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o Radiotherapy is a clinical technigue that uses ionizing radiation to target and destroy malignant cells, primarily In
cancer treatment. The principle is based on inducing DNA damage in tumor cells, disrupting replication and leading

to cell death.

o In External Beam Radiotherapy (EBRT), various radiation types are
used, each with specific characteristics:

Photon Therapy: High-energy X-rays or gamma rays with deep
tissue penetration, suitable for treating tumors located at various
depths.

Low-Energy Electron Therapy: Shallow penetration, ideal for
treating surface or near-surface tumors due to rapid dose fall-off.

Particle Therapy (proton, Carbon lons): High precision with
intense localized energy deposition (Bragg peak), maximizing
damage to deep-seated tumors while sparing surrounding healthy
tissues.
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o Radiotherapy is a clinical technique that uses ionizing radiation to target ¢
cancer treatment. The principle is based on inducing DNA damage in tumor cells, disruwg replication and leading

to cell death.

o In External Beam Radiotherapy (EBRT), various radiation types are
used, each with specific characteristics:

Photon Therapy: High-energy X-rays or gamma rays with deep
tissue penetration, suitable for treating tumors located at various
depths.

Low-Energy Electron Therapy: Shallow penetration, ideal for
treating surface or near-surface tumors due to rapid dose fall-off.

Particle Therapy (proton, Carbon lons): High precision with
intense localized energy deposition (Bragg peak), maximizing
damage to deep-seated tumors while sparing surrounding healthy
tissues.
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o Very High Energy Electrons (VHEE) refer to electron beams in the 50-250 MeV energy range, which offer promising
potential for treating deep-seated tumors. They have been considered already in the past as an alternative to protons
and photon radiotherapy thanks to their better longitudinal sparing of Organs at Risks (OARs) and reduced impact
of range uncertainties.

.~ PAST  PRESENT

« High penetration capability allow for Advances in C and X-band .
flexibility in treatment planning. i accelerators offer higher In 2014 the FLASH effect was discovered

gradient capabilities ,.
Reduction of toxicity in healthy tissues (from

x Comparable performance only with | |
80% down to 60%), while keeping the same

"NO | high energy and multi field.

S-band 5.7 GHz X-band efficacy in cancer Kkilling, if the dose rate is
: _|_I_|_> radically increased (~100 Gy/s, or even more) with
2.9 GHz C-band 12 GHz respect to conventional treatments (~0.01 Gy/s).

1. Compact designs;

Due to cost, complexity and space 2. Precision in dose deli\!ery;
(long accelerating system) VHEE have ; 3. Reduced treatment times.
not yet reached the clinical stage. :
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o Translation of (FLASH) VHEE radiotherapy in clinical practice requires the development of accelerators with a

compact design to meet the requirements for a machine suitable for the hospital environment.

The proposed VHEE source is based on a C-band
LINAC, working at 5.712 GHz, delivering a high
intensity electron beam in FLASH regime.
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The high-gradient acceleration will allow to accelerate
electrons up to 130 MeV, maintaining a good
transmission efficiency of the particles, necessary to
transport the high peak current.

PR 100Hz INEN SAPTENZA
Pulse duration < 3us §<S|T
Charge per pulse 600nC sAFEsT project It will be pomposed n three modules,
e A Elash El Q ¢ dio-Th each dedicated to different electron
Dose rate per pulse > 10'Gyl/s plenza lash klectron source tor radio-Iherapy energies (9, 60 and 130 MeV).
ST o () it  iaiadomant
Average dose rate > lOsz/S ‘ ‘ N Module 1 Module 2 Module 3 N
! Modulator ’ Modulator 1
pUISO GUI' 4 e"t 200m A } ‘ . Timing, Synchronization... _ . Timing, Synchronization... _
g ?’::s;iﬂ'ps ' @ C-Band (~5.712 GHz) @ C-Band (~5.712 GHz)
1. SW injector: designed to accelerate a current from a abtnciad wlll Ko
pulsed DC gun to ~200 mA (energy of 9-12 MeV); et ! V u B
2. Compact TW C-band: with high gradient accelerating ||| H ........... e I T S R ¥ u.omglm"“w
gradient (~ 50 MeV/m). Ll 1y B 2w~ Eﬁ |'_f "4

€ eV 130 MeV
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o In order to finalize the machine design and to investigate the potential of VHEE based radiotherapy, a VHEE
Treatment Planning System (TPS) is needed. TPS aims to optimize the dose distribution inside the patient

maximizing the tumor control and minimizing normal tissue complications.
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o In this context the availability of a dedicated facility would allow bridging the gaps in the current knowledge and
characterization of the VHEE based radiotherapy, both including or not the FLASH effect.

The aim of my Ph.D. thesis work was twofold: based on the VHEE LINAC
designed within the SAFEST project, | focused on...

1 Implementation of Monte Carlo dose evaluation (using

1. Geometry implementation and Physics Simulations . . .
with the Monte Carlo tool FLUKA: i afast MC) in place of analytical calculations;

2 Adoption of Annealing algorithms as minimization

2. Analysis of simulation results and assessment of the
methods;

dispersed radiation in the LINAC’s surrounding

environment; 3 Development of an optimization algorithm using the

3. Design and validation of the shielding required for FLASH model existing in the literature;

current protocols. :4. Testing and validation across various types of tumors.

’ CENTRO RICERCHE |?
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my Ph.D. thesis work

DEVELOPMENT OF A VREE TPS gy

1. Geometry implementation and Physics Simulations Monte Carlo dose evaluation
with the Monte Carlo tool FLUKA;

2. Analysis of simulation results and assessment of the Annealing algorithms

dispersed radiation in the LINAC’s surrounding

environment; optimization algorithm using the

3. Design and validation of the shielding required for FLASH model

current protocols. Testing and validation
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o The prototype currently under construction as part of the SAFEST project » Validate and test all components
is a scaled-down version of the proposed VHEE LINAC, designed to
accelerate electron beams up to 24 MeV.

Radiobiological experiments
= with 24 MeV beams
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SW cavity Drift section TW cavity
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/ Linac entrance
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y cavidotto verde : impianto di raffreddamento klystron
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SW cavity

69 cm

Drift section

TW cavity

20 cm

o The prototype currently under construction as part of the SAFEST project » Validate and test all components
is a scaled-down version of the proposed VHEE LINAC, designed to
accelerate electron beams up to 24 MeV.

Radiobiological experiments
= with 24 MeV beams

The first step was to accurately replicate the
geometry and materials of the accelerator in
FLUKA, both for the injection section and the
high gradient cavity. Downstream, there is a:

ITW

1. Water Phantom;

2.Silicon Carbide beam
stopper;

3. Tungsten block
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o | analyzed electromagnetic simulations performed using the software Parmela, that provides detailed insights into
the beam dynamics and from which | extracted the position, direction, and energy of each individual particle.

w 24 MeV peak | /
04 I A o GOAL? e Exiting particle
02 3., ' ~T4 7% of total
£ o LB Loweneray Evaluate the dispersed | o .. ..
radiation to design the 10° primary
needed shielding. particles
%6 -04 -02 0o 02 04 06 ° 5 U T Electrons Photons Neutrons

! 'y :::III Insl:l':;.il' Jilil ¥ ‘P IQ-.{." -.I--' " ¥ ly:: J ﬁ'& = t:::: -:‘E‘::._,- F ___ :.-T-‘-:-.
; AR g e R R, o e

Analyzing the FLUKA output allowed me to characterize the

different types of radiation produced by various
interactions within the accelerator, on a scoring cylinder.
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The histograms are normalized to the number of particles simulated with
PARMELA. These results indicate the number and energy distribution of particles
(electrons, photons, positrons, and neutrons) produced per beam particle.
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The simulation results provided insights into the dose delivered to
the surrounding air by the particles exiting the accelerator. ’

 The dose was then evaluated
at 4 key positions:

oA:180 em from W block
o B & (: laterally 170 em from
the beawm axis;

e[: 230 em above the beam S -

axis.

POINT A
L X

Dose delivered in the surrounding area

Based on these values, assuming a workload of 3 days per
week with a number of pulses appropriate for the machine’s
use, radiation shielding barriers were calculated to reduce
these values and comply with the legal limits.

POINT A

POINT C

NO SHIELDING

9.7 - 10~ 8Gy/p

7.3 -1078Gy/p

7.8 - 1078Gy/p

3.9-10718Gy/p

L L

3 cm SHIELDING

3.7-10718Gy/p

6.0 - 107 °Gy/p

8.5-107Gy/p

3.5-107PGy/p
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my Ph.D. thesis work

RADIOPROTECTION STUDIES

1. Implementation of Monte Carlo dose evaluation (using
a fast MC) in place of analytical calculations;

Physics Simulations

2. Adoption of Annealing algorithms as minimization

assessment of the
methods;

dispersed radiation

3. Development of an optimization algorithm using the

Design and validation of the shielding FLASH model existing in the literature;

4. Testing and validation across various types of tumors.
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INPUT MODEL DOSE EVALUATION OPTIMIZATION RESULTS

o VHEE irradiation was simulated assuming the compact C-band acceleration technology which will be capable of
delivering multi-fields with an active scanning-like approach.

CTIMAGES & FIELD DIRECTIONS

The patient’s planning CT, the entry points
and the dosimetric constraints for each
organ, together with the prescribed dose for
the PTV, are provided by the hospital where
the patients were treated.

Beam 1
Point source beam Beam 2

A TPS for VHEE does not yet exist, so
we derive geometric, dosimetric, and

energy information from standard Organ —dosimetric constraints
radiothera Target volume o >95% ), never above 107%
pyY Rectum (Vo <50%;|Veo <35%, Vs <25%. V7o <20%, Vg <15%
Anus Vo <50%
Bulbourethral Glands D < 50 Gy
Femurs D < 52 Gy, Vgo <5%

r CENTRO RICERCHE |? Bladder D < 65 Gy, Vg5 <50%, V70 <35%, V75 <25%, Vo <15%
S
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o VHEE irradiation was simulated assuming the compact C-band acceleration technology which will be capable of
delivering multi-fields with an active scanning-like approach.

CT IMAGES & FIELD DIRECTIONS ENERGY SELECTION
The patient's planning CT, the entry points The selection of the beam energies (70-150 MeV) is made looking at the dose
and the dosimetric constraints for each : (jstributions obtained simulating a single PB delivered at the center of the PTV.
organ, together with the prescribed dose for :
the PTV, are provided by the hospital where : N — Pb dose

0.8 1

the patients were treated. : // N — / distribution

o
o

PTV profile

o
IS

Dose/ROI profile [%)

o Organ _____dosimetric constraints : 0.2 1

Target volume , Vozoz >95% never above 107% cT prO'ﬁ'e
Rectum Vo <30%,[Vegn < 0 < , Vs <15% /
Anus V30 <50% -
Bulbourethral Glands ~ D<50Gy 0.0
Femurs D < 52 Gy, Vgo <5% . , ! ! ! | :
Bladder D < 65 Gy, Vg5 <50%, V79 <35%, V15 <25%, Vo <15% " -30 -20 -10 0 10 20

Depth in water [cm]
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o VHEE irradiation was simulated assuming the compact C-band acceleration technology which will be capable of
delivering multi-fields with an active scanning-like approach.

CTIMAGES & FIELD DIRECTIONS

The patient’s planning CT, the entry points
and the dosimetric constraints for each
organ, together with the prescribed dose for
the PTV, are provided by the hospital where
the patients were treated.

- Organ imetric constraints
Target volume p Voo >95%] never above 107%
Rectum LV&,{) <50 Yoo < 0 < , Vs <15%
Anus Va9 <50%
Bulbourethral Glands D < 50 Gy
Femurs D < 52 Gy, Vgo <5%
Bladder D < 65 Gy, Vg5 <50%, V79 <35%, V75 <25%, Vo <15%

ENERGY SELECTION

: The selection of the beam energies
: (70-150 MeV) is made looking at the
: dose distributions obtained simulating
: a single PB delivered at the center of
: the PTV.

ose/ROI profile [%]

PENCIL BEAM CONFIGURATION

: The size and aperture of each PB used to
 irradiate the PTV are defined following an
: approach similar to active scanning used in
: proton beam delivery. S—

The spot spacing
between two adjacent
PBs varies according

to the irradiation

geometry

To reduce the number of spots, and thus the
computational time (FLASH regime in mind!)
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INPUT MODEL DOSE EVALUATION OPTIMIZATION RESULTS

o The majority of the TPS softwares use an analytical dose evaluation approach, which may be not so accurate.
However the computational cost of the problem didn’t allow so far to make a more precise calculation. Our solution is

to use FRED. The FRED MC has been developed to allow a fast optimization of the TPS in Particle Therapy,

while keeping the dose release accuracy typical of a MC tool. Today FRED protons is used in
various medical and research centers: MedAustron (Vienna), APSS (Trento), Maastro (Maastricht)
and CNAO (Pavia) while C ions and electromagnetic models for FRED are used for research
purposes.

|

Gammacindo pass
rate (zmm/22) 97

|
1

XY slice at z=-62.00 cm YZ slice at x=-3.55 cm ZX slice at y=20.18cm . 4

.

b

|

Reduces the simulation
time by a factor 1000

Developed towork on  ;ompared to standard
GPU MC

T
w

y [cm]
X [em]
D [Gy7primary]

FRED

[ oss—
o Lad

-70 -60
y [em] z [em)

y [cm]
X [cm]
D [Gy/primary]

-70 -60 le-
y [cm] z [em]
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Select the Energy of each field
and the Intensity of each PB
of the treatment plan.

—p

@/ GOAL?

In order to maximize tumor coverage and minimize the
dose delivery to the normal tissue, the algorithm
explore different set of parameters.

®

@ Calculate the COST FUNCTION for a given configuration.

Planned dose P

Voxel bas /'

@ Minimize the given cost function, with different methods.

(NFN

CENTRO RICERCHE

o The TPS | developed includes two different minimization

methods, allowing the user to select the approach depending on
what is needed to be optimized:

0 OPTIMIZE THE INTENSITIES OF PBs

The Lomax algorithm (a conjugate gradient approach) that
effectively minimizes the cost function for fixed beam energy by
: adjusting pencil beam intensities, calculating the Hessian derivatives.

T0 OPTIMIZE THE INTENSITIES OF PBs AND THE FIELD ENERGY

Simulated Annealing (probabilistic optimization techniques) is

used for finding global minima in high-dimensional spaces, avoiding
local minima where gradient-based methods may struggle.

Allows volumetric optimization

(FLASH in mindY)
Accepted!
YA jteration ++ 7 - N
randomly > \
changed -—> Rejected... but not always! P = e~ R(T)
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INPUT MODEL DOSE EVALUATION OPTIMIZATION RESULTS

/ Seleet the Energy of each field o The TPS | deyeloped includes two different minimigation
O GOAL? and the lm‘ensity of each PB * methods, allowing the user to select the approach depending on
) what is needed to be optimized:
of the treatment plan.

| The result is always:
In order to maximize tumor coverage and minimize the ? OPTIMIZED DOSE MAP + list of
@ dose delivery to the normal tissue, the algorithm Q ACCELERATOR PARAMETERS

explore different set of parameters.

ZX slice at y=9.37 cm 5

0 130 70
1 110 70
Calculate the COST FUNCTION for a given configuration. 5 130 o8
4 110 68
0 © 513 21706 33617
0 1 306 25686 38791
Planned dose B 0 2 828 19949 34031
e 0 3 0 25812 LO6LA
0 4 %) 32028 47888
0 5 %) 24089 42379
0 6 442 21539 35315
o 7 125 26100 41419
N 0 8 216 19958 36403
o 0 9 %) L4442 8616
Voxel based @ 10 769 8685 11262
0 11 319 10349 13475
0 12 396 11077 14876
- , _ _ _ 0 13 0 8816 13270
@ Minimize the given cost function, with different methods. @ 14 @ 6885 11186
0 15 % 5045 9192
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o Using the TPS | have developed, | explored the potential of VHEE-based radiotherapy through in-silico feasibility
study on patients with deep-seated tumors to which treatment plans were already clinically delivered.

Compare the VHEE simwulated plans with FLASH effect PARAMETRIZATION

@/ GOAL? state-of-the-art conventional photon or PT

treatments + FLASH effect exploration

1.1+ -+ 14.1, Mouse lung -o- 21.1, Mouse survival
. - , . 1.0~ : ::::z:ss: f::i/a“t’iaoln syndrome : :z ::: :Z:t
1] ‘STURY OF INTRACRANIAL LESIONS = e 2 e
| 7_ " . | . . . %0‘9- ~— 19.2, Mini pig skin ~- 22.2, Mouse skin
Two patients with an intracranial lesion . = 103, Mouse brai - 711, Mouse survval
treated with PT at the Azienda Provinciale el  [— [t
per i Servizi Sanitari (APSS) centre in | I e s2r o ke
Trento. o U e e
E— 7 i 0.5- H = biology, physics, 2022
W W STUPY OF PANCREATIC TUMORS ; b
Three patients with pancreatic tumor The biological dose was optimized followina the model:
treated with VMAT treatments at the . <D
Fondazione Policlinico Universitario — : FMF = =
. L DFMF = I'MF - D (1 - FMF™n)Br  FMF™" if D > Dy
Campus Bio-Medico in Rome. \_7
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‘/' 2 h Az enda Provinciale e 1544
. ey i Servizi Sanitari e ) UMBE REO I p \ /,
w -

‘“ ' Provincia Autonoma di Trento WY ' OLICLINICOTDTROMA \1 )
INPUT MODEL DOSE EVALUATION OPTIMIZATION RESULTS
Validate VHEE treatment on DIFFICULT [M1]  “omimen oo Corotdarieies K 95595 fistocran:
GEOMETRY due to the PTV position B e e e e e R

@ Q o Meningioma: 3 fields, with a prescription to the PTV . . ‘

of 54Gy(RBE) in 27 fractions.
Q o Chordoma: 4 fields, with a prescription to the PTV of | ¢ o |

54Gy(RBE) in 30 fractions. § %0- ;2 %-

0 1000 20([))()ose3(|):(éOGy] 4000 5000 0 1000 20(gose3(l):(():OG y] 4000 5000

plan, the PVH show COMPETITIVE performance.

\7/\(00mparmg PT delivered plan and VHEE simulated
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o The TPS is crucial for pancreatic tumors as it enables precise dose delivery to the tumor while

minimizing radiation-induced toxicity to the nearby duodenum. This approach enhances
treatment efficacy by targeting the tumor effectively and reducing harmful side effects.

'PRESCRIPTIONS

& @& &

o PT1: seven fields were used, with a
prescription to the PTV of 30 Gy in 5
fractions.

o PT2: five fields were used, with a
prescription to the PTV of 32.5 Gy in 5
fractions.

o PT3: five fields were used, with a
prescription to the PTV of 30 Gy in 5
fractions.

FIELP GEOMETRY]|

T
2% 100 MeV

130 MeV

'POSIMETRIC CONSTRAINTS

600D CANPIPATE FOR FLASH
IRRADIATION!

90 pbs
70 MeV

Volumes [cc]

5 8apbs | A

PT3

80 MeV

T T T I I
‘x 67 pbs 72 pbs
75 pbs 110 MeV 70 MeV
\\
\

s 67 pbs

81pbs |
130 MeV

120 MeV

35

30

25

20

15

10

ROI Constraints PT1 PT2 PT3
Vit >95%
Vibis < 5%
PTV Vllgg’;)’PT?’ > 95% 94.9 81.6 | 117.9
DET2 < 40.95 Gy
DPT3 < 37.8 Gy
Duodenum Vasgy < 0.1 cc 935 | 944 | 101.6
V25Gy < 10 cc ) ' .
Bowel Vsoay < 1 cc 1035.1 563 1511.4
Stomach Vizay <50 cc 173.2 | 168.6 | 287.1
V33Gy < 0.1 cc
Spinal cord Vas.3Gy <0.035 cc 60.3 111 109.2
. Dmean S]'S Gy
Liver V15Gy < 700 cc 892.5 | 1202.8 1504
Kidneys Voia, < 45% 256.6 | 250.3 | 940.7

’ CENTRO RICERCHE
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o The TPS is crucial for pancreatic tumors as it enables precise dose delivery to the tumor while
minimizing radiation-induced toxicity to the nearby duodenum. This approach enhances
treatment efficacy by targeting the tumor effectively and reducing harmful side effects.

BEST CANDIVATE FOR FLASH
IRRADIATION!

100 - — - 100 - _ﬂ___L_*_i‘\ 100
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- \ 1
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1 \
\ \
\ \ \
— \ N \ —
60 - ANl | < 60 \ R
S \ \ = \ .
e BN : ‘ g
E W\ N 5 E
L 40 - *\ s\ S L 404 <
~ N \\
\
\\
20 - \\ Sel ‘ 20 -
\ s\\
\ \ ‘\~\
N ~
0 - 0 ——
0 500 1000 1500 2000 2500 3000 0 560 10100 1500 ZOIOO 2500 30b0 3500 4000 0 560 1000 1500 2000 2500 3000 3500
Dose [cGy] Dose [cGy] Dose [cGy]
- VHEE  -==--- VMAT - VHEE  ----- VMAT - VHEE  ----- VMAT
— PTV — Liver ~—— Stomach —— Bowel — PTV — Liver ~— Stomach — Bowel — PTV — Liver ~— Stomach — Bowel
—— Duodenum  =—— Kidneys - SpinalCord —— Duodenum  —— Kidneys —— SpinalCord —— CTV —— Duodenum  =—— Kidneys - SpinalCord —— CTV
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The TPS is crucial for pancreatic tumors as it enables precise dose delivery to the tumor while

minimizing radiation-induced toxicity to the nearby duodenum. This approach enhances

treatment efficacy by targeting the tumor effectively and reducing harmful side effects.

Volume [%]

PT3

(@)
o
|

o
o
1

N
o
1

* V100% 95%

0 500 1000 1500 2000 2500

— VHEE

— PTV/
- Duodenum

— Liver
- Kidneys

Dose [cGy]

----- VMAT

~ Stomach
- SpinalCord

- Bowel
e CTV

(NFN
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The transparent bands indicate the potential
improvewent if the plan is delivered in UHPR conditions.

00 3000 3500

BEST CANDIDATE FOR FLASH

IRRAPDIATION!
VMAT VHEE  VHEE-FLASH
PTV 99% 98.32% | 98.32%
Duodenum | 3588 Gy | 3511Gy | 31.06 Gy
Stomach | 31.04Gy | 33.28Gy | 29.97 Gy

e FMFmin = 0.6 to |

e Pth value of 29 Gy.

The FLASH optimization results in an increase in the average dose delivered
to the dvodenuwm, while reducing its maximum absorbed dose hy
approximately 4 Gy. This allows to increase the PTV coverage!
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Over these 3 years of my Ph.D., my research has focused on:

1. Radioprotection Studies for the LINAC being constructed as part of the SAFEST project. | conducted an analysis of simulation results
on interactions between the primary beam and accelerator materials to determine the shielding thickness required to reduce dose levels in
the surrounding environment.

2. Developmem‘ of a TPS for VREE in FLASH Mode: | developed software capable of optimizing, through various methods, the dose
absorbed by the tumor and surrounding healthy organs to output the accelerator’s setting parameters for treatment. Several feasibility studies
were conducted on patient data provided by various hospitals.

The results demonstrate the suitability of VHEE for both intracranial lesions and pancreatic cancer treatment. When
compared to state of the art conventional radiotherapy, e.g. PT and VMAT plans, VHEE show a comparahle performance even
without reaching the UHDR regimen required to frigger the FLASH effect. Under a few plausible assumptions on the conditions
required to trigger the FLASH effect, the results demonstrated that it should be possible to escalate the dose at the PTV without
worsening the 0ARs injury.

Treatment planning of intracranial lesions
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o The prototype currently under construction as part of the SAFEST project is a scaled-down
version of the proposed VHEE LINAC, designed to accelerate electron beams up to 24 MeV.

SW cavity

69 cm

Drift section

20 cm

TW cavity

43 cm

Cathode

Linac entrance

CENTRO RICERCHE
-NRICOFERMI

SW section TW section
Shunt Impedanee |103 MOhm/m [107 MOhm/m
Quality Factor 10178 10127
Energy 10 MeV 24 MeV
Pulse current 100 mA 100 mA
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o | analyzed electromagnetic simulations performed using the software Parmela, that provides detailed insights into
the beam dynamics and from which | extracted the position, direction, and energy of each individual particle.
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To identify the electrons exiting the beam pipe which
interact with the external accelerator material (copper), |
conducted a geometrical analysis in order to save the
exit positions from the iris of the accelerator:

Phantom
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Exiting particle
~74 % ot total
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@ Exiting particle
© Straight particle
% Exiting point
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o | analyzed electromagnetic simulations performed using the software Parmela, that provides detailed insights into
the beam dynamics and from which | extracted the position, direction, and energy of each individual particle.
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To identify the electrons exiting the beam pipe which
interact with the external accelerator material (copper), |
conducted a geometrical analysis in order to save the
exit positions from the iris of the accelerator:
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o After identifying the coordinates at which the electrons exited the accelerator, both for the straight and scattered

electrons, further simulations were conducted using FLUKA to model the radiation transport and secondary
particle production.

Analyzing the FLUKA outputallowed me to

characterize the different types of

radiation produced by various interactions
within the accelerator.

Electrons Photons Neutrons

@/ GOAL?

Statistics = _#_ “ . | = Evalvate the dispersed
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Cathode (Ba) ..

Angle distribution

Log Scale

Counts [A.U.]
Counts |A.U.]
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Inside the SW structure, approximately half of the particles within the first cell

will experience a decelerating electric field and are transported backward
towards the cathode.

Energy distribution

Backscattered primaries evaluation

Log Scale

11 | I I | l 1111 | 1 |

Counts/beam particle

1

Electrons
- Log Scale
Emean=0.13 MeV
- histogram
= error bar

0 01 02 03 04 05
Ekin [MeV]

They travel in the opposite direction to the accelerated beam and that their

energy distribution is, at most, that of the particles accelerated forward from
the second cavity onwards.

e

B

T 0.1

The majority are absorbed by the materials

composing the accelerator (copper and
steel) and by the cathode (barium).

I T
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Photons
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The simulation results provided insights into the dose delivered to the
surrounding air by the particles exiting the accelerator, as well as the dose
deposited by the focused primary beam in the region beyond the exit window.

S‘.The dose was then evaluated at W

4 key positions:

o A:180 cm from W block

o B & (: laterally 170 cm from
the beawm axis:

ol: 230 em above the beawm
axis.

POINT A
9.73 - 107 18Gy/p
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Dose delivered in the surrounding area
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o Based on these values, assuming a workload of 3 days per week with a number of pulses appropriate for the
machine’s use, radiation shielding barriers were calculated to reduce these values and Comply with the Iegal limits.
o Shwldmgdwg"goal B e e e e e e e e B e e B e B e

Occupancy factor

Occupancy factor «T WUT | _ ................. 3 OMLEAD ____________ _____ — S | .............
Z S Use fac.l-or B 5 i _ B RN | I

Workload

The resulting barriers were determined to be

3 cm of lead around the final section of
the LINAC.

POINT A

'}? y _ POINTC CRITICAL POINT
i////i NO SHIELDING 0.73-1071Gy/p | 7.28 - 107 18Gy/p 7.82-10718Gy/p / 3.86 - 10—18Gy/p

3 cm SHIELDING | 3.75.1078Gy/p | 5.99-10"°Gy/p | 8.49-10"°Gy/p \_3.48 - 10"°Gy/p
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o The majority of the TPS softwares use an analytical dose evaluation approach, which may be not so accurate.
However the computational cost of the problem didn’t allow so far to make a more precise calculation. Our solution is

to use FRED.

FRED

<
=
)
fng

y [cm]

y [cm]
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———

-60 le-
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20 -70

Reduces the simulation

time by a factor 1000

compared to standard
MC
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The FRED MC has been developed to allow a fast optimization of the TPS in
Particle Therapy, while keeping the dose release accuracy typical of a MC tool.

Today FRED protons is used in various medical
MedAustron (Vienna), APSS (Trento),
while C ions and electromagnetic models for FRED

PUIPOSES. 100 MeV Eleciron beam
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@ o Meningioma: three fields were used, with a o Chordoma: four fields were used, with a prescription
prescription to the PTV of 54Gy(RBE) in 27 fractions. to the PTV of 54Gy(RBE) in 30 fractions.
) N

O Patient M1 Patient C1
Organ Dosimetric constraint Volume |[cc] Organ Dosimetric constraint Volume |[cc]
PTV Vs >95%, Dinaz <105% || 20.71 PTV Vos%>95%, Dinaz <107% || 99.15
Optic nerves D; < 54 Gy(RBE) 0.95 PTV boost Vos%>95%, Dmae <107% 71.94
Chiasm D; < 54 Gy(RBE) 0.03 Brainstem D; < 55 Gy(RBE) 27.09
Posterior optical path D; < 54 Gy(RBE) 0.45 Spinal cord D, < 54 Gy(RBE) 8.25
Eyeballs D; < 40 Gy(RBE) 8.14 Parotid glands Dimean < 26 Gy(RBE) 26.26
Brainstem D; < 54 Gy(RBE) 28.19 Middle ears Dpean < 30 Gy(RBE) 3.80
Carotid arteries D, or <105% 1.15 Cochlea Dpean < 35 Gy(RBE) 0.35

The cllnlcal proton plans dellvered to the patlents were snt to the Medical PhyS|cs Umt o
Pollcllnlco Umberto | in Rome to carry out the IMRT treatment planning, together with the
| dose prescriptions, the details about the OARS constralnts and the CT |mag|ng data

e |
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@ o Meningioma: three fields were used, with a
prescription to the P 54Gy(RBE) in 27 fractions.

Q o 1st configuration: fieldé1‘

o 2nd configuration: 7 Tie
100, 90] MeV,;

—— PTV
- = Brainstem
- Posterior optical

~+«- Optic nerves
- Cochlea
-++- Eyeballs —

'+ Middle ears
—+— Carotid arteries % 95% 95%

0, 110, 100] MeV;
90, 100, 100, 110, 100,

e NOrmal tissue
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o Chordoma: four fields were used, with a prescription
to the PTV of 54Gy(RBE | \in 30 fractions.

o 1st configuration{4 flelds‘120 90, 90, 120] MeV;

7

o 2nd conflguratlon.
90] MeV;

— PTV

- =+ Brainstem ++ Cochlea

100 4

20
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@ o Meningioma: three fields were used, with a  : o Chordoma: four fields were used, with a prescription
prescription to the PTV of 54Gy(RBE) in 27 fractions. to the PTV of 54Gy(RBE) in 30 fractions.

Q o 1st configuration: 3 fields ‘[1‘0, 110, 100] MeV; Q o 1st configuration'4ields[120 90, 90, 120] MeV,
o 2nd conflguratlon flelds 90, 100, 100, 110, 100, o 2nd configuration:( flelds‘ [120, 80, 60, 60, 60, 60,

100, 90] MeV; 90] MeV;
— PTV ~«- Opticnerves - Middle ears ~——Normal tissue " — PTV -« Spinal cord —+— Parothid glands Normal tissue
- BrainsFem . -+ Cochlea —— Carotid arteries % 95% 95% - =+ Brainstem -« + Cochlea ..+ Middle ears *  95% 95%
—#— Posterior optical --+- Eyeballs ==+ Chiasm -
100 A 100 1 - = !
100 A \ﬁ *
7 FIELD IMRT VHEE 7 FIELD
7 FIELD IMRT VHEE 7 FIELD|
80 80 4 80 A
X 60 R 60 R 60-
Q Q Q
c = -
S = -
= O 40 O 40-
>
20 4 20 1 20 -
0 0 - \ 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 | 0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Dose [cGy] Dose [cGy] : Dose [cGy] Dose [cGy]
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INPUT MODEL DOSE EVALUATION OPTIMIZATION RESULTS
@ o Meningioma: three fields were used, with a FLASH OPTIMIZATION
prescription to the PTV of 54Gy(RBE) in 27 fractions. 100 - \
7N | % The transparent bands indicate
Q o 1st conflguratlon |Ids 110, 110, 100] MeV, [* V95% 95%) \‘ 5. the potential improvement if
o 2nd conflguratlon 90, 100, 100, 110, 100, %0 “.i the pﬁan is delivered in UHPR
100, 90] MeV; 1 conditions.
g O B N\ i
XY slice at z=-63.65 ct £X sliceaty=9.37 cm § i l o FMFmin = 0.8 (a
S 40- N ) sizeable sparing,
i1 dotted line) to 1 (no
1 FLASH effect in solid
I oy ': line)
| S o Pthvalue of 40 Gy.
I A N A A .
0 1000 2000 3000 4000 5000 6000
Dose [cGy]
e PTV - Brainstem - Carotid arteries
. . . - Optics nervs Cochlea ——— Posterior optical
Isodose maps are graphical representations that show curves connecting —— Eyeballs —— Chiasm
points in space where the dose is constant, in this way it is possible fo
display the contours of regions where the dose reaches a predefined value. VHEE - PT
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o The TPS is crucial for pancreatic tumors as it enables precise dose delivery to the tumor while
minimizing radiation-induced toxicity to the nearby duodenum. This approach enhances
treatment efficacy by targeting the tumor effectively and reducing harmful side effects.

o Correlation among FMF

min

resultant increase of the 95% of the dose absorbed
W W W by the 100% of the PTV volume on the z-axis. [ 38
36
o PT1: seven fields were used, with a
prescription to the PTV of 30 Gy in 5 8 1 34
fractions. _ 3]
: : : g 34 32
o PT2: five fields were used, with a @ 32 1
prescription to the PTV of 32.5 Gy in 5 8 30 1
fractions. 28 | »
26

o PT3: five fields were used, with a
prescription to the PTV of 30 Gy in 5
fractions.

26
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