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The role of Monte Carlo simulations in the characterization of
diamond integrated devices for hadrontherapy

Author: Lucrezia Bianchi1

1 University of Roma Tre

Corresponding Author: lucrezia.bianchi@roma3.infn.it

The fast development of new radiation therapy techniques led to a common goal: decreasing the
absorbed dose to healthy tissues without compromising the prescribed target coverage. The only
conventional dosimetry is not enough for a comprehensive characterization of clinical radiation
beams because the absorbed dose is a macroscopic average quantity, while the biological effects of
particles are related to the pattern of radiation interactions in the micrometric scale. DIODE project
deals with the development and test of a novel detection system based on synthetic single crystal
diamond able to perform simultaneously hadron therapy dosimetry and microdosimetry. Monte
Carlo simulation plays a crucial role in the characterization of these devices as it permits to predict
response in terms of dosimetric and microdosimetric quantities. Through the comparison between
the simulation with the experimental data acquired, it will be possible to understand limits and
abilities of those new devices.

2

Precision of the positron emission activity range during irradia-
tion with radioactive carbon and oxygen beams
Author: Peter Dendooven1

Co-author: BARB Collaboration 2

1 PARTREC, Department of Radiation Oncology, University Medical Center Groningen
2 GSI Helmholtzzentrum für Schwerionenforschung, Biophysics, Darmstadt, Germany

Corresponding Author: p.g.dendooven@umcg.nl

Range verification during heavy ion therapy by means of positron emission tomography (PET) of
positron emitting projectile and target fragments has a long history. Presently, stable ions are used,
most often carbon ions, for which the PET activity peak only roughly matches the Bragg peak and
PET counting statistics is low. These issues can be mitigated by using a short-lived positron emitting
ion as therapeutic beam.
We will report on recent studies to determine the precision with which PET can measure the range
of positron-emitting C-11, C-10, O-15 and O-14 beams implanted into homo-geneous PMMA phan-
toms [1,2]. For comparison with stable ion beams, measurements with C-12 and O-16 beams were
performed as well. The experiments were performed at the FRS fragment-separator facility of GSI
Helmholtzzentrum für Schwerionenforschung GmbH, Germany within the BARB project [3]. De-
tailed results will be presented, showing that the range uncertainty is fully determined by the PET
counting statistics. For the same number of ions, an isotope with a shorter half-life thus allows
to reach a certain uncertainty within a shorter time, opening the prospect of quasi-real-time range
verification. Amongst the investigated isotopes, C-10 is therefore favoured. However, considering
technical aspects of producing beams of therapeutic quality, O-15 is the most feasible candidate
among positron emitters of carbon and oxygen for quasi-real-time in-beam range monitoring in ion
beam therapy.
Thisworkwas supported by the ERCAdvancedGrant 883425 (BARB) and the Justus-Liebig-Universität-
GSI strategic Helmholtz partnership agreement. Themeasurements were performed within the FAIR
Phase-0 program.
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Faster and accurate: probing the biochemical stage of radiation
damage with the new TRAX-CHEMxt code
Author: Gianmarco Camazzola1

Co-authors: Alexander Dorn 2; Daria Boscolo 3; Emanuele Scifoni 4; Marco Durante 5; Martina Fuss 6; Michael
Krämer 3; Valentino Abram 7

1 GSI Helmholtz Centre for Heavy Ion Research, Max Planck Institute for Nuclear Physics, Heidelberg University
2 Max Planck Institute for Nuclear Physics
3 GSI Helmholtz Centre for Heavy Ion Research
4 Istituto Nazionale di Fisica Nucleare
5 GSI Helmholtz Centre for Heavy Ion Research, Technical University of Darmstadt
6 EBG MedAustron
7 University of Trento

CorrespondingAuthors: dornalex@mpi-hd.mpg.de, g.camazzola@gsi.de, emanuele.scifoni@tifpa.infn.it, m.durante@gsi.de,
d.boscolo@gsi.de, m.kraemer@gsi.de, martina-christina.fuss@medaustron.at, valentino.abram@unitn.it

In latest years, new interest has grown in exploring the chemical effects of ionising radiation. The
radical production modelled with Monte Carlo algorithms can provide useful insights but is limited
to the microsecond time scale. To extend the range of predictability of the simulations up to the
biochemical stage, TRAX-CHEMxt has been implemented. Its predictions have been compared to
experimental data and already benchmarked codes on appropriate scales. A three orders of mag-
nitude increase in computing efficiency is achieved, covering meanwhile six additional orders in
simulated time, up to 1 s. Moreover, it demonstrated that high LET radiations cannot be treated
with algorithms conceived for low LET ones, based on the hypothesis of full homogeneity at 1 µs.
TRAX-CHEMxt will be applied to study the impact of radiation-induced radicals on the biological
environment (i.e. biomolecules and oxygenation), as a function of beam quality, energy, LET and
dose-rate.

4

Real-time in vivo range verification using N-12 imaging based on
the new Monte Carlo framework for proton therapy
Author: Zahra Ahmadi Ganjeh1

Co-authors: Brian Zapien-Campos 1; Stefan Both 2; Peter Dendooven 1

1 Particle Therapy Research Center (PARTREC), Department of Radiation Oncology, University Medical Center Gronin-
gen, University of Groningen, the Netherlands

2 Department of Radiation Oncology, University Medical Center Groningen, University of Groningen, the Netherlands

CorrespondingAuthors: s.both@umcg.nl, b.h.zapien.campos@umcg.nl, p.g.dendooven@umcg.nl, z.ahmadiganjeh@umcg.nl
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Purpose: The RIVER (Real Time in Vivo Verification of Proton therapy) project will make a major
step towards translating N-12 (half-life of only 11 ms) real-time verification for proton therapy to the
clinic. We will have determined its accuracy under clinically realistic circumstances, established its
potential clinical benefit in terms of reduced complications for head-and-neck cancer patients, and
determined its optimal implementation. Ultimately, this will allow optimal radiotherapy treatment
plan design and increase the number of patients benefiting from proton therapy. The N-12 imaging
is validated using irradiation of homogeneous and heterogeneous phantoms.

Methods: The distribution of N-12 and other, longer-lived, positron emitters such as O-15 and C-11,
from the RayStation output for PMMA, graphite, and head phantomswere used as the input of GATE
simulations. The simulated PET scanner is the dual-panel version of a Siemens Biograph mCT PET
scanner available in-house.
The irradiation plan consisted of pulsed pencil-beam spots of 120 MeV protons. The irradiation time
in PMMA, graphite, and head phantoms was 300 s, 60 s, and 60 s, respectively. The N-12 images were
calculated by subtracting the late image (time window from 50-94 ms in the beam-off periods) from
the early image (from 4-49 ms), after scaling with the time window width. The experimental and
simulation setups of the CIRS 731-HN anthropomorphic head phantom and PET scanner are shown
in Fig. 1.

Fig. 1. A) Experimental setup showing the head phantom between the PET scanner panels. B) A CT
image of the head phantom is imported into a custom-modified research version of the RayStation
treatment planning system. C) GATE simulation setup based on the experimental setup.

Finally, the measured and simulated N-12 images were compared. The production range for N-12
and long-lived isotopes was determined as the point where the N-12 production decreases to 50% of
its maximum, which was found by a sigmoidal fit on the cumulative profile.
Results: The N-12 production range for PMMA and graphite phantoms shows a good agreement
between simulation andmeasurement, withmeasurement values of 94.9±0.3mm and 69.78±0.29mm,
and simulation values of 94.6±0.3 mm and 70.51±0.26 mm for PMMA and graphite, respectively. The
N-12 activity induced in the head phantom shows good agreementwith results based on the validated
framework. The production range values were at 102.9±3 mm and 103.4±1.2 mm for measurement
and simulation, respectively. This is promising for measuring the proton range in real-time in vivo
range verification. Due to the large positron range blurring for N-12, its lateral width of a pencil
beam image is 4 times larger than that of long-lived isotopes, which is another interesting result
from this study.
Conclusion: A Monte Carlo framework based on RaySation/GATE was developed to calculate the
N-12 images. The framework was validated by comparison with experiments. Our findings can be
a significant step towards translating N-12 real-time in vivo verification to the clinic.

Keywords: Proton therapy, N-12 imaging, RayStation, Monte Carlo simulation.

5

“IN VITRO SPARING EFFECT OF ULTRA HIGH DOSE RATE RA-
DIOTHERAPYONHPV-NEGATIVEHEADANDNECKSQUAMOUS
CARCINOMA”
Authors: Noemi Giannini1; Patrizia Sarogni2; Damiano Del Sarto3; Fabio Di Martino3; Valerio Voliani2; Fabiola
Paiar1

Co-authors: Agata Zamborlin 4; Alessandra Gonnelli 5; Giovanni Gadducci 1; Jake Pensavalle 3; Luca Masturzo 3;
Marco Montefiori 3; Stefano Ursino 1; Taiusha Fuentes 1; Valentina Frusca 6

1 University of Pisa, Unit of Radiation Oncology, Pisa University Hospital ”Azienda Ospedaliero-Universitaria Pisana”
2 Center for Nanotechnology Innovation@NEST, Istituto Italiano di Tecnologia
3 Unit of Medical Physics, Pisa University Hospital ”Azienda Ospedaliero-Universitaria Pisana”
4 Center for Nanotechnology Innovation@NEST, Istituto Italiano di Tecnologia, Scuola Normale superiore
5 Center for Nanotechnology Innovation@NEST, Istituto Italiano di Tecnologia, Unit of Radiation Oncology, Pisa Uni-

versity Hospital ”Azienda Ospedaliero-Universitaria Pisana”
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6 Center for Nanotechnology Innovation@NEST, Istituto Italiano di Tecnologia, Scuola superiore Sant’Anna

Corresponding Author: noemi.giannini@yahoo.com

Aims:
Ultra high dose rate (FLASH) radiotherapy (RT) has experimentally highlighted the possibility of
increasing the therapeutic window in vivo models. Concerning head and neck cancers, due to the
complex anatomy of the region, several critical structures in and around the area receive radiation
treatment. Reducing the incidence and severity of damage to surrounding noble organs could enable
the intensification of RT enhancing the probability of tumor control. However, the results from in
vitro studies are mixed and the biological mechanisms underlying FLASH-RT remain unclear. The
purpose of this study is to compare the effect of FLASH and CONV-RTmodalities on Human Dermal
Fibroblast (HDF) and Human Oral Squamous Carcinoma (SCC-25) cells viability at increasing doses
of radiation.
Methods:
HDF and SCC-25 were irradiated with doses ranging from 4 to 16 Gy using FLASH (average dose
rate >200 Gy/s) or CONV dose rates (7 Gy/min), with a 10 MeV electron beam from Sordina Low
energy Electron LINAC. Irradiation was delivered under normoxic conditions at room temperature
with the plates lying flat on 1 cm of solid water and irradiated from beneath (beam angle 180 de-
grees). HDF cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), while SCC-25 cells
in a mixture of DMEM and Ham’s F12 medium (1:1). The medium was supplemented with 10% fe-
tal bovine serum (FBS), 1% L-glutamine, sodium pyruvate, and penicillin-streptomycin. For SCC-25
medium, 400 ng/mL of hydrocortisone was also added. The cells were maintained at 37℃ in a hu-
midified incubator with 5% CO2 atmosphere. MTT assay was performed after 24 h, 72 h, 6 and 8
days to explore cell viability.

Results:
Cell viability was more marked in HDF FLASH-RT group at 8 days after irradiation with lower
doses. Both CONV and FLASH irradiation showed a late cytotoxic effect on SCC-25 cells, resulting
in a significant decrease in viability to 50% within 6 days.
Conclusions:
Our preliminary experimental evidence points to a protective effect of FLASH-RT on HDF cells with
iso-effecacy on cancer cells.

6

Hadrontherapy at CNAO
Corresponding Author: mario.ciocca@cnao.it

7

Positron emitting Radioactive ion beams for simultaneous treat-
ment and imaging.
Corresponding Author: d.boscolo@gsi.de

8

Preclinical studies with radioactive ion beams: the BARB project

Corresponding Author: t.vitacchio@gsi.de
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Corresponding Author: p.g.dendooven@umcg.nl
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Corresponding Author: friedemann.werner@uni-luebeck.de
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Corresponding Author: lucrezia.bianchi@roma3.infn.it

18
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ation as a possible treatment for Alzheimer’s disease
Corresponding Author: valeria.pascali01@universitadipavia.it
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Corresponding Author: setareh.fatemi@pv.infn.it

24

Uncertainty quantification in tumor segmentationusingBayesian
Neural Networks
Corresponding Author: elisa.scalco@itb.cnr.it

25
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Corresponding Author: christopher.kurz@med.uni-muenchen.de
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Corresponding Author: p.zaffino@unicz.it

27

SYNCT: PET driven SYNthetic control CT generation for treat-
ment monitoring in proton therapy.
Corresponding Author: pietro.carra@pi.infn.it
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Introduction to FLASH therapy.
Corresponding Author: giuseppina.bisogni@pi.infn.it
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30
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Corresponding Author: marco.battestini@unitn.it
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Corresponding Author: g.camazzola@gsi.de
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33
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36

MonitoringUltraHighDoseRate electron beamswith silicon sen-
sors: preliminary results
Corresponding Author: elisabetta.medina@edu.unito.it

37

Scintillator-based dosimeters for FLASH radiotherapy
Corresponding Author: esther.ciarrocchi@pi.infn.it

38

Technological challenges for dosimetry in FLASH radiotherapy

Corresponding Author: giuliana.milluzzo@ct.infn.it

39

Dosimetric study of lung modulation and motion effects in car-
bon ion therapy for lung cancer
Authors: Maria Chiara Martire1; Olga Sokol2; Kilian Baumann3; Klemens Zink4; Christian Graeff5

1 Biophysics, GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany; Department of Electrical Engi-
neering and Information Technology, Technical University of Darmstadt, Germany

2 Biophysics, GSI Helmholtzzentrum für Schwerionenforschung , Darmstadt, Germany
3 Philipps-University Marburg, Germany
4 University of Applied Sciences Giessen, Germany; Institute of Medical Physics and Radiation Protection
5 Biophysics, GSI Helmholtzzentrum für Schwerionenforschung , Darmstadt, Germany; Department of Electrical En-

gineering and Information Technology, Technical University of Darmstadt, Germany

Carbon ion therapy has the potential to deliver the most effective treatment for non-small cell lung
cancer (NSCLC) patients. Nevertheless, motion related uncertainties and lung tissue heterogeneities
can highly jeopardize the dose distribution.
In particular, lung tissue microstructures are responsible for the modulating effect, resulting in the
broadening of the Bragg curve, and thus in an increased dose in the distal fall-off and a lower target
dose (Fig.1 a,b). By implementing the modulation mathematical model in the treatment planning
system TRiP98, it is possible to predict and compensate both for physical and biological dose degra-
dation. With carbon ions, because of the fragmentation spectra, linear energy transfer (LET) and
relative biological effectiveness (RBE) maximum shift in depth, which might lead to an increased
normal tissue toxicity behind the target (Fig.1 c,d).
This effect will be studied experimentally in cell survival experiments, for which plans are presented.
Treatment planning studies will investigate the potential clinical impact as well as compare it to mo-
tion related dose degradation

40
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Optimisation and setup for quantitative in vitro/vivo experiments
with low energy UHDP electron in FLASH RT
Author: Luigi Masturzo1

1 Università di Pisa

Corresponding Author: luigi.note.masturzo@gmail.com

The emergence of Ultra-High dose-per-pulse (UHDP) pulsed beams, capable of inducing the Flash
effect, has garnered substantial scientific interest. This radiobiological phenomenon presents a po-
tential breakthrough in clinical applications by minimizing healthy tissue side effects while ensur-
ing efficacy against tumors. The journey toward clinical implementation of FLASH treatments in-
volves several steps. Firstly, specialized linear accelerators like the ElectronFlash, installed in Pisa,
are essential, requiring modification of specific beam parameters. Secondly, precise dose monitor-
ing is critical. Current dosimeters, especially ionization chambers, are inadequate for UHDP regi-
mens, prompting exploration of new dosimeters. The third step involves conducting quantitative
in vitro/vivo radiobiological experiments. These experiments provide crucial insights into Flash
effect-triggering parameters, emphasizing the need for accurate dosimetric setups. In particular,
in vivo experiments necessitate dedicated Treatment Planning Systems for optimized internal dosi-
metric distribution, integrated positioning, centering and imaging systems and dose calculation sta-
tion.

41

New image reconstruction approach for in-vivo range verifica-
tion of multiple field carbon ion treatments bymeans of in-beam
PET system
Authors: Davide Bersani1; Elisa Fiorina1

Co-authors: Maria Giuseppina Bisogni 1; Pietro Carra 1; Piergiorgio Cerello 1; Mario Ciocca 2; Veronica Ferrero
1; Martina Moglioni 3; Francesco Pennazio 1; Magdalena Rafecas 4; Sahar Ranjbar 5; Giancarlo Sportelli 1; Viviana
Vitolo 2; Julius Werner 4

1 Istituto Nazionale di Fisica Nucleare
2 Fondazione CNAO
3 Università di Pisa
4 Institute of Medical Engineering, Universität zu Lübeck
5 Università di Torino

CorrespondingAuthors: mario.ciocca@cnao.it, giuseppina.bisogni@pi.infn.it, elisa.fiorina@to.infn.it, davide.bersani@pi.infn.it,
friedemann.werner@uni-luebeck.de, giancarlo.sportelli@pi.infn.it, m.moglioni@studenti.unipi.it, veronica.ferrero@to.infn.it,
pietro.carra@pi.infn.it, francesco.pennazio@to.infn.it, piergiorgio.cerello@to.infn.it

In-beam PET is one of the most advanced non-invasive techniques for in-vivo range verification in
particle therapy.
Following the promising results of proton therapy monitoring within the INSIDE clinical trial (Clin-
icalTrials.gov NCT03662373), a novel PET image reconstruction approach was developed for carbon
ion beams, which suffer a severe reduction of positron emitters.
Since most of the activity is related to 11C isotopes from projectile fragmentation, most of the
positron emitters decay in the Clinical Target Volume, which is always included in the PET field
of view. Therefore, the new proposed method aims to reconstruct multiple field irradiations in a
single PET image to gain statistical significance and image quality.
The reconstruction relies on a Maximum Likelihood Expectation Maximization algorithm and a
patient-tailored response model.
A Voxel-Based Morphometry method was applied to PET images simulated on CT scans of patients
where morphological changes occurred, proving the possibility of detecting them. The analysis of ex-
perimental images and the integration with the Dose Profiler measurements are in progress.
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