Modeling and simulation in
radio- and particle-therapy

Andrea Attili (INFN sez. Roma Tre)
andrea.attili@roma3.infn.it



e A very short introduction to “hadrontherapy” (external ion beam therapy)
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The basic problem in radiotherapy: maximization of the therapeutic index
Choice of primary radiation (dose delivery, physical & biological selectivity).
The radiobiological problem (RBE/OER)

Use of “radio-sensitizer” in hadrontherapy

Simulations of treatments & the Treatment Planning System (TPS)

e The NEPTUNE (Nuclear process driven Enhancement of Proton Therapy UNravEled)
experiment

e The MOVE-IT (MOdeling and VErification for lon beam Treatment planning)
experiment

e “Appendix”: Implemented and publicly available simulation softwares
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Short introduction and some
recent research activities in
“hadrontherapy”



The Radiotherapy problem: increasing the Therapeutic Index
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Radiation Type Optimality

Which is the “best” radiation
for radiotherapy?
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Physical selectivity - Active Raster Scanning
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Particle therapy facilities in the world (update: June 2019)
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Accelerators for Particle therapy in clinical operation (update: June 2019)
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Accelerators for Particle therapy in clinical operation (update: June 2019)

Cyclotron Nozzle
Using magnetic fields, the cyclotron A 21p00-pound magnet guides the beam
can acoelerate the hydrogen protons to {o the patient through a nozzle.
two-thirds the speed of light.
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Accelerators for Particle therapy in clinical operation (update: June 2019)
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Biological Effect: the Relative Biological Effectiveness (RBE)
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Biological Effect: the Relative Biological Effectiveness (RBE)

Physical Parameters:
e Dose
e Energy
e Linear Energy Transfer (LET) e Local Effect Model (LEM) i
e Particle type “Survival”
e Microdosimetric Kinetic |_simulation
Model (MKM) code (see
Biological Parameters: o [.] Appendix)
e Cell type -
Oxygenation (OER)

([ ]
e Repair capacity (a,/B,)
e Biological endpoint
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“Colocalization of High LET / RBE - High Dose” - lon Optimality

Comparison between beams with Bragg peak at 150 mm
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“Colocalization of High LET / RBE - High Dose” - lon Optimality

Pediatric brain
tumor case
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“Mixed field” - Energy straggling
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“Mixed field” - Nuclear fragments

12C @ 60 MeV/u - depth = 10.5 mm
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Simulated (Fluka) Differential Cross Sections
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EXFOR data - differential Cross Sections 11B(alpha,p)8Be*
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“Mixed field” - Nuclear fragments and radial analysis
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(a,B,) evaluations from O, (TENDL) + “Survival” (LEM1/MKM)

cellType = "U87"

LEMI:

alphao = 0.11 (Gy*-1)
betad = 0.06 (Gy*-2)
rNucleus = 5.5 (um)
Dt=35.0 (Gy)

MKM:
alphao = 0.11 (Gy*-1)
betad® = 0.06 (Gy*-2)
rNucleus = 5.5 (um)
rDomain = 0.2 (um)

(Schettino et al. 2019)
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Oxygen Enhancement Ratio: MKM-based modeling

The MKM approach permits to
identify an explicit OER
dependence on:

e Particle type

e LET spectrum

Dose/survival level

Oxygen partial pressure

(Strigari et al. 2018)
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Inclusion of OER in TPS: estimation of TCP in presence of hypoxia il/\oVe IT

MKM-based OER modelling
has been included in a TPS.

pO, (aerobic) = pa = 30 mmHg

The simulation of treatments
for a clinical case (brain
tumour) using proton, lithium,
helium, carbon and oxygen ion
beams show a dependence of
the OER on oxygen partial
pressure, dose per fraction
and primary ion type.

TPS evaluations show also a
complex interdependence on
these parameters.

, (ph=05
(Strigari et al. 2018)

mmHg)

pO, (hypoxic) = ph = 0.5+ 5 mmHg
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Extensions of MKM - Monte Carlo approach and temporal effects
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Extensions of MKM - Monte Carlo approach and temporal effects
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Dose delivery temporal effects in treatment
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The MCt-MKM has been implemented in a TPS and used to evaluate
the effect of dose delivery time structure on the relative biological
effectiveness (RBE) in clinical treatments.

(Manganaro et al. 2017)
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Modelling of radiobiological effects in presence of gold nanoparticles

Monte Carlo simulations were
carried out using Geant4 + GADNA
extensions.

1.00
|

0.50
|

Auger electrons, photoelectric
emission, and interactions of
secondaries in nearby atoms were
simulated at the nanometer scale.

0.20
|

Survival
0.10
|

A stochastic radiobiological model,
derived from the Local Effect Model
(LEM), was coupled with the MC
simulations to estimate the increase
in radiosensitivity and validated
using in vitro survival data of
MDA-MB-231

(Ferrero et al. 2017)
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Simulation of clinical treatments in presence of GNPs
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Neptune experiment



NEPTUNE (Nuclear process driven Enhancement of Proton Therapy UNravEled)

MEFPTUME

Nuclear process driven Enhancement of Proton Therapy UNravEled

Principal Investigator: Cuttone G (LNS)
INFN Project: Call CSN V
Duration: 3 years (2019 - 2021)

INFN groups:

LNS (resp. P Cirrone)
TIFPA (resp. C La Tessa)
Napoli (resp. L Manti)
Roma1 (resp. R Faccini)
Romaa3 (resp. A Attili)
Milano (resp. S Agosteo)
Pavia (resp. S Bortolussi)

One shortcoming of protontherapy is its inability
to treat radioresistant cancers. Heavier particles,
such as 12C ions, can overcome radioresistance
but they present radiobiological and economic
issues.

Goal: to investigate the use of nuclear reactions
triggered by protons (p + "'B and p + '°F)
generating short-range high-LET alpha particles
inside the tumours, thereby allowing a highly
localized DNA-damaging action.
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representation of
“conventional”
protontherapy with
low-LET proton beams
(left) and the rationale
for boron/fluorine
enhanced protontherapy
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NEPTUNE WP1: Proton Boron Capture Therapy (PBCT) Modeling

Three main steps have been identified:

S1.

S2.

S3.

The experimental set-up used at INFN-LNS will be simulated with
Geant4 to estimate the particle spectra generated by the nuclear
reactions. The spectra will be used as an input for the
radiobiological simulations based on the Microdosimetric Kinetic
Model (MKM) & Blophysical ANalysis of Cell death and
chromosome Aberrations (BIANCA) model.

- Links: microdosimetric data (WP3), B and F cellular uptake
(WP2) and cell survival (WP4) measurements.

A chemical-physics characterization of the reactive species
following p + "B and p + "F reactions, will be carried out via two
MC codes, Geant4-DNA and TRAX-CHEM.

- Links: reactive oxygen species (ROS), rate of double strand
breaks (DSBs), chromosomal aberrations (CAs) and foci
measurements (\WP4).

Other indirect mechanisms, such as non targeted effects (NTEs)
will be implemented in the MKM.

- Links: Bystander effect measurements (WP%)
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WP1 (A Attili, P Cirrone) Modeling
Roma Tre, LNS, Pavia, TIFPA

The main aim of the WP1 is the investigation of
the radiobiological role of the a particles and
other production channel in the p + "B - 3a and
p + F - %0 + a by means of computational
modelling.

The WP1 plays a key role in linking the
microdosimetric data obtained in (WP3) to the
experimental radiobiological outcome (WPz),
taking into account the uptake data measured in
(WP2).

This task ultimately will help to untangle the role
of the nuclear interactions and to indicate
possible further mechanisms that could play a
role in PBCT/PFCT.

NEPTUNE WP1: Proton Boron Capture Therapy (PBCT) Modeling

WP3

MICRODOSIMETRY
LNL, LNS, Milano

WP1
MODELING

Romas3, LNS, Tifpa,
Pavia

WP2
IMAGING &
QUANTIFICATION

Roma1, Napoli, Pavia

WP4 RADIOBIOLOGY
Napoli, LNS, Pavia
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S1: Milestones/Deliverables for the first year

1st year

D11

M1.1

M1.3

M1.4

Month

1-6

6-12

24-30

24-30

Milestone/Deliverable

Implementation of MC simulations (Geant4) for p + 11B and p + 19F nuclear
reaction spectra generated in the experimental setup.

Integration of the simulated spectra evaluated in D1.1 in the radiobiological
simulations (MKM + BIANCA)

Comparison between simulation data (D11) and experimental data
(microdosimetric spectra) taken by WP3. Inclusion of the experimental data
in the radiobiological simulations (MKM).

Comparison between simulation data (D1.1, M1.1, M1.6) with the experimental
data (cell survival) taken by WP4.

80%

50%



S2: Milestones/Deliverables for the second year

2nd year

D1.2

M1.4

M1.5

M1.6

Month

12-18

18-24

30-36

30-36

Milestone/Deliverable

Implementation of Geant4-DNA, and TRAX-CHEM simulations starting
from the spectra obtained in D1.1.

Coupling D1.2 simulations with radiobiological models to estimate
cell survival, DSB, CA & foci.

Comparison between simulation data (D1.2) and experimental data
(ROS production) taken by WP4

Comparison between simulation data from (D11, D1.2) + (M1.1, M1.2,
M1.3, M1.4) with the experimental data (cell survival, DSB, CA, foci)
taken by WP4.



NEPTUNE - Personale e Richieste x Roma Tre (2020)

Richieste finanziarie Personale RM3 FTE
Missioni (Llli)lgaboratlon Activity at 2 k€ A Attili (Ricercatore 40 %
INFN)
Collaboration Activity at 2 k€ , , o
TIFPA P Celio (Tecnico) 20 %
Collaboration Meetings 2 k€ [...]

Conference Participations | 2 k€

Inventario Nessuna




Move -IT experiment
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MOVE IT (MOdeling and VErification for lon beam Treatment planning)

Main Goals

ove IT 1. 1. Radiobiological Models implementations in lon Treatment
Planning System (TPS):

a. Increased Relative Biological Effect (RBE) of proton beams
in the entrance due to high LET fragments and in the end of the
range (high LET of primaries).

i.  Nuclear interactions (link with FOOT).

b. Intra-tumor heterogeneity: hypoxia and Oxygen
Enhancement Ratio (OER).

c. Tumor Control Probability (TCP) and Normal Tissue
Complication Probability (NTCP) models

Principal Investigator: Emanuele
Scifoni (INFN — TIFPA)

INFN Project: Call CSN V
(interdisciplinary)

Duration: 3 years (2017 - 2019)

INFN groups:

TIFPA (resp. E Scifoni)
LNS (resp. P Cirrone),
Torino (resp. R Sacchi),
Napoli (resp. MG Pugliese),
Milano (resp. G Battistoni)

2. Experimental Verification:

a. New Devices for in-vitro and in-vivo irradiation
b. Development and Upgrade of INFN accelerator facilities
(Trento, Pavia, Catania)

— (e LR (A c. Development of advanced beam monitoring systems



MOVE IT - Working Packages

e \WPO: Project coordination, results

WP2

dissemination NTCP/TCP
o TIFPA, LNS, Torino, Napoli, Milano

RB modelin

—

e \WP1: Radiobiological modeling for TPS e
o TIFPA, LNS, Milano, Roma Tre (A T

Attili, ex attivita di Torino)

WP4
Facilities

-

o \WP2: NTCP/TCP modeling

o Napoli, TIFPA, Roma Tre (A Attili, ex . W: : WP2 Biom‘;cal WPa
4 ans. F . modeling i
attivita di Torino) for TPS NTCP/TCP SR Facilities

T1.1: RBE T2.1: NTCP models T3.1: Devices for T4.1: CNAO/TIFPA/LNS
: i [ i modeling for on proton patient | spatially resolved proton (— lines development for
* WP3 . BIOIOg |Ca| dOSI metry protons data including RBE RBE measurement beam delivering

o TIFPA, LNS, Napoli | [

T4.2: MC Simulations for
[ T3.2: Hypoxic, Coculture

beamlines/target

T1.2: OER and ITH Tz-f-'JCP/hNTCP. o and Stem cells devices | stqtions for in vitro/in
HHH E H H H — Includin Xia jor — o
e \WP4: Facilities and beamline simulations modeling e vivoer
i i l T4.3: Detectors for beam
and m0n|t0r|ng 13.3:In vivo'and flux and beam energy
o TIFPA, LNS, Milano, Torino Molecular biomarkers | |'measurement

[ T
WPO
Coordination& Dissemination



MOVE IT activities @ Torino/Roma Tre (WP1-2)

WP1-2 activity 2017-2018 - Modelling and TPS in ion beam therapy [Torino / Roma Tre]:

Modelization of the RBE dependence on dose rate time structure in ion beam therapy and preliminary of
interfractional studies in TPS (Manganaro, L, et al. 2017 Medical Physics, 44(4); Manganaro et al. to be
submitted to Physics in Medicine and Biology) [collaboration with Massachusetts General Hospital,
Boston]

Development of a OER model based on the Microdosimetric Kinetic approach (see fig.), inclusion in TPS
(Trip98 and RPlanit), and study of the impact of hypoxia on TCP (Strigari, L, et al. 2018, Physics in
Medicine and Biology 63(6)) [collaboration with IFO - Istituto Nazionale Tumori Regina Elena, Romal]

Implementation of an open source software for radiobiological simulation in ion beam therapy
(Manganaro, L, et al. 2018, Physics in Medicine and Biology 63(8))

WP1-2 planned activity (2019-2020) [Roma Tre]:

Evaluation of the biological impact of fragments in proton beams using data from FOOT experiment.

Inclusion of the interfractional reoxygenation and repopulation for OER and TCP models in presence of
hypoxia [collaboration with IFO - Istituto Nazionale Tumori Regina Elena, Roma]

Novel dose delivery approach for ion beam therapy: Inhomogeneous Fractional Dose (IFD) [collaboration
with Massachusetts General Hospital, Boston]



MOVEIT - Personale e Richieste x Roma Tre

Richieste finanziarie Personale RM3 FTE
Missioni Collaboration Activity at LNS | 2 k€
A Attili (Ricercatore INFN) 50 %
Collaboration Activity at 2 k€
TIFPA
[...]
Collaboration Meetings 2 k€
Conference Participations 2 k€

Inventario Nessuna (Cluster di calcolo @ Torino)




WP1-2 activity 2017-2018 @ Torino/Roma Tre

WP1-2 activity 2017-2018 - Modelling and TPS in ion beam
therapy [Torino / Roma Tre]:

Modelling of the RBE dependence on dose rate time
structure in ion beam therapy and implementation of
inhomogeneous fractional dose optimization in TPS
(IFD) (Manganaro, L, et al. 2017 Medical Physics,
44(4); Manganaro et al. to be submitted to Physics in
Medicine and Biology) [collaboration with
Massachusetts General Hospital, Boston]
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WP1-2 activity 2019-2020 @ Torino/Roma Tre

WP1-2 planned activity (2019) - Modelling and TPS in ion TCP = e MNo(FotFi)
beam therapy [Torino / Roma Tre]:

Fo = (1—np) - S5(d)
Inclusion of the interfractional reoxygenation and repopulation B s.(gl— [Lso(d)] n-1
for OER and TCP models in presence of hypoxia Fp=mnp(1—B)"1-50(d)- {1+ o(d) 1-BS(d)
[collaboration with IFO - Istituto Nazionale Tumori Regina
Elena, Roma]

Two compartment hypothesis: reoxygenation allows some of Lol g e e B = B(d,D, {T,E})
the surviving hypoxic cells (B) to move into the oxic survival (oxic) obliteration — ?
compartment (i.e., a more sensitive state) before the next
irradiation Expected behaviour of B:
, , decreasing function of
pre irradiation i irradiation i reoxygenation oxic cell survival and
T oo T Tamarvoa T Tmorvonsl vascular obliteration.
1! 1! 1
1 ) P! ) v 1 B-factor .
: cols 1 | R : Open question:
I | hypoxic i hypoxic | Cvy ) L hypoxie | o I dependence of B on
; cells I cells I cells J .
1oy |1 1 : LET/Energy and particle
! | o [ Type.
1 [Poo(h) = il |Poy(0) = po| | | Lo |
1 0 [

| ] T T T T T Dose



“Appendix”: Implemented and
publicly available simulation
softwares



Radiobiological simulations toolkit: “Survival” NEPTUNE

string

e Modular object-oriented

. . HSG
approach for radiobiological i N
mOde”ing (C++)' 2'500 T Model > a Survival::CellLine
— MCt-MKM . s
o Implemented models: i Cell |Fiowme acks  Nucleus
LEM1-3, MKM, and variants. 2000 - Line | sgmme S ks S Nucion
- beta_X1 - trackVector
) ) Particle andzmmor.. B pry
e Evaluation of cell survival, = [ . E - s T
eda | 1S5 ; :W;E:":'« :ge;ane"m):’peis
LQ parameters, RBE, etc... ~ | R e + Sorieny
e 1.500  Cllnet el  anbiebensy
- Ne :;dd%alr;;e«riza(ion I :Dz:l;\ve jedLet() :gethrsn:sinﬁad;us(a)s
e Monte Carlo and fast % . + GeisnEners) LSy
approximate methods. 1.000- RS
: g;n;aggEnhaﬁememo
PY Open Source and 22 more...
(https://qithub.com/batuff/Su . e
. 0500 7 Survival::Caleulus
rvival) T
— - randomGenerator
A + thﬂl;lsoo
A + ~ lus
e Ref: L. Manganaro et al., TN RNV T T I R

2018, Phys. Med. Biol. 63 100 10 02 10° | —alCUIUS

+ histogram_dose_survival_t()

LET (keV/um) T S

A. Attili (INFN) - “Hadrontherapy” in RM3 - NEPTUNE - MOVEIT (2019-7-12)



https://github.com/batuff/Survival
https://github.com/batuff/Survival

Research activities @ INFN related to Treatment Planning System (TPS)

for ion beam therapy (exp.: TPS Project, RDH, IRPT)

Physics

50 100
Depth / mm

Radiobiology

HSG
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— MC-MKM

Treatment Planning System

=REF alchs

Red region:

"il: e<0. 05
(alt:Qver e)

Planned RBE vs LETd
distribution in patients .
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Instrumentations

I o
S : :
f
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— Y,
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wF 33y o
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|| =
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.75
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1 T ) 1 1
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Treatment Planning System: “Dose Engine Kernel” p-DEK

TPS kernel developed in a RBE-weighted dose / Gy(RBE) Dose-averaged LET / keV/um
collaboration INFN/IBA (lon Beam '
Application, BE).

Clinical validation performed at
CNAO.

Multi-lon (H, He, Li, C, O, ...)

Radiobiological models:
LEM/MKM, etc.

Physical/radiobiological
evaluations (hybrid MC): dose,
LET, RBE, survival, LQ
parameters, etc.

US/EU patents (US9878181B2,
EP2992930B1)

Carbon ions

(Russo et al. 2016)

A. Attili (INFN) - “Hadrontherapy” in RM3 - NEPTUNE - MOVEIT (2019-7-12)



Programmable TPS computing platform : “R-Planit”

8 0 6 RStudio o

Q RStudio x M‘

(<) @][e 78.us-west2.compu m:8707 ] [&i) 3] [#)

e Programmable TPS computing platform.

“ y @ File Edit Code View Plots Session Project Build Tools Help rstudio | Sign Out
e Based on the “R” language. wle-oole
@] complexR % @] checkR % ] checktable * 1 Workspace History =0
& a 25 observations of 8 variables | <% [ | _ #Import Dataset~ & @
g g “ ” © VoI VOlindex type variable  value volumeFraction weight check Data
[ ] T P S eva I u atl ons via p'D E K o 1 GV-cran 3 LOWER  Dose[Gy] 39.8  1.00 1 FALSE check.table 25 obs. of 8 variables @A
2 GlV-cran 43 UPPER  Dose[Gy] 40.2 ©0.00 5 FALSE Values
3 GWV-cran 43 LOWER Dose[Gy] 39.5 0.95 a0 FALSE availoble.beanlines character[6]
o a g 0 4 GIV-caud 36 LOWER  Dose[Gy] 9.8 1.00 1 FALSE available. constrain. types character([3]
[ ] B 10 I Og ICa I Simu I atl ons (L E M M KM 5 GTV-coud 3% UPPER  Dose[Gy] 40.2 0.00 5 FALSE avatlobte. vartables character(9]
J ’ 6 GTV-caud E LOWER  Dose[Gy] 39.8  0.95 30 FALSE available.variables.gate character(7]
H “ = ” 7 PTV-high-dose-cran | 48 LOWER  Dose[Gy] 9.8 1.00 ] FAISE dek. setenv */home/ubuntu/trunk/DEK/bin/setenv. sh”
TC P/N TC P, etC o ) VI a s u rV |Va I . 8  PTV-high-dose-cran 48 UPPER  Dose[Gy] 40.2  ©.00 5 FALSE Vs, list[56]
9 PTV-high-dose-caud 37 LOWER Dose[Gy] 39.8  1.00 1 FALSE Files Plots Packages Help =0|
10 PTV-high-dose-caud 37 UPPER  Dose[Gy] 40.2 .00 5 FALSE & @ Zoom & Export~ Q) zl Clear All gp |

e MC-TPS simulations via Gate/Geant4. e buks s

13 cornea-sx 16 UPPER  Dose[Gy] 20.8  0.00 10 TRUE 166 tronco
14 retina-dx “ UPPER  Dose[Gy] 25.0 ©0.00 10 FALSE coclea-dx
. . . . 15 retina-sx 2 UPPER  DoselGy] 25.0 .00 10 TRUE coclea-sx
e Data analysis and visualization methods © mecs 9w weon %0 om s me .
17  gh-lacr-sx 10 UPPER  Dose[Gy] 30.0 ©.00 15 TRUE carotid-sx
(2D/3D/4D). o = o
> plan <- read.planC’ complex/plan_000") S 5 MIDOLLO
# estrazione dati 2 ATM-dx
. g g values <- get.values(plan) © ATM-sx
e Accessible also via web-browser (it can run s <t esten .
. . # calcola dvh & display ~— or-med-dx
on remote servers: no need of installation) T s e g s S
* - PRI s CTV-lowdose
# check dell'ottimizzazione. .. 0 an ~ PTV-lowdose
check. table <- check.prescription(plan) 4 10 DZSSE[GY]SO 40 — PTV-high-dose
— GTV-caud

[ ) Open Sou rce View(check. tables)
(https://qgithub.com/planit-group/Rplanit)
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https://github.com/planit-group/Rplanit

Robust TPS - Impact of uncertainties in ion beam therapy

Patient
set-u
Study of general probabilistic errors 5. sigma
method to evaluate the full simulation " g
dose PDF in presenceof o0 et
uncertainties. :
Py = P; — Ppny

p-value maps for underdosage
and ovedosage are
automatically evaluated by the
TPS along with the expected
delivered dose distributions.

patie\Qetup error
sigma

0.75

- complication-free
tumour control
probability

P.plus

The optimality of the full
fractionation schedule was
also evaluated by means of
TPC/NTCP.
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Probability density function of radiobiological parameters from clinical data

|
1 1004 b =Ty 1004 E (c)
TCP and NTCP models were | 1 o e H
Used to reprOduce bNED and | Reference  lon Dy[GyE] Dy [GyEl N, RBE Beamscup N, bRES TOX 754 :g:iﬂjﬁ;tm; 754 l
| Mayahara2007 :? 2 74 37 1;1 2 ﬁzld: 287 Sl%(fyr)r 1"/: ?3
Tox :f:tt;[?zg:‘eggggsz e s s ER i milygs Planned Dose n
I ¢ In distal SOBP. S 50+ (@) | 504 CTV
: 2
patients. MKM parameters : 2 | _ ® Planned RBE (2 Gy(RBE))
were identified through LL : \\, | fesolution of the 25- (1.1) 25 morv. o
T . . 5 “\degenerations in MKM B
maximization using the LET : NN\ — Bladder - LM1
distributions as physical ! g NN e ! e e o
. 1 TR ——— < N 1.0 1.2 14 16 0.0 0.5 1.0 15 2.0
predictors. - T
= 100 004
. | T s Carbon iohs ® bon ions @
Note: the method is basedon | % &
the evaluation of the absolute : g 71 i
effect, thus it canbe usedto | g | 2
bypass the RBE approach and ! [ g 1
the necessity of additional . S : \ :
0.05 0.10 0.15 0.20 - - '
photon data. ' il Fag gl s |
! — Bladder - cMKM1 — Bladder - cMKM1 \
(Cometto et al. 2014) : 0- *B‘Iadder-cMITMz : l 0- '7Bladdelr-cMKM2I i i l
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