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• Introduction 
– RBE in a mixed field
– The MoVe IT Task 1.1

• The standard approach (Bellinzona 2021)
• Additional analysis
• Derivated approach (pB fragmentation)
• Outlook: Impact on other projects
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Biological impact - The relative Biological Effectiveness (RBE)
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RBE ~ 1.1 for protons
RBE > 1 for ions

RBE-Weighted Dose 
(RWD):
RWD = D x RBE
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Amaldi U. et.al. (2019)
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Biological impact - The relative Biological Effectiveness (RBE)
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Mechanistic RBE models

Friedrich T. Hab. Thesis(2016)
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§ The DNA Double Strand Break (DSB) is
considered the type of lesion most directly
related to cell killing

§ Different radiation qualities produce the same
spectrum of DNA lesions

§ BUT the distribution of lesions inside the target
can be very different

12C  High LET
1 MeV/u, ≈ 690 keV/µm

12C  Low LET
200 MeV/u, ≈ 16 keV/µm

Photons
x-rays

Random
DSB distribution

E. Scifoni - Alghero school 2018

Scholz 2006
Adv Pol Sci

Differential DNA Damage

29.05.2018



Secondary Electrons produced by an ion along a Bragg Peak
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Fig. 1. Secondary electrons energy spectra in liquid water (dN/dW , inset), as a function of the
electron initial energy W , produced at different depth positions along a Bragg peak (larger plot).
These positions (letters) correspond to different values of the residual ion energy T (in MeV/u),
for a single carbon ion penetrating in the medium. Extended from Ref. 24.

effects.26 A simple option is the binary encounter model27 and its modifications,
also accounting for molecular shell specific ionizations.28 Most models are based
on the first Born approximation, which imposes an energy of the projectile much
larger than the target electron. Different upgrades were done, including advanced
ab initio quantum molecular approaches like the continuum distorted wave (CDW)
method.29 These methods have a large computational cost, but in principle, can now
treat a broad range of target molecules.30 An alternative method is the dielectric
response model,15,31,32 which uses photoionization cross-sections for parametrizing
energy and momentum dependence of the energy loss function. The main advantage
of this model, which makes it suitable, especially for treating condensed media, is the
simultaneous accounting for both single-particle and collective effects in the analysis
of the response. This approach has been recently extended, with physically based
approximations to model secondary electrons not only in water but in arbitrary
biological materials,33 including their angular distribution.34

The energy distribution of secondary electrons in water is extremely peaked
especially in the Bragg peak region of an ion track.15,24 This is visible in Fig. 1,
associating depth positions along an ion trajectory and corresponding electron en-
ergy spectra. Most of the initial energies of the produced secondary electrons are
below 100 eV.21,24,35 This feature is at the basis of the highly dense ionization ef-
fect of ion beams as compared to the sparsely ionizing pattern induced by X-rays.
Furthermore, the discovery that very low energy electrons (< 10 eV) can be very
effective in the destruction of biomolecules,36 made very challenging the study of
these spectra with great detail down to the lower edge.37
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Track Structure simulation



LEM I: Three Ingredients

2
1)(
r

rD µ

Geometry
Target (cell nucleus): 
Experimental Data

Dt

t
DD DDeS <= +- ,)( 2ba

Radiobiology
Photon Survival Curve:
large data base available
linear-quadratic-linear: 
LQL

t
DDs DDeS t ³= -- ,)(maxh

average number of lethal events

Physics
Radial Dose Distribution:
Monte-Carlo (TRAX), 
Experimental Data,
Semi-empirical
(Amorphous Track model)
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Scholz&Kraft 1996
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RBE

Lesion 
statistics

Local lesion 
distribution

Local dose
distribution

Amorphous track 
structure

:    7
:    3

Photon 
equivalent 
situation

LEM IV: Photon equivalent lesion distribution

Courtesy.of T. Friedrich

E.Scifoni FOOT AM2023

Elsaesser 2010
Friedrich 2012
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PARTICLE DEPENDENT RBE
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MIXED PARTICLE FIELD
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Mixed  Field RBE
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Exploiting degrees of freedom in Ion 
beam TPS

Tinganelli et al. Sci Rep. 2015
14



Target fragmentation in proton therapy?

About 10% of biological effect 
in the entrance channel due to 

secondary fragments

Largest contributions of recoil 
fragments expected from 

He, C, Be, O, N

Heavy fragments have low 
residual energies and release 

low doses -> high RBE!!

Tommasino et al 2015



RBE vs. LET and α/β ratio
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McNamara, A. L., Schuemann, J., & Paganetti, H. (2015). A phenomenological relative biological effectiveness (RBE) model for proton therapy 
based on all published in vitro cell survival data. Physics in Medicine and Biology, 60(21), 8399–8416.
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Physics

• Depth dose distributions
• Nuclear fragment spectra 

(including target)
• Stopping power data

Radiobiology
(= Biological effects + micro/nanoscale physics)

• RBE (eg.  LEMx, MKM)
• OER
• DEF

TPS

Beamline specifics Patient Imaging data
Including intratumor heterogeneityEffective Dose profile

Clinical Impact
Verification

TCP/NTCP 

advanced 
beam monitoring 

“Bio”-dosimetry Sokol PhD Thesis

Tinganelli et al Sci Rep 2015

A Graphycal summary
oVe IT

Modeling and Verification for Ion 
beam Treatment planning



WP Structure and Tasks Breakdown

WP0
Coordination& Dissemination

WP1

RB modeling 
for TPS

WP2

NTCP/TCP 

WP3

Biological 
Dosimetry

WP4

Facilities
and beamline simulations

T1.2: OER and ITH 
modeling 

T4.3: Detectors for beam 
flux and beam energy 
measurement

T1.1: RBE 
modeling for 
protons

T2.1:  NTCP models 
on proton patient 
data including RBE 

T3.1: Devices for 
spatially resolved proton 
RBE measurement

T4.1: CNAO/TIFPA/LNS 
lines development for 
beam delivering

T2.2: TCP/NTCP 
including hypoxia for 
different ions

T3.2: Hypoxic, Coculture
and Stem cells  devices 

T3.3: In vivo and 
Molecular biomarkers

T4.2:  MC Simulations for 
beamlines/target 
stations for in vitro/in 
vivo exp



Main WP connections

WP2

NTCP/TCP 

WP1
RB modeling 

for TPS

WP4
Facilities&

BL Simulations

WP3
Biological 
Dosimetry

Nuclear Fragment 
spectra from MC

Target Station set up 
and simulation for Bio-

irradiation

In Vivo exp toxicity 
prediction

Molecular Biomarkers 
for PET hypoxia 

imaging

RBE and OER profiles 
to be tested in 

vivo/invitro

Advanced 
dose/LET/survival 

distributions for control 
and toxicity studies

Nuclear 
Fragment 

exp xs Sensitivity 
specifications
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First approach – LETd based
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FLUKA computed spectra
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Impact on RBE

Embriaco et al. 2020McManara and Wedemberg  LETd based approaches
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2022

Biological impact of fragmentation with a 
full mixed field

23



TOPAS 3.3
-standard Geant4 Electromagnetic module version opt4
– high precision QGSP_BIC_HP model
– ion binary cascade model
– decay physics model
– stopping physics model
– high precision neutron transport model, with G4NDL4.5 data

E.Scifoni FOOT AM2023 24

Computed Spectrum



E.Scifoni FOOT AM2023 25

Impact on a pristine peak RBE
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Impact on survival level
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Impact on a SOBP

Flat Physical dose optimized
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Impact on a SOBP
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Biological impact of fragmentation

Comparison of plans including 
target fragments with  
experimental in vitro data
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Biological impact of fragmentation

Comparison of plans including 
target fragments with  
experimental in vitro data

30
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Comparison of plans including 
target fragments with  
experimental in vitro data

Increasing LET range, less 
important correction

Biological impact of fragmentation
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Scaling the xs..

How much should we 
correct the available cross 
sections to get a relavant 
impact on the High Z 
contributions?



Cross Section (CS) estimates from MC codes

33
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2cm

4cm

12cm

150 MeV p @



RBE vs. total and partial CS  (evaluated at 10 mm)
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RBE vs. differential CS (Z = 1, evaluated at 10 mm)
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C
S’

C
S
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RBE vs. differential CS (Z = 2, evaluated at 10 mm)

37

CS’
CS
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Attili et al. NeuDos, 2022, in prep. 

Beam mixing and LET 

Impact of different weighting of beam components in 
their biological effect, as compared to. LETd based 
approaches,

38
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A similar question: pB fragmentation
matters biologically? The NEPTUNE puzzle 



pB Bio impact Modeling: 

40

SOBP 
simulation 
(LNS and 
CNAO 
beamlines)

Mono-
energetic 
simulations:

Cell Flask
w/ and w/o 
Boron

Proton (and 
Neutron) 
PHSP.

Secondary 
particles 
PHSP,

(Z=0, 1, 2, …)

Amorphous 
track + MKM
Simulations

(Geant4-
DNA/TRAX-
CHEM)

(𝛂, 𝛃) LQ 
parameters.

w/ and w/o 
Boron

Secondary 
particles 
spectra,

(𝛂, 𝛃) LQ 
parameters.

w/ and w/o 
Boron

Weighted 
Mixed Field

w/ and w/o 
Boron

Biophysical effect modeling scheme

E.Scifoni FOOT AM2023



Reproduction of experimental 
irr. conditions

41

All the different experimental proton fields at 
CNAO/LNS have been reproduced, including 
experimental target details
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SOBP simulations (MKM for DU145) - α 
parameter & relative weight

42

E.Scifoni FOOT AM2023



43

x 100

Radiobiological impact and Comparison 
with experimental DMF

RBEα = α x relative 
weight / αX

The experimentally 
observed DMF (1.4), could 
be reproduced only with a 
105 factor in produced 
fragments

Attiil et al. in prep for PMB

E.Scifoni FOOT AM2023
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Summary

• RBE in a mixed field of a particle  beam should be 
computed accounting for all components

• According to the obtained results secondary protons have a 
relevant impact in proton particle fields

• Helium component is the major contributor for Z>1
• But its role, according  to the present available cross 

sections is limited to a small contibution
• A correction on a factor larger than an order of magnitude 

on the xs would impact the role of Z>1 frags
• The present correction is enough to provide good 

agreement with the experimental in vitro data
• Even the energy distribution will not affect importantly the 

resulting RBE
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Thanks!
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