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INTRODUCTION
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Radiotherapy

Dose [Gy]  

1Gy = 1J/ 1Kg
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“In 2022, there were an estimated 20 million new cancer diagnoses, with approximately 10 million new patients 
needing radiotherapy … In 2050, GLOBOCAN 2022 data indicated 33.1 million new cancer diagnoses, with 16.5 
million new patients needing radiotherapy…”

Zhu et al. 2024, Lancet

Working principle



Ionizing radiations in RT
Taffelli Alberto

Heavy ions

ProtonsX-rays

Vozenin, 2022

Electrons
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• Protons can deliver dose precisely in deep 
seated tumours thanks to their peaked dose 
distribution in depth (Bragg peak), thus 
sparing normal tissues 

• Combining different energies it is possible to 
cover the tumour extension (SOPB)


• (Slightly) enhanced biological effectiveness 
RBE 1.1 


• The standard approach is the intensity 
modulated proton therapy (IMPT). Active 
Pencil beam scanning (PBS) systems make 
use of different energy layers to optimize the 
dose uniformity in the target and spare the 
normal tissues

Proton therapy
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Desouky 2015



• An algorithm within the Treatment 
Planning System (TPS)


• Allows to calculate the dose 
distribution of the pencil beams 
inside a medium (patient’s body)

Dose engines

Analytic pb Monte Carlo Deep Learning
• Models the primary interaction at 

every step

• Very accurate also for 

heterogeneous media

• Generally slow


• Fast MC 
• GPU-accelerated 

• Emerging method

• Based on AI

• Very Fast

• Requires a huge amount of 

data

• Accuracy depends on the level 

of training 

• Fast 

• Based on analytical functions 

describing the pb

• Accurate for homogeneous 

media

• Still present in some commercial 

solutions
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In pills
MC codes are used to simulate particle transport on a step-by-
step basis.


• Particle transport is based on cross sections (i.e., interaction 
probabilities) per unit distance


• MC algorithms thus sample from stochastic distributions and 
the mathematical basis is governed by the central limit theorem.


• Random numbers are sampled from a probability density 
function. At each step s of the particle through the geometry, 
the probability density function is representing the probability of 
physics interactions and their outcome.


Why Monte Carlo (MC)?


• To save time for experiments


• To investigate configurations difficult to realise with experiments


• Because the patient cannot be used for experiments

Monte Carlo

s
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In pills

• Particle history: is defined as the knowledge of the 
trajectory of one particle including potential secondary 
particles.


• Simulation of particle histories begins by sampling a number 
of events from a starting source distribution. Then, the 
passage of particles through a well-defined geometry is 
simulated. This is known as tracking


• Many particles need to be simulated in order to achieve a 
given accuracy. The uncertainty of MC is proportional to 1/
sqrt(N).


• Materials are characterized by their physical properties, 
such as: elemental composition, electron density, mass 
density, or mean excitation energy.

Monte Carlo

Nprim 1e3

Nprim 1e6

Proton beam in water

Material: Water

	 "Liquid water"

	 type: compound (single pure substance)

	 empirical formula: H2O

	 mean Z: 3.33333  mean A: 6.0051  => <Z/A> = 0.555084

	 mass density: 1 g/cm^3

	 mean ionization potential: 75 eV

	 radiation length: 36.08 g/cm^2

          -----------------------------------------------------------------

           Element      Z         A         m         x         w        rho              

                                            g/mol                        g/cm^3            

              H         1         1       1.00794  0.666667  0.111898 0.111898

              O         8        16       15.9994  0.333333  0.888102 0.888102
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Commercial TPS
• Closed environments


• They have their own MC codes


• e.g. VMC++, McVee, MCNP

Monte Carlo codes for radiotherapy 

Research

Much more flexibility: 


• TOPAS/GEANT4


• FLUKA


• PHITS


• FROG


• FRED
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FRED COMMISSIONING AT THE PTC 
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https://www.fred-mc.org
FRED Copyright © 2015-2023. A. Schiavi and 

Sapienza university of Rome.  All rights 
reserved

- Fast GPU-based MC simulation tool
- Free to download
- Already used in several centers (Krackow)
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Proton Therapy Center 
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Commissioning of FRED at the Trento PTC:
Implementation of a beam model in FRED that reproduces the experimental 
measurements: 

IDD curves in water
Beam envelope Absolute dose 


p+ per MU
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Commissioning of FRED at the Trento PTC:

FRED beam model of the Trento PTC gantry: 
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Reproduction of Boxes of dose in water 

Commissioning of FRED at the Trento PTC:
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Commissioning of FRED at the Trento PTC:
Validation of the model against a series of clinical cases 

“Taffelli et al. submitted, Physica Medica”



Now we have a Tool 
What can we do with it?



FRED APPLICATIONS 
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Applications: Patient-Specific Quality Assurance

😀• Quality assurance of 
the patient plan


• Procedure needed 
before irradiation


• Requires time and 
resources


With an independent MC 
could be possible in 
seconds
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Applications: Assessment of delivered plans

From the log-based irradiation 
files (information on the 
delivered plan), we can: 


• Simulate the delivered plan


• Acquire information on the 
time-dose delivery structure 


• Study possible correlation 
between dose rate maps 
and potential clinical 
outcomes
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Applications: Assessment of radiobiological features

• With FRED we can also 
score fluence spectra of 
protons at the voxel level


• Assess important 
microdosimetric quantities 
for further radiobiological 
evaluations
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Applications: UHDR irradiation and FLASH proton therapy

What’s FLASH? ⚡ 

• An effect that occurs when irradiating at ultra-high dose rates 
(UHDR > 40Gy/s) 


• Conventional irradiation is 0.01 Gy/s


• There is a protective effect on normal tissues, while 
maintaining the same efficacy against tumours


• The mechanism is still unclear

Hypoteses: 


Transient hypoxia

 Radical recombination

 Inter-track effects

 Immune system


• In RT = increase the therapeutic window

Vozenin, 2022
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Applications: UHDR irradiation and FLASH proton therapy

Dose rate = 0.4 Gy/s

Proton delivery systems: 

The proton beam is accelerated by a cyclotron 
up to energies of 230 MeV

Dose rate:

increasing the Ip up to 200nA?

Dose rate > 40 Gy/s

Perfect for studies in the experimental room, but..
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Applications: UHDR irradiation and FLASH proton therapy

Proton delivery systems: 

The proton beam is actively scanned to deliver 
dose to the target

Spot scanning t ~ ms

Energy switching t ~ 0.5-2sFLASH is incompatible 
with what we are doing 

in proton therapy
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Applications: UHDR irradiation and FLASH proton therapy

Active scanning

Energy switching t ~ 0.5-2s

Passive scanning with 3D Range Modulators

• 3D printed objects


• Attenuate the protons passively


• No switching, only maximum energy
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Applications: UHDR irradiation and FLASH proton therapy
Use of FRED to model the 3DRM 
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Applications: UHDR irradiation and FLASH proton therapy
Use of FRED to model the 3DRM 
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Applications: UHDR irradiation and FLASH proton therapy
Comparison with the active case: 
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Applications: UHDR irradiation and FLASH proton therapy
Printing of the modulator: 
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Incoming event on FLASH radiotherapy: 

Submit your abstract before 31st of March!!! 
https://4thflashworkshop.unitn.it/


