTMP) were considered, together with their specified activity distribution [5]. The radiation activity of 

each organ derived from clinical data, at different time points (eg. 4 time points for Tc-99m was assumed: T=0h, T=1.42h, 

T=4.11h, T=20.2h), and used for the calculation of dose rate at the respective time points. Simulations were executed on 

YOTTA HPC centre, to accelerate their execution, having 112 parallel jobs running. YOTTA HPC consist of compute nodes that each 

one includes 28-Core Intel Broadwell CPUs and 512GB of memory. The “Dose actor” concept was utilized to measure the 

deposited energy per voxel, producing 112 dose maps for each case. They were then merged to a single file for minimizing 

uncertainty, during the calculation of the absorbed dose rate per organ (Figure 1a). 

Results 

All simulations were performed in YOTTA HPC reducing the time needed for their execution, more than 

~80 times (~9.5h required for the simulation in the PC in contrast to ~7.5mins in the HPC). Dose rate for 31 different organs of 

each peediatric phantom were calculated (case of Tc-99m MDP). In addition, the relative percentage uncertainty in the dose 

values per organ was measured, fluctuating between 0.05% and 2.7%, with a median value of 0.11%, indicating that our MC 

environment reduces the statistical uncertainty. Furthermore, as Figure 1b indicates, there are fluctuations at the dose rate, for the 

same organ on different phantoms (up to ~71% difference at male phantoms and up to ~65% at female phantoms). 

Discussion & Conclusions 

In this abstract the case of Tc-99m MDP is preesented and indicative values of dose rates are presented. The main goal of our 

study concerns the implemenation of simulations for a variety of commonly used radiopharmateuticals in NM applications, to 

develop large database for internal dosimetry in pediatric examinanations. Next steps of our objectives include the use of 

Artificial Intelligene techniques, utilising ML/DL algorithms, trained on our simulated database, to predict the internal absorbed 

dose for any newe pediatric patient. 
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Figure 1: a) Dose maps of Tc-99m MDP radiopharmaceutical at the same pediatric phantom at 4 different time points. A → T=0h, 

B → T=1.42h, C → T=4.11h, D → T=20.2h. b) Indicative values of dose rate reesults in several organs for the case of Tc-99m MDP, 

for ten different pediatric phantoms at ages between 

2.8 and 17.2 years old. 
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14. Monte Carlo simulation of the on-board imager (OBI) kV imaging system 
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Introduction 

In image-guided radiotherapy (IGRT), the trend during the past decade has been to increase the frequency of imaging procedures, 

ultimately leading to that the daily imaging takes place more and more often. The megavoltage (MV) imaging has largely been 

replaced with kilovoltage (kV) imaging, reducing the imaging doses, but on the other hand, the more frequent imaging procedures 

and the utilization of cone beam CT (CBCT) imaging has increased the importance to assess the cumulative imaging doses during 

the treatment course and possibly taking it into account in the overall dose distribution in the treatment planning. The dose 

from imaging can either be quantified with measurements or calculations, in which the Monte Carlo (MC) method is known as 

the “gold standard”.[1-2] The purpose of our study was to model On-Board Imager (OBI) kV imaging system attached to Varian 

TrueBeam linear accelerator (Varian Medical Systems (VMS) Inc., Palo Alto, CA, USA) using EGSnrc egs++ code system [3] and 

simulate dose profiles and percentage depth dose curve (PDD) in accordance with Ding et al. [2] 

 

Materials & Methods 

The detailed OBI kV source (Figure 1), including the electron beam source, 
anode, beam filtration systems and beam collimation systems, was 
modelled using proprietary MC Data Package from VMS. The MC 
simulations were performed using EGSnrc egs++ code system [3]. As a 
cathode, a pencil type monoenergetic 120 kV electron beam was used. The 
dose profiles and PDD simulations were performed in a water tank with SSD 
100 cm and with 50 x 50 cm field size. The profiles were scored in 1x1x1 

cm3 voxels at 1 cm depth. The simulation geometry was divided into two 
parts. The first part included the x-ray source from incident electron beam 
to primary collimator and phase space (phsp) file was generated 
immediately below the primary collimator. The second part used the phsp 
file as a source and the second part included the rest of the modelled 
structures and the water tank. 

 
In the MC simulation, the energy cutoff for particle transport (ECUT,  PCUT)  

and  the  lowest  energy  thresholds  for 

 
 

 

Figure 1:  Schematics of the OBI kV source 
geometry used in the MC simulations. 

secondary particle creation (AE, AP) were set ECUT = AE = 0.512 MeV for electrons and PCUT = AP = 

0.001 MeV for photons. Other MC transport parameters were identical to the ones used by Partanen et al. [4] To improve the 
simulation efficiency, photon splitting (N=100), Russian Roulette at near of measurement geometry and uniform bremsstrahlung 
cross-section enhancement (BCSE) (N=100) and BCSE in the anode (N=100) were used as variance reduction techniques. 
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Results 

The simulated profiles and PDD without bowtie filter are shown in Figure 2. The preliminary results were similar to published 

results by Ding et al. [5]. 

 

 

Figure 2: a) The simulated x axis dose profile, b) the y axis dose profile (the outlier is caused by simultaneous scoring 
of the x axis profile) and c) the PDD curve. 

Discussion & Conclusions 

To our knowledge, this work is the first to report the MC simulation of OBI attached to Varian TrueBeam linear accelerator using 

the EGSnrc egs++ code system. The simulated results were consistent with previous publications and thus this work forms the basis 

for future steps, which are to simulate profiles with bowtie filters and compare these simulated results to measured results, to 

simulate CBCT imaging, and to assess the doses in patients. 
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Introduction 

The SIRT technique is used to treat unresectable liver tumors. Radioactive microspheres are injected directly in the liver to 

give the dose locally. This is called radioembolization. 

Three kinds of microsphere exist with different radioisotopes: Sirsphere with Yttrium-90 (90Y), Therasphere with 90Y and 

Quiremsphere with Holmium-166 (166Ho). These microspheres have different parameters such as size, density, and specific 

activity. 90Y and 166Ho are beta emitters. For 90Y, the maximum energy emission is 2.28 MeV. For the 166Ho, there are 2 

beta emissions, 1.77 MeV and 1.85 MeV. Sirsphere is a resin microsphere with a specific activity of mean 50 Bq/sphere. Therasphere 

is a glass microsphere with a specific activity of mean 2500 Bq/sphere and Quiremsphere is a PLLA microsphere with a specific activity 

of mean 310 Bq/sphere. 

This work studies the spatial dose distribution depending on the microsphere placement. For that, the kernel of a microsphere of 

each type must be known. Then kernels are combined according to the microsphere positions to estimate the spatial dose 

distribution. 

Materials & Methods 

This work is divided into 2 parts. 

The first part is done with Geant4 simulation toolkit. The Penelope PhysicList has been chosen because of its energy range (250 

eV-1GeV). Indeed it allows to simulate low energy electrons with a range smaller than the simulation dimension (0.0025 mm). 

For each type of microsphere, a single microsphere is simulated with its mean size, its specific density and its isotope. The 

radial dose is estimated on every 0.0025 mm through a set of concentric spheres. 

Based on the radial dose distribution , the kernel can be calculated as a function of each specific activity. The study of the influence 

of the microsphere placement is done in a cubic volume of ± 2 cm edge divided into voxels of 37 µm edge. Accordingly, the 

kernel is sampled every 37µm. Microspheres are placed homogeneously, heterogeneously or randomly. The number of 

microspheres, n, is calculated depending on the prescribed dose, D, the mass of the volume, mT, and the specific activity of 

microspheres, As. n is given by : 

 

𝑛 =  
𝐷 𝑚𝑇 

49.7 

𝐴𝑠 

For Sirsphere and Therasphere (1)  |  𝑛 =  
𝐷   𝑚𝑇

 

15.9 𝐴𝑠 

For Quiremsphere (2) 

In this work, the influence of the prescribed dose over the dose distribution is studied as well as the the 

influence of the microsphere placements over the dose distribution. 

Results 

The relative uncertainties are minus than 1%. 
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Figure 1: DVH of the three micropshere for 30 Gy. 

Results are presented with Dose Volume Histrogram (DVH). A DVH 

is estimated for each prescribed dose simulated for the three types 

of microsphere. The figure 1 shows the obtained DVH for a 

prescribed dose of 30 Gy. The percentage dose covering 

100 % of volume is the parameter decisive. 

 
Figure 2: Dose covering 100% of volume for random distributions. 

 
DVH are also estimated for 5 different random microsphere 

placements. These 5 random placements are compared with each 

other. The figure 2 shows the percentage mean dose covering 100% 

of volume for microsphere random placements. 

 
 

 

 

Discussion & Conclusions 

The density of microspheres (number of microsphere by cm³) in the volume has an important influence on the volume coverage. For an homogenous 

microsphere placement, the larger the density is, the better the volume coverage is. Indeed, Sirsphere has the highest density and covers 100 % of 

the volume with the largest dose percentage (86%-89%). Therasphere has the lowest density and gives the lowest dose percentage to the whole volume 

(78%-83%). 

The density also has an impact when the microsphere placement is random. When the density is high, the coverage is even better. But the standard 

deviation between Quiremsphere random simulations is the lowest one (σ = 0.70%). A high density gives the best coverage but not the lowest deviation. 

The cover uniformity is a combination between specific activity and density. It will be studied more in depth in future works. 

The specific activity has an important impact on the dose distribution. A low specfic activity gives a high microsphere density and so a better volume 

coverage. 

Acknowledgements 

I thank Drs Ir. Derrien and Ing. De Brouwer for their support and their help. I also thank Ing. Ishimaru for the help with the C++ code. 

*Corresponding Author: morgane.wieme@jolimont.be 
  

mailto:morgane.wieme@jolimont.be


International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 166 

 

16. Monte Carlo simulation for WIDMApp (Wearable Individual Dose Monitoring Apparatus): an innovative approach for individual dose 

monitoring in Molecular Radiotherapy. 

Carlo Mancini Terracciano*1,2, Antonio Ambrosino1,2, Francesco Collamati2, Riccardo Faccini1,2, Giuseppe Iaccarino3, Riccardo Mirabelli2,6, 

Francesca Nicolanti
1,2

, Massimiliano Pacilio
4

,     Elena Solfaroli Camillocci
1,2,5

, Antonella Soriani
3

, Silvio Morganti
2

 

1Department of Physics, Sapienza University of Rome, Italy 

2National Institute of Nuclear Physics, INFN Rome, Italy 

3Laboratory of Medical Physics and Expert Systems, IRCCS Regina Elena National Cancer Institute, Rome, Italy 

4Medical Physics Division, Azienda Ospedaliera-Universitaria Policlinico Umberto I, Rome, Italy 

5Specialty School of Medical Physics, Sapienza University of Rome, Italy 

6Dipartimento di Chimica e tecnologie del farmaco Sapienza University of Rome, Italy 

Introduction 

We will present the Monte Carlo (MC) simulation developed for WIDMApp (Wearable Individual Dose Monitoring Apparatus), a multi-channel detector 

and data processing system, we are developing, aimed at allowing an accurate determination of absorbed dose per organ in Molecular Radiotherapy 

(MRT) [1]. 

Indeed, the precise estimation of dose absorbed by the target and healthy organs is essential to increase therapeutic effectiveness, optimize the 

treatment planning and establish dose-effect relationships for tumor and normal tissues. Moreover, the European regulations (EU Directive 59/2013) 

considers mandatory treatment planning and verification in all patients’ exposures for radiotherapeutic purposes, including MRT. Finally, WIDMApp 

will strongly reduce the need of nuclear medicine imaging systems, reducing the need of resources of nuclear medicine departments (i.e., technology, 

uptime, and human resources) to perform individualized biokinetics studies. WIDMApp will be realized facing several detectors on the patient body 

during all the MRT treatment, developing in a wearable support for them. 

Materials & Methods 

To infer the Time-Activity Curves (TAC) of each organ from the Time dependent Counts Curves (TCCs) measured in each detector, it is necessary to 

estimate the probability of each organ to produce a signal in each detector. To do so, we developed a MC simulation with Geant4 [2-4]. The simulation 

takes in input the Computed Tomography (CT) of the patient, to reproduce the patient’s body, in DICOM format. The code also imports the Regions of 

Interest (ROIs) from the DICOM files, to identify the organs and the detectors. Indeed, we plan that the TC will be done with detector placeholders, to 

identify the positions where the detectors will be during the treatment. 

To reconstruct the detectors in the MC simulation from the ROIs, we profited of the Geant4 capabilities of tracking particles in parallel worlds, being one 

world the one with the CT geometry and the second one with the detectors. The detectors are represented using tessellated solids, which are 

reconstructed from the points in the ROIs using the CGAL library. 

Results 

We tested the simulation and all the workflow with a NEMA phantom [5], a human torso phantom with six spherical inserts of various sizes. To do so, 

we acquired a CT of the NEMA phantom, imported it in the MC simulation. Three of the six spheres were filled with three different 

radioisotopes, to simulate different metabolic washout, namely: 18F, 99mTc, and 64Cu. A detector has been cyclically positioned nearby each of the 

three spheres, to simulate the presence of three identical detectors. Detector and active spheres had been identified in the CT scan, designing the 

respective ROIs and such ROIs have been imported in the MC simulation. We will present the results and the comparison of the MC simulations 

with experimental data, this study is an experimental proof that it is possible, at least in the simple scenario, to reconstruct the organ 

cumulated activity by measuring the time dependence of counts recorded by several detectors placed at selected positions on the patient’s body. 



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 167 

Discussion & Conclusions 

This study confirms that the WIDMApp approach could provide an effective tool to characterize more accurately the radiopharmaceutical biokinetics 

in MRT patients. The MC simulation developed takes advantage of some relatively recent Geant4 features, such as the possibility of tracking particles 

in parallel worlds and describing portion of the geometry with tessellated solids. These features allow to easily import ROIs from the DICOM files in the 

simulation. This approach could be used in all the simulation in which it could be useful to score quantities in a ROI. 
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Introduction 

With the arrival of the first clinical proton beam in Belgium at the Particle Therapy Interuniversity Center Leuven (PARTICLE), the necessity for an accurate 

and customisable Monte Carlo model became apparent to support future applications in both clinical and research context. 

PARTICLE has a ProteusONE from IBA which is equipped with pencil beam scanning. As modelling the entire accelerator beam line and proton treatment 

head is complex, time-consuming and error-prone, this study applies a process that starts with a pristine proton beam at the level of the nozzle exit. 

Materials & Methods 

A MC model is constructed within the TOPAS framework, which uses the Geant4 data. The available data acquired during acceptance and commissioning 

of this PBS proton therapy machine is utilised to produce the MC model following a three-step process: (1) beam optics parameters were derived, (2) the 

beam energy spectrum was optimised and (3) an absolute calibration was performed. These simulation parameters were determined for nominal energies 

from 70 to 225 MeV in steps of 5 MeV, plus 226.2 MeV. After determining the model parameters, two validation tests were performed: a standard mono-

energetic layer test and a standard SOBP validation test. 

Results 

First, the beam optics parameters were derived based on Courant-Snyder’s invariant ellipse to model a bi- gaussian shaped proton emittance source. 

Three parameters, spot size, angular divergence and correlation between both were set for both the x and y direction based on a gaussian fit on the 

measured spot profiles of a single pencil beam on axis in air at different depths. A maximum difference in measured and simulated spot size at the isocentre 

ranging from -1.6 to 0.4% indicates a close agreement. 

Second, the beam energy spectrum was modelled as a gaussian distribution. Mean energy and energy spread were assessed using a five-step manual iteration 

process to obtain a close agreement between the simulated and measured IDD curves in water for a single pencil beam. The agreement was 

evaluated by six parameters. For all nominal energies, a maximum difference in R80 of 0.015 mm, a maximum difference in R20 of 0.3 mm, a maximum 

relative dose-to-peak difference of 0.07%, a maximum difference in location of the Bragg peak of 0.4 mm, a maximum mean absolute point-to-point 

error of 1.3% and a maximum integral square difference of 3 10-7 was achieved. These results indicate a strong agreement between measurements 

and simulation. 

Third, an absolute calibration factor in number of protons per MU was obtained by dividing the dose per MU measured with a PPC05-type ionisation 

chamber during the commissioning of the TPS by the scored dose per simulated proton. This was done for a 10x10 cm2 field. 
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Next, a standard mono-energetic layer test was performed to validate the MC model. Figure 1 illustrates the error of the MC model to the measured 

dose for different nominal energies. For both the superficial (left) and deep (right) control point, errors are between -1.5 and 2.5%. These results are 

similar to those of the treatment planning system. 

Finally, a standard SOBP validation test was performed. The errors from the MC model to the measurements at four different locations 

in the SOBP, as indicated with circular markers on Figure 2, are between -0.5 and -3.3%. This is currently under further investigation. 

Discussion & Conclusions 

At present, further efforts are being made to elaborately validate the model. This includes more tests in simple water phantom 

geometries and tests in heterogenous and anthropomorphic phantoms. Thereafter, we will compare dose calculations for clinical 

treatment plans. 

Once extensively validated, various future applications of this MC model become possible. Future applications include the calculation 

of out-of-field doses in the context of radiotherapy treatment of pregnant women and simulations with a microdosimetric 

detector in the framework of radiobiological studies. 
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Introduction 

The exposure of patients undergoing high-energy radiotherapy (RT) to secondary neutron radiation poses a risk for iatrogenic second cancer induction. 

However, this risk is poorly understood. With a goal of improving our understanding of the risk, our research program is studying the biophysical 

mechanisms underlying neutron-induced carcinogenesis by investigating, among other topics, the roles of direct and indirect action in the formation 

of DNA lesions. We recently explored the role of neutron direct action [1], but a study on neutron indirect action was outstanding. Therefore, the aims 

of this project were to (i) estimate the energy-dependent relative biological effectiveness (RBE) of neutrons for inducing double- strand-break (DSB)-

containing clusters (complex DSB clusters) due to the combined effects of direct and indirect action (referred in this work as combined action), and (ii) 

to determine whether such an RBE estimation may be used as a measure of neutron carcinogenic risk by comparing our results with the established 

energy-dependent neutron radiation weighting (wR) [2] and quality (Q) [3] factors. 

Materials & Methods 

The existing simulation pipeline of our research group for the direct action of ionizing radiation (built using the TOPAS and TOPAS-nBio frameworks and 

incorporating a custom geometric DNA model) [1] was extended to incorporate an implementation of indirect action with benchmarking against published 

in vitro and in silico experiments. Using our updated pipeline, we simulated irradiations of monoenergetic neutrons and reference 250 keV X-rays at various 

depths in a human body phantom (ICRU sphere [4]). The DNA damage yields (i.e., number of lesions) induced in our entire DNA model of 6.3 Gbp [1] by 

our simulated irradiations were used to quantify the energy-dependent neutron RBE for causing complex DSB clusters across the energy range relevant 

to RT (1 eV to 10 MeV). 

Results 

 

  
 

 

Figure 1 shows the yields of different DNA damage types (expressed per Gy per Gbp of DNA) obtained in our simulations due to neutron combined action 
(labeled as “combined” in the figure) and those previously obtained by our group using direct action only [1] (labeled as “direct only”). Figure 2 presents a 
breakdown of the complex DSB clusters due to combined action found in Figure 1 according to the damage-causing action of their constituent sub- lesions: 
direct, indirect, or hybrid (i.e., simultaneously composed of both direct and indirect sub-lesions). Lastly, in Figure 3, our calculated neutron RBE values for 
inducing complex DSB clusters due to combined action are compared with values obtained using direct action alone [1, 5] and with the published 
radioprotection factors [2, 3]. Also included for reference are DSB++ yields obtained by Baiocco et al. [5], where DSB++ are effectively complex DSB clusters 
containing at least two (rather than one) DSBs within 25 bp. events are isolated simple lesions due to indirect action (single-strand breaks and base 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Yields of different types of DNA damage 

due to the simulated irradiation of monoenergetic 
neutrons at 7.5 cm in human tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Breakdown of complex DSB cluster 
yields due to combined action (solid black line on 

Figure 1) into specific damage causes. 



International Conference on Monte Carlo Techniques for Medical Applications, 2022 
 

 171 

lesions, see Figure 1), while most complex DSB clusters are hybrid in nature (see Figure 2). Our calculated neutron RBE values related to the 
induction of complex DSB clusters are found to be smaller in magnitude than previously-reported values [1, 3] that considered only direct action (see 
Figure 3), despite our larger yields (see black lines in Figure 1). We are currently analyzing data if this is due to the much higher density of lesions in 
neutron-induced damage clusters, resulting in more lesions contributing to each cluster and thus, less clusters overall compared to the reference X-
rays. In conclusion, our findings demonstrate that (i) indirect action plays an important role in neutron-induced DNA damage and (ii) the energy-
dependent RBE curve for neutron combined action estimated from yields of complex DSB clusters alone reaches a peak at a similar energy to the 
established radioprotection factors for neutron radiation, but with a lower magnitude. 
 

F 

Discussion & Conclusions 

Our results show that most neutron-induced DNA damage  
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Introduction 

In water radiolysis, after ionization or excitation by a primary or secondary particle, water molecules may dissociate or decay into new reactant species (e-

aq, H2, H•, •OH, H3O+, …). These new molecular species can either interact with each other or diffuse throughout the water medium to form a diffusion-

reaction system. In this abstract, we present a recently published work [1] using the Next Sub-volume Method (NSM) [2] to investigate the possibility 

of using the compartment-based (“on-lattice”) model to simulate water radiolysis. 

Materials & Methods 

We first start with a brief description of the Reaction-Diffusion Master Equation (RDME) [3] in a spatially discretized simulation volume (“mesh”), which is 

divided into sub-volumes (or “voxels”). We then discuss the choice of voxel size and merging technique of a given mesh along with the evolution of the 

system using the hierarchical algorithm for the RDME (“hRDME”) [4]. Since the compartment-based model cannot describe high concentration species 

of early radiation-induced spurs, we propose a combination of the particle-based Step-by-Step (“SBS”) Brownian dynamics model and the compartment-

based model (“SBS-RDME model”) for the simulation. We then used the particle-based SBS Brownian dynamics model of Geant4-DNA [5-6] as a reference to 

test the model implementation through several benchmarks. 

Results 

We find that the compartment-based model can efficiently simulate the system with a large number of species and for longer timescales, from 

microseconds (µs) to several seconds (s) with a reasonable computing time. Our aim in developing this model is to study the production and 

evolution of reactive oxygen species generated under irradiation with different dose rate conditions such as in FLASH and conventional radiotherapy. 

Discussion & Conclusions 

In this work, we implemented in Geant4-DNA the compartment-based model combined with the SBS Brownian dynamics model already available in 

Geant4-DNA. We show that the compartment-based model can reproduce the same species yield obtained by the particle-based SBS of Geant4-DNA but 

with 100 to 1000 times less computing time. Moreover, our new model can also extend the simulation timescale up to several seconds when the system 

has reached a steady-state. These advantages will allow us to study the production and evolution of reactive oxygen species generated under irradiation 

with different dose rate conditions such as in FLASH and conventional radiotherapy. 
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Figure 1: Comparison of time-dependent G-values as computed with the particle-based SBS model and the SBS-RDME model (this work) 

from 1 ns. The particle-based SBS model is simulated until 20 µs and the compartment-based model is simulated until 1 s [6]. 
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Introduction 

Traditional methods for CT dose evaluation adopt the Computed Tomography Dose Index metric (CTDI) as a reference to other derived quantities. 

All CTDI-based measurement methods use cylindrical PMMA phantoms of 16 cm or 32 cm diameter (PMMA-phantoms). CTDI-based dosimetry 

methods cannot represent adequately the dose performance of modern CT machines. Therefore, the AAPM Reports 1111 and 2002 proposed a 

unified methodology for CT dose descriptions in polyethylene 30 cm diameter cylindrical phantom (ICRU-phantom). In the present work, results of 

MC simulations of the new AAPM CT dose quantities considering the traditional PMMA phantoms were compared to measurements performed using 

the ICRU phantom. 

Materials & Methods 

Monte Carlo (MC) calculations using the PENELOPE/penEasy code versions 2014/20153 were used to simulate the coupled electron-photon 

transport in infinitely-long cylindrical PMMA phantoms in order to obtain the dose distribution and derived quantities. A GE Discovery CT750HD 

(General Electric Company, Boston, USA) system was taken as reference to model. 

The AAPM Report 111 dose descriptors are defined from an exponential approach-to- equilibrium functions with dependence on the equilibrium dose, 

𝐷𝑒𝑞, the equilibrium scanning length, 𝐿𝑒𝑞, and a fitting parameter 𝛼 related to the scatter-to-primary ratio of the  beam. The functions associated 

to both phantoms were combined to generate the function below: 

In equation (1) the indexes PMMA and ICRU refers to the corresponding phantoms adopted in the MC simulations and/or measurements. The 

measurements were performed according to the using a Radcal Co. 10X6-0.6CT ion chamber. MC simulated quantities from clinical procedures using 

PMMA phantoms were compared to corresponding measurements using a ICRU phantom. 

Results 

Table 1 present results of the AAPM dose descriptors estimated from MC simulations considering head and body PMMA phantoms and measured 

using the ICRU phantom with 120 kV and central position. Figure 1 shows results of the equation (1) consirering head and body protocols. 

 

Table 1 – Fitting parameters resulting from MC simulations at PMMA phantom and 
measurements using the ICRU phantom 

PMMA (MC simulations)  ICRU (measurements) Head 

Pitch 𝐷𝑒𝑞  (mGy) 𝐿𝑒𝑞  (mm) ∝ 𝐷𝑒𝑞  (mGy) 𝐿𝑒𝑞  (mm) ∝ 

0.531 38.8 297 0.76 65.1 519.7 0.82 

0.969 21.3 281 0.77 35.7 521.3 0.81 

Body 
Pitch 𝐷𝑒𝑞  (mGy) 𝐿𝑒𝑞  (mm) ∝ 𝐷𝑒𝑞  (mGy) 𝐿𝑒𝑞  (mm) ∝ 

0.516 13.4 439 0.98 31.2 531.8 0.74 

0.984 7.0 450 0.95 16.3 534.5 0.72 
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Discussion & Conclusions 

These comparisons may allow the evaluation of conversion factors association these two CT dose methods. 
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Introduction 

Radioembolization is a radiation treatment modality where Yttrium-90 (
90

Y) microspheres are guided into a selected hepatic artery. Due to unique 

hepatic blood flow, microspheres are distributed preferentially to tumour arteries and irradiate the tumours with beta particles released from 90Y decay. 

(1). There have been extensive investigations into the dosimetry within the field. It has become well known that the resulting effectiveness of 

radioembolization treatment depends on the microsphere distribution within the patient vasculature. To date, microspheres have been demonstrated 

to deposit predominately within the tumour periphery where a higher density of arterial densities exist (1). The purpose of this study was to investigate 

the efficacy of a near perfect microsphere distribution model for patients within hepatocellular carcinoma (HCC). Based on this model, Monte Carlo 

simulations were performed. 

Methods & Materials 

A Geant4 based Monte Carlo simulation software was developed for image based three-dimensional dosimetry based on CT or MR images combined 

with SPECT or PET. Features include, but are not limited to multi-threading, possible simulation of any radionuclide including 90Y for primary particle 
and decay, and history-by-history uncertainty calculations (2). Called reDoseMC, our software was preliminary validated by creating and comparing 
90Y S-values to reference data (3). 1 million particles were simulated, and the source voxels were compared. For our HCC study, a 51 mm x 51 mmx 51 mm 

phantom was divided into 1 mm3 voxels. The material of the phantom was assigned to cirrhotic liver and a nominal liver density of 1.04 g/cm3 was 
utilized as per ICRU report 46. HCC tumours are solid masses; thus, they were assumed to be the same composition of the cirrhotic liver and were 
represented by a spherical volume. Two simulations were performed where HCC tumours with a radius of either 2 cm or 1 cm was placed inside 
the phantom. Both microsphere types, resin and glass, were investigated and represented by an average diameter of 40 um. An ideal microsphere 
distribution was then simulated by uniformly covering the entire tumour with microsphere sources. The 4 cm tumour and 2 cm tumour had ~2.3 million 
microspheres and 

~575,000 microspheres respectively placed. Each microsphere was placed 20 um from the edge of the tumour sphere and placed equidistant 
between every microsphere source through a equidistant sphere boundary algorithm (4). The mean radial doses were calculated by assuming each 
sphere has either 50 Bq or 2500 Bqs to mimic the resin and glass microspheres, respectively. After placement, the distance between the centers of 
adjacent sources was 40.5 um for both simulations and 217 particles were simulated per source with full radioactive decay. The same random number 
generator seed was used for each simulation. 

Results 

When compared to published data, the source S-voxel differences were less than 1% with our source S- voxel at 1.599 versus 1.61 mGy/(MBq*s) of 

the reference data. Figure 1 represents the mean radial doses from concentric voxelated spheres at 1 mm increments towards the center of the 

tumour. Regardless of tumour size, the same absorbed dose trends were observed where the majority of the dose fell off at 7 mm to less than 3% of the 

highest mean dose for both the A) 4 cm and B) 2 cm tumour. 

Figure 1. Mean radial doses at 1 mm inward increments from the edge of the tumour boundary. 
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Discussion & Conclusions 

A Monte Carlo package called reDoseMC was successfully developed for radioembolization applications and was benchmarked against published data 

with 1% agreement. An ideal tumour model demonstrated an exponential dose falloff starting immediately from the source. In an ideal scenario, the 

effective range of 90Y can be set to around 4-5 mms. However, this is not indicative of the true distribution of microspheres where microsphere 

clustering and inhomogeneity are present. Thus, it is likely that the effective range of 90Y is around 3 mms without sufficient microsphere coverage of 

the tumour. 
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Introduction 

Proton therapy (PT) is growing worldwide since it can provide a very conformational dose to the tumor being irradiated. However, several effects 

may compromise such conformality, leading to undesirable situations that are suspected of being correlated with tumor recurrence. Several 

approaches have been suggested for in-vivo proton beam range verification. One technique is based on the detection of prompt- gamma (PG) rays 

originating from proton-nuclear interactions within the body. PG emission should not occur after the BP since the protons are expected to stop at this 

point. Hence, LIP has addressed efforts to develop a multi-slat collimated system oriented orthogonally to the beam direction in order to detect the 

PG rays that escape the patient with a direction perpendicular to the beam axis. Imaging these PGs leads to profiles correlated with the proton's range. 

However, neutrons produced during proton irradiation may interact with the patient and with the heavy structures inside the treatment room, including 

the multi-slat collimator, and produce secondary gamma rays that can mask the signal of interest. The number of neutrons increases as the 

proton energy increases, so the technique may be not suitable to assist in the irradiation of some anatomical regions, e.g. prostate irradiation, which 

requires protons with energies of the order of 200 MeV. 

The work reported here is a continuation of two previous studies. Cambraia Lopes et al. reported simulation results with a multi-slat collimated system 

designed to assist pelvic irradiations [1]. However, a perfect detector was used as particle detector. In addition, Morozov et al. presented a study 

where scintillator crystals were used as particle detector [2]. However, a proton beam of 130 MeV (i.e., typical energies used in head irradiations) was 

used to irradiate a homogeneous phantom. 

Materials & Methods 

In this work, Monte Carlo simulations were performed using the Geant4 toolkit, version 10.7.0. The QGSP_BIC_HP reference physics list was 

activated. As target, the NCAT phantom was used. A pencil- like, 200 MeV proton beam was shoot in the pelvic region of the phantom. The beam 

was divided in bunches of 310 protons with a period of 10 ns. The duration of each bunch had a FWHM time spread of 1 ns. A total of 0.93x108 

protons were simulated. As collimator, slabs of tungsten with 2.4-mm-thickness and 200-mm height, separated by 5.1 mm, were used. Cerium doped 

yttrium aluminum perovskite (YAP) crystals with 4.6-mm thickness and 30-mm length, surrounded by polytetrafluoroethylene (PTFE) encapsulation, 

were introduced between the collimator slabs. Distance between the collimator front-face and the beam axis was set to 250 mm. Self-made MATLAB 

routines were used to process the output data. 

Results 

Figure 1 shows the map of the deposited energy (color-coded) during a PT frame vs time from bunch and scintillator index obtained for 130 MeV (left) 

[2] and 200 MeV (middle, this work) irradiations. As it can 
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be seen, there is an increase in the background (slow components occuring after around 4 ns) as the proton beam energy increases. On the 

right, the obtained PG profile is shown. In these conditions, it is impossible to detect the distal edge fall-off of the proton beam. 

 
Figure 1: Map of the deposited energy during a PT frame for 130 MeV (left) [1] and 200 MeV (middle, this work) irradiations. Right: PG profile obtained 

directly from energy deposition in YAP crystals. 

 
The background level in the spatial profile (Figure 1, right) was reduced using two methods. The first one was to introduce a time-based discrimination. 

Then, only events coming between 2.5 and 3.5 ns were considered (Figure 2, left). The second method was to introduce event discrimination based 

on amount of deposited energy. As it can be seen in Figure 2 (right), accepting only events with energy higher than 750 keV allows to increase the 

difference between the region before and the region after the Bragg peak. Note that in the energy discrimination procedure, also the time window 

selection was applied. In all the profiles shown in Figure 2, a median filter with a span of 3 bins was applied. 

 

Figure 2: PG profiles obtained after time (left) and time and energy (rigth) discrimination. 

Discussion & Conclusions 

Using higher energies of the proton beam leads to increased production of neutrons and, consequently, larger background of PG-based profiles. 

Howewer, a good choice in the time windows of accepted events as well as in the event energy, allow the distal edge fall-off to be detected, even 

when considering the energy deposition in scintillator crystals. The next step will be to work on an algorithm that can extract the measured profile 

edge automatically. 
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Introduction 

Charged particle therapy has proven to be a promising option to conventional radiotherapy (X-rays) for treating tumors not only because of the 

superior dose conformality, but also for the higher Relative Biological Effectiveness (RBE). To fully exploit the advantages of ion therapy, it is necessary 

to reduce the uncertainties related not only to the physical dose delivered to the patient, but also to the estimation of the treatment biological effectiveness 

both on the target and on the organs at risk. While the spatial distribution of the physical dose can be improved via beam monitoring techniques, one way to 

reduce RBE uncertainties is to improve the description accuracy of the radiation field quality (particle species and kinetic energy), and the corresponding 

radiobiological effect. One approach employed to characterize radiation quality is microdosimetry, which studies the energy deposition at cell nucleus 

scale, and thus provides a natural link between the physical dose delivered by radiation and the induced biological outcome. Over the years, several 

models have been proposed to describe DNA damage formation and kinetics using microdosimetric quantities as inputs. One of the radiobiological models 

mainly applied in the clinics is the Microdosimetric Kinetic Model (MKM) [1, 4], which exploits microdosimetry to predict cell survival. Since the first 

formulation, the MKM has been extensively extended to account for several stochastic non-Poisson effects [4]. Thanks to the constant growth of the available 

computational resources, the superior accuracy of Monte Carlo calculations has become a key tool for predicting microdosimetric quantities and including 

microdosimetry in the clinical workflow. A microdosimetry-based formulation of radiation induced biological effects could be included in modern planning 

system to predict RBE, and achieve a biological- based treatment optimization. This works aims at providing a comprehensive toolkit for predicting cell 

survival and RBE with different radiobiological models all based on a microdosimetry. 

Materials & Methods 

This tool is based on TOPAS (TOol for PArticle Simulation) MC [2] for simulating particle transport in matter, and exploits the microdosimetric extension 

[3] for assessing the radiation field quality. Using as inputs microdosimetry quantities and the cell line parameters, the proposed TOPAS extension provides 

cell survival, RBE10 (at 10% cell survival) and RBES (RBE at variable cell survival) using different MKM formulations and the Generalized Stochastic 

Microdosimetric Model (GSM2) [5]. 

1) Stochastic MKM: the general formulation does not take into account the stochasticity of the specific energy z among different cells, that is the cause 

of large RBE variations, especially for high LET radiation. To provide a more general DNA damage formation description, the Stochastic MKM (SMKM) and 

Double SMKM (DSMKM) models were developed [6]. 

2) GSM2: it is a general probabilistic kinetic model that describes the evolution of radiation induced DNA damages based on the microdosimetric 

description of energy deposition in a cell nucleus volume [5,7]. This model provides a full mechanistic formulation, without introducing any a priori 

assumptions on the lesion distribution, allowing to accurately predict both high and low dose or LET regimes. 

Using as input the microdosimetric spectra predicted by TOPAS and radiobiological data, the extended TOPAS version calculate the cell survival, RBE10 

and RBES with the radiobiological models described above. In addition, we implemented two irradiation regimes: split-dose and protracted continuous 

irradiation [5,7]. While the former models the kinetics of lethal damages on a cell domain exposed by two macroscopic doses separated by a time interval, 

the latter consider a constant dose rate. 

Results 

Radiation quality assessed with TOPAS microdosimetric extension will be used as the physical input to estimate cell survival, RBE10, RBES and cell 

survival with all MKM versions and with GSM2. We will demonstrate the potential of the new tool, by simulating different types of therapeutic ions (e.g. 

p, 4He, 12C, 16O) and calculating the radiobiological quantities both in- and out-of-field. Furthermore, we will discuss how the new TOPAS extension is an 

effective tool for calculating the variability of biological effectiveness in case of different dose rate irradiations. 

Discussion & Conclusions 
The proposed TOPAS extension is the first tool able to estimate the RBES based on a microdosimetric characterization of radiation quality. TOPAS first 

microdosimetric extension provided a powerful tool to score microdosimetric spectra, but offered only an RBE10 estimator based on a single MKM 

formulation and biological weighting function. Starting from the same physical input, our toolkit calculates RBES and cell survival from all MKM 

formulations and GSM2. The user can easily benchmark all the microdosimetric-based RBE models available in literature at different irradiation 
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scenarios (e.g. in-field and out-of-field). Being the novel extension based on TOPAS framework, the user can switch from the microscopic to the 

macroscopic description of radiation quality, exploiting the LET-based scorers already implemented in the code. 
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Introduction 

Radiopharmaceutical therapy (RPT) is based on the use of radiolabeled agents affine to antigens overexpressed in tumor cell environments. This type of 
treatment has the potential to improve outcomes for oncologic patients due to its ability to concentrate radiation in a small environment around the 
tumor. This phenomenon is based on the much higher linear energy transfer (LET) of the α emissions compared to β emissions (considering source 

radionuclides as 211At, 212Bi, 225Ac, etc.). Additionally, the range of α emission is considerably shorter than the range of β emission (in the order of μm 
vs mm) allowing a very localized delivery of energy to tumor cells. Interestingly, microdosimetry can help characterizing physical properties of α-particles 
to fully take advantage of the mentioned features. 

Previous works have explored this field, studying how the probability density function or the mean value of microdosimetric quantities can be affected 
by different parameters, such as the radius of the nucleus of cells or the dose absorbed [1], [2]. In this work, we studied how the displacement of the nucleus 
cells from its central position affects the microdosimetric quantities. 

Previously, Bertolet et al. [1] developed an analytical algorithm upon which microdosimetric quantities (yF, yD, zF, zD) were calculated for spherical nuclei 

concentric with spherical cells whose membrane acted as uniform source. Besides exploring the influence of the eccentricity of the nucleus using Geant4, 
the analytic model was tested under these conditions. 

Materials & Methods 

To obtain the relation between the average microdosimetric quantities and the position of the nucleus cell, Monte Carlo simulations were run using the 

Geant4 toolkit [3] with its extension Geant4-DNA [4]. In these simulations, alpha particles are launched from a point source of 211At placed in the cell 

membrane, with emission energy spectrum composed by 42% of 5.87 MeV and 58% of 7.45 MeV. In order to simulate a source uniformly distributed 

in the cell membrane, the position was sampled uniformly for each history, considering only directions within an emission cone directed towards the 

nucleus. The reason for including this emission cone and not any arbitrary direction from each point, was to improve the code efficiency, as in this study 

we are considering only direct irradiations to the nucleus. The geometry of the simulation is shown in Figure 1 (left), and the results are shown in Figure 1 

(right). 

As a consequence of shifting the nucleus cell away from the center, the spectrum of particles reaching the nucleus becomes wider because the range of 

distances between source and nucleus becomes larger. The influence of this variation on the specific energy and the lineal energy into the nucleus have 

been studied. In addition, the results obtained by the analytical method and the Geant4 simulations were compared. 
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Results 
 
 
 
 
 
 
 

 
 
 
 
 
  
Figure 1: Left: Simulation geometry schedule. 𝑟𝑐  and 𝑟𝑛  correspond to the cell radius, and the nucleus radius respectively. Right: Results for  � ̅�̅� ̅, � ̅�̅� ̅, � ̅ ̅

̅
𝐷 ̅ 

and �̅�̅� ̅ as a function of the position nucleus relative to 

the cell radius, both using analytical calculations and the Geant4-DNA simulations. 

Discussion & Conclusions 

Our preliminary results show that the analytical method to calculate the average values of the microdosimetric quantities agree reasonably well with 

the Geant4 simulations, even when the cell nucleus is displaced. Furthermore, our study shows that the position of the nucleus cell does not significantly 

affect the average microdosimetric quantities. In the future, studies on the influence of geometric parameters (nucleus radius or cell shape) on the 

microdosimetric framework can be done. 
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Boron neutron capture therapy (BNCT) is a hybrid radiation therapy in which to a patient is administered a pharmaceutical labeled with boron-10 

isotope and then subsequently treated with a beam of epithermal neutrons. A boron-10 atom has a high probability for capturing a thermalized 

neutron via the B-10 + n -> alpha + Li-7 + gamma reaction in which the alpha and lithium ions deposit their kinetic energy within a few micrometers of 

the interaction, i.e. an intracellular dose deposition is achieved. Consequently, if the boron-10 labeled pharmaceutical has a high enough uptake by 

tumor cells, they can be destroyed with this therapy, and the healthy tissue is subjected to relatively low doses arising mostly from photons. 

To study the radiobiologic effect of the BNCT therapy in cells, a Monte Carlo (MC) simulation based on GEANT4 has been developed at the Helsinki 

University Hospital. The simulation includes the transport and the dose deposition calculation of a BNCT neutron beam together with the various 

secondary particles produced. The beam is directed onto a cell culture plate in which the simulation of secondary particles is conducted in a region of 

interest with the microdosimetry extension GEANT4-DNA. 

This presentation includes the in-silico validation of the developed simulation code. The simulated neutron and photon fluence are compared to those 

obtained with MCNP5. Good agreement is found both along the beam direction and transverse to it. The simulated stopping power and the range of 

the microdosimetry extension are compared for electrons, protons, alphas, and lithium ions against ICRU-90 and/or the SRIM MC code. Good 

agreement between GEANT4 and the reference curves are found down to a length scale of about 300 nanometers. 

The therapeutical window of the BNCT treatments depends on the ratio of the boron-10 labeled pharmaceutical uptake in a tumor compared to the 

uptake in healthy tissue. This ratio depends on both the type of tumor cells as well as the used pharmaceutical. Consequently, cell irradiation tests 

and their computational prediction discussed in this presentation are a corner stone for researching and commissioning more specific boron carrier 

molecules as well as allowing BNCT therapy of tumor types which are thus far incurable with other treatment types. 
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