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Main Challenges in hadrontherapy
_

Physical| Biological|

» Range uncertainity || , Radiobiology issues

» Accuracy of beam
delivery

» New approaches

¥

Where/how Geant4
can/could improve
these issues ?
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Radiobiology issues:
KBE
LET

- Fragmentation



Relative Biological Effectiveness
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https://www.sciencedirect.com/science/journal/03603016
https://www.sciencedirect.com/science/journal/03603016/95/1

Relative Biological Effectiveness
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Relative Biological
IE) Microscopic approach

dnadamage1 & molecularDNA

Moleculardna:
Macro files can control every aspect of the simulation.

/world/worldSize 16260 nm
Jcell/radivsSize 3 3 3 um

/dnageom/setSmartVoxels 1
/dnageom/checkOverlaps false

/dnageom/radicalKillDistance 9 nm
/dnageom/interactionDirectRange 7 angstrom

/dnageom/placementSize 30 30 166 nm

/dnageom/fractalScaling 11 1 na

/dnageom/definitionFile geometries/prisms266k_r3000.txt
/dnageom/placementVolume prism geometries/straight-216-8.txt

# Damage Model
/dnadamage/directDamagelower 17.5 eV
/dnadamage/directDamageUpper 17.5 eV

/dnadamage/indirectOHBaseChance 1.0
/dnadamage/indirectOHStrandChance 8.65
/dnadamage/inductionOHChance 6.8

/dnadamage/indirectHBaseChance 1.8
/dnadamage/indirectHStrandChance 0.65
/dnadamage/inductionHChance 6.08

/gps/particle e-
/aps/ang/type iso
/gps/energy 4.5 keV

/gps/pos/type Volume
/9ps/pos/shape Sphere
/g9ps/pos/radivs 568 nm
/gps/pos/centre 8 6 6 nm
/run/beamOn 1000
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ffectiveness

DNA fibre Chromatine fibre

Cell nucleus

A chromatin segmen is defined in an input file containing the shape, position, and size

of the DNA molecules. In order to construct realistic inter-linked chromatin segments,
three segment models (“straight”, “turned”, and “turned-twisted” geometries) are
produced. The fractal structure of the chromosome was then generated from the

Hilbert curve, which is typically used for continuous fractal space-filling
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Direct Effect
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NB Dimerizations /

BREAK OFF 2 DNA STRANDS
Mutations

a simplified human fibroblast cell was evaluated using the
proposed changes and compared with experimental data.

presented various quantities such as:
SSB/DSB ratio as a function of LET,
the distribution of fragment lengths and
the scavengeable fraction as a function of LET.

time evolution of damage within an analytical repair model

more accurate electron elastic model

calibrated pre-chemical and chemical parameters




Linear Energy Transfer

The biological
Low-LET tracks High-LET tracks &

in cell nucleus in cell nucleus, damage is strictly
e.g. alpha particles related to the

e.g. from X-rays
/ radiation quality

J
A dose of 1 Gy
corresponds to

approx 4 tracks |

A dose of 1 Gy
corresponds to

approx.|1000 tracks
Apr

R A

Carbon ions
—
Which LET definition should we use
10P Publishing | Institute of Physics and Engineering in Medicine Physics in Medicine & Biology
Phys. Med. Biol. 60 (2015) 2645-2669 doi:10.1088/0031-9155/60/7/2645

How much complicate is the LET calculation?

A critical study of different Monte Carlo

scoring methods of dose average LET dOSe, LET track, LET only for primaries,
linear-energy-transfer maps calculated .
In voxelized geometries Irradiated with LET also for secondaries, LET dependence on

clinical proton beams

voxel, on production cut ....

M A Cortés-Giraldo' and A Carabe?”

! Department of Atomic, Molecular and Nuclear Physics, Universidad de Sevilla,
Seville, Spain




Linear Energy Transfer
BEEY Scveral approaches
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Romano F. et al. Phys.Med.Bio. 59 (2014)

Cortes M.G. et al. Phys.Med.Bio. 60 (2015)

101
Production cut [ mm ]

Guan F. et al. Medical Physics (2015)

Petringa G. et al. Phys.Med.Bio. 65 (2020)
Thanks to
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Linear Energy Transfer

BEER microdosimetric point of view
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depending on the physical size and density of the
Sensitive Volume and of the incident radiation field
considered, a Track Structure approach may be more

adequate for microdosimetry
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P Lazarakis et al 2018 Biomed. Phys. Eng. Express 4 024001

Ratio of the energy deposition calculated in the Sensitive
Volume by means of Geant4 CH physics models and
Geant4-DNA. R is the ratio of the variable SV diameter
and the average track length of incident 10 keV electrons.



Target and Projectile fragmentation
.

In the case of an ion beam irradiation with high Z (Z = 2) the projectile fragments play the major role, while for
proton beams a potentially non negligible dose enhancement can be observed due to the presence of target
fragments.

Target fragmentation

Projectile fragmentation

Carbon @ 280 MeV/u type
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Target and Projectile fragmentation

A limitation is currently represented by the

limited set of nuclear reaction cross sections on

Fluence (cm?/(GeV/u))

Fluence (cm?/(GeV/u))

which Monte Carlo codes rely

The detection of low energetic
fragments, secondary protons and
fragments, is challenging due to
their very short range

FramentatiOn
Of Target

=M cancers

Article

Biological Impact of Target Fragments on Proton Treatment
Plans: An Analysis Based on the Current Cross-Section Data
and a Full Mixed Field Approach

Elettra Valentina Bellinzona 120, Leszek Grzanka 30, Andrea Attili *©, Francesco Tommasino %20,

Thomas Friedrich >0, Michael Krimer 5, Michael Scholz 5, Giuseppe Battistoni 2(D, Alessia Embriaco 6,
Davide Chiappara ”*, Giuseppe A. P. Cirrone (), Giada Petringa 7#(5, Marco Durante 5
and Emanuele Scifoni 2*
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Target and Projectile fragmentation
7

A limitation is currently represented by the

Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers,

limited set of nuclear reaction cross sections on e Detectors and Associated Equipment
Wthh Monte Carlo Codes rely Volume 869, 11 October 2017, Pages 68-75

Validation of Geant4 fragmentation for Heavy Ion
Therapy

The detection of low energetic

fragments, is challenging due to
thell’ ve ry ShOI’t range David Bolst ?, Giuseppe A.P. Cirrone ®, Giacomo Cuttone °, Gunter Folger ¢, Sebastien Incerti ¢ ¢, Vladimir

Ivanchenko & f, Tatsumi Koi g Davide Mancusi ", Luciano Pandola ®, Francesco Romano |, Anatoly B. Rosenfeld ?,

Susanna Guatelli * & =
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New aﬁpruackes:
e Flas r&cﬁo&kerapj
o PRCT
o TAT and
mamapar&des



Protontherapy: the rationale
I

= X-rays = Proton beam = Carbon ions
100 —
90 -+ Bragg peak
- Focused research on protontherapy
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A. Pomps, M. Durante and H. Choy, Heavy ions in cancer

therapy,JAMA Oncol. 2016 2(12): 1539-1540.

M. Durante, Proton Beam therapy in
Europe,British Journal of Cancer,777-778
(2019)
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Proton Boron Capture Therapy

T
SCIENTIFIC REPLIRTS

OPEN First experimental proof of
Proton Boron Capture Therapy

(PBCT) to enhance protontherapy
i, effectiveness

Published online: 18 January 2018

G.A.P.Cirrone(®?, L. Manti(»??, D. Margarone*, G. Petringa'?, L. Giuffrida*, A. Minopoli?,
A. Picciotto®, G. Russo’?, F. Cammarata’?, P. Pisciotta', F. M. Perozziello>?, F. Romano®?,
V. Marchese (%, G. Milluzzo'?, V. Scuderi'*, G. Cuttone! & G. Korn*

Bragg-peak Prompt gamma ray
Fj

®.
Proton ~-

Alpha (3 76 MeV)
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Alpha (2.46 MeV)
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Proton Boron Capture Therapy

Total cross section for alpha production
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Particle Count (a.u.)
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The effect is not detectable in a
macroscopic scale (micrometres)
=> new studies are on going based on the
extimation of the amount of radicals



Target Alpha Therapy

targeting molecule that attaches itself to
membrane-bound molecules on the surface of

cancer cells

Cancer Cell

. Radioisotope
a-emitting High-LET
a particles

particle emission

Barry J. Allen (2016)

The role of Monte Carlo code
Radioisotopes production;
Simulation of quality assurance detectors;
Compton imaging;
Internal dosimetry;
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Candidate TAT radioisotopes
212Pb’ 211At’ 213Bi’ 225AC, 233Ra, 149Tb’ 227Th

Multi-scale approach

213Bi Energy spectra of 2'*Bi B decay Energy spectra of 2'*Po o decay
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Thanks to Susanna Guatelli, David
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Nanoparticles
I

Main advantages:
Toumor selectivity & Dose enhancement : scientific reports

Incoming proton e
Primary water ; JPEN . Comparing Geant4 physics models
g for proton-induced dose deposition

Wy ONT Fluorescent Ka H H
iou and radiolysis enhancement
e from a gold nanoparticle
AuNP _ 9 _ p.
30 Secondary water Saeed Rajabpour?, Hassan Saberi!, Javad Rasouli2 & Nasrollah Jabbari***
© € /Y2  radiolysis
(o) H, OH', e,
Fluorescent La
e e vy X-ray ‘Water medium
0, ,0, S0H"
e < H,0, >OH
e €
e € Coulomb ejected and
AuNP e Auger electrons

AuNP emission activated by protons and secondary
electrons and photons, and consecutive radical
production. Kim et al (2012)
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Flash radiotherapy

B A promising new radiotherapy strategy to limit the toxicities and
maintain the tumour control

Active Participation of
Multi-disciplinary Research

institutCurie
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=> F.Farokhi “Evaluation of the effect

F I a S h ra d i Ot h e ra py of oxygen in Flash irradiation through

Geant4-DNA”
B Geant4-DNA and chemical stage

| CONVENTIONAL >
| FASH > e uns
Peroxidation s | '.,,_?/
4 o H20 ROS > * /
ée'(@ 02 02°- HO Gastrula Pharyngula Zebrafish FLASH
& H202 el m R (4-6hpf) (24hpf) + Less toxicity
e- HO- Oxidation DNA damages *  Tumor control

& o
N\ D @x S CONV
% o ' * Toxicity
R @ = «  Tumor control
xidative

PHYSICAL / PHYSIOCHEMICAI Alteration to mtDNA
& CHEMICAL Step BIOLOGICAL Step
Time (s) >

10® 10 1 60 3600 Long term effects
Geant4-DNA simulation (pre-chemical and chemical stages): Post processing:
1. interaction of water radicals induced by particle irradiation 1. Calculation of Oxygen consumption

&

2. radiolytic production of reactive oxygen species (ROS) 2. OER-weighted dose calculation under dynamic

3.1G-values|of different chemical species. oxygenation
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~ 100eV of deposited energy

To evaluate the effect of oxygen in FLASH irradiation, the result of Geant4-DNA simulation compared with the TRAX-CHEM code

G Petringa, PhD - giada.petringa@Ins.infn.it
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