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Abstract This report provides an overview of the health-related activities within IN2P3, along with their
future prospects, following the agenda planned for the IN2P3 Scientific Council meeting in July 2025. It
begins with a general overview of health activities, highlighting in particular their organization within the
GDR MI2B and the Master Projects currently under development. This is followed by the three thematic
areas: “Hadrontherapy”, “New Approaches in Radiation Therapy”, and “Instrumental and Numerical Devel-
opments”. We have made a point of emphasizing the links between the activities described in the sections
“Hadrontherapy” and “New Approaches in Radiation Therapy” and the associated technical developments
detailed in the final section, “Instrumental and Numerical Developments”.
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1.1 Introduction

The growing convergence between nuclear physics and biomedical sciences is opening new and promis-
ing avenues for addressing major health challenges. Within this context, the IN2P3 (Institut National de
Physique Nucléaire et de Physique des Particules) plays a signi cant role in developing interdisciplinary
approaches.

This chapter presents a comprehensive overview of the scienti ¢ efforts conducted within IN2P3 in
the eld of Health, focusing on the interdisciplinary framework provided by the GDR MI2B (Groupe de
Recherche — Nuclear Methods and Tools for Cancer Research). The rst sections are dedicated to identify-
ing key scienti ¢ challenges such as the development of innovative radiotherapies, advances in biomedical
imaging, modeling approaches for radiobiology, the use of radionuclides, and the physicochemical charac-
terization of radiation-matter interactions.

These challenges are followed by a detailed presentation of the main research projects and activities
currently underway, supported by human and nancial resources mobilized for their realization. In addition,
this chapter highlights scienti ¢ output through international collaborations, publications and PhD defenses,
demonstrating the vitality and academic productivity of the eld.

The latter part of the chapter is devoted to the role of the GDR MI2B as a structuring tool for coordination,
collaboration, and scienti ¢ animation. It also outlines the current deployment of Master Projects (MPs)
across various Health-related topics such as hadrontherapy, FLASH therapy, targeted radiotherapies, and
the development of radionuclides for both diagnostic and therapeutic purposes.

Through this multi-dimensional analysis, the chapter aims to provide a clear picture of the strategic
scienti ¢ positioning of IN2P3 in the Health sector and its contributions to advancing medical innovation
through nuclear science.

1.2 Radiation physics for Health

The research activities follow four main axes: imaging, radiobiology, radiotherapy and radionu-
clides.

The CNRS is widely involved in life-sciences research. IN2P3 contributes signi cantly to this effort with
11 laboratories, around 75 permanent researchers and 60 PhDs and post-docs involved (average num-
ber over the past decade 2015 - 2024). Within this frame, the research teams carry out a wide variety
of activities that share a common goal: the use of ionizing radiation to observe and understand living or-
ganisms and use this radiation notably for therapeutic purposes (e.g. in the ght against cancer). These
activities rely on the unique skills of the teams and services of the IN2P3 laboratories: on the modelling of
fundamental interactions between the elementary constituents of matter and the biological environment, on
the production of beams and radionuclides, and on the associated instrumentation for radiation detection
(imaging) and monitoring (dosimetry). Several teams of biologists and clinicians have joined IN2P3 labora-
tories (e.g. LP2IB in Gradignan, IP2l in Lyon, LPC in Clermont-Ferrand and Caen, IPHC in Strasbourg...)
and reinforce the available expertise to conduct relevant research related to health. All research projects
are today brought together in a single IN2P3-research program, entitled "Innovative Nuclear Techniques for
Health (INTH)”.

Regarding imaging , the main achievements include preclinical molecular imaging and portal clinical
imaging, new techniques for X-ray, gamma-ray and particle imaging: photon counting, time-of- ight Positron
Emission Tomography (ToF-PET) and Single Photon Emission Tomography (SPECT) including Compton
imaging, proton radiography, and novel approaches for quantitative reconstruction.

Radiobiology activities are dedicated to the development of tools and methods for biological data
acquisition within a network of national irradiation facilities, and to the development of biophysical models
to understand and predict the effects of irradiation, in relation to clinical applications.



Radiotherapy-related activities aim at opti-
mizing the therapeutic ef ciency, by means of beam
monitoring, dose control and prediction. In par-
ticular, new challenges have raised during the
last decade, concerning radiation delivery modes
(FLASH therapy, Targeted therapies, and various
ions for particle therapy). Online control and ap-
propriate evaluation of the physical dose require in-
novative instrumentations and models.

Last, radionuclide research activities have
emerged with the launch of ARRONAX, CYRCE,
Ganil, 1JClab and other platforms outside IN2P3
in particular for the production of new radiotracers,
and study of their use for imaging and/or therapy.

The IN2P3 teams'activities are part of the na-
tional GDR MI2B (Nuclear Tools and Methods
for Cancer Treatment, formerly Instrumentation
and Modeling for Biomedical Imaging) under
CNRS governance . The MI2B Research Group
(GDR MI2B) was created in 2004 at the initiative
of IN2P3, with the aim of clearly identifying in-
terdisciplinary research within the Institute. Since
then, it has been structured around scienti ¢ di-
visions, and now extends beyond the bound-
aries of IN2P3, with the participation of labora-
tories from CNRS-Biologie (with its deputy director), CNRS-Informatique, CNRS-Ing énierie, CNRS-
Physique, and Inserm, the National Institute for Medical Research. Connections also exist with
societies such as the French Society of Medical Physics (SFPM) and the French Society of Radia-
tion Biology (SFBR) .

Locally, teams are part of University division, Labex (PRIMES, IRON), IDEX, EQUIPEX (RECHadron).

Figure 1.1: IN2P3 laboratories involved in interdisci-
plinary research

1.2.1 Scienti c challenges

The wide range of scienti ¢ expertise of IN2P3 research teams makes possible to meet major chal-
lenges covering the elds of physics for innovative radiotherapies, biomedical imaging, models and meth-
ods for radiobiology and medicine, and radionuclides for imaging and radiotherapy.

1.2.1.1 Physics for innovative radiotherapies

The main objective is to infer new irradiation modalities in order to improve the therapeutic ef ciency of
radiotherapy, and develop related tools for dosimetry and treatment control.

The challenges addressed by novel radiotherapy modalities are connected to:
temporal fractionation (FLASH irradiation) and associated radiobiology;
spatial fractionation: micro- and mini-beams and associated radiobiology (Micro or Mini Beam Radi-
ation therapy);
tumour targeting and dose optimization: targeted radionuclide radiotherapy, ballistic precision in
hadrontherapy, neutron-capture therapy, radio-sensitising nanoparticles, radioactive ion beams;
the radiation quality: France will propose a unique offer for various irradiation modalities: protons and
light ions (in particular carbon), photons from synchrotron X-rays to high-energy, pulsed beams of



very high energy electrons, alpha- and beta-radioisotopes, neutron sources. Each of these modalities
presents challenges for radiobiology and for a versatile dosimetry;

the prediction of the radiobiological effectiveness of radiation through multi-scale simulations and
models: Geant4 and their dedicated toolkits Geant4-DNA and GATE, biophysical models as NanOx;
the need for online, and possibly real-time control of the treatment quality;

the development of strategies for patient-data based models for personalized treatment ef ciency
modelling;

the acquisition of nuclear data to improve the precision of the effective dose during hadrontherapy
treatments.

Such questions are addressed worldwide. IN2P3 teams are strongly involved in the ENLIGHT European
network (European Network for LIGht ion Hadron Therapy coordinated by CERN) for ion therapy, and par-
ticipate in the newly emerging International Biophysics Collaboration. There is a favorable national context
with irradiation facilities favoring a research organization including clinicians, biologists, instrumentalists,
physicists, imaging scientists. . .

1.2.1.2 Biomedical imaging

Imaging in medicine is nowadays an essential tool in the diagnosis, interventional medicine and follow-
up of patients towards an increasingly personalized medicine. Research in the eld aims at improving
existing techniques (e.g. using scintillators and photosensors, by improving detection, acquisition and
reconstruction strategies), or developing innovative ones, by exploiting the expertise acquired in core-
experiments of the Institute.

At the international level, technological developments in PET imaging aim at increasing the eld of view
of cameras, improving time-of- ight measurement and measuring the depth of interaction in crystals to
improve the image reconstruction. Various teams at IN2P3 are bringing important impact on improving
the sensitivity and reducing the doses received by patients in clinical and preclinical PET and SPECT
scans, or by innovative 3-gamma imaging (XEMIS). The search for better coincidence time resolution (CTR)
in PET, will improve the signal-to-noise ratio, and ultimately allow a direct 3D volume representation of
the distribution of a radiopharmaceutical activity at the millimeter level. Compton imaging can improve
detection ef ciency with respect to conventional SPECT cameras, which deserves further investigation. A
positron probe (MAPSSIC project) for functional imaging of the brain of vigil rats answers both challenges
of dose reduction and miniaturization: it will provide pharmacological and physiological information related
to neuroscience by combining behavioral analysis and imaging in free-moving rodents.

The developments of new imaging techniques result in most cases from local collaborations. The
ClearMind project has been dedicated to improving the CTR of PET detectors. France has also participated
in the European FAST (Fast Advanced Scintillator Timing) action on costs, and part of the R&D carried out
in this area was discussed within the CERN Crystal Clear collaboration, which involves a number of French
laboratories, including the CPPM at IN2P3.

1.2.1.3 Models and methods for radiobiology and medicine

The study of the mechanisms involved in the interactions of ionizing radiation with the biological medium
remains a major challenge in current radiobiology, particularly in the context of studying new approaches
in radiation therapy, but also for space radiation protection purposes.

Signi cant efforts are made at IN2P3 to develop tools, methods, models and simulations to help biolo-
gists in their quest to understand the effects induced by ionizing radiation on living matter. Over the past
years, modalities of action were based on two topics: (i) the acquisition of physical, chemical and biological
data, with common protocols but under multiple conditions (dose delivery mode, environment, cell lines);



(ii) the development of biophysical models to synthesize, understand and predict the effects as a function
of irradiation (dose, particle, energy, dose rate), in individuals or cell lines.

Radiation biology experiments are deeply transdisciplinary and require access to ion beams, electron
beams (VHEE - Very High Energy Electrons), Laser Plasma accelerators ... for experimentation on cells
and even more on animals with dedicated facilities:

for light ions, access to research platforms at Bordeaux (AIFIRA), Orsay (ALTO), Nantes (AR-
RONAX), Strasbourg (PRECY), and clinical platforms such as Nice and Orsay (Institut Curie); for
carbon ions at GANIL (Caen, cells only), CNAO (Italy, cells and animals) and NIRS (Japan, cells and
animals); complementary reference irradiations with X-rays are performed via long-term collabora-
tions between IN2P3 and local medical facilities (Bordeaux, Caen, Grenoble, Lyon, Nantes, Nice,
Orsay, Strasbourg, ...);

Several national and international initiatives for coordination are emerging with ongoing (CAL, CNAO,

ASNR) or planned framework agreements (Inserm):
the International Biophysics Collaboration through the future availability of the FAIR accelerator at
GSI, in coordination with European facilities. In this context, the European Space Agency (ESA) wants
to complete nuclear databases for space, through especially the IBER (Investigations into Biological
Effects of the Radiation) project, in collaboration with the GSI Biophysics department. The FOOT
(FragmentatiOn Of Target) collaboration is planning to measure cross-sections of interest for space
and hadrontherapy at low energies. Complementary beam-time for hadrontherapy may be available
when the carbon and light-ion beams of ARCHADE (C400) will be accelerated. Coordination of
experimental efforts, data evaluation, model improvements and clinical/radioprotection applications
will be undertaken.
for simulation an international collaboration has developed the rst toolkit for early DNA damage
prediction — the Geant4-DNA toolkit — which is fully open-source and seamlessly integrated into the
general-purpose Monte Carlo platform Geant4. Additionally, GATE, also built on Geant4, provides
advanced simulation tools for medical imaging, radiotherapy, and radiation physics.
At the national level, IN2P3 supports irradiation facilities through their networking thanks to their
complementary and original performances (AIFIRA, ALTO, ARRONAX, CYRCE); in addition, IN2P3
will follow in details the developments around ARCHADE center (carbon and light ion beams up to
400 MeV/u).

1.2.1.4 Radionuclides for imaging and radiotherapy

The theranostic approach aims at developing personalized treatments based on the vectorization
of nuclear medicine probes to address new targets by using vectors (e.g. peptides, antibodies, etc.)
carrying radiation emitting isotopes (alpha, beta, positrons, Auger electrons) used for therapy (e.g. Lu-
tathera developed by the AAA company, which combines %8Ga for imaging and 77 Lu for therapy). It is then
interesting to develop combinations of pairs or triplets of isotopes allowing to combine therapy with low /
high Linear Energy Transfer (LET) radiation emitters and imaging with positron / gamma ray emitters. This
implies to develop new radioisotopes with high purity and to produce those in large quantities. For this,
one needs to develop high-power, high-intensity target systems for beam irradiations.

French teams are involved at ARRONAX, CEMHTI, CYRCE, ILL and Medicis at CERN, which are acting
together in the eld of producing emerging radioisotopes (e.g. #*Sc, %4Cu, 82zr, 149Tb, 211At, etc.). At the
European level, there is an emerging community focusing on radioelements production for research called
PRISMAP. As an example, ARRONAX, Subatech, CERN and GANIL are already working on astatine, in
connection with Inserm units and hospitals. As a complement to accelerators, neutron beams are useful
for radioelement production as what can be imagined at SPIRAL2 (CANS project for compact accelerator
neutron source).



1.2.1.5 Biophysical and chemical characterization

The long-standing expertise of IN2P3 research teams around light-ion beams has strongly encouraged
the emergence of areas of research ranging from fundamental measurements to healthcare and environ-
mental problematics.

Irradiation of biomolecules : data on biomolecules (e.g. ionization and fragmentation cross-sections,
radiochemical yields) under irradiation by ions are necessary to implement Monte Carlo models (e.g.
Gean4-DNA) and to cross-check the predictions of theoretical models used in hadrontherapy and radio-
protection (e.g. for future space missions).

Nuclear microprobe analysis:  one of the main applications of nuclear microprobe is the ability to re-
veal in routine the two-dimensional elemental maps of a sample by scanning a highly focused ion beam and
monitoring the X-rays produced by the chemical elements. The interaction of charged particles and matter
provides quantitative information on its chemical composition. These characteristics make the nuclear
microprobe analysis a multi-elemental, quantitative, sensitive, and non-destructive powerful tool to
investigate the composition techniques at the cellular scale of biological specimens . Nuclear micro-
probe analysis has led to a better understanding of the role and/or toxicity of metals in neurobiology, the
impact of intracellular metal/metal-oxide nanoparticle homeostasis on living organisms, their potential use
as radiosensitizers and the optimization of biomaterials. Finally, the ne analysis of geochemical analogues
has led to a better description of the conditions of formation of primitive life on Earth.

1.2.2 Main scienti ¢ projects and activities

Health-oriented research projects are more speci cally often driven by short-term grants (2-4 years) and
local multidisciplinary collaborations. However, the scienti ¢ strategy of IN2P3 makes possible to identify
longer-term objectives, in particular thanks to the development of common tools and equipments.

1.2.2.1 Physics for innovative radiotherapies

New dose-delivery modalities are emerging, among which IN2P3 teams play a leading role: spatial
fractionation with the use of microbeams of synchrotron radiation; high dose-rate temporal fractiona-
tion (FLASH therapy with X-rays, electrons, ions) has proven ef cient healthy tissue sparing. It is rapidly
developing, but still requires extensive understanding of the underlying biochemical mechanisms, both the-
oretically and experimentally, and dedicated instrumentation for dosimetry: the development of FLASH
irradiation is one of the objectives of ARRONAX and CYRCEé platforms. Similarly, hadrontherapy with
protons, alpha and carbon ions, require basic physical data (fragmentation cross sections) and radiobi-
ological data for implementing biophysics models such as NanOx and Geant4-DNA, and improving the
precision of online range veri cation by secondary emission. Various irradiation modes will be studied in
a complementary and comprehensive way: external with protons, alpha particles (Arronax, next BioALTO,
AIFIRA), carbon ions (presently in GANIL, CNAO and Japan, next at ARCHADE), radioactive ions at GANIL
(alpha, beta+/- emitters for dose enhancement and theranostics), VHEE, and internal with targeted ra-
dionuclide therapies , stimulated by innovative radioisotope production at ARRONAX and other sources,
accelerator-based Boron Neutron Capture Therapy (AB-BNCT) , for which improvement in intense neu-
tron production and dose modeling is being developed at LPSC, and nanoparticle radiosensitizers that are
studied by several groups. Combined therapies (immuno- and radiotherapy, radio and hadrontherapy...)
are studied in the frame of collaborative projects with clinicians and biologists.

Speci ¢ instrumental and model developments are required:

beam monitors: several strategies are studied at ARRONAX (air uorescence technique using pho-
tomultiplier tubes — PMTSs), LPC-Caen (in collaboration with CPO), LLR (Pepites project,) LPSC (DIA-
MANT projects) to meet the requirements of FLASH irradiation: a few Gy delivered within short time,



from 40 Gy/s up to IMGy/s in less than 1 s, whatever the type of radiation. They concern detector
material and electronic issues. These studies involve the ARRONAX and CYRCE irradiation plat-
forms. Additional challenges arise from spatial fractionation (microbeams at X-ray synchrotrons),
and fast timing for treatment veri cation (diamond detectors: DIAMANT project). Microdosimeters
for particle therapy are under development at 1JCLab (3D-silicon arrays) and LP2l Bordeaux (thin
diamond arrays);

online control of innovative radiotherapies: the THIDOS project (IJCLab) consists of a gamma
camera for iodine-131 beta targeted therapy. For hadrontherapy, prompt-gamma range veri ca-
tion (CLaRyS collaboration IP2l, CPPM, LPSC) explored several prompt-gamma detection modalities
(Compton and collimated cameras, integral counting), which led to new projects like TIARA - ERC
PGTI (LPSC, CPPM CAL Nice - 3D time-of- ight-based imaging) and CLARYS-S2C2 (LPSC, IP2l,
CAL, CREATIS) dedicated to pulsed-synchrotron beams.

1.2.2.2 Biomedical imaging

For the improvement of CTR in PET imaging, special attention must be paid to each link in the detec-
tion chain (crystal sensitivity, light collection, photodetectors, detection of Cherenkov light, development of
metamaterials with quantum dots or nano-chips and scintillation properties. ..). A dedicated R&D program
inthe eld of instrumentation for fast timing applications , making use of the IN2P3 technical knowledge,
should be stimulated by the ongoing “10 ps challenge”.

The IMOP project for interventional imaging launched in 2012, had led to a clinical trial starting in 2020
and the complete prototype will be delivered in 2025.

The XEMIS2 camera for small animals is now constructed and installed at the CHU of Nantes. It should
be operational by the end of 2025 (commissioning). In the longer term, it is envisaged to build a XEMIS3
camera for diagnostic imaging of humans in cancerology.

A strategic re ection of interdisciplinary research with Compton imaging , stimulated by medical ap-
plications, should be undertaken at IN2P3 with partners from the medical imaging community, involving
instrumentation, reconstruction and application aspects.

1.2.2.3 Models and methods for radiobiology and medicine

The proposed scienti ¢ program must favor strong interactions between fundamental researchers at
IN2P3 (physics, biology, mathematics, computing sciences, chemistry...) and clinicians (medical physics
and oncology) and will offer the opportunity to:

characterize the energy deposit at different biological levels (from macromolecules, mitochon-
dria, cell, tissue to the whole organism), and time scales using new and emerging numeric simula-
tion codes and model organisms; simulation of the physical, physicochemical and chemical stages
of radiation-induced damage at multiscale levels using multimodal approach (GATE, Geant4-DNA,

Nanox,...);
optimize predictive capabilities that would improve both the accuracy of radiation therapy as
well as the estimation of their risks  (side-effects, cancer) and radioprotection models . It will

include biological and clinical data modeling, statistical physics and algorithms development to deal
with high data volume from biological or clinical applications;

improve the radiation dose response within different dose delivery modalities (from low to high
dose, Bragg peak, vectorized alpha therapies ...) and also help understand their consequences

in oncogenesis ;

validate a multidisciplinary and multimodal approach integrating the chain of physical, chem-

ical and biological events triggered by well-characterized irradiation conditions within emerging
cancer models (such as spheroids-3D models, C. elegans...);



test the molecular basis of new emerging radiation therapy protocols (hadrontherapy with various
light ion species, FLASH, high-Z nanopatrticles, targeted alpha therapy, immunotherapies).

1.2.2.4 Radionuclides for imaging and radiotherapy

The development of radioisotopes for new theranostic approaches can be subdivided into ve research
and development activities:

research for alternative production pathways of theranostic pairs (e.g. ®4Cu/®’Cu, #*Sc/*’Sc,
152Tp/149Th, 203pp/212PD, etc.).
identi cation and production of high LET radioactive emitters  (e.g. alpha-emitters 22°Ac, 211At, etc.
or Auger electron-emitters %/Ru, 1°Re, etc.).
study of the chemical properties of these radionuclides in view of their absorption in molecular
vectors
development of high power targetry
development and exploitation of isotope mass separator (e.g. ISOLDE at CERN) and laser ioniza-
tion techniques to get high purity isotopes.

1.2.2.5 Biophysical and chemical characterization

IN2P3 expertise in light ion-beam analysis will contribute to the emergence of healthcare problematics.
Radiolysis of biomolecules: It is proposed to develop an experimental setup based on mass spec-
trometry and molecular jets to study radiolysis of biomolecules by accelerated ions operated at ARRONAX
and then later on the IN2P3 platforms.
Nuclear microprobe: Despite the routine use of nuclear microprobe analysis methods, a number of
points are under development to improve the data acquisition in terms of quality and quantity:
correlative and 3D imaging methods need improvement both in terms of sample preparation, data
recording and image reconstruction accuracy. These developments will have potential future medical
applications (protontherapy);
data processing, analysis and archiving need to move towards greater possibilities of meta-analysis
and data archiving compatible with international standards;
to elucidate the impact of inorganic physiology on cellular processes, the aim is to associate in the
future the chemical element quantitative composition, the tissue-speci ¢ functionality with genomic
information by taking advantage of well-characterized multicellular organisms (such as C. elegans).

1.2.3 International collaboration

Table 1.1 gives the results of a survey conducted in 2024 by S. Incerti (IN2P3 teams) on international
collaborations.

1.2.4 Human and nancial resources
1.2.4.1 Human ressources

This distribution by professional category reveals, among permanent staff, a notably high proportion of
technical personnel, highlighting the strong engagement of teams in detector instrumentation and software
development. These aspects will be further explored in Chapter 4. Additionally, the number of teaching
and research faculty is observed to be twice that of CNRS research staff. Lastly, the signi cant presence of
non-permanent members, such as PhD students and postdoctoral researchers, re ects the dynamic and
evolving nature of our eld.



Country Institution Topic
EU PRISMAP, EURADOS Radionuclide production, dosimetry
Italy INFN FOOT-Xn (FOOT collaboration), radionuclide production
CNAO FOOT-Xn, ANR CLINM, carbon ion radiobiology
Switzerland CERN imXgam: R&D detectors
Transmutex
Spain University of Granada Radionuclide production
University of Seville BNCT modeling
CSIC Valencia R&D Compton camera
Belgium Univ Leuven Proton FLASH
UK Imperial College Lhara: laser acceleration for medical use
Germany GSl Hadrontherapy monitoring with CMOS sensors

Argentina University of Rosario ~ Atomic and molecular theoretical physics
CNEA Buenos Aires BNCT

Australia Ansto Microbeam radiotherapy
Japan NIRS Radiobiology
AIST — Tsukuba Diamond detectors
USA NASA IEA project. DNA break modeling

Table 1.1: Institutions and projects related to radiobiology and associated therapies

(A) (B)

Figure 1.2: FTEs for Health Teams across IN2P3 laboratories — permanent staff only (A); staff distribution
across teams (B).

1.2.4.2 Financial ressources

Aside from funding from CNRS (MITI), IN2P3 (mostly core funding for teams), LabEx (PRIMES, IRON...),
and Universities (IDEX, doctoral school), most of teams' resources come from responses to various
CfPs (e.g ANR, PCSI, ERC, ...). This facilitates collaborations at local, national, and international levels,
often across multiple disciplines, bringing together various areas of expertise. However, this also leads
to the individualization of projects and challenges in maintaining long-term strategies. Funding supports
the development of detectors, modeling software, beamline testing, and enables the recruitment of PhD
students, postdocs, and contract engineers, providing the human resources necessary to support both
research teams and technical services within the laboratories.

All of the projects are driven by a common objective: the development of innovative tools and method-
ologies to enhance the ght against cancer. Since each project is limited in time due to funding mech-
anisms, speci c scienti ¢ objectives and development requirements are de ned at the time of proposal
submission in collaboration with clinical representatives (university hospitals, hadron therapy centers, vet-
erinary clinics, etc.) and major research facilities. As highlighted later in this overview, some projects run
concurrently without dedicated CfPs, while others interconnect. Some continue through successive CfPs
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as part of a strategic approach, each time progressing based on achieved milestones. The ultimate goal is
to demonstrate the real added value of teams' research compared to existing solutions in clinical settings.
In some cases, this effort extends to patent lings which is particularly complex in healthcare due to strict
facility certi cation standards.

1.2.5 Publications, PhD Defense

(A) (B) (©)

Figure 1.3: PhD funding sources (A) and Professional outcomes of PhD's over 2018-2023 (B) and by year
of dissertation defense (C). Source: survey conducted in 2024 through the GDR MI2B.

The number of publications by all the teams working on the Health theme at IN2P3 has reached 700,
led to more than 80 PhD defenses, with about thirty currently in progress, and 10 habilitation defenses
(HDR — Habilitation a Diriger des Recherches) on the last 10 years.

In 2024, the GDR MI2B conducted a survey (focus on years 2018-2024) on the future prospects of PhD
students af liated with the GDR. This survey aimed to identify a talent pool in the challenging recruitment
context at IN2P3, characterized on one hand by abundant PhD funding opportunities, and on the other by
a low number of PhD graduates remaining in academia, with some postdoctoral positions extending over
unusually long durations.

This survey is therefore not limited to IN2P3 teams alone (whose members account for approximately
53% of the entire GDR), but includes all the groups that make up the GDR (see Figure 1.4 in the next
section dedicated to GDR MI2B to have an overview of the distribution according to research Institutes).
Nevertheless, it provides an overview of the distribution by PhD funding sources and future employment
sector of PhD students in our research theme illustrated in Figure 1.3.

1.3 The GDR MI2B, a structuring animation tool for research in the eld of
Health at the CNRS in conjunction with other research organizations.

1.3.1 Mission and Obijectives

The primary objective of the GDR is to foster dialogue and promote new methodological and instrumen-
tal approaches in the eld of nuclear health for diagnosis and therapy. It also aims to encourage the creation
of interdisciplinary collaborations, support and train young researchers and engineers, and strengthen the
connections between research stakeholders and irradiation platforms.

The main scienti ¢ topics addressed include molecular imaging, innovative therapies (both external and
internal), radionuclides related to theranostic approaches, and key challenges in radiobiology.

To maintain national coherence and a shared ambition, The mission of the GDR , initiated by
IN2P3, the is to animate a broad scienti ¢ and interdisciplinary community working in the eld of
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nuclear methods for health, including all the research in this eld at the Institute. The GDR fosters
the community engagement, animates scienti ¢ interaction to promote new methodological and
instrumental approaches in the eld of radiation physics for diagnosis and therapy.

Throughout the year, the GDR MI2B organizes meetings that bring together researchers from various
backgrounds to discuss and debate scienti ¢ issues related to nuclear physics for Health. In this way, the
GDR sets up a national scienti ¢ framework to intensify research efforts in this eld

Through its unifying role, the GDR aims to stimulate the emergence of new collaborative projects.
These go beyond the boundaries of IN2P3, which is why the GDR has, since its inception, opened
widely to teams from the CNRS-Biologie (with its deputy director),CNRS Ing énierie, CNRS-Informatique,
CNRS-Physique, as well as Inserm and ASNR. Connections also exist with the SFPM and SFRB.

1.3.2 Scienti ¢ organization

IN2P3, founding member of the GDR, contributes to technological and knowledge advancement in
nuclear applications for Health. The current challenges—tackled by teams often in multidisciplinary col-
laboration with other CNRS Institutes or Research organizations—aim primarily at early disease diagnosis
and increasingly personalized therapies.

The GDR is organized into four thematic divisions:
Methods and Instruments in Biomedical Imaging
Physical Tools and Methods for Innovative Radiotherapies
Radiation Effects on Living Organisms
Radionuclides for Imaging and Therapy

And ve cross-cutting themes:

Biology

Clinical Application
Computing
Instrumentation
Irradiation Platforms

1.3.2.1 Methods and Instruments in Biomedical Imaging

Current clinical imaging challenges focus on early diagnosis and personalized patient treatment. In pre-
clinical imaging, the focus is on accelerating the development of new theranostic agents. The development
and widespread adoption of quantitative, multi-parametric molecular imaging techniques are key solutions.
This requires signi cantly improving the sensitivity of molecular imaging, reducing associated doses, de-
veloping integrated multimodal systems, and specialized imaging devices tailored to speci ¢ organs (heart,
breast, prostate, etc.) or applications (surgical/radiotherapy treatment guidance, small animal models), and
improving patient accessibility.

The GDR MI2B imaging division addresses these major challenges through:

high-sensitivity multimodal diagnostic imaging (Time-of-Flight PET, hybrid PET/CT and PET/MRI, 3-
gamma imaging, photon-counting and spectral CT),

treatment planning (proton tomography),

image-guided therapy (prompt gamma imaging in hadrontherapy, intraoperative imaging),

preclinical imaging (demonstrators, multimodal platforms, hybrid imaging, intracranial probes for imag-
ing in awake animals).

These developments are driven by technical challenges in nuclear and particle physics such as tracking,
calorimetry, data acquisition, processing, and Monte Carlo simulations. Strong synergies emerge with
IN2P3's core activities. These projects often require interdisciplinary collaborations due to their complexity.
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1.3.2.2 Physical Tools and Methods for Innovative Radiotherapies

This division focuses on improving the therapeutic index of radiation treatments—maximizing tumor
control while minimizing damage to healthy tissue. Healthy tissue tolerance remains a limiting factor in
delivering curative doses. Topics include:

guality control of dose delivery,

innovative dose delivery modes (energy, position, timing),

optimization of treatment planning.
Quality control involves improving the dose differential between tumor and healthy tissue. Beam monitors
for therapy and radiobiology are being developed, as well as in-line dose deposition monitoring in hadron-
therapy using secondary particles (beta+, gamma, protons, etc.).

Innovative dose delivery modes explore spatial and temporal fractionation and ultra-high dose rates.
This requires beam production studies (small elds with high intensity) and suitable dosimetry tools and
protocols. Treatment planning optimization aims to reduce safety margins by improving physical/anatomical
input data. This includes pre-treatment imaging and basic data collection (cross-sections, dosimetry) to
re ne or develop models.

1.3.2.3 Radiation Effects on Living Organisms

This GDR pole is driven by biologists for the experimental part, the physicists of IN2P3 intervene on the
control of irradiations and biophysical modeling.
Technical platforms and multidisciplinary collaborations have been built. Current radiobiology themes
include:
optimizing radiotherapy protocols (proton/hadrontherapy), and developing innovative therapies (e.g.,
nanomedicine); including studies on radiosensitivity and tumor radioresistance mechanisms, and
identi cation of biomarkers for estimating individual/population-speci ¢ radiation risks.
understanding the mechanisms (physical, chemical, biological, epigenetic) at low dose exposure lev-
els across individuals, populations, and generations (transgenerational effects, epigenetics). These
studies involve controlled exposures and analysis across various organisms and dose levels.
contributing to predictive modeling of biological responses using "Big Data” from imaging, biomarkers,
irradiation parameters, chemical agents, and tumor microenvironment information.
estimating molecular to whole-body effects based on different dose delivery modalities.
understanding therapeutic exposure mechanisms and associated side effects from low doses.
risk assessment of various radiotherapy protocols.

1.3.2.4 Radionuclides for Imaging and Therapy

Radionuclides are crucial in molecular imaging (PET, SPECT) for neurology and oncology, and in cancer
therapy. This requires developing innovative radiopharmaceuticals and transitioning them to clinical use.
These contribute to precision medicine by tailoring therapy to disease stage and patient response. The
division seeks to:

stimulate research on innovative theranostic radionuclides,

increase radionuclide and radiopharmaceutical availability for early-phase clinical trials.

Key research questions include:

which innovative radionuclides to promote?

which biological agents for selective targeting?

how to stably attach radionuclides to biological vectors? Availability depends on partners' capacity to
produce suf cient quality/quantity.
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The ve transversal themes—biology, clinical applications, computing, instrumentation, and irradiation
platforms—are addressed across all divisions. With the GDR's renewal on January 2025, focus will be
made on:

computing: data storage, patient data ethics, open-source deployment, Al.

instrumentation: innovation and transition of research tools into clinical practice.

irradiation Platforms: partnerships with IN2P3 and external centers like ARCHADE, CLCCs, or CHUs
to enhance access.

1.3.3 Governance

Over the period 2015 (date of the previous evaluation of Health activity by the Scienti c Council of
IN2P3) - 2025, the governance of the GDR was ensured by Dr David Brasse (IPHC Strasbourg) until 2020
then by Dr Denis Dauvergne (LPSC Grenoble) until 2024.

The Steering Committee manages scienti ¢ divisions and cross-cutting themes. It includes the GDR
director, her deputy, and division heads.

Role Name(s) and Af liation(s)

Director / Deputy Director Marie-Laure Gallin-Martel (LPSC — IN2P3), Lucie Sancey (IAB — CNRS-Biology)

Division Heads

Imaging Marc-Antoine Verdier (1JClab — IN2P3), Mathieu Dupont (CPPM — IN2P3)

Radiotherapy Rachel Delorme (LPSC — IN2P3), Jean Michel Létang (CREATIS — CNRS-
Engineering)

Radiation Effects Mathilde Badoual (1JClab — IN2P3), Michael Beuve (IP2I Lyon — IN2P3), Patrick
Vernet (LPCA — IN2P3), Lucie Sancey (IAB — CNRS-Biology)

Radionuclides Ferid Haddad (SUBATECH — IN2P3 / GIP ARRONAX), Ali Ouadi (IPHC — IN2P3)

Cross-cutting Themes

Biology Lucie Sancey (IAB — CNRS-Biology), Francois Paris (Inserm)

Clinical Applications Juliette Thariat (LPC — IN2P3 CHB — Caen)

Computing Lydia Maigne (LPCA — IN2P3), Jean Michel Létang (CREATIS - CNRS - Engi-
neering)

Instrumentation Mathieu Dupont (CPPM - IN2P3)

Irradiation Platforms Charbel Koumeir (SUBATECH — IN2P3 / GIP ARRONAX)

External Relations

SFPM Ludovic Ferrer

SFBR Julie Costanzo

Inserm Jean-Francois Paris

Table 1.2: Organizational Structure: Roles and Responsibilities in GDR MI2B

1.3.4 Budget, members, links with other Institutes, Academic Societies and Network in
the eld of Health

The annual budget amounts 20k€ nanced, up to 2024, solely by IN2P3.
The GDR has 123 permanent members when it is renewed in January 2025.

More than 53% of the GDR MI2B members are from IN2P3 teams, illustrating their central role in
the group's activities. In addition, a broad range of partner research institutes are represented, either
through framework agreements between IN2P3 and other organizations—such as ASNR (formerly IRSN),
Inserm, and others—or through interdisciplinary collaborations initiated by the CNRS Mission for Cross-
disciplinary and Interdisciplinary Initiatives (CNRS-MITI) with other CNRS institutes (e.g., CNRS-Biology,
CNRS-Chemistry, CNRS-Engineering, CNRS-Computer Science). Finally, the high proportion of non-
permanent members (PhD students and postdoctoral researchers) relative to permanent staff re ects both
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Figure 1.4: Distribution of members belonging to GDR MI2B: (left) by Research Institute, (right) between
permanent and non-permanent staff (all Research Institutes merged).

a strong interest in our research domains and the key role played by our teams in training the next genera-
tion of scientists.

1.3.5 Communication, educational program and outreach
1.3.5.1 Website and Mailing Lists

Mailing list (280 members) shares:

PhD, internship, job opportunities

announcements: calls, seminars, workshops, defenses (online)

separate list for MI2B group at CCIN2P3 and one in progress for RESPLANDIR
Website:

hosts announcements

links to INDICO event sites

articles contributed by GDR members

1.3.5.2 Annual General Assembly, Symposium, and Workshops

In addition to the annual assembly, scientic meetings throughout the year allow cross-disciplinary
discussion on nuclear-health topics.

1.3.5.3 Education and Training

Young researchers present at AGs (oral/poster), including with SFPM. Thematic school “Physics for
Radiobiologists” (2024) is to be repeated every two years. A similar initiative is being considered for “Ra-
diobiology for Physicists,” inspired by the 2024 Joliot-Curie school in Oléron. Potential partners: RADIO-
TRANSNET, SFBR.

1.3.5.4 Communication and Outreach

Links established with:
National: learned societies (SFPM, SFBR), CNRS institutes, Inserm (e.g., alpha therapy group),
ASNR (via framework agreements) and GDRs (e.g., SciPac, SciNEE, DI2I for instrumentation) with
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IN2P3 governance but as well with GDR AIM (Molecular Imaging Agents) with CNRS-Chimie gover-
nance.

The GDRs SciPac (Science of Particle Accelerators) and SciNEE (Nuclear Sciences for Energy and
the Environment), both established more recently than MI2B, share several common areas of interest.
These include the development of irradiation platforms (networks, access conditions, digital twins,
etc.) as well as the design of future accelerators (such as Laser Plasma Accelerators, PERLE, etc.).
To foster synergies between their respective teams, a joint scienti ¢ workshop is planned for March
25-27, 2026, at LPSC Grenoble. This event will serve as a key starting point for structuring our future
collaborative actions.

In the case of the GDR DI2l (Detectors and Instrumentation for the Two In nities), the connection
with MI2B lies primarily in instrumentation development. These activities—whether aimed at speci ¢
applications, demonstrations of emerging technological breakthroughs, or simply maintaining techno-
logical vigilance and expertise within IN2P3 research units—are enriched by the signi cant technical
challenges of nuclear and particle physics: tracking, calorimetry, data acquisition, processing, and
Monte Carlo simulations. As such, they have strong potential to generate synergies with the Insti-
tute's core scienti ¢ programs.

Regarding the GDR AIM, a convergence is underway, as common themes have been identi ed,
notably the production of radionuclides and their use in targeted internal radiotherapy. Two joint
workshops are planned in 2025, in the form of presentations at the respective annual meetings: in
early July in Nantes for the GDR AIM, and in mid-November for the GDR MI2B. In the longer term
(within three years), the GDR AIM could merge with the GDR MI2B. Discussions on this potential
integration are currently ongoing between the leadership teams of both GDRs.

Local: LabEx (PRIMES, Lyon 1), Federations (OLIMPICS, UGA), cancer centers (Institut Curie, CLB
Lyon, CAL Nice, ...). The LabEx have been strongly supporting the GDR-related activities over the
last deacade-and half. Although new LabEx were extended, in particular at IDEX sites, their nancial
support is signi cantly decreasing.

International: CNAO (carbon therapy, Pavia), with potential expansion under IN2P3 bilateral agree-
ments; other collaborations include Japan's NIRS and possibly INFN.

To summarize, the GDR advances nuclear-health technologies and knowledge. Itis identi ed as the tool
recognized by the IN2P3 to interact with the community. IN2P3's technical and scienti ¢ expertise drives its
laboratories to contribute to life-science research. They offer knowledge in instrumentation, radiation and
particle detection, beam monitoring, imaging, simulation, dose prediction, and accelerator technology. The
2020 contract opened cooperation with CNRS-biologie; since then, ASNR teams joined under framework
agreements. Future partnerships may include Inserm, CEA, or ARCHADE.

The primary goals are early disease diagnosis and increasingly personalized therapies. To ensure
national coherence and shared ambition, GDR MI2B supports IN2P3 and CNRS-biologie by uniting the
community and promoting new methodological and instrumental approaches in nuclear-health for diagnosis
and therapy. Its unifying role also encourages collaborative projects beyond IN2P3.

1.4 The current deployment of Master Projects (MP) in Health activities at
IN2P3 through the GDR MI2B

At the beginning of 2025 , following the renewal of the Institute’s management, the research teams
working on interdisciplinary topics (health, energy, environment) were invited to structure themselves at the
national level into larger Master Projects (only 4 for Health). These projects are to be de ned with clear
scienti ¢ objectives, a strategic framework, key milestones, and a ve-year timeline.
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To better de ne the notion of a Master Project as understood within the IN2P3 for readers unfamiliar
with the concept, we refer to an excerpt from the decree of April 29, 2016, concerning the IN2P3, cited in
the ATRIUM document 390030 titled "IN2P3 Project Governance”:

“The Institute designs, coordinates, and leads national and international research programs within its
elds of expertise.” In practice, these research programs are implemented through research projects, some
of which can be grouped into Master Projects (MPs).

This de nition can be further speci ed using excerpts from the document “IN2P3 Project Handbook”,
ATRIUM reference 282506. It highlights that:

“A Master Project is generally managed by a Scientic Lead and a Technical Lead. This duo has
complementary tasks and responsibilities. They are responsible for steering all the constituent research
projects (or MP work packages). A project always involves contextual stakes, a clearly de ned goal, ex-
pected outcomes (scienti ¢, economic, societal, etc.), and a de ned duration. It always brings together a
consortium of teams around a shared objective. In addition to physicists, the project team also includes
individuals from various professional backgrounds (especially for interdisciplinary topics), as well as tech-
nical services (IT, electronics, detectors, instrumentation, mechanics, etc.) from different and often multiple
laboratories (at least two).”

In this context, the GDR MI2B organized two workshops in the form of general assemblies — on March
20, 2025 (https://lpsc-indico.in2p3.fr/event/4048/ ) and May 16, 2025 (https://Ipsc-indico.
in2p3.fr/levent/4066/ ) — gathering all IN2P3 teams involved in the health domain (around 40 perma-
nent members attending). The rst workshop aimed to de ne four priority thematic areas to be structured
and associated with existing or to-be-established partnerships. This discussion was based on the current
and future relevance (particularly with the arrival in France of new infrastructures such as the C400 at
the ARCHADE site in Caen) of deploying combined therapies and imaging in clinical settings for cancer
treatment:

External therapies using different ion types in hadron therapy: protons, carbon, alpha, oxygen...
External therapies (e.g., X-rays or hadron therapy) with spatial (micro- or mini-beams) and/or temporal
fragmentation (FLASH).

Internal radiotherapy within the theranostic approach

Combined external (X-ray or hadron therapy) and internal therapies (e.g. radionuclide therapy, BNCT...).

With the following scienti ¢ objectives:

Signi cantly improving the effectiveness of treatments for cancers that are radioresistant, recurrent,

therapeutically unresponsive, metastatic or diffuse, or detected at an advanced stage due to the

absence of early biological markers, by combining particles with low and high LET.

Enabling dose hypofractionation to achieve effective tumor volume reduction while minimizing dam-

age to surrounding healthy tissues, improving treatment tolerance for patients.

Moving toward evolving medical practices through theranostic approaches that combine therapy and

diagnostics.
As a result, four research projects have been proposed:

Hadrontherapy

FLASH Therapies

Targeted Radiotherapies

Radionuclides for Therapy and Diagnostics
These would represent a vertical thematic structuring of our activities (MPs), complemented by a horizontal,
matrix-based structuring into work packages (WPs). These WPs are aligned with our research domains
(imaging, radiobiology, radiotherapy, radionuclide development, etc.) and supported by our expertise in
nuclear physics and chemistry, in computing, instrumentation, irradiation platforms, as well as biology and
clinical applications, both within IN2P3 and in our partner organizations. These collaborators, many of
whom are part of the GDR MI2B and its associate leadership, already have established partnerships with
us.
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The second workshop, held recently, allowed for a re nement of these Master Projects, including the
de nition of their scope, stakes (via MP structuring), strategic approach, governance, and partner teams.
This structuring is currently in progress at the time of writing and is expected to be nalized by the end
of summer 2025, with a third workshop to be planned as part of the GDR MI2B's general assembly. This
nal phase will include the drafting of four scienti ¢ dossiers, each presented by their respective MP leads,
featuring detailed schedules and milestones. These will be reviewed and discussed collectively in plenary
session before submission to the IN2P3 management.

To conclude this rst section, which provided an overview of Health-related activities at IN2P3, the
outlines of these four master projects are summarized below to highlight the future direction of the organi-
zation.

1.4.1 MP Hadrontherapy

Challenges in hadrontherapy :

Treatment Planning
Beam modeling: experimental characterization using monitors.
Patient anatomy: HU-to-stopping power conversion.
Dose calculation: physical dose (requiring knowledge of cross sec-
tions) and biological dose (radiobiological models, radiolysis).
Dose calibration: measurements of dose and dose rate in water.
Treatments
Beam monitoring: detector development
Online control of hadron path: detector development and cross- Figure 1.5: The IN2P3 labo-
section data acquisition ratories participating to the MP
The overall objective is to gather data, develop models, and de- Hadrontherpy
sign detectors to enhance the precision of hadron therapy treat-
ments.

Scienti ¢ objectives of the research program: this program aims to span from preclinical develop-
ment ("bench to bedside”) to clinical applications (in collaboration with Healthcare Institutions), within the
framework of national and European protocols and translational research ("bedside to bench”), produc-
ing data to feed physical and biological models. Strong collaborations are underway between IN2P3 and
CNRS-biologie, with a growing presence in Caen (C400 accelerator, multi-ion capabilities including FLASH
hadron therapy; see the following chapter in present document), supported by national and international
partnerships (e.g., "Hadrontherapy for Life” workshop in Caen, March 2025).

Multidisciplinary and multi-laboratories coordinating team:
Sara Marcatili (LPSC Grenoble, Instrumentation),
Claire Rodriguez-Lafrasse (IP21 Lyon, Radiobiology),
Juliette Thariat (LPCC Caen, Clinical),
Marie Vanstalle (IPHC Strasbourg, Phenomenology — cross sections).

MP structure (see gure 1.5 for list of involved IN2P3 teams):
WP1: Modeling of physical dose and clinicobiological response (lead: Juliette Thariat, LPC
Caen): use of NanOx for cell survival prediction from micro- and nanometric energy deposition maps
and development of a BioDose Actor in GATE adapted to hadron therapy.
WP2: Measurement of nuclear and physico-chemical data (lead: Marie Vanstalle, IPHC): includes
secondary particle (charged and neutral) yield measurements in thick targets for hadron therapy and
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space radioprotection (DeSls, IPHC), measurements of radiolysis product yields (radioChemistry,
IPHC), aiming to implement these data in Geant4-DNA/Geant4, and cross-section measurements for
incident beam fragmentation.

WP3: Control of irradiation delivery  (lead: Sara Marcatili, LPSC): development of instrumentation
and reconstruction methods to monitor the beam delivery, image the ion path via detection of sec-
ondary particles (e.g., prompt gammas) and provide absolute measurements of absorbed dose and
dose rate in water.

WP4: In vivo measurements (lead: Claire Rodriguez-Lafrasse, IP2l): biological response character-
ization to ion beams (protons, carbon, helium) in 2D and 3D tumor cell models and preclinical models
(e.g., embryonated eggs or murine models), supporting biological validation of physical concepts.
Objectives include improving biological dose calculations in simulations (e.g., Nanox, Geant4-DNA)

and better characterizing the advantages of hadronic treatments for resistant and hypoxic tumors.

Transversal Task to all MPs (lead: M. Rousseau,
LPC Caen, RESPLANDIR network manager): coordination
with the platform network (see gure 1.6, non-exhaustive
list).

External and international collaborations:
WP1: CREATIS, LIRIS.
WP2: QST-HIMAC (Japan), CNAO, INFN, GSI (Darm-
stadt, Germany).
WP3: CAL Nice, CNAO, upcoming CYCLADE.
ALL: CNAO (IN2P3-CNAO framework agreement),
CNES, QST-HIMAC (Radiochemistry module), AERIAL-

CRT, ICube, ICANS. .
tive)

Timeline: under development (initial proton beams for
commissioning on the C400 are expected by late 2026).

1.4.2 MP FLASH therapies

Challenges in FLASH therapy: since the discovery of the Flash effect in
2014, which involved reduced toxicity to normal tissue at dose rates exceed-
ing 40 Gy/s, research has continued to explore the factors that protect normal
tissues. These investigations have combined different disciplines, including
physics, chemistry, and biology, to establish the fundamental mechanisms in-
volved.

Scienti ¢ Objectives of the Program: in the objective of explaining the
mechanisms underlying FLASH effects. Radiobiological and radiolysis ex-
periments will be developed mainly in ARRONAX (Nantes) for H* and He?*,
GANIL (Caen) for C-ion and Feerix (Strasbourg) for e~ and X-rays. The mon-
itoring and the dosimetry will be developed in parallel to ensure the quality
control process on all the beam lines. The development of the digital twins of
the beam lines will be performed with the GATE Monte Carlo simulation plat-
form. At the micro- and nano-scales the development and validation of the
Geant4-DNA toolkit will be ensured.

Figure 1.6: Map of platforms (not exhaus-

Figure 1.7:  The IN2P3
laboratories participating
to the MP FLASH
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Coordination Team: Lydia Maigne (LPCA), [Co-lead to be con rmed]

MP structure (see gure 1.7 for list of involved IN2P3 teams):
WP1: Quality control and dosimetry for UHDR beam lines (H %, He?*, C, e, X-rays) (leads:
Charbel Koumeir, GIP ARRONAX; Ziad El Bitar, IPHC): control of beam time structure, development
of UHDR-speci ¢ instrumentation, dosimetry protocol validation for ions and electrons.
WP2: Effect of dose rate on experimental water radiolysis (leads: Quentin Raffy, IPHC; Guillaume
Blain): study of dose rate effects as a function of LET, the in uence of the beam time structure, pH
and O,, until the study of the radiolysis of biomolecules.
WP3: Irradiation of cell populations  (leads: Francois Chevalier, CIMAP; Claire Rodriguez-Lafrasse,
IP21 Lyon): analysis of dose rate effects based on LET and beam time structure, with attention to the
in uence of pH and O »,.
WP4: Multi-Scale Digital Twins (leads: Lydia Maigne, LPCA; Nicolas Arbor, IPHC): simulation of
beam lines using GATE 10, radiolysis chemistry with Geant4-DNA, biological damage with biophysical
models, and creation of an open-access database.

Transversal Task to all the MPs  (lead: M. Rousseau, LPC Caen): shared with the hadron therapy

program — coordination with platform networks.

External and international collaborations:
Physics: CNAO (Italy), ASRN (ex-IRSN, PIANOFORTE call), IFJ-PAN (Poland), C400 (Caen).
Chemistry: QST-HIMAC (Japan), DKFZ (Germany), IBA (Belgium), Aerial-CRT (France).
Biology: IFIN-HH (Romania), Institut Gustave Roussy, Institut Curie, DKFZ (Germany), IBA (Bel-
gium).
Computing: Geant4-DNA and OpenGATE collaborations.

Timeline: currently being de ned at the time of writing this report.

1.4.3 MP Targeted Radiotherapies

Promising approaches for non-localized cancers

What is meant here by “Targeted RTs” are approaches that implies the in-
traveneous injection of a chemical vector enabling molecular targeting of can-
cer cells and produce either a fully internal irradiation, or a combination of ex-
ternal irradiation with an internal boost. This offers a solution for radioresistant,
diffuse, micro-invasive, or metastatic cancers, where the ballistic precision of
external radiotherapy alone is insuf cient or not appropriate. We explore the
following therapeutic strategies in this MP:

Targeted Radionuclide Therapy (TRT): especially with  particles,
Accelerator-Based Boron Neutron Capture Therapy (AB-BNCT):

10 71
B(n,"Li) , Figure 1.8: The IN2P3
Photoactivation of high-Z nanoparticles (NPs) (Au, Pt, Gd...) and use |gporatories participat-

of radiosensitizers ing to the MP Targeted
Potentially highly aggressive internal irradiation, due to the local emission Radiotherapies
of high-LET particles, and heterogeneous distribution of the dose deposition
(short range, vector distribution) could be achieve with such approaches, both
aspects that have to be considered in modeling tools. Some of these therapies are already at the stage of
clinical use, or tested in several clinical trials, but much remains to be understood and improved regarding



20

implementation in clinical routine, ef cacy optimization and treatment control.

Overall objectives: the MP's contributions aim at optimizing therapeutic ef cacy and improve per-
sonalized dosimetry through four main points: visualize vector biodistribution at macro and micro-scales,
optimize dose delivery and irradiation control, determine the physical dose delivered and predict the bi-
ological response to treatment, understand the mechanisms underlying therapeutic ef cacy, and how to
guantify them.

Coordination Team: Rachel DELORME (LPSC) and Anne-Marie FRELIN (GANIL) [Biological co-lead
to be con rmed]

Multidisciplinary collaborations: physics, informatics, biology, chemistry, and clinical elds.

MP Structure (see gure 1.8 for list of involved IN2P3 teams):

WP1: Multiscale modeling of physical dose and biolological response: this include modeling
tool developments to allow reproducing irradiation dose and damage predictions at the sub-cellular,
cellular, and multicellular levels (2D and 3D), as well as preclinical and clinical modeling (in vivo,
patient) to link biophysical modeling with clinical practice.

WP2: Optimization and control of dose delivery (preclinical and clinical): this include optimiza-
tion and characterization of neutron elds in BNCT by means of instrumental and modeling develop-
ments, control of dose delivery in in-vitro and preclinical radiobiology studies in TAT, control of clinical
dose delivery in TRT to improve personalized dosimetry.

WP3: Understanding the Biological Mechanisms: this aims to identify and quantify the speci-
city of targeted RTs in terms of therapeutic ef cacy, passing by radiobiology studies for low-energy

ions (involved in TAT and BNCT) under low-energy ion beams or in TAT/BNCT conditions, to study
sub-cellular (nucleus, mitochondria, membrane...), cellular, and multicellular damage responses (im-
munogenicity, bystander...) to identify the relevant level of mechanisms to be considered (in models
for example) for each therapies.

External and International Collaborations:

We are still at the stage of MP construction, the following gives a global idea of the already identi-
ed ones. At the national level, active collaborations were developed with several Inserm laboratories
(e.g. LITO, LEDI, IRCM, IMoST, CRCI2NA...), especially around TAT, with other CNRS institutes as CNRS-
Biologie (IAB, ISTCT...), CNRS Ingénierie et CNRS Sciences informatiques (CREATIS, LIRIS...), CNRS-
Physique (CINaM, ISMO, CRAN), with ASNR (LMDN, LEDI), several clinical centers (Centre Francois Ba-
clesse (Caen), CLCC Centre Jean Perrin (Clermont), CHUGA (Grenaoble), Hopital Lyon Sud, IGR (Ville-
juif), Institut Cochin (Paris), IUCTO (Toulouse)...) and with industry (NanoH SAS...). At the international
level, collaborations are active with CNAO (ltaly), CNM-IMB and University of Granada (Spain), IFJ-PAN
(Pologne), Korea, Sherbrooke and Melbourne Universities, Tandar (CNEA) and university of Buenos Aires
(Argentine) and global networks as the BNCT-Global and the Open GATE collab.

Timeline: currently being de ned.

1.4.4 MP Radionuclides for therapy and diagnostic

Challenges: in the recent years, there have been new developments in nuclear medicine with the
approval of 2 radionuclide targeted therapies using lutetium-177 (neuro-endocrine tumors and prostate
cancer) the rise interest on alpha emitters and more generally on high linear energy transfer radiation that
may be more effective in cell killing and nally the new paradigm of theranostics that combine imaging and
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therapy. In this approach, what you see is what you treat. These applications rely on radiolabeled vectors
designed to selectively target tumor cells. Used in imaging this technique allow for better patient strati -
cation and treatment planning. To tackle these challenges, a multidisciplinary approach across physics,
chemistry, radiobiology, and clinical sciences is needed.

Scienti c objectives of the research program:

The MP sets out to:
Innovate in radionuclide production (high LET particles, theranostic
pairs, rare isotopes, radionuclides allowing new imaging modalities etc.),
exploring a broad landscape of projectiles (neutrons, photons, charged
particles) and target con gurations across various production platforms
(reactors, accelerators, laser-plasma accelerators), while addressing nu-
clear cross-section data, purity, speci ¢ activity, and contaminant control.
Advance separation chemistry , developing selective, fast, and robust
chemical processes (including mass separation) compatible with radio-
pharmaceutical use, and exploring novel ligand frameworks with im-

. o . L Figure 1.9: The IN2P3
proved thermodynamic and kinetic properties over existing standards d

laboratories participating

like DOTA. to the MP Radionuclide
Improve radiolabeling and vectorization , optimizing bioconjugation

methods and injectable formulations for diverse vectors (antibodies, pep-
tides, small molecules), with a focus on stability, bioavailability, and ther-
apeutic ef cacy.

Integrate preclinical and clinical evaluation , combining multimodal
and multi-isotope imaging with (micro)dosimetry, modeling, and instru-
mentation to better understand and predict biological responses, mini-
mize off-target effects, and inform regulatory strategies.

Multidisciplinary and multi-laboratory coordinating team:

The Master Project is coordinated by a multidisciplinary team bringing together complementary exper-
tise in instrumentation, nuclear physics, and radiochemistry.

Ferid Haddad (ARRONAX) oversees the physics dimension, including beam development and ra-
dionuclide production strategies for theranostic approaches.
Ali Ouadi (IPHC) coordinates radiochemistry activities, focusing on separation chemistry, complexa-
tion, and radiolabeling.
Frédéric Boisson (IPHC) leads instrumentation-related developments, particularly in imaging and de-
tection systems.

Together, they ensure scienti ¢ integration across the work packages, strategic alignment with national
and international priorities, and coordination with clinical and technological partners.

Project Structure:

The MP is organized into six Work Packages (WPs), each addressing a speci ¢ domain:
WP1: High-LET particles : study of alpha and Auger emitters, focusing on production routes, vector-
ization strategies, and dosimetric modeling at cellular and subcellular levels.
WP2: Theranostic approaches : development of diagnostic/therapeutic radionuclide pairs, with em-
phasis on chemical compatibility and personalized treatment strategies.
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WP3: Innovative radionuclide production . exploration of emerging technologies (e.g., laser-
plasma acceleration), optimization of high-yield and high-purity production chains, and integration
of mass separation processes.

WP4: Separation chemistry and formulation: design of innovative ligands and separation meth-
ods for key isotopes, including complex media radiolysis, speciation, and injectable formulation sta-
bility.

WP5: Vectorization and radiolabeling : development of ef cient and speci c coupling between
radionuclides and biological vectors, ensuring therapeutic performance and compliance with radio-
chemical and safety standards.

WP6: Preclinical and post-clinical imaging and dosimetry . evaluation of biodistribution and
dosimetry through advanced imaging techniques and integration of dual-tracer and multi-isotope
strategies for comprehensive biological insight.

External collaborations:

Most of the IN2P3 labs have developped strong local collaborations with research laboratory in chem-
istry (CNRS) and biology (Inserm, CNRS-biologie) as well as nuclear medicine research teams in hospitals.
As an example, in Nantes, the DHOLMEN project nanced by the ISITE NEXT have been nanced end
2024 for 4 years and gather 20 teams (13 research teams and 7 clinical teams).

International collaboration: CERN-MEDICIS, PRISMAP infraia project, COST NOAR project on astatine-
211

Timeline under construction

The time allocated to the collective preparation of the Master's Projects was very limited (starting in
spring 2025). In this section, we have done our best to present our research activities and the scienti c
priorities of these master's projects as clearly as possible.

1.5 Summary

This rst chapter has outlined the broad landscape of health-related research at IN2P3, with a focus
on interdisciplinary developments in radiation physics, imaging, radiobiology, and radiotherapy. It also
highlighted the structuring role of the GDR MI2B in coordinating these activities and fostering national col-
laborations. Building on this foundation, the following chapters will delve deeper into key thematic areas:
Chapter 2 will explore the advances and challenges in hadrontherapy, Chapter 3 will focus on emerging
approaches in radiation therapy, and Chapter 4 will present the latest instrumental and numerical develop-
ments supporting these innovations.
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2.1 Introduction

Hadrontherapy was rst proposed by Robert Wilson in 1946 [Wilson, 1946], as a way to treat deeply lo-
cated tumors. Wilson highlighted the ballistic advantage of charged particles: unlike X-rays, these particles
deposit most of their energy at the end of their path, as presented on Figure 2.1. The rst clinical trials with
protons began in the early 1950s but were soon limited by the low energy of the accelerators at that time.
The expansion of proton therapy has been slow compared to conventional X-ray radiotherapy. Technical
dif culties, higher costs, and the lack of clinical evidence showing a clear advantage over X-ray photon
therapy have all contributed to the long-standing stagnation of proton therapy. However, since the early
2000s, there is a renewed interest for hadrontherapy, and particularly protontherapy.

Figure 2.1: Dose deposition pro les of 21 MeV photons, 270 MeV/u 2C ions, 170 MeV/u 3He ions, and
148 MeV protons [Kramer et al., 2016].

2.1.1 International context

Currently, there are 67 operational centers that deliver proton treatments and 11 centers delivering
treatments with carbon-12 ions. The global distribution of these facilities is shown in Figure 2.2. Since
1954, more than 400,000 patients have been treated with protons, and over 50,000 patients with 12¢C since
1994 [PTCOG, Particle therapy co-operative group, ]

Other charged particles, such as helium and oxygen ions [Tommasino et al., 2015, Kramer et al., 2016,
Mairani et al., 2016, Tessonnier et al., 2017, Mairani et al., 2022], are also currently being studied for
therapeutic use. Some treatment centers, such as CNAO in Pavia (Italy), HIT in Heidelberg (Germany) and
MedAustron (Austria), are equipped with sources capable of producing beams from these particles.

Currently, the therapeutic indications for hadrontherapy mainly concern eye cancers, brain tumors lo-
cated in sensitive regions, and pediatric tumors. The detailed list of these indications for each relevant
country is provided in Table 2.1. Nevertheless, studies have demonstrated the potential bene ts of charged
particles in the treatment of certain gastrointestinal cancers. For example, the work published by [Terashima
et al., 2012] and [Shinoto et al., 2016] shows that combining gemcitabine-based chemotherapy with proton
or 12C radiotherapy can increase the 2-year survival rate of patients to nearly 50%. By comparison, 2-year
survival rates for treatments combining gemcitabine with X-ray radiotherapy are around 25% [Hong et al.,
2008, Crane et al., 2009, Ch'ang et al., 2011].
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Figure 2.2: Geographical distribution of treatment centers using protons (blue) and 12C (red). The number
of centers under construction is indicated in grey (data extracted from the PTCOG website [PTCOG, Parti-
cle therapy co-operative group, ]).

2.1.2 National context

Hadrontherapy in France has experienced steady development over the past two decades, positioning

the country as a signi cant player in the eld of particle therapy in Europe. Two clinical centers currently
provide proton therapy treatments: the Institut Curie — Orsay Proton Therapy Center, one of the oldest in
Europe, and the Centre Antoine Lacassagne (CAL) in Nice, which has adopted an innovative cyclotron for
eye and pediatric tumors. In 2018, the CyclHAD hadrontherapy center was inaugurated in Caen. This new
hadrontherapy facility is currently delivering proton therapy treatments, and will be able to deliver carbon
ion beams with the C-400 cyclotron in 2027. A map of the existing french hadrontherapy facilities and the
irradiation platforms is presented on Figure 2.3.
Research in hadrontherapy is mainly supported by IN2P3, but is also carried out in strong collaboration
with INSERM, university hospitals and other CNRS institutes. The support from IN2P3 has allowed to build
collaborations with hadrontherapy facilities, such as CAL and CNAO in Pavia (ltaly), through collabora-
tive agreements. These agreements provide IN2P3 teams with ongoing access to clinical-quality beams.
In parallel, several low-energy irradiation platforms were also set-up, such as Bio-ALTO (Paris), AIFIRA
(Bordeaux), Cyrcé (Strasbourg), or ARRONAX (Nantes), as presented on the map 2.3.

Figure 2.3: Geographical distribution of hadrontherapy facilities, IN2P3 laboratories implied in hadronther-
apy projects in France and associated platforms or accelerators in Europe (courtesy of Sara Marcatili).
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Country \ Group 1 (main indications) \ Group 2 (potential indications)
Ocular tumors Head and neck cancers
Chordomas and chondrosarco- Thoracic tumors
mas
USA Spinal tumors Abdominal cancers
Hepatocellular carcinomas Pelvic cancers

Pediatric tumors

Patients with genetic syndromes
Skull base and spinal chordomas
Skull base chondrosarcomas

UK Soft tissue sarcomas
Pediatric tumors
Skull base and spinal chordomas
and chondrosarcomas
Italy Adenoid cystic carcinomas of the

salivary glands

Mucosal melanomas

Ocular melanomas

Osteosarcomas

Pediatric tumors

Skull base and spinal chordomas
France and chondrosarcomas

Primary eye tumors

Pediatric tumors

Skull base and spinal chordomas Re-irradiations
and chondrosarcomas

Netherlands

Meningiomas Paranasal sinus tumors
Pediatric tumors Nasopharyngeal carcinomas
Retroperitoneal sarcomas
Chordomas and chondrosarco- Benign central nervous system tu-
Canada mas mors
Ocular melanomas Paranasal sinus and nasal cavity
tumors

Pediatric tumors

Table 2.1: Recommended indications for hadrontherapy in different countries (from [Durante and Paganetti,
2016)).

2.1.3 Major stakes

The ballistic advantage of hadrontherapy also comes with a greater sensitivity to uncertainties related
to the irradiation of tumor volumes. Indeed, the steep dose gradient at the Bragg peak implies that even a
slight deviation in the particle range within matter can result in over-irradiation of healthy tissues or under-
irradiation of the tumor volume.
The accuracy of the particle range is in uenced by several factors, including uncertainties in imaging,
patient positioning errors, tumor volume changes, and variations in the patient's anatomy. As a result,
depending on the treatment center, margins ranging from 1 to 3 mm must be added to the target vol-
ume [Paganetti, 2012].
In addition to these uncertainties in the incident beam path, there are also uncertainties in the actual dose
delivered to the tumor. These arise in part from corrections made in the treatment planning process to
account for biological effects, as well as from secondary particles generated by nuclear reactions along the
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beam path. Indeed, inelastic interactions between the incident ions and the target tissue produce lighter
secondary particles, which follow a different trajectory and, consequently, can deposit dose outside of the
targeted volume, in surrounding healthy tissues.

The reduction of treatment margins and the improved assessment of the impact of secondary particles
are thus major challenges in hadrontherapy, as the associated uncertainties currently prevent full exploita-
tion of the ballistic advantage of ions. Therefore, enhancing treatment planning in hadrontherapy, and
thereby improving dose delivery to the patient, depends on addressing these issues.

2.1.3.1 Modeling

Modeling physical and biological dose in hadrontherapy is essential in order to provide accurate treat-

ment planning system to correctly deliver the dose to the tumoral volume. Indeed, treatment plans are
generally computed using analytical algorithms, or Monte Carlo-based planning approaches are beginning
to emerge [Paganetti, 2012, Perl et al., 2012, Parodi, 2012, Mairani et al., 2016].
Numerous studies focus on optimizing the biological dose rather than the physical dose in treatment
planning [Wilkens and Oelfke, 2005, Frese et al., 2011, Mairani et al., 2016]. This optimization involves
accounting for the variability of the Relative Biological Effectiveness (RBE)  along the path of charged
particles. Considering this effect is particularly important for high-LET particles, such as -particles or 12C
ions [Mairani et al., 2016]. Figure 2.4 shows survival data of human adenocarcinoma cells irradiated with
“He ions, compared to a constant RBE model (RBE = 1.3) and a variable RBE model. In the latter case,
cell survival near the distal edge, corresponding to the high-LET region, is better reproduced.

Figure 2.4: Cell survival of A549 cells irradiated with *He as a function of depth [Mairani et al., 2016]

2.1.3.2 lon-range veri cation

The high sensitivity of dose deposition by charged particles to the composition of the traversed medium
raises the question of verifying the conformity of the delivered dose to the target volume. Since secondary
particles produced by nuclear reactions of the incident beam can potentially exit the patient's body, it is
possible to envision monitoring of the tumor irradiation by exploiting the correlation between the production
of these particles and the trajectory of the primary beam. The detection of prompt radiations (prompt
gamma rays and secondary charged particles) as well as PET imaging (detection of *-emitting isotopes)
can be considered [Krimmer et al., 2018, Parodi and Polf, 2018]. However, these technigues are not yet
implemented in clinical routine.

Several veri cation methods were proposed for monitoring the beam range, including:
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Prompt gamma monitoring , which relies on the detection of prompt -rays emitted during the de-
excitation of nuclei produced by nuclear interactions between the incident particles and the target;
Secondary charged particle tracking  (also called Interaction Vertex Imaging, 1VI), primarily used
for range veri cation in heavy ion therapy, where particles heavier than protons are employed,;
PET imaging (Positron Emission Tomography), which takes advantage of the production of *-
emitting isotopes along the beam path [Parodi, 2012]. This method can also be performed of ine,
i.e., after treatment;

In addition to these techniques of ionizing radiation detection, two other modalities have been investi-

gated:

The detection of the acoustic waves  generated by the energy loss of incident ions within tis-
sues [Assmann et al., 2015].
The detection of the electromagnetic eld generated by the propagation of the incident ions in the
patient [Radler et al., 2021, Albert et al., 2018].

2.1.3.3 Secondary particles measurements

Light secondary particles (charged and neutrals) produced by inelastic interactions between the ion-
beam and the target have different paths and dose deposition pro les compared to the primary beam.
These particles can contribute up to 5% of the total physical dose at the Bragg peak, and their biological
impact on surrounding tissues may increase the toxicity of hadrontherapy treatments on healthy tissues, as
they typically exhibit high LET. For instance, secondary particles produced by the interaction of 160 MeV
protons in a tissue-equivalent phantom have LET values ranging from 100 to 160 keV/um, while the LET of
the incident beam varies between 1 and 12 keV/um [Grassberger and Paganetti, 2011]. Furthermore, one
of the main indication for hadrontherapy is to treat pediatric cancers, for which the radio-induced cancer
risks must be considered more carefully. The contribution of secondary particles to the dose received by
healthy tissues must therefore not be neglected, both in terms of physical and biological dose estimation.
Accurately accounting for nuclear reactions in dose calculations requires precise measurements of the
cross-sections of these reactions, which typically exhibit uncertainties ranging from 5% to 15% [Dudouet
et al., 2014]. Although several experiments have already been carried out using thick targets [Schall et al.,
1996, Haettner et al., 2013] and thin targets in the energy range used in hadrontherapy (80 to 400 MeV/u)
[De Napoli et al., 2012, Dudouet et al., 2014, Divay et al., 2017, Horst et al., 2019], the fragmentation
cross-section data remain incomplete, especially for incident particles with atomic number greater than
that of protons, such as carbon or oxygen. It is therefore necessary to conduct dedicated measurement
campaigns for these cross-sections.

2.2 Hadrontherapy projects within IN2P3

Many instrumental realizations were carried out within laboratories involved in the presented projects.
All will be developed and presented in detail in Chapter 4.

2.2.1 Modeling the effects on living organisms

In the research eld, the modeling biological effects relies on coupling Monte Carlo particle transport
codes with biophysical models. Among the most widely used tools, Geant4 and its extension Geant4-DNA
[Kyriakou et al., 2021] allow detailed simulation of energy deposition from the nanoscale to the macroscopic
scale. The GATE platform [Sarrut et al., 2022], built on Geant4, is commonly used in clinical settings and
supports 3D biological dose maps using anatomical data. Other codes like FLUKA [Ballarini et al., 2024]
can compute LET distributions and are often coupled with models like LEM [Scholz et al., 1997]. MCHIT,
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also based on Geant4, has been used in combination with MKM to assess RBE in ion beam therapy [Burigo
et al., 2015].

2.21.1 Geant4-DNA

A mechanistic understanding of the biological effects of ionizing radiation remains a major challenge
in current radiobiology. The computational (in silico) approach is currently favored [Em etzoglou et al.,
2005, Nikjoo et al., 2006, Nikjoo et al., 2016] to address this challenge, in particular to meet the need for
accurate tools for radiotherapy treatment planning, or to better estimate the risk to human health during
long-term exposure to ionizing radiation in manned space missions. Numerous simulation tools have been
developed worldwide over the past decades. They can simulate the damage induced to the DNA of the
cell nucleus, which is still considered the primary site sensitive to ionizing radiation in cells, following a
“bottom-up” approach (from DNA to macroscopic biological effects). Many such proprietary codes still
exist and continue to be developed (see a detailed list in Table 1 of [Kyriakou et al., 2022]), highlighting
the dynamics within this research eld. Unfortunately, none of them are currently available to users, which
prevents their widespread use and adaptability to different user needs.

Instead, in an open science approach, Geant4-DNA (https://geant4-dna.org ) is the rst fully ac-
cessible platform developed for the mechanistic modeling of biological effects of ionizing radiation at the
(sub)cellular scale. The project was initiated in 2001 by Petteri Nieminen of the European Space Agency
(ESA). It provides to the scientic community the possibility to simulate track structures using various
physics models in liquid water (the main component of biological medium) and other materials, as well as
several chemistry models for the simulation of radiolysis. These can be combined with a variety of geome-
tries of biological targets to predict, in particular, the induction of damage at the (sub)cellular scale. Being
a full component of the Geant4 Monte Carlo toolkit (https://geant4.org ), Geant4-DNA functionalities be-
come accessible to other codes based on Geant4 (e.g. GATE, TOPAS/Topas-nBio, GAMOS).

An example of signi cative result obtained by the Geant4-DNA collaboration is presented on Figure 2.5,
where it can be observed that the Monte Carlo simulation is able to reproduce the double strand breaks
yields experimentally measured with protons and alpha-particles.

2.2.1.2 GATE

GATE is an open-source Monte Carlo simulation platform, based on Geant4 and dedicated to applica-
tions in medical physics (imaging and therapy). The OpenGATE collaboration (www.opengatecollaboration.org)
includes 25 international laboratories, of which 6 are IN2P3 laboratories (LPCA, JCLab, CPPM, IPHC, IP2I,
and LPSC). Lydia Maigne (LPCA - IN2P3) is the current spokesperson of the collaboration and David Sarrut
(CREATIS CNRYS) is the technical coordinator. More than 2,000 users are registered worldwide. Over the
past ve years, the number of publications has been approximately 15 per year. Two publications from the
OpenGATE collaboration received the “most cited publication” award in the journal Physics in Medicine and
Biology, in 2009 and 2015 respectively [Jan et al., 2004, Sarrut et al., 2014], demonstrating the platform's
impact at the interface of physics, medicine, and biology; then, we continued to showcase our develop-
ments with collaboration papers [Grevillot et al., 2020, Winterhalter et al., 2020, Sarrut et al., 2022]. Every
year, an international scienti c meeting is organized to present the last developments and validations per-
formed by the collaboration developers and the user community [Ali et al., 2022b].

To keep the GATE platform competitive, structural developments were necessary. The code, written in C++,
needed to be updated and partially rewritten. Modi cations of the platform have been performed since 2023
to encapsulate parts of the code in Python to facilitate platform installation and usage, as the current macro
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