A Monte Carlo study of target
fragmentation in Protontherapy

A. Embriaco, Y. Dong, I. Mattei, S. Muraro, S. Valle,
G. Battistoni

International Conference on Medical Accelerators and Particle Therapy I N F N
4-6 September 2019 - Seville ,

Istituto Nazionale di Fisica Nucleare




Target Fragmentation

In Protontherapy, secondary particles are produced through primary beam
interactions with the patient’s body. The fragments created have:

Low kinetic energy fragments = small
range

(ﬁ High Z => high cell killing effectiveness
(dE/dx increase with Z)

(@ High LET = increase of RBE

Higher production cross section in the
*\? entrance channel = relevant for
healthy tissue

Relative Dose

@ Cell inactivated by ionization

@ Generation of recoil fragment

1/12 l\llxlmm2

- Entrance channel: = 3% cell killing, = 0.25% cells undergoing nuclear inelastic interactions
- Bragg Peak: = 40% cell killing, = 1% cells undergoing nuclear inelastic interactions

Tommasino & Durante, Cancers 2015, 7,353-381 Depth

The inclusion of target fragmentation processes can be important for
the accurate evaluation of the dose in the treatment.



MC study of target fragmentation

Target fragmentation is not implemented in commercial TPSs.

Monte Carlo simulations were employed to estimate 7/
the effect of target fragmentation in Protontherapy. -

Fragments characterization:

e Production Cross Section
e Range

® Fluence
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Energy spectra

The energy distribution of main fragments produced by proton beam
in water have been simulated with FLUKA.

beam on water target . L. . .
P 8 The energy distribution of main

fragments produced by proton beam
in water have been analyzed,

p )‘v considering initial kinetic energy

Ep=50, 100, 150, 200 and 250 MeV.




CS (mb/MeV)

Energy distribution of fragments

Production CS of inelastic interaction induced by proton beam

of 200 MeV in water.
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H 200 65.4
2H 95 16.7
3H 58 3.9
‘He 45 17
12¢ 47 0.4
180 17 0.1
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Range of fragments

Target fragments can have high charge (i.e. high biological effectiveness)
and low residual range. This means that they will deposit all their energy
close to their generation point.

Tommasino & Durante, Cancers 2015, 7, 353-381
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: BN 10 925 25 : e Average energies of fragments
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| g 3.0 951 54 | are evaluated using Goldhaber
| g 3.8 912 6.2 | f |
He 4.6 878 7.0 ormuia
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| e 6.0 77 185 | starting from average energy
: *He 47 89 38.8 |

The energy and residual range of target fragments produced in
water have been studied using FLUKA MC code.




Simulation setup

The energy spectrum and range distribution of fragments have been simulated

with FLUKA:

1° Simulation

p beam on water target

Ep=40,80,120,160,200 MeV/u.

Enerqy spectra of fragments

‘He

0<E<20 MeV/u
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2° Simulation

Evaluation of
projected range Rp of
fragments in water
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E=40 MeV
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E=40 MeV
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Range of fragments

Tommasino & Durante
Starting from the energy distribution of fragments, the FLUKA \ \

range distribution has been evaluated.

Fragment
. : TH
For heavier fragments: the mean range obtained from the 20
distribution is similar to the value reported in Cancers. ‘*31?
“He
. 1He
For low Z fragments: difference between average range 6 o
in analytical formula and MC distribution. jLi
Li
MC more complete description of physical de
° . “be
processes = Range is more reliable o
IOB

11B
\ IOC

Low Z fragments R> cell nucleus 120

Heavier fragments R< cell nucleus 150
Colocalization effects?
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Fragments fluence



Fragments Fluence

To include the impact of fragmentation in the TPS (TRIP98) and estimate

the biological effect of fragments, their production in water has been
calculated with FLUKA.
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Fluence

Energy(a.u.)
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Fluence
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Fluence
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Fluence
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MoVe IT
Modeling and Verification

for lon beam Treatment
planning



-4\oVe IT

The main effects that will be explored in MoVe-IT project are:

> biological impact of target nuclei fragmentation
> relative biological effectiveness (RBE)
> intra-tumor heterogeneity

Physics Radiobiology
(= Biological effects + micro/nanoscale physics)

* Depth dose distributions « RBE (eg. LEMx, MKM)
* Nuclear fragment spectra « OER
(including target) e SER
* Stopping power data
Beamline specifics mm—) eseeeee————— Patient Imaging data

Including intratumor heterogeneity

Effective Dose profile
Verification "
{ Clinical Impact
i - F ' STy
advanced “Bio”-dosimetry Sokol PhD Thesis ‘» / |
beam monitoring . . o A
| b | 3 R
iy V=
«—-=—"== Tinganelli et al Sci Rep 2015 TCP/NTCP
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Target fragmentation

In order to describe the target fragmentation and estimate
the biological effect of fragments, MoVe IT propose an
approach based on a RBE modellization:

Fragments fluence RBE Biological dose
describe the physical evaluate the total RBE import the results in
dose including the by using a mixed field TRiP98 TPS and
contribution of each approach toweights test the biological
single fragment all the single dose differences
produced by a fragments respect to the
proton in water contributions default calculations
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Fragments Fluence

The fluence spectra have been obtained performing Monte Carlo
simulations as separate single beams, scoring the fluence of all the

produced particles.
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Primary proton’s fragments are considered as secondary particles; each single

spectra of those fragments is evaluated separately, considering its impact on the
RBE.

The total RBE is evaluated by using

and
D S(D) = exp —(aD + BD?)
_ Lt |
a — 100 o T -
E . D' E o ! aD
I I + \\\ :
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2 E lonizing -
\/_ D & | (neutrons N
VB = &L o \T g
. @ lonizing —
/ D! [ B\! x-rays \
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Dose (Gy)
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BIOLOGICAL
DOSE
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Biological dose comparison

Preliminary comparison between default TRiP928 data vs
new TOPAS-base data

Synthetic tissues obtained from LEM-IV model and
characterized by a/3 = 2Gy to represent a normal tissue.

e onlyprimaries (Z=1 primary)
e onlyprotons (primary and secondaries) (Z=1)
e All produced fragments
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Biological dose comparison

Comparison between default TRiP98 data vs mixed field
with TOPAS-base data

Courtesy of E. Bellinzona
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Biological dose comparison

Comparison between default TRiP98 data vs mixed field
with TOPAS-base data

I L L) Y I , L ¥ I

Courtesy of E. B'ellin'zona
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Biological dose comparison

Comparison between default TRiP98 data vs mixed field
with TOPAS-base data

Courtesy of E. Bellinzona
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Fragment impact

The fluence contribution of main fragments has been
enhanced (by a factor 10) to analyse the dependence of
species contribution on the biological dose.
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’ih)Ve IT Future perspective

Creation of fragments fluence database (Ek, Ef,A Z, 2 th)
e Results validation with different MC simulations (FLUKA,
GEANT4, TOPAS)
e Biological dose evaluation of SOPB with TRIP98, starting
from MC databases, in water at two depths (entrance and

distal region)

WAITING FOR FOOT EXPERIMENTAL DATA

(see poster #8:
FOOT FragmentatiOn Of Target)
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Conclusions

Target fragmentation has been studied using FLUKA MC code.

e Theenergy spectraof fragments: 0<E<20
MeV/u

LOW ENERGY and HIGH Z
' » ENHANCED RBE

e Therange of fragments is of the order of

10-100 ym SMALL RANGE
|

p Relevant for normal
tissues in the entrance
region

Starting from these preliminary results, the next
%Ve IT step is the creation of the fragments database
\ (fluence, energy, Z, A) for the inclusion of target
fragmentation in the TPS.
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CS (mb)

Angular distribution of fragments

Production CS of inelastic interaction induced by proton beam
of 200 MeV in water.
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CS (mb)

Angular distribution of fragments

Production CS of inelastic interaction induced by proton beam
of 200 MeV in water.

160F- ‘lH The emission of Hydrogen
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120 forward.
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Angular distribution of fragments

Production CS of inelastic interaction induced by proton beam
of 200 MeV in water.
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CS (mb)

Angular distribution of fragments

Production CS of inelastic interaction induced by proton beam

For heavy fragments, the
angular distribution present a
mean value of 60 degree.

of 200 MeV in water.
0=

: *He
20:—

N 2.5_
10—

B | | o | i T B

0 20 40 60 80 100 120

llllllllllllllllllll

120

(=]

40 60 80 100 120 140 160 180
Angle



Range of fragments

Tommasino & Durante

FLUKA
The range distribution of main fragments produced by \ \
proton beam in water have been analyzed, considering Fragment Rrp(pm)
different energies Ep=40,80,120,160,200 MeV/u. QE 5
'3H _
The energy spectra of fragments are in arange 0<E<20 "He 38.8
MeV/u. 4Fis 455
_ L SLi 26.7
Starting from the energy distribution of fragments, the TLi -
range distribution has been evaluated. b
.‘)B _
For heavier fragments: the mean range obtained from the g 9.9
distribution is similar to the value reported in Cancers. i;g -
llc 7
For low Z fragments: difference between average range 1203 6.2
in analytical formula and MC distribution. e s
50 2.3
160 =
MC more complete description of physical processes
Range is more reliable
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Frag ments Range Courtesy of A. Attili
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Fragments Range

SRIM evaluation of
projected range as a
function of energy:

Low Z fragments
R> cell nucleus

Heavier fragments
R< cell nucleus
Colocalization
effects

projected range (pm)

Courtesy of A. Attili
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