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Overview

• Radiobiology: the basics

• Particle beam radiobiology (PR)

• RBE
• OER
• Radiosensitizers

• Biophysical Models
• Radiobiology based treatment planning

• Selected Hot Topics in PR
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Why is Radiobiology important?
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La Largest part of the damage comes 
from secondary electrons and radicals

Ion beam damage STAGES:

The mechanism of biological damage with ions

I. ~10-22s II. ~10-17s

III. ~10-14s

IV. ~10-15s

V. ~10-5s

I. Propagation of ions
II. Primary ionization in the medium
III. Propagation of secondary

electrons and radicals
IV. Electron degradation of DNA
V. Radiobiological scale effects

Local heating
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Spatiotemporal scales of Radiation Damage



Basic concepts of radiation biophysics
§ 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
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Scholz	2006
Adv Pol	Sci

DNA Damage

Courtesy of F. Tommasino



Secondary Electrons produced by an ion along a Bragg Peak

W (eV)
W (eV)

T0=400 MeV/u penetration depth, x(        )
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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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Photons Ions

RBE: Relative Biological Effectiveness



!"# !! ,!! ,!! ,!! , ! =!

= −(!/!)! ± (!/!)!! − 4(ln! !/!)!
−(!/!)! ± (!/!)!! − 4(ln! !/!)!

!

RBE depends on:
- Physical parameters (dose,

LET, fractionation).
- Biological parameters (cell

cycle, oxygenation, end-point).
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RBE: Relative Biological Effectiveness



Particle beams advantage with resistant tissue
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Courtesy of M.Durante



RBE in vivo

Sorensen Acta O 2016
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1. Intrinsic (genetic) radiosensitivity
2. Fractionation/Dose rate
3. Cell-cycle
4. Oxygen/scavenger concentrations
5. Radioprotectors/radiosensitizers

Modifiers of radiation response
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Horsman et al Nat. Rev. Clin. Oncol. (2012)

Hypoxia and OER

effectsamenormoxiceffectsamenormoxic

hypoxic

D
pDpOER

D
D

OER )()(; ==

Fyles JCO 2003

Oxygen Enhancement Ratio
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• it is called a „dose modifying factor“
if independent on S (or D)

Relevant effects in low-LET radiation:
what about high LET?

• in general a dose enhancement factor (DEF) is defined as a ratio of
doses compared to normal conditions (n.c.)

Radiosensitizers

• instead of being a radiation quality
related feature like RBE, it is more a 
target property (like e.g. OER)

Wenzl&Wilkens 2011
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-also called Sensitizer enhancement Ratio (SER)-



High	tumor	dose,	normal	tissue	sparing

Effective	for	radioresistant tumors

Effective	against	hypoxic	tumor	cells	

Increased	lethality	in	the	target	because	cells	
in	radioresistant (S)	phase	are	sensitized

Fractionation	spares	normal	tissue	more	than	
tumor

Reduced	angiogenesis	and	metastatization

Potential	advantages
Energy

LET
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Charged	particle	therapy:
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Biophysical Models



T. Friedrich (Habil Thesis) TUD 2016

History of biophysical modeling

Red=also high LET radiation



Clinically applied models

• MKM – Microdosimetric Kinetic Model (Japan)

• LEM– Local Effect Model (Europe)



Amorphous Track Structure Model Assumptions

1. Simplification of Track Structure by neglecting the
stochastic processes of secondary electron
emission. The concept of an amorphous radial dose 
distribution is used. 

2. No general difference between high- and low LET 
radiation, since all damage is generated by
secondary electrons

3. Convolution of low-LET survival curve and radial 
dose distribution yields response to heavy ion
irradiation.



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 (Krämer), 
Experimental Data,
Semi-empirical
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à Derive statistics of lesions

)iDSB(#)cDSB(#
)cDSB(#

+
=CI

Measure for complexity
of lesions:

Cluster index

LEM IV: Cluster Index

Distinguish between
- Isolated DSBs (iDSB)
- DSB clusters (cDSB)

Courtesy.of T. Friedrich
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Ion

DSB distribution in single track = 
cut-out of X-ray damage pattern

Photons

LEM IV: Ion-Photon Equivalence

Photon equivalent 
situation: 
CIPhotons = CIIon at dose Deq C
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RBE
Lesion 

statistics

Local lesion 
distribution

Local dose
distribution

Amorphous 
track structure

:    7
:    3

Photon 
equivalent 
situation

LEM IV: Calculation Path

Courtesy.of T. Friedrich
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Microdosimetric Kinetic Model

Extension of the Dual Radiation Action Model.
Cell nucleus divided into a number q of microscopic sites called domains.
Survival fraction sd of a domain after a dose z is absorbed:

2
dln BzAzs +=-

Number of hits to a domain: Poisson distribution.
Survival fraction of a cell: S.

A cell survives if all domain survive.

Independent of the radiation quality.
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Biologically based Treatment planning



Advancing clinical prescription for Particle therapy

E. Scifoni - OMA school 2017 

• Absorbed Dose

• Biologically effective Dose (RBE weighted)

optimized quantity:



TRiP98 – Treatment planning for Particles

E. Scifoni - OMA school 2017 

Clinical use in pilot project, Research use in GSI, HIT, Aarhus, Lyon etc. 
Reference for: Siemens SynGo/PT, RayStation Carbon 
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Proton RBE



RBE=1.1 for protons in radiation therapy
(ICRU recommendations)

Paganetti 2002 PMB

E. Scifoni - OMA school 2017 



…are deviations from 1.1 of clinical relevance?

Wedenberg 2014 Med Phys

- Potential 
improvements offered 

by biological 
optimization

- Possible bias when 
neglecting variable 

RBE

- Sensitivity to RBE 
model

- Only 3 patients 
considered!

Dose (Gy) Dose (Gy-RBE) LET (keV/µm)

E. Scifoni - OMA school 2017 
Courtesy of F. Tommasino



(additional to physical range uncertainty!)

Grün 2013 Med Phys

Distal SOBP:
-Parallel decrease of dose and increase
in LET

-RBE is highly uncertain
-RBE can be >>1 in OAR!!
-Better characterization -> more
accurate treatments

Range defined
as distal D80

Cuaron
2016

IJROBP
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DSB induction and repair

Biological Range uncertainty



Physical 
Dose

Clinical
Outcome?NTCP

models
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Protons will lead to improved clinical
outcomes (less serious toxicity) if:
1. Normal tissue sparing can be

obtained (Ddose)
2. Ddose will result in lower

clinically significant complication
risks (DNTCP)

Radiotherapy and Oncology 2013 Int J Rad Oncol Biol Phys 2016

Chasing a Clinical Impact

Courtesy of F. Tommasino



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!!

E. Scifoni - OMA school 2017 
Tommasino & Durante 2015 Cancers Courtesy of F. Tommasino
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BioTPS with New ions
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• Comparative TPS studies between different ions require an advanced 
modeling of the physics and radiobiology

• Such biological characterization in same cases should go beyond the 
concept of RBE-weighted dose.

• Biological dosimetry in vitro/in vivo, not only on monoenergetic but on 
extended targets

• Treatment planning tests on several levels

(Re)introducing new ions

•O and He available @HIT with full active scanning capabilities and 
potentially in future at CNAO and Med-AUSTRON 



Krämer et.al. Med. Phys. 43, 2016 Sokol et. al. in prep for Med Phys.

• CHO cells Survival on a He planned extended volume
• spatial resolution : 2.5 mm 

• 2 Fields bio-optimized (MFO) on uniform survival• Single field, optimized on flat physical dose =4Gy 

• New Beam model + LEMIV

4He biological verification
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Fuchs et al Med Phys (2015), 
- empirical “zonal” depth-dependent 

RBE model, independent from dose 
level and cell type.

- 1.0 in the plateau, then increasing RBE 
up to a value of 2.8 at the Bragg peak 
region and constant in fragmentation

TPS: HYPERION

4He Med AUSTRON model

5159 Fuchs et al.: Dose optimization and dose calculation for helium ions 5159

Fig. 1. Graphical representation of the parameters a(Einit) and b(Einit) em-
ployed in the zonal RBE model for protons and 4He, respectively. The lines
represent a best e↵ort fit through the data points and are drawn to guide the
eye.

where x is the penetration depth, Einit the initial energy, k
a constant set to 1.6 for protons and 2.8 for 4He, and the
coe�cients a(Einit) and b(Einit). The coe�cients a(Einit) and
b(Einit) were fitted to best match the experimental data,1,2 as
depicted in Fig. 1. A comparison of the empirical zonal RBE
model with data from experiments can be found in Figs. 2(a)
and 2(b) for protons and 4He, respectively.

According to Eq. (1) in the plateau region, i.e., up to
approximately a LET of 5 keV/µm, a RBE of 1.0 was
assumed, followed by an increasing RBE up to 1.6 for
protons and 2.8 for 4He in the Bragg-peak region, which
was then kept constant over the fragmentation tail. Due to
the lack of appropriate experimental data, RBE variations for
di↵erent cell types were not implemented up to now. The RBE
weighting factor was then applied as a multiplicative factor
directly to the physical dose distribution of the individual
pencil beams according to Eq. (2),

DRBE,x =

NX

n=1

!RBE,n(Einit,x)⇥Dphys,n(Einit,x), (2)

where DRBE,x is the resulting biological weighted dose and
Dphys,n(Einit,x) is the physical dose of n contributing beams at
position x.

2.B. Treatment plan optimization and dose calculation

The treatment planning system Hyperion was specifically
developed for photon beam intensity modulated radiation
therapy.36,37 In the light of increasing interest of proton beam
therapy, a research module for intensity modulated proton
therapy optimization and proton dose calculation was added.39

Separate biological dose optimization is only necessary if
strong dose dependencies exist, which does not seem to be
the case for low LET particles.18 Therefore, the existing
photon and proton dose optimization strategies of Hyperion
could be used as platform for treatment plan optimization
applying proton and 4He, without adding complex biological
optimization routines. Therefore, biological weighted target
doses and dose constraints can be directly used for both
particle types.

The original PB algorithm for protons in Hyperion was
replaced by a recently developed pencil beam algorithm that
was already parameterized for physical dose calculation for
both protons and 4He.38 Although details of this PB algorithm
have been previously described, a brief description is given
in the following for the sake of completeness. The PB model
was based on a lookup table approach with phantom materials
converted to a water-equivalent depth. Beam broadening,
due to multiple Coulomb scattering was described using
a nonlocal scattering power formula.40 At the lateral o↵
axis locations, an additional small contribution occurs.38,41

A Voigt function, which is a convolution of a Gaussian and
a Lorentzian function, was found to describe this e↵ect best.
Heterogeneities in the lateral direction of the beam path were
taken into account by a decomposition of the initial beam into
smaller sub-beams. Optimal profiles for each sub-beam were
created automatically, allowing modeling of nonGaussian
shaped initial beam shapes.

In the absence of measured beam data for scanned 4He
beams, similar basic beam characteristics and spot sizes were

Fig. 2. Comparison of experimentally determined RBE values of a 4 cm proton SOBP (a) modeled after the experimental setup of Matusmoto (Ref. 1) and of
a 6 cm SOBP 4He beam (b) modeled after the experimental setup of Kase (Ref. 2). The dashed blue line indicates the physical dose distribution, black points
depict the corresponding measured RBE values, while the continuous red line indicates the RBE values determined using the presented zonal RBE model.

Medical Physics, Vol. 42, No. 9, September 2015

between 674 and 1548 cm3, a big part of the normal tissue
received high doses, e.g. V7.6Gy (RBE) ranged from 20% to more
than 50% for the patients included in this study.

Ependymoma patients

The chiasma, optical nerves, eyes and the hypophysis were
considered in the OAR dose evaluation. In 4/5 patients D50% to the

eyes and optical nerves was lower than 0.8 Gy (RBE) with no
significant difference between protons and 4He. The median LDVol,
MDVol and HDVol of the hypophysis over all five EP patients were
lower by 13–22% for the 4He plans. No difference was observed for
the chiasma comparing the two treatment modalities. DVH curves
averaged over all EP patients are shown in Figure 3.

The comparison of the DDM showed better results for 4He
with 12.7% (range 6.0–14.1) of the voxels receiving a higher

Figure 3. DVH curves for (a) Neuroblastoma patients (averaged over all patients) showing PTV (red), liver (blue) and kidneys (contralateral: orange and ipsilateral:
green); (b) Ependymoma (averaged over all patients) displaying PTV (red), optical nerves (left: green and right: orange), hypophysis (purple) and chiasma (blue). The
solid lines represent 4He and the dotted lines protons. Color figure available online.

Figure 2. Isodose distributions (left: protons, right: 4He) of a representative Neuroblastoma patient. Corresponding horizontal and vertical dose profiles for two
positions on the depicted slice are shown as well. The profiles on the left side (vertical profile) and below the proton isodose distribution (horizontal profile) belong to
P1, the one on the right side (vertical profile) and below the 4He distribution (horizontal profile) belong to P2. The solid lines (blue) of the dose profiles represent 4He,
the dotted (red) protons. Color figure available online.

756 B. KNÄUSL ET AL.
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756 B. KNÄUSL ET AL.

Treatment plan quality slightly 
improved with 4He compared 
to proton plans, but 
advantages in OAR sparing 
were depending on indication 
and tumor geometries.
High sensitivity to beam model
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4He CNAO/HIT model
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Abstract
Treatment planning studies on the biological effect of raster-scanned helium 
ion beams should be performed, together with their experimental verification, 
before their clinical application at the Heidelberg Ion Beam Therapy 
Center (HIT). For this purpose, we introduce a novel calculation approach 

A Mairani et al

Biologically optimized helium ion plans
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3.3. Forward calculation of the biologically optimized plan

In figure 4, forward re-calculated cell survival and RBE values as a function of the depth are 
depicted with lines, as reported in the legend, in the upper and in the lower panel, respec-
tively. The calculations have been carried out applying the three =f f f f; ;He QE LQ LE2{ } para-
meterizations for the αHe term, the LET-dependent formalism for the βHe term and the best-fit 
parameters derived in this work. The results obtained using =f fHe QE, as computed in Mairani 
et al (2016) (figure 3) and in this work (figure 4), agree due to the limited variation of the 
parameters (∼6.5%). Using the two { }=f f f;He LQ LE2  functions gives similar cell survival 
results, which are from about 7% (plateau region) to about 20% (target region) lower than the 
fQE-ones. In the entrance channel, the mean RBE value calculated applying =f fHe LE2 (1.17) 
well reproduces the average measured one (1.17  ±  0.04). Looking at the target region, fLE2 
gives, on average, lower survival (higher RBE) values than the measured ones, but generally 

Figure 4. Cell survival (upper panel) and RBE (lower panel) values as a function of 
the depth in water for the forward re-calculated plan applying =f f f f; ;He QE LQ LE2{ } 
parameterizations for the αHe term, the LET-dependent βHe term formalism and the new 
best-fit parameters obtained in this work. The model predictions are depicted with lines 
as shown in the legend. Experimental cell survival/RBE data are reported as points with 
error bars.
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RBE(dose, LET, (α/β)ph)

Phys Med Biol. 2016 Jan 21;61(2):888-905

Data-driven RBE parameterization for helium ion 
beams.



TRiP98 treatment plans comparison - a patient example 

12C

12C

4

H
e

4He

1

H
1H

Two-dimensional dose distributions for 
GSI pilot project patient CT slice
Plans for double-field irradiation of 
chordoma with 1H, 4He, 12C

R. Grün et al, Med.Phys. 42, 1037 (2015) 

Helium: a promising alternative for carbon and
protons



TRiP98 treatment plans comparison - a patient example 

16

O

16O

12C

12C

4

H
e

4He

1

H
1H

Two-dimensional dose distributions for 
GSI pilot project patient CT slice
Plans for double-field irradiation of 
chordoma with 1H, 4He, 12C

R. Grün et al, Med.Phys. 42, 1037 (2015) 

Extended + 16O (Sokol et al. unpub)

— 12C chordoma
- - 12C spinal cord
— 4He chordoma
- - 4He spinal cord
— 1H chordoma
- - 1H spinal cord

Helium: a promising alternative for carbon and
protons

Special cases for using oxygen?

— 16O chordoma
- - 16O spinal cord



Scifoni et al PMB 2013
Tinganelli et al. Sci Rep 2015

Tommasino Scifoni Durante  Int J Part Ther 2015

OER (pO2,LET)

pO2LET

O
ER

Hypoxia in Treatment Planning

Oxygen Enhancement Ratio

OER=Dosehypoxic/Dosenormoxic

@ same effect

OER(LET, pO2) =

b(aM0 + LET
γ
)/(a+ LET

γ
) + pO2

b+ pO2
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E.Scifoni (ULICE), data: W.Tinganelli et al.
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OER profile O vs C

•OER  along the
irradiation depth
for different ion 
and pO2

-selective advantage
of O beam

Scifoni et al PMB 2013
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Bassler et al. Acta Oncol 2014

4 Dose
ramped
C 

4 Dose
Ramped
O

4 Flat 
C fields

LET painting

- Redistribution of LET, 
to be maximized
in a target volume,

using TRiP98 
with dose ramps



The kill painting basic idea

E. Scifoni - OMA school 2017 

• Absorbed Dose

• Biologically effective Dose (RBE weighted)

• Biologically isoeffective Dose in the local microenvironment

optimized quantity:

What is needed:
ü Physical beam modeling
ü RadioBiological modeling
ü Implementation in TPS
ü Experimental Verification

Intra-tumour
Heterogeneity
revealed	by	functional	imaging
e.g. CT/PET(FMISO) 
Horsman NRCO 211



Kill painting implementation in TPS

Horsman et al 
Nat. Rev. Clin. Oncol. (2012)

Tinganelli et al . Sci Rep 2015

Scifoni et al .  
Phys Med Biol 2013

Semi-empirical
model		for
OER	(pO2,LET)

LET	and	dose	distribution		
of	the	particle	fields
automatically	adjusted	
from	the	optimization	to	
the	oxygen	distribution	

pO2LET

O
ER

E. Scifoni - OMA school 2017 



Experimental verification: Hypoxic cell
chambers

Tinganelli et	al.	Sci.	Rep.	2015.

E. Scifoni - OMA school 2017 

Example of the ‘anoxic’ phantom

Cell monolayer Triple chamber Material layer to 
vary the range 
shift

Tissue culture flask Biofoil

2 Fields C ions@GSI



OER	optimized	plans	with	O	(kill	painting)
Sokol et al.  subm to PMB (minor rev.)

- In case of hypoxia, proper
optimization accounting for
OER may lead to Inverted
peak-to-entrance ratios as
compared to a normoxic case

- According to actual
oxygenation, O beam may
overcome the price of larger
entrance channel with the LET
advantages

- Trade-off analysis between
better LET distribution and
worse Fragmentation in
entrance and tail

•E. Scifoni - OMA school 2017 
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Multi-ion treatment planning

• TRiP version for a biologically optimised multi-ion treatment 
plan

• TPS enhanced to handle more than one ion beam modality
at once (e.g. 12C+16O, p+12C)

Krämer, Scifoni, ,Schmitz, Sokol, Durante, EPJD  68 (2014)

C

Switching 
times 
~minutes

Cp



Multi-ion plans + OER driven optimization

E. Scifoni - OMA school 2017 

GSI Sci Rep. (2017)
Sokol et al. PTCOG ‘17

Research based 
TRiP98 version
Including both features

The aim is let the 
optimization choose the 
ion at different Spots 
also according to the 
local oxygenation

4 Fieds (2He +2O) MF 
optimized 
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Nanoparticles as dose enhancers



Radiation sensitizers

E. Scifoni - OMA school 2017 

Kwatra et al. Transl. Cancer Res. 2013



High Z Nanoparticle sensitization

E. Scifoni - OMA school 2017 

Kwatra et al. Transl. Cancer Res. 2013 NP: high cellular uptake in tumours

well known adavantage for photons;
high Z è high e- emission vs. high absorption

advantage with ion irradiation?



Au NP with photons – Mechanistic insight

• Auger electrons play a crucial
role for photons

• local dose enhancement
analysis based on track structure and

LEM adaptation

E. Scifoni - OMA school 2017 

Mc Mahon et al. 
Sci. Rep. 2011

•DEF~1.5



Local dose enhancement?

• photon +NP ≈ Ion ? 

Then, what about:

• Ion+NP= ??

Local Effect Model (LEM)

Elsaesser,Scholz 2008

(Courtesy of Fred  Currell)

E. Scifoni - OMA school 2017 (C
ou

rte
sy

of
S

. L
ac
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)



NP sensitization with ion beams

E. Scifoni - OMA school 2017 

Nanoparticles + Ions

p+NP, pc, 15% enhancement
Polf et al., Appl.Phys.Lett. 98(2011)

C 5 MeV/u +NP, HeLa, 40%

enhancement
Kaur 2012

p+NP, mouse tumour,
Kim et al. PMB 57(2012)

❀ dependence on cell line, NP conditions, ...

❀ sensitive target ̸= cell nucleus?

Ionenstrahlen in der Tumortherapie - was geht noch? – p. 33/43

Preclinical data evidence, no explanation



Track structure analysis (TRAX)

E. Scifoni - OMA school 2017 

Waelzlein, Scifoni, Kramer, Durante PMB 2014

Direct traversal not enough
to justify relevant sensitization



Cellular Localization

E. Scifoni - OMA school 2017 

Usami et al. 2010
Stefancikowa et al 2015

Porcel et al. 2010

Confocal microscopy show evidence of 
localization in the citoplasm



Impact of Cellular localization

E. Scifoni - OMA school 2017 

Lin et al. PMB 2015

GNP-LEM, pure dose 
enhancement study at 
differerent concentrations

• GNPs no internalized, no DEF 
• GNPs In the cytoplasm, a smaller sensitization ~1.1 after a 

given dose from proton treatment than when photons
• GNPs into the cell nucleus, significant effect (~1.3) for all beams

Protons induced Secondary electrons range in 
water  much shorter compared to photons, dose 
enhancement ~1/30 vs  kV photons at 10 μm from 
the GNP surface. 



Direct effect + Radiation ChemistryDirect effect + radiation chemistry

radical diffusion 12C 3 MeV/u (TRAX simulation, D.Boscolo)
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Boscolo et al GSI Sci Rep.(2016)



Radiolysis enhancement factor

E. Scifoni - OMA school 2017 

The use of high-Z materials as radio-sensitizers agents was
described by Matsudaira et al. in 1980 [1], who measured a
radio-enhancing effect of iodine on cultured cells irradiated with
X-rays but not with gamma rays. The absorbed dose from low
energy photon irradiation (X-rays) was increased due to a larger
photoelectric cross section in such materials compared to water.
This work was then followed by several studies [2–6] which uti-
lized iodine and barium containing contrast agents in diagnostic
imaging as radio-sensitizers in order to demonstrate their thera-
peutic advantage in tumors irradiated with low energy photons.

Due to their small size, gold nanoparticles (GNP) have been
found to easily penetrate cells [7]. Exposure of human cells to such
nanoparticles (NP) does not cause cytotoxicity [8]. In the initial
studies of gold nanoparticles using X-rays, Regulla et al. [9] found
a factor of 100 of dose enhancement in tissue-equivalent poly-
methylmethacrate close to the surface of a thin metallic gold foil.
In experimental studies on mice, Herold et al. [10] and Hainfeld
et al. [11] have found an increased biologically effective dose

thanks to the use of gold nanoparticles in X-ray therapy. For nearly
a decade, one has observed in vivo the increase of DNA double-
strand breaks in irradiated cell populations loaded with gold
nanoparticles [12]. The in vivo study of Liu et al. [13] demonstrated
up to 45% decrease of cell survival after irradiation using
polyethylene-glycol-Au nanoparticles. Recently, Kim et al. [14]
underlined the role of secondary electrons and characteristic X-
rays emitted from metallic nanoparticles irradiated by protons
and observed in vivo complete tumor regression increase with dose
in mice tumors, as well as in vitro intracellular reactive oxygen spe-
cies level increase with dose.

In order to understand the possible mechanisms involved in the
observed radio-sensitizing effect induced by GNPs under ionizing
irradiation, various studies based on Monte Carlo simulations have
been undertaken. Such simulations have the potential to fully
describe interaction processes of ionizing radiation in biological
materials [15]. These investigations focus on the estimation, at
the nano-scale, of energy deposition in the vicinity of a single

Table 1
Geant4 physics processes and models used for the simulation of electron, proton and photon interactions in the GNP and WNP. Process and model classes are indicated, as well as
the energy range of applicability of each model.

Physical interaction Geant4 process class Geant4 model class Energy range

Electron
Multiple scattering G4eMultipleScattering G4UrbanMscModel <100 MeV

G4WentzelVIModel >100 MeV
Coulomb scattering G4eCoulombScattering G4eCoulombScatteringModel
Ionization G4eIonisation G4LivermoreIonisationModel <0.1 MeV

G4MollerBhabhaModel >0.1 MeV
Bremsstrahlung G4eBremsstrahlung G4LivermoreBremsstrahlungModel

Proton
Multiple scattering G4hMultipleScattering G4UrbanMscModel
Ionization G4hIonisation G4BraggModel <2 MeV

G4BetheBlochModel >2 MeV

Photon
Photoelectric effect G4PhotonElectricEffect G4LivermorePhotoElectricModel
Compton scattering G4ComptonScattering G4LivermoreComptonModel
Rayleigh scattering G4RayleighScattering G4LivermoreRayleighModel

Gamma conversion G4GammaConversion G4LivermoreGammaConversionModel

Fig. 1. Left: Schematic diagram of the simulated geometry showing the incident parallel protons (full line) inside the NP (yellow sphere) and the scoring concentric spherical
shells. Right: example of visualization obtained with Geant4 when the NP (in red) is irradiated with a parallel proton beam (blue tracks), showing emitted secondary electron
interactions (red tracks and yellow vertices). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

H.N. Tran et al. / Nuclear Instruments and Methods in Physics Research B 373 (2016) 126–139 127

H.N. Tran et al. / NIMB 373 (2016) 126–139
GEANT4+GEANT4DNA 

𝑅𝐸𝐹 =
𝐺(𝑂𝐻)*+

𝐺(𝑂𝐻),-.

radiochemical yields defined as the ratio of the number of a given
radiolytic species to the deposited energy. The time evolution of
this ratio may depend on the linear energy transfer (LET) of the
incident radiation (see for e.g., [23]), underlining the strong influ-
ence of the physical stage on yields.

3.4. Incident energy dependence of radiolytic species production

The energy dependence on the production of chemical species
at 10 ps after irradiation is presented in Figs. 13 and 14, where
results are presented at 10 ps after irradiation. The distribution of
species as a function of radial dose is presented for six incident

proton energies: 2, 5, 10, 50, 100 and 170 MeV. For these six ener-
gies, species generated around the GNP are always in larger num-
ber than for the WNP case. This is related to the larger absorbed
dose observed around the GNP compared to the WNP, as we previ-
ously discussed in Section 3.1. Further inspection of Figs. 13 and 14
also shows that there is an inverse relationship between the radial
distribution of radiolytic species and incident proton energy. This
can be attributed to the radial absorbed dose dependence on LET
of incident proton (discussed in Section 3.1). Fig. 15 shows REFs’
dependence on radial distance and incident energy (2, 5, 10, 50,
100, and 170 MeV) at 10 ps after irradiation. At 2 MeV, the REF
increases up to 7.5 at about 200 nm from the NP then decreases

Fig. 18. Radiolysis Enhancement Factor of the distribution of chemical species (e!aq ,
!OH) produced by incident 2 MeV protons as a function of radial distance from the NP.

Results are shown at six different times after irradiation (10 ps, 100 ps, 1 ns, 10 ns, 100 ns, 1 ls).

Fig. 19. Radiolysis Enhancement Factor of the distribution of chemical species (e!aq ,
!OH) produced by incident 100 MeV protons as a function of radial distance from the NP.

Results are shown at six different times after irradiation (10 ps, 100 ps, 1 ns, 10 ns, 100 ns, 1 ls).

H.N. Tran et al. / Nuclear Instruments and Methods in Physics Research B 373 (2016) 126–139 137

Relevant 
enhancement of 
radical products

Decreasing for higher 
LET, in contrast to 
higher absolute dose 
deposition

Protons  2 to 170 MeV

Limits: cutoff in delta electrons



Possible sensitization mechanisms

E. Scifoni - OMA school 2017 

Lacombe & Scifoni
Cancer Nanotech. 2016 (Review subm.) 

A) Direct traversal: 
enhanced electron 
production from 
Auger processes

B) Plasmon excitation 
coupling with strong 
electron production. 

C) Secondary 
electrons on the NP, 
produces additional 
electron emission

D) Catalytic effect on 
radiolytic species



Other Hot Topics in Particle Radiobiology :

E. Scifoni - OMA school 2017 

• Radioimmunotherapy: Is carbon ion more immunogenic
than photons?

• Proton Boron Fusion Therapy. Feasible? Relevant dose 
enhancement? Better than BNCT?

• Particle radiosurgery
(hypofractionation)

Jung – Oncotargets 2017
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• Radiobiology of charged particles developed a lot, but still several open questions
are pending

• Proton RBE is clearly differing from a constant. But the clinical impact of
considering this variation seems negligible.

• Biologically optimized TPS is needed for exploiting new ions and different merits

• Helium ions are promising alternative to protons, their implementation in TPS has
been advanced in latest years from some groups. Biology seems consistent between
different models. Variable RBE is a must

• Oxygen ions are mostly useful when hypoxia is accounted via proper adaptive TP
tools, so that O beam may overcome the price of larger entrance channel with the
LET advantages

• Multi-ion optimization may exploit combination of different ions peculiarities
for specific biological/geometrical scenarios. Mixed He/O plans promise to be a
powerful combination of low/high LET.

• Nanoparticles may act as sensitizers also for ion beams , increasing the selectivity,
but their mechanistic comprehensive description is still missing

Summary
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• Optimized Accelerators and beamlines are
relevant for allowing better research on these
biological effects

• New Ions are attracting interest and possibly their
combination: Design of optimized ion sources
and their transport is crucial.

• Future accelerators may offer fast switching time
between different ions allowing combined
treatments

Challenges for OMA

p He

C
O

Towards the dream „ion palette“
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...in case you didn‘t get enough:

• Durante M, New challenges in high-energy particle radiobiology. Br J Radiol
2014;87:20130626.

• Schardt D, Elsässer T, Schulz-Ertner D (2010) Heavy-ion tumor therapy: Physical
and radiobiological benefits. Rev Mod Phys 82:383–425.

• Scifoni E (2015) Radiation biophysical aspects of charged particles: From the
nanoscale to therapy. Mod Phys Lett A 30:1540019.

• Friedrich T Biophysical modeling of effects of ionizing radiation and associated
uncertainties (Habilitation Thesis) TUD 2016

• Tommasino F, Durante M (2015) Proton radiobiology. Cancers (Basel) 7:353–381.
• Paganetti H, Relative biological effectiveness (RBE) values for proton beam therapy. 

Variations as a function of biological endpoint, dose, and linear energy transfer, Phys. 
Med. Biol. 59 R419 (2014).

• Tommasino F, Scifoni E, Durante M (2015) New Ions for Therapy. Int J Part Ther
IJPT-15-00027.1

(a few) References
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INFN	Network	- Call	group V	- funded 2017-2019- Coordinator:	E.	Scifoni

WP1

Radiobiological
modeling	for	TPS

WP4

Facilities

WP3

Biological	
Dosimetry

WP2

NTCP/TCP	

NAPOLI
MILANO

TORINO

Modeling	and Verification for Ion	
beam	Treatment	planning

- Advancing biolological treatment planning (e.g. impact of full nuclear spectra 
(including target fragments) on RBE, hypoxia, intra-tumour heterogeneities)
- Developing new systems and tools for biological verification

http://www.tifpa.infn.it/projects/moveit
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TIFPA Experimental beam facility
@Trento protontherapy center



Lines details

• Lines detail
X

X

Physics, narrow beam
(FWHM~5mm)

Radiobiology, broad beam
5-10 cm
Via Passive Scattering
Or Scanning Nozzle

PAC open for BT proposals at :

http//www.tifpa.infn.it/sc-init/med-tech/p-beam-research/

Beam Production:
- Isochronous Cyclotron
- Energy Range: 70-225 MeV
- Beam Current: 1-320 nA
- Min Time for Energy Change: 2 s 

- Mon/Fri 19:00-22:30
- Sat 6:00 – 14:30

E. Scifoni - OMA school 2017 
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