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Heidelberg Ion-Beam Therapy Center (HIT)
2009: est. for raster-scanned p, 12C

2012: Heavy ion gantry system

2015: 4He & 16O for research

2021: 4He treatment program



How to move forward ion beam therapy?

Technology

• Fast Monte Carlo calculations for all beam modalities

• Decrease range uncertainties

• Change the beam modality: 4He ion vs. proton beams (12C vs. 16O ions)

• Improve the delivery (set-up) technique: arc irradiation (high LET

advantage)

• Multi-Ion Irradiation (also biological advantage)

• FLASH-like irradiation (also biological advantage)



How to move forward ion beam therapy?

Biology

• “Novel” biological model

• Arc irradiation with high LET advantage for hypoxic tumour

• FLASH-irradiation (and mini-beams): sparing normal tissue

• Combined treatments: DNA damage repair interface (DDRi) drugs +

external ion beam therapy



A Fast Monte Carlo Engine for Particle Therapy



• MonteRay for proton, helium and carbon ion beams is capable of accurate dose

calculations when evaluated against measurement and FLUKA simulations

• Speedups of 20-60x vs. FLUKA on same hardware

• Combinatorial Geometry has been implemented

• Handling different biological models

• Extension to IORT electrons and VHEE for FLASH radiotherapy recently done

Funded by:

Grant No. 13GW0436A













A successful story: Helium ion therapy from research to clinic



Networking and cooperation with other institutions





1st treatment with scanned helium beams

Intracranial anaplastic hemangiopericytoma

Summer 2021 – 60GyRBE – 30 fractions / Re-irradiation (1st treatment 60GyRBE-
2015)



1st treatment with scanned helium beams
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MR-guided proton and ion beam therapy (with MonteRay) – ARTEMIS program @ HIT

ARTEMIS – MRI guided particle therapy

Ions

MRI



Treatment Optimization: 

Conventional vs. PAT

i. Improved target conformity +

ii. Improved Robustness +

iii. LET Redistribution +

iv. Delivery efficiency +

Particle Arc Therapy (PAT): delivery which makes use of rotational motion 

of gantry and/or patient (step-and-shoot or dynamic rotation).

Mein et al, Adv. Rad. Onc. 2021



Mein et al 2022b

Pancreatic 

Adenocarcinoma 

IMPT for pancreatic cancer treatment





Mein et al 2022b

Target LET enhancement using arc delivery. Pancreatic 

Adenocarcinoma 

Carbon



Mein et al 2022a GBM



Biophysical Verification of Carbon Ion Arc Therapy

Tessonnier, Filosa et al, Adv. Rad. Onc. 2024



Biophysical Verification of Carbon Ion Arc Therapy

Tessonnier, Filosa et al, Adv. Rad. Onc. 2024

In vitro validation – A549



Multi-ion therapy (MIT): a particle therapy technique which involves the 

delivery of ≥2 charged particle species in a single fraction (e.g., p, He, C, O, 

and/or Ne ions)

Objective(s): design treatments which exhibit features unattainable using a

single ion species — primary clinical aims are dependent on

optimization/delivery technique (e.g., to improve dosimetric features, reduce

physical and radio-biological uncertainties and/or improve TCP/NTCP)

Status: research and development, with one clinical program running for

patient treatments

p



• Ion selection: end-point and optimization method dependent. However, in

general, all proposed MIT techniques to-date involve mixture of 2 or more

light and heavy ion species. Therefore, at the very least, combining a “lower”

and “higher” LET particle is appropriate, in order to balance physical and

biological properties (e.g., LET & RBE levels)

p

Examples:

Mairani et al 2022 PMB, Roadmap: helium ion therapy



Tinganelli et al Sci. Rep. 2015

O Sokol et al Phys. Med. Biol. 2019

GSI (DE)NIRS (JP)

Inaniwa et al. Phys. Med. Biol.  

2017, 2018, 2020, 2021

Intensity modulated 

composite particle therapy 

(IMPACT)

Aim: expand therapeutic window 

via optimization of physical dose 

and LET

Multi-ion kill painting

Aim: overcome hypoxia-related 

tumor radio resistance  

HIT (DE)

Combined ion-beam  

constant RBE (CICR)

Aim: robust physical/biological 

optimization and OAR sparing

robustness:

⬆phys.   ⬆bio.

T.T Böhlen et al Phys. Med. Biol. 2012

Kopp, Mein et al IJROBP 2020

Mein et al Med Phys 2022

• Optimization algorithm:
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MIT Validations: physics

Kopp, Mein et al, IJROBP 2020

+

CICRC-p

All new delivery methods must be verified experimentally 
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All new delivery methods must be verified experimentally 

+

CICRC-p

Kopp, Mein et al, IJROBP 2020

RBEav variation ~1-3 % in the target

in vitro 

clonogenic assay:

glioma cell line 

(GL261)

MIT Validations: biology



Mein et al 2022b

SHArc (1-arc): target LET enhancement using arc delivery. 

SHArcMIT (2-arc): improved physical dose and RBE homogeneity in the target Pancreatic 

Adenocarcinoma 
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Do we observe clinically the limitations of a biological model?  

• Prostate Trial (IPI) (Habl et al. 2014, 2016, Eichkorn et al. 2022)

• 66 Gy (RBE), RBE = 1.1 1H vs. 66 Gy (RBE) LEM I a/β = 2 Gy 12C  in 20 fx
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Improve the clinical outcome with a better biological framework

Photon clinical data from literature

J. Besuglow, …, A. Mairani 2023 IJROBP
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How do improve the clinical treatment ? Learning from the cohort   

J. Besuglow, …, A. Mairani 2023 IJROBP
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Learning from 1H and 12C patients cohort for 4He planning

J. Besuglow, …, A. Mairani 2023 IJROBP



The „UNIfied and VERSetile bio response Engine“ - UNIVERSE

• UNIVERSE: multipurpose mechanistic modelling framework of radiation action

• Goal: Translating the action of “effect-modifiers” (e.g., DNA damage inhibition) from readily available 

photon data to charged particle scenarios



The „UNIfied and VERSetile bio response

Engine“ - UNIVERSE
Hypothesis

RSF (as well as KiDSB/KcDSB) values remain constant under change of radiation

quality → UNIVERSE can be extended to charged particles by solely implementing

the heterogeneous dose distributions of ions (utilizing GPUs)



Combined DNA Damage Repair 

Interference and 

Carbon Ion Beam Therapy

(a)M059K cells and their DNA-

dependent protein kinase (DNA-PK)-

deficient mutant (M059J)

(b) CHO cells and their two NHEJ

response-deficient mutants (V3 cell line

is DNA-PKcs-deficient and xrs-5 cell

line is Ku80-deficient)



Carbon Ion Beam Therapy

and 

HPV status



•Mostly with electrons and protons 

•Great advantage: very fast (< 0.1 s) 

• Coupled with heavier ions characteristics (RBE and OER) could be the ultimate 

radiation therapy technique 

Reduced effect of moving targets

SDR: 0.12 Gy/sFLASH: 186 Gy/s 

Helium Ion FLASH

Tessonnier, Mein, Walsh et al. IJROBP 2021

FLASH Radiotherapy





FLASH Radiotherapy
•mechanisms behind FLASH: Investigate oxygen consumption during UHDR 

irradiation across large LETd range: with electrons, proton, helium, carbon and 

oxygen ions

Karle, Liew, Tessonnier et al, J. Med. Phys., 2024, accepted Manuscript
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FLASH Radiotherapy
•mechanisms behind FLASH: Investigate oxygen consumption during UHDR irradiation 

across large LETd range: with electrons, proton, helium, carbon and oxygen ions

Karle, Liew, Tessonnier et al, J. Med. Phys., 2024, accepted Manuscript



Conformal Carbon Ion-FLASH

Carbon Ion-reference IMPT



Conclusions

• Many technological and biological advancements are possible in ion

beam therapy

• Clinical employment of novel approaches is undergoing at HIT

• Several clinical indications would benefit from a modernization of ion

beam therapy

• Our mission at HIT is to facilitate and to support this modernization.



Thank you for your attention!


