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Use of MC is spreading out 
 in medical physics since ‘90s
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1. Particle Therapy: some background



Radiotherapy: Conventional RT And PT

AIMS 
• Dose conformity over the tumor  
• High Dose to tumor 
• Low Dose to normal tissues

RADIATIONS 
• Conventional RT: photons, electrons 
• Particle Therapy: protons and light ions  

(4He, 12C, 16O)
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Motivazioni dell'adroterapiaMotivazioni dell'adroterapia
vantaggi del trattamento 
radioterapico con ioni leggeri :

•Distribuzione dose in profondità 
→ Picco di Bragg

     D=Evol/mvol [Gy=J/kg]

•Rilascio energia localizzato → 
distribuzione conforme dose 

•Elevata efficacia radiobiologica

Trattamento di tumori 
radioresistenti 

Il carbonio viene assorbito facilmente, isotopo 

che emette β+, frammentazione limitata

Particle Therapy: Motivations
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Advantages of PT wrt conv RT: 
• Dose Conformity (Bragg peak) 
• Healthy tissue sparing  
• High LET beam (e.g. 12C ions)  

=> high RBE

PT good to treat tumors 
deep seated, close to organs at risk, 
 radioresistant



Particle Therapy: Challenges
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Using protons: 
target fragmentation 
=> change in RBE

12C 400 MeV/u in H2O

Using Z > 1 ions: beam fragmentation 
=> beam attenuation 
=> longer range of lighter fragments 
=> Mixed field  
     dosimetry 
=> complex RBE  
     calculation 
=> fragments for 
     range monitoring



2. Introduction to the radiation 
transport problem

Monte Carlo simulation: particle tracking

10 MeV electrons in water
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The Radiation Transport problem
Radiation Source

Propagation in matter

Detection



• Radiation-matter interaction mechanisms: 
 

-> angular deflections 
-> energy losses 
-> secondary particles generation 
-> residual nuclei production 
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Radiation Source

Propagation in matter

Detection

• Ensemble of particles (ɣ, e±, µ±, n, p, π±, 𝜈i, ions…)

The Radiation Transport problem

• Solution of the Boltzmann equation



AIFM 2025 Ilaria Mattei13

- Particle density ni(r,E,Ω,t): number of particles of species i per unit volume, unit 
energy, unit solid angle, at a given time   

- Cross Section: probability of interaction per unit length, with the length measured 
in atoms/cm2 (the number of atoms contained in a cylinder with a 1 cm2 base)

Basic Quantities

Double differential cross section

Cross section
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THE TRANSPORT EQUATION
Time evolution of particle density ni(r,E,Ω,t) in a small volume V:

The Radiation Transport problem
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THE TRANSPORT EQUATION
Time evolution of particle density ni(r,E,Ω,t) in a small volume V:

The Radiation Transport problem

• Integro-differential equation 
• Analytical solution only for simplified 

scenarios (few particle species, few 
interaction mechanisms…)

MC approach needed



3. The Monte Carlo approach
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- Originally, the Monte Carlo method was not a simulation method, but 
a device to solve a multidimensional integro-differential equation by 
building a stochastic process such that some parameters of the 
resulting distributions would satisfy the equation 

- The equation itself did not necessarily refer to a physical process 
and, if it did, that process was not necessarily stochastic

The MC Method: Integration or Simulation?



Numerical method based on random sampling of probability distributions 
=> based on RANDOM NUMBERS: 
- sequence of random numbers: set of numbers that have nothing to do 

with the other numbers of the sequence 
- uniform distribution of random numbers: every number has the same 

chance of turning up

The MC Method: Random Numbers
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- G. Lecrerc and Compte de Buffon (1777)  
=> idea of tossing a needle

- Laplace (1886) => random points in a 
square enclosing a circle

The MC Method: Random Numbers
π computation using random numbers
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The MC Method: Particle Transport
- 1930s: early historical idea by E. Fermi to exploit statistical sampling 

techniques using random numbers for neutron transport problems

- 1940s: idea developed 
within the Manhattan 
project in parallel with  
the development of the 
computer ENIAC   

The Monte Carlo method 
in the modern age 

Invented by John von Neumann, Stanislaw Ulam and  
Nicholas Metropolis (who gave it its name), and  
independently by Enrico Fermi

N. Metropolis            S. Ulam                 J. von Neumann          E. Fermi

The Monte Carlo method 
in the modern age 

Invented by John von Neumann, Stanislaw Ulam and  
Nicholas Metropolis (who gave it its name), and  
independently by Enrico Fermi

N. Metropolis            S. Ulam                 J. von Neumann          E. Fermi
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The MC Method: Mathematical Foundation
The Central Limit Theorem is the mathematical foundation of the 
Monte Carlo method:

Given any observable A, that can be expressed as the result of a 
convolution of random processes, the average value of A can be 
obtained by sampling many values of A according to the 
probability distributions of the random processes.



• The accuracy of the MC estimator depends on  
the number of samples:

MC Mathematical foundation
The Central Limit Theorem is the mathematical foundation of the Monte 
Carlo method. In words:

Given any observable A, that can be expressed as 
the result of a convolution of random processes, 
the average value of A can be obtained by 
sampling many values of A according to the 
probability distributions of the random processes.

MC is indeed an integration method that allows to solve multi-
dimensional integrals by sampling from a suitable stochastic 
distribution.
The accuracy of MC estimator depends on the number of samples:

N
1


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The MC Method: Mathematical Foundation

• From a 150 MeV protons in H2O target:
5 primaries 
~ 80% error + fluctuations

1000 primaries 
< 10% error 

Statistical convergence



4. Basic ingredients for a Monte Carlo 
based Treatment Planning  

in Particle Therapy
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Why a MC for a TPS?  Dose accuracy
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Why a MC for a TPS?  Dose accuracy
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The Importance of Dose Accuracy
Accuracy on the total dose 

released over a tumor 
volume at 5% max

Accuracy in the dose 
calculation at 1-2% max



• Patient modeling 

• Beam line modeling 

• Radiation transport and particles interactions modeling 

• Dose calculation 

• Biological evaluation for a given particle beam 

• TPS Optimization (Kernel) 

• TPS Validation/Control 

• Monitoring devices
AIFM 2025 Ilaria Mattei25

A simplified scheme
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A simplified scheme
PTV

TPS kernel
Table of DE vs Ebeam, x,y,z

TPS verification and correction Dosimetry monitoring and correction

CT scan (𝜌 vs Dx,Dy.Dz)

RBE vs Ebeam, x,y,z 

Fluences for each beam spot

MC based
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Pros and Cons for MC TPS 
PROs 

• Accurate geometry/inhomogeneity 
treatment, beyond the water equivalent 
approximation 

• Full 3D treatment of scattering and e.m. 
and nuclear interaction and mixed fields 

• Easy beam line features embedding 
• Easy and accurate dose calculation: no 

convolution, no superimposition, just 
scoring

CONSs 
• Memory demanding 
• CPU time needed
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Monte Carlo codes assumptions
• Static, homogeneous, isotropic, amorphous media and geometry 

Problems: e.g. moving targets, radioactive decay, atmosphere represented by 
discrete layers of uniform density 

• Markovian process: the fate of a particle depends only on its actual present 
properties, not on previous events or histories 

• Particles do not interact with each other 
• Particles interact with individual electrons, atoms, nuclei, molecules 

Problem: invalid at low energy (X-ray mirrors) 
• Material properties are not affected by particle reactions 

Problem: e.g. burnup 
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Patient modeling: Geometry 

Beam line in geant4
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Patient modeling: Geometry 

Beam line in geant4
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Patient Modeling
The MC needs the patient modeling for TPS 
optimization, but MC for Particle Therapy  
do not use (hopefully!) the water 
equivalent approach 

• Easily imported CT geometry in MC 
=> DICOM info translated in voxel/volumes 
structure (3D grid of little bricks) 

• Contiguous voxels can be grouped to form 
organs  
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Patient modeling: Geometry 

Beam line in geant4
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Patient Modeling
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Nominal mean density for 

each HU interval (Jiang and 

Paganetti MP 31, 2004) 
But real density varies 
continuously with HU value

Conversion of CT numbers into mass 
density extending the original one 
proposed by Schneider et al  in PMB 
45 (2000) to HU > 1600

Using the information from the patient CT in the MC Using the information from the patient CT in the MC 

 

V.Patera - LNF 18/11/2009

CT = Computer Tomography 

expressed in H numbers

H (air)= -1000 and H (water) = 0  

FLUKA capability: import of raw CT scans with optimized algorithms for 
efficient transport in voxel geometries  (Andersen et al Radiat. Prot. Dosimetry 116, 2005)

Using the information from the patient CT in the MCUsing the information from the patient CT in the MC

• Stoichiometric calibration from CT electron density (HU) 
to the Z,A,rho needed by the proton & 12C MC 
=> Nominal mean density for each HU interval  
(Jiang and Paganetti MP 31, 2004), but real density  
varies continuously with HU value

CT stoichiometric calibration (I)

   
CT segmentation into 27 materials of defined elemental 
composition (from analysis of 71 human CT scans)

Soft tissue

Air, Lung,
Adipose tissue

Skeletal tissue

Schneider et al PMB 45, 2000
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Nominal mean density for 

each HU interval (Jiang and 

Paganetti MP 31, 2004) 
But real density varies 
continuously with HU value

Conversion of CT numbers into mass 
density extending the original one 
proposed by Schneider et al  in PMB 
45 (2000) to HU > 1600

Using the information from the patient CT in the MC Using the information from the patient CT in the MC 
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Beam Line Modeling
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Beam line in MC : examples MGH proton line

MGH proton line

Monte Carlo model of the 
nozzle (~ 1000 objects) 
- Not Patient Specific -

12C narrow beams => need for 
carefully shaped passive 
absorbers as ripple filters

- Spread energy 
- Multiple Scattering 
- Secondary Fragments (!)
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A step back: How does a MC for TPS work?

   The process 
of dose 
deposition is 
stochastic and 
can be very 
complex

MC must 
simulate several 
concurrent 
process to 
obtain the dose 
released in 
tissue

Radiation Transport and Interactions
The process of dose deposition 
is stochastic and can be very 

complex 

=> MC must simulate several 
concurrent processes to obtain 

the dose released in tissue
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Radiation Transport and Interactions
Consider a particle (radiation = ɣ, e, p, 12C…) defined by r0, p0, E0. 
Oversimplifying the physics involved is given by:
• Energy loss (charged) 

• Multiple Scattering (charged) 

• E.M. interactions (ɣ, charged) 

• Nuclear interactions (p, Z>1 ions) 

Each interaction has a probability Pi(∆X) to occur  
=> from Pi(∆X) we sample the step length ∆Xi

}Condensed history:  
summed up at each step

<latexit sha1_base64="DrcDtGl9oAJKu0SKzh61+z2iAO8=">AAACMHicbVDLSgNBEJz1bXxFPXoZDIIeDLsi0YNCUA8eIxgNZGPonXTikNkHM71CWPZn/AS/wque9CDi1a9wEyNqtE5FVfX0dHmRkoZs+9kaG5+YnJqemc3NzS8sLuWXVy5MGGuBVRGqUNc8MKhkgFWSpLAWaQTfU3jpdY/7/uUNaiPD4Jx6ETZ86ASyLQVQJjXzB5VN9wQVAa9t8UPutjWIxEkTV2VvtCDFq2T7U/yKfXtpM1+wi/YA/C9xhqTAhqg08y9uKxSxjwEJBcbUHTuiRgKapFCY5tzYYASiCx2sZzQAH00jGVyZ8o3YAIU8Qs2l4gMRf04k4BvT870s6QNdm1GvL/7n1WNq7zcSGUQxYSD6i0gqHCwyQsusPuQtqZEI+j9HLgMuQAMRaslBiEyMsz5zWR/O6PV/ycVO0SkVS2e7hfLRsJkZtsbW2SZz2B4rs1NWYVUm2C27Zw/s0bqznqxX6+0zOmYNZ1bZL1jvH4leqZA=</latexit>

P (�X) =
1
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�

<latexit sha1_base64="pi6z3NdzueZxQ9ehhufezuBAfu0=">AAACEXicbVDLSgNBEJyNrxhfUY8iDAYhXuKuSPQiBL14kggmBpIQeiedOGT2wUyvEJac/AS/wquevIlXv8CD/+JmzUET61RUVdPd5YZKGrLtTyszN7+wuJRdzq2srq1v5De36iaItMCaCFSgGy4YVNLHGklS2Ag1gucqvHUHF2P/9h61kYF/Q8MQ2x70fdmTAiiROvndlkrCXejEcsTPuHNYvGoZ2fdS4aCTL9glOwWfJc6EFNgE1U7+q9UNROShT0KBMU3HDqkdgyYpFI5yrchgCGIAfWwm1AcPTTtO3xjx/cgABTxEzaXiqYi/J2LwjBl6bpL0gO7MtDcW//OaEfVO27H0w4jQF+NFJBWmi4zQMukHeVdqJILx5cilzwVoIEItOQiRiFFSWC7pw5n+fpbUj0pOuVS+Pi5UzifNZNkO22NF5rATVmGXrMpqTLAH9sSe2Yv1aL1ab9b7TzRjTWa22R9YH9+4RJyD</latexit>

�i = 1/(N�i)
Mean free path for the i-th 

interaction
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A step back: How does a MC for TPS work?

So we sample all the Δx
i
 for each processes, but.. there are 

limitation to the step lenght. For example:

 Δx
max

(E.L.)  in longer step p modulus changes too much

 Δx
max

(M.S.)  in longer step p direction changes too much

 Δx
max

(Vol.)  longer step takes too near to new region/mat.

r
0
,p

0
,E

0
,z,m 

ρ
m
, Z

m
, A

m
 

Δx 

ρ
m
, Z

m
, A

m
= medium parameters 

The step is then chosen as:

Δx = min(Δx
max

(E.L.), Δx
max

(M.S.), 

Δx
max

(Vol.),Δx
1
, Δx

2
, ..etc)

E
1
=E

0
-ΔE r

1
=r

0
+Dx      p

1
=p

0
+dp 

Radiation Transport and Interactions
∆Xi is sampled for each process, but there are limitation to the step length:

The step is then chosen as: 
∆X = min(∆Xmax(E.L.), ∆Xmax(M.S.), ∆Xmax(Vol.), …) 
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A step back: How does a MC for TPS work?
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r1,p1,E1 

r1 = r0+∆X 
p1 = p0+dp 
E1 = E0-∆E
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A step back: How does a MC for TPS work?
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The step is shortened at the region/material boundaries. 
When the process that wins (  has shorter step) create a 
new particles (i.e. Ion that fragments) a new story is started 
on the spot

Radiation Transport and Interactions
The step is shortened at 

the region/material 
boundaries. 

When the process that wins 
(i.e. has a shorter step) 
creates a new particle  

(e.g. ion fragmentation)  
a new story is started on 

the spot.
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Radiation Transport and Interactions

So
ur

ce
: g

en
er
at

e 
th

e 
pr

im
ar

y 
pa

rt
ic

le Particle exits the problem before interaction 
Estimators

Track through geometry 
Random distance to interaction 

Estimators
Particle dies  

(below transport threshold, discarded…) 
Estimators

Interaction 
Generate secondary particles 

Estimators

Fill the “stack” with particle ID,E,x,θ…
Empy stack: 

end “history” 
start with new primary

Take one particle from the stack 
and follow it (till the last one)

P1 P2 P3 P4 P5 P6 P7 P8 P9 … PN
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Electron and ɣ
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MC : Electron & γ versus proton & 12C 

Electron and γ

 The e.m. physics underlying is well known and easily 

calculable and/or parametrizable (Energy loss, Rayleigh & 

Compton scattering, photo-electric effect, pair production, 

atomic relaxations, bremsstrahlung, positron annihilation)

 For e.m. physics the water equivalent  approach (i.e. The CT 

electron density info) is a good approximation 

 CPU time reduced wrt adrons. ( less charged tracks, possible 

parametrization of the beam features, etc... )

 Exist several commercially available TPS completely based 

on MC: (for example: Isogray TPS & Pelelope MC )
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Proton and 12C
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MC : Electron & γ versus proton & 12C 

proton & 12C

 The nuclear physics underlying is poorly known and not easily 

calculable and/or parametrizable (Fragmentation, nuclear 

evaporation)

 The radiobiological effect (RBE) plays a key role huge dose 

correction factor, radiobiological database needed

 Nuclear interaction need A
mat
,Z

mat
,ρ

mat
   extrapolation 

(approximation) of the tissue composition from CT info 

 Beam delivery system must be explicitely taken into account 

(ripple filter)  source of beam spread and fragmentation



Monte Carlo codes
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GEANT4

Mainly used for development of Software packages, core toolkit.
50 eV – thousands of TeV

GEANT (GEometry ANd Tracking) software toolkit that encapsulates modern 
design and state of art developing techniques using Monte Carlo modelling 
methods to explain the movement of elementary particles through matter. 

The base of Geant4 is a plenty set of physics models to take care of particle-
matter encounters covering a large area of energy range. In few words we can 
say that the software toolkit encapsulates information and modelling methods 
used from many sources around the world.

P. Arce, et al., Report on G4-Med, a Geant4 benchmarking system for medical 
physics applications developed by the Geant4 Medical Simulation 
Benchmarking Group, Medical Physics, 48, n. 1  (2021) 19-56
https://doi.org/10.1002/mp.14226

https://geant4.web.cern.ch/

Notice: Penelope is imported in GEANT4 a e.m. physics package

PHITS

PHITS (Particle and Heavy Ion Transport code System) is a general purpose 
Monte Carlo particle transport simulation code developed under collaboration 
between JAEA, RIST, KEK and several other institutes. It can deal with the 
transport of all particles over wide energy ranges, using several nuclear 
reaction models and nuclear data libraries. 

https://phits.jaea.go.jp/

SHIELD-HIT

SHIELD-HIT12A is a Monte Carlo particle transport program which is 
modified for proton and heavy ion particle therapy reserach. It was forked 
from SHIELD-HIT in 2008 with the aim to modernize and implement new 
features, increasing the applicability for medical physics.

https://shieldhit.org/

N Bassler et al 2014 J. Phys.: Conf. Ser. 489 012004

DC Hansen, A Lühr, R Herrmann, N Sobolevsky, N Bassler; Recent 
improvements in the SHIELD-HIT code; International Journal of Radiation 
Biology, January 2012, Vol. 88, No. 1-2 , Pages 195-199; 

David C Hansen, Armin Lühr, Nikolai Sobolevsky and Niels Bassler; 
Optimizing SHIELD-HIT for carbon ion treatment; Physics in Medicine and 
Biology, 2012, Vol. 57, No. 8, Pages 2393

MCNP
Monte Carlo N-Particle

1 keV – thousands of TeV

Developed at Los Alamos National Laboratories, is one of the most important 
general purpose three-dimensional MC codes. It is well known in nuclear physics 
and used for studies including criticality, shielding, and detector response, but 
also dosimetry and many other applications, including  medical ones.
Pointwise cross-section data typically are used, although group-wise data also 
are available. For neutrons, all reactions given in a particular cross-section 
evaluation (such as ENDF/B-VI) are accounted for. Thermal neutrons are 
described by both the free gas and S(alpha,beta) models. Rich collection of 
variance reduction techniques; a flexible tally (=scoring) structure and an 
extensive collection of cross-section data. 

Used for dose Calculation, Shielding, Beam Modelling, particle tracking - transport 
through matter, BNCTetc

T. Goorley et al. Initial MCNP6 release overview MCNP6 version 0.1. Nucl Technol. 
(2012). 180:298–315.

34 similar kinds of particles and about 2000 ions.

https://mcnpx.lanl.gov/

GATE
Geant4 Application for Emission Tomography)

50 eV – thousands of TeV

GATE is a software package that combines photographs, radiotherapy, and 
dosimetry in one environment.  It was created to conduct experiments with PET 
and SPECT.
Since 6.0 version, new software has been introduced devoted to radiation 
therapy simulations, including linear accelerator simulations .
GATE utilizes the GEANT4 toolkit classes to provide a scalable, flexible scripts 
for computational experimentation in nuclear medicine. In particular the 
software allows the modelling phenomena of electronics and mechanical parts of 
the detector.

Used for PET, SPECT, CT, Radiotherapy, Dosimetry, Proton Therapy, Thermal 
Therapy, etc

D. Sarrut,  et al., “A review of the use and potential of the GATE Monte Carlo 
simulation code for radiation therapy and dosimetry applications” Medical Physics, 
41 (2014)  https://aapm.onlinelibrary.wiley.com/doi/full/10.1118/1.4871617

Hadrons, electrons, photons, positrons, can implement geant4 particles

http://www.opengatecollaboration.org/

TOPAS
TOol for PArticle Simulations

50 eV – thousands of TeV  

TOPAS bundles and expands the Geant4 libraries to take advantage of a 
more sophisticated Monte Carlo simulation which includes most types of 
radiotherapy available systems so that medical physicists can find it more 
easily to use.
TOPAS can emulate effectively photon and particle therapy systems, build a 
human geometry from CT DICOM pictures, score doses, calculate fluence, 
and other parameters
Though proton therapy was the most common early use of TOPAS, it is now 
accessible for usage in all radiation treatment domains, as well as some 
medical imaging applications. TOPAS is currently being expanded to include 
radiation biology (see later) and scientific education.

Used for Linacs, Proton therapy, Dose calculations, Radiotherapy

http://www.topasmc.org/

Hadrons, electrons, photons, positrons, can implement geant4 particles

Track Structure codes -3
GEANT4-DNA: It was started in the context of the studies for radiation 
protection in space missions. The code currently includes the interactions of light 
particles (electrons) and ions including hydrogen and helium isotopes down to the 
eV scale in liquid water.

It allows to implement the geometry of biological targets at submicrometric
scales. Tt can use either a voxelized or an atomistic approach. The latter allows 
to model targets at nanometric scales, such as the DNA molecule, using the 
combination of standard mathematical volumes. 

A chemistry model can be coupled to simulate indirect radiation effects

Visualization of a whole 
chromatin fiber irradiated 
by a single 500 keV He+ 
particle,

1.185 
nm

S. Incerti et al., The GEANT4-DNA project. Int J Model Simul Sci Comput. 
(2010). 1. 157–78.

http://geant4-dna.org/

Track Structure codes - 4

TOPAS has an extension was developed called TOPAS-nBio, which is 
aimed at the modeling of detailed biological effects at the nanometer 
scale, facilitating and extending the use of GEANT4-DNA models for 
subcellular geometries, physics, and chemistry processes.

J. Schuemann et al., TOPAS-nBio: an extension to the TOPAS simulation 
toolkit for cellular and subcellular radiobiology. Radiat Res. (2019). 191, 
25–38.

https://gray.mgh.harvard.edu/research/software/258-topas-nbio

THE FLUKA COMBINATORIAL 
GEOMETRY

30

• EGS4, EGSnrc, ETRAN, PENELOPE: electron, 
positron and photon 

• VMCpro, ISTAR: proton, parametrized nuclear 
interactions 

• SHIELD-HIT: protons and heavy ions 

• MCNP, Geant4, PHITS, FLUKA: general purpose, 
transport any particle from photon to heavy ion 
=> Geant4: very large community, optimized version 
for lo energy, flexible 
=> FLUKA: very accurate description both f e.m. and 
light ions interactions  

…Not Exhaustive List



4. Some Examples
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Nuclear Interactions in Monte Carlo
At Ekin ~ (10 MeV/u - 1 GeV/u), peripheral collisions are probably the most 

frequent reactions, described in MC by the abrasion-ablation model
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Nuclear Interactions in Monte Carlo
Accuracy on the physical dose calculations reached in Particle Therapy, depending 

on target, beam species and beam energies.

Lechner et al, 2010, doi:10.1016/j.nimb.2010.04.008 

C on water 330 MeV/u C  
on polyethylene
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Nuclear Interactions in Monte Carlo
Cross section measurements (better if double differential in Ekin and angle) are 
needed to benchmark and tune the Monte Carlo codes models. 

of the predictions ultimately relies on the ability to correctly
model the relevant production cross sections. In our opinion,
experimentally measured cross sections are the most valuable
data that are needed to tune the models in the relevant range of
ion species, energies, and target mass. In particular, single and
double differential cross sections are the most interesting
measurements.

A collection of measured cross sections in the energy range
from 100 MeV/u up to 10 GeV/u can be found in reviews by
Norbury [94], Sihver [95], and Bauhoff [96], focusing mostly on
radiation protection in space. Moreover, the handbook by
Heilbronn and Nakamura [97] contains lots of data for
neutron production, mostly from design studies of heavy ion
accelerator facilities and radiation protection in space. In the
context of radiotherapy, much effort has been done in the last
decades to improve the accuracy of MC codes in the energy range
up to 400MeV/u for tissue-like targets. However, although a large
amount of valuable data are available for the purpose of
benchmarking and tuning calculation models, at present, there
still remain significant gaps. In the following, we summarize some
of the most relevant measurements that have to be considered.
We divide them into three categories: i) measurements of cross
sections on thin targets, ii) measurements performed on thick
targets, and iii) measurements specifically oriented for range
monitoring purposes.

2.5.1 Measurements of Cross Sections on
Thin Targets
These measurement concern total cross sections, partial cross
sections, and single and double differential cross sections of
specific processes. While total cross sections are valuable to
predict primary beam attenuation, partial cross sections, and
single and double differential cross sections are important to
predict yields, angles, and energies of secondary particles. The
usage of thin targets is most appropriate for tuning MC models,
because the energy of the beam does not decrease, and the model
parameters can be isolated from transport issues. A non-

exhaustive selection of cross section measurements that have
frequently been used for tuning nuclear models in MC
simulations in the particle therapy energy range is reported in
Table 1.

The majority of the cross section measurements in Table 1 are
for carbon projectiles; however, the growing amount of interest in
particle therapy with other projectiles has led to recent new
initiatives. For instance, valuable new cross section
measurements for 4He [98, 99] are displayed in Figure 2. This
figure illustrates a general problem with many cross sections:
there are differences between data sets, and for analytical or MC
model parameterizations, it is ambiguous with which
measurements the tuning should be done. New data are thus
useful to resolve ambiguities between data sets.

As reported in 2010 by Böhlen [63], a tuning of the hadronic
models in FLUKA and GEANT4 was based on some of the
measurements in Table 1, revealing several shortcomings in both
codes, in particular at lower energies. Further developments in the
improvement of the nuclear models in GEANT4 were reported
afterward [104, 106, 107], and new efforts are currently in
progress [20]. PHITS, FLUKA, and MCNP6 were recently
benchmarked with experimental data for neutron production
cross sections [108].

Concerning protons, the work by Braunn et. al. [109], aimed at
benchmarking the TALYS nuclear reaction code, contains a large
number of references of total proton–nucleus cross section
measurements as a function of energy in the range up to
250 MeV with tissue-like targets.

Despite the progress made over the years, Table 1 shows that
double differential cross section measurements for charged
fragment production are still scarce, while such measurements
are the most essential for tuning nuclear reaction models.
Measurements that are specifically aimed at improving the
knowledge for particle therapy are planned in 2021 by the
FOOT collaboration [110]. The ultimate goal of this
experiment is to provide measurements of energy differential
cross sections for the production of charged fragments with an
accuracy of 5–10%. This would provide reference data sets for

TABLE 1 | Cross section measurements on thin targets for tissue-like targets in the energy range up to 400 MeV/u.

Incident
beam

Energy [MeV/u] Target Measurement References

4He 70–220 H, C, O, and Si Charge and mass changing cross sections Horst et al. [98, 99]
4He, C 135, 290, and 400 C, Li Double differential cross section measurements of neutron

production
Handbook [97], chapter 3

12C, 20Ne 83, 200, 250, and 300 C, Al, Ca, Fe, Zn, Y, and Ag Total cross sections Kox et al. [100, 101]
12C 30 to 400 Be, C, and Al Total reaction cross section as function of projectile energy Takechi et al. [102]
12C 200 to 400 Water and polycarbonate Total and partial charge changing cross sections for

production of fragments up to Z ! 4 at various energies
Toshito et al. [103]

12C 62 C Double differential cross sections and angular distributions of
secondary charged fragments up to 25°

De Napoli et al. [104]

12C 95 C, CH2, Al, Al2O3, and Ti Double differential cross sections for secondary charged
fragment production ranging from protons to carbon isotopes

Dudouet et al. [77]

12C 50 C, CH2, Al, Al2O3, Ti, and PMMA Double differential cross section for secondary charged
fragment production ranging from protons to carbon isotopes

Divay et al. [78]

12C 115, 153, 221, 281, and 353 C, plastic scintillator, and PMMA Energy differential cross section at 60° and 90° of fragments
with Z ! 1

Mattei et al. [105]

Frontiers in Physics | www.frontiersin.org November 2020 | Volume 8 | Article 5678007

Muraro et al. MC Simulations in Particle Therapy

Battistoni, Muraro, Kraan, 2020, doi: 10.3389/fphy.2020.567800
…Not Exhaustive List
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Fig. 12 Energy integrated di↵erential cross section as a function of carbon ion beam kinetic energy
for proton (top) and deuteron (bottom) fragments detected at 60�, produced in the nuclear inter-
action of 115-351 MeV/u carbon ion beam with graphite (C, left), polyvinyl-toluene (CH, middle)
and PMMA (right) targets. The integrated energy interval is between Ek = 40� 350 MeV/u. Exper-
imental data are shown as black squares, the FLUKA MC prediction is shown as blue line. The
statistical uncertainty (cross) and systematic uncertainty (empty square) on experimental data are
shown as separate contributions. For the case of graphite target, the Geant4 models predictions are
superimposed.
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Nuclear Interactions in Monte Carlo
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Fig. 6 Double di↵erential cross section as a function of fragment kinetic energy for proton fragments
detected at 60�, produced in the nuclear interaction of 115-351 MeV/u carbon ion beam with a
graphite target. The statistical uncertainty (cross) and systematic uncertainty (empty square) on
experimental data are shown as separate contributions.

Using FLUKA, it has been estimated that in C-C collisions at the primary ener-392

gies considered in this work, the fraction of protons emitted at angles exceeding 60393

degrees is about 3% of their total emission in the forward hemisphere. In the case of394

deuterons and tritons, such a percentage is even a bit lower (2.2% - 2.8%). In the last395

decades, significant e↵orts have been made by developers to improve the reliability396

of phenomenological models for hadron therapy use, leading to considerable progress.397

However, it has to be remarked once again that the forward production dominates.398

The behavior of theory-driven microscopic models of high quality MC codes is gener-399

ally determined by a limited number of parameters, making it challenging to achieve400

accurate reproduction of experimental data in the whole phase space. Therefore, the401

comparison of predictions in the large angle region can be considered a real stress402

test for these models, and it can be considered as a further added value of the shown403

results. Our results show that FLUKA provides reasonable predictions for protons in404

almost the whole explored range. This is instead not the case for deuterons and tri-405

tons, with the exception of 115-150 MeV/u primary energy at 60� and of 351 MeV/u406
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Fig. 5 Double di↵erential cross section as a function of fragment kinetic energy for proton fragments
detected at 90�, produced in the nuclear interaction of 115-351 MeV/u carbon ion beam with a
graphite target. The statistical uncertainty (cross) and systematic uncertainty (empty square) on
experimental data are shown as separate contributions.

already published dataset [16], refining the e�ciency calculation strategy, taking into377

account the e�ciency dependency to the fragment production kinetic energy. Also the378

calculation of the fragments kinetic energy at production has been improved, applying379

an unfolding technique to the measured fragment kinetic energy instead of imple-380

menting an analytic correction function, as it was done in the previously published381

results.382

In Figure 13, the comparison of the novel cross sections (red full squares) to the383

previously published ones [16] (black open circles) is shown for the case of integrated384

proton fragments cross sections detected at 90� (left) and 60� (right), produced from385

the interaction of carbon beams with graphite target. For the case of protons detected386

at 90� a systematic lower shift of new results between 10-30% has been found with387

respect to the old data, while old and new results are in agreement within error bars388

at 60� detection angle.389

The production of Z=1 fragments above 60 degrees represents a small fraction of390

their whole yield coming from the nuclear fragmentation process of 12C projectiles.391
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Further work is 
needed to improve 
double differential 

cross-section 
measurements, 

thereby enhancing 
the MC models’ 

ability to describe 
reality and 

accurately predict 
physical and 

biological doses
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Radiobiological models
Radiobiological models are 
fundamental especially for 
high LET particles, having a 
highly changing RBE along 
their path in human tissues 

down to the Bragg peak.

 

V.Patera - LNF 18/11/2009

Perche’ il caso degli ioni non e’ standard

Maggiore densita’ di deposizione di energia in regioni di 
spazio comparabili a strutture DNA. Possibilita’ contro 
Tumori Radioresistenti e profondi.  E>200 MeV/A

Alpha

Carbonio

Struttura microscopica di traccia (decine di nm)
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MC for TPS : effetti radiobiologici

L'effetto biologico della radiazione viene 
espresso in termini di sopravvivenza 
cellulare = frazione di cellule che resistono 
all'irraggiamento di una data dose

 Il logaritmo della sopravvivenza ha 
un’espressione lineare-quadratica :

            lnS(D)= - αD –βD2

α : pendenza curva a basse dosi
β : curvatura ad alte dosi S

x

D

D
RBE 

Impossibile avere tutte le misure
sperimentali necessarie per un TPS

 (energie, ioni, cellule diverse..).
Necessità di un modello 

radiobiologico  es : LEM

Il fattore RBE varia fra 1 e 8 
per il carbonio.

E' un effetto enorme!!

LQ model is not predictive on 
different cell lines.  

Impossible to experimentally 
measure all the Survival 

Fractions for a TPS (energies, 
ions, cell lines…) 

Need of predictive 
radiobiological model  
(e.g. LEM, MKM, RMF)
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Track Structure codes -3
GEANT4-DNA: It was started in the context of the studies for radiation 
protection in space missions. The code currently includes the interactions of light 
particles (electrons) and ions including hydrogen and helium isotopes down to the 
eV scale in liquid water.

It allows to implement the geometry of biological targets at submicrometric
scales. Tt can use either a voxelized or an atomistic approach. The latter allows 
to model targets at nanometric scales, such as the DNA molecule, using the 
combination of standard mathematical volumes. 

A chemistry model can be coupled to simulate indirect radiation effects

Visualization of a whole 
chromatin fiber irradiated 
by a single 500 keV He+ 
particle,

1.185 
nm

S. Incerti et al., The GEANT4-DNA project. Int J Model Simul Sci Comput. 
(2010). 1. 157–78.

http://geant4-dna.org/
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Radiobiological models
MC track structure models simulate the radiation interactions at cellular scale in 
liquid water as a surrogate for cellular composition (lack of data!)

Geant4 and Geant4-DNA 
TOPAS and TOPAS-nBio 

KURBUC  
PARTRAC  
RITRACKS  

TRAX  
IONLYS  
PHITS  

gMicroMC  
FLUKA

Phys. Med. Biol. 69 (2024) 18TR01 L L Gardner et al

Figure 2. Schematic illustration of the length and timescales of radiobiological responses. A series of processes—ranging from
initial physical ionisation events, through subsequent chemical reactions leading to cellular damage, and the response to that on
both the cell- and patient-levels—are involved in determining the overall impact of a radiation exposure. These effects span more
than ten orders of magnitude in both time and space, comprising a highly complex, multi-scale system. This poses significant
challenges for any modelling efforts.

understand the relative biological effectiveness (RBE) of different radiation qualities to enable more efficient
application of expensive treatments such as proton and carbon ion therapy (Durante et al 2017). Similarly,
the recently observed FLASH effect, where high-dose treatments delivered on timescales of less than a second
spare normal tissues while maintaining tumour control has been linked to differences in physico-chemical
effects occurring over these shorter timescales (Favaudon et al 2014). Finally, better characterisation of DNA
repair mechanisms may enable the identification and design of novel drug-radiotherapy combinations to
optimise therapeutic outcomes (Sharma et al 2016), and linking gene and protein expression to individual
cellular variations in genetic and epigenetic factors may enable us to make more individualised predictions of
biological responses (Ree and Redalen 2015, Baumann et al 2016, Moertl et al 2016).

This review will outline the progress in modelling and analysing each of these key areas of radiobiological
responses. The major challenges and current outstanding questions within this field will be discussed as part
of our efforts to better understand and apply radiation biology.

2. Radiation-induced damage

2.1. Radiation interactions in biological matter
As ionising radiation travels through the body, it interacts with tissues depositing energy in a series of
ionisation and excitation events. These physical interactions are the initiating event in radiobiological
responses, and their quantity and distribution are a key determinant of subsequent biological effects (Hill
2020). These processes are in many ways better understood than the subsequent radiobiological processes
and have been widely reviewed elsewhere (McMahon and Prise 2019), but are briefly discussed below for
completeness.

Differences in the impact of the same dose delivered by different qualities of radiation were some of the
earliest observations in radiobiological research, which is now known to reflect the distribution of
interactions throughout biological targets. Sparsely ionising particles, such as photons, tend to undergo few,
widely-spaced interactions, while densely ionising radiation such as protons and heavier charged particles
undergo many interactions, depositing large amounts of energy in small volumes (Ballarini et al 2008,

4

Gardner et al, 2024, doi 10.1088/1361-6560/ad70f0

development of independent  
reaction time methods (diffusion 
rates of reactant pairs, interaction 
parameters) 

more complex initial chemical 
environments (role of oxygen in 
hypoxia, FLASH effect)

DNA modeling, DNA repair, cell 
cycle, cell death
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Radiobiological models
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mimicking a clinically relevant scenario using carbon ions and
protons. An interesting result of this work is reported in Figure 7.

Different RBEmodels can produce different results, and this can
result in different dose prescriptions. This aspect has been studied
in detail for carbon ion therapy at CNAO with the help of MC
calculation. The starting point is that it was considered to take as
reference the clinical protocols assessed in the past in the NIRS
Japanese center. At NIRS the MKM radiobiological model was
used, while, for several years, the treatment planning system of
CNAO, as in the rest of Europe, was based on the LEM-I model.
Since 2012, Fossati et al. [190] showed that for the same DRBE,
significant variations of the physical dose D in the target volume,
up to 15–20%, were found when comparing the two approaches. In
order to minimize target physical dose variations, and possible
consequent risks of undercoverage of target, prescription dose
conversion factors, as suggested in Ref. 190 in a study with
water phantoms, were validated for a series of patient cases by
Molinelli et al. [191] by means of simulations performed with the
FLUKA MC, where the alpha, beta radiobiological parameters

from LEM-I were used according to the procedure described in this
section. Further studies using MC simulations are reported in the
work Magro et al. [192]. A Matlab-based tool was developed to
generate a biological database, that is, a set of input tables of some
model-specific parameters for a variety of particles, based on the
MKM mode. This database was benchmarked with published
ICRU energy loss tables. Then, using this database together
with the information about the mixed-radiation field (particle
type, energy, etc), FLUKA can calculate the RBE-weighted dose
of the mixed-radiation field in each voxel. To clinically benchmark
the coupling of FLUKA with the NIRS approach, a few real patient
treatments were simulated, corresponding to different prescripted
dose levels. The simulation results (physical dose, effective dose,
and RBE) were compared to the results obtained by means of the
TPS adopted at NIRS. Some discrepancies were found, but the
general level of agreement was considered satisfactory. A similar
investigation has been more recently performed for 4He ions, as
reported in the work of Mein et al. [193] using both MC and an
analytical calculation platform.

FIGURE 6 | Example of biological weighting of dose performed with FLUKA [135] in the case of a carbon ion spread-out Bragg peak for a cube-shaped target of
side 6 cm centered at 9 cm in water. Left panel: α (solid line) and β (dashed line) calculated as a function of depth in water. The β results have been rescaled by a factor of
ten for display purposes. Right panel: absorbed dose (dashed line) and DRBE (solid line) values calculated as a function of depth in water.

FIGURE 7 | Surviving fraction for CHO cells in a typical two-port irradiation with carbon ions (panel (A)) and protons (panel (B)) [188]. The solid lines represent the
predictions performed by BIANCA interfaced to FLUKA, the points are experimental data taken from Ref. 189, and the dashed lines represent the prediction performed
by LEM model [189].

Frontiers in Physics | www.frontiersin.org November 2020 | Volume 8 | Article 56780014
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Need of  
integrated  
approaches

Phys. Med. Biol. 69 (2024) 18TR01 L L Gardner et al

Figure 7. Schematic overview of cell cycle regulation following exposure to ionising radiation. ATM and ATR are initially
activated by double or single-stranded DNA breaks and interact with a network of regulatory proteins, either via a p53-dependent
or a p53-independent pathway, to halt cell cycle progression at the G1 or G2 checkpoints and allow time for DNA repair. Figure
created with BioRender.com

When perturbed, these checkpoints induce cell cycle arrest, which is critical to allow time for the repair of
damage before progression into the next phase, as continuation into the next phase without checkpoint
control can lead to cell death or result in mis-repaired DNA being passed on to daughter cells causing genetic
alterations (Pawlik and Keyomarsi 2004).

DNA damage induced by ionising radiation strongly triggers checkpoints at various points throughout
the cell cycle, including G1/S arrest before entry into chromosomal replication, G2/M arrest before entry into
mitosis, and other checkpoints such as intra-S and spindle checkpoints. To ensure cellular survival following
radiation-induced damage, these cell cycle checkpoints must therefore be functioning correctly. The
mechanisms regulating these checkpoints have been extensively studied and continue to be a key focus of
radiation biology research (Ghosh and Ghosh 2021).

Numerous regulatory proteins are involved in cell cycle control, including cyclin family proteins,
cyclin-dependent kinases (CDKs) and CDK inhibitors (Samuel et al 2002). The key regulators involved in the
G1/S and G2/M checkpoint arrests are summarised in figure 7. ATM and ATR (ataxia-telangiectasia-related)
are the main damage sensors and are required for the activation of downstream regulatory proteins. ATM is
considered the main regulator of cellular responses to DSBs, and cells deficient in ATM demonstrate extreme
sensitivity to radiation, with defective G1, S, and G2 arrest following exposure, highlighting the importance
of ATM’s role in the DDR (Shiloh 2003). When SSBs are induced, or stalled replication forks are detected
during repair, ATR is activated. As with ATM, the loss of ATR is also associated with increased
radiosensitivity.

Following exposure to ionising radiation, ATM activates both the tumour suppressor protein p53 and
CHK2 (checkpoint kinase-2) in cells. The phosphorylation of p53 by ATM leads to the activation of p21,
which inhibits CDK4 and CDK6 inducing G1 arrest. If cells are in the G2 phase during irradiation, p21 can
inhibit CDK1, resulting in G2 arrest. Alternatively, ATM and ATR can activate CHK1 and CHK2 which both
phosphorylate CDC25A which inhibits CDK2 and CDK1, stopping the cell cycle in the G1 and G2 phases,
respectively (Maier et al 2016). ATM also phosphorylates BRCA1 which is involved in the G2/M transition
and the S-phase checkpoint, NBS1 which is needed for the intra-S phase checkpoint, and RAD9 which is
linked to the G1/S checkpoint (Pawlik and Keyomarsi 2004).

Cells with mutations or epigenetic silencing of these key cell cycle proteins often demonstrate increased
radiosensitivity, due to defective cell cycle checkpoints. The G1 checkpoint is often defective in cancer cells as
it operates primarily through the p53 dependent pathway and p53 is commonly mutated in cancer cells
(Hein et al 2014). The G2 checkpoint is therefore a target for cancer cell specific sensitisation, as inhibiting
key regulatory proteins involved in the G2 arrest can sensitise these G1 checkpoint-deficient cells to radiation
(Chen et al 2012). The phase of the cycle which the cells are in during irradiation can also impact the
sensitivity of the cells. Generally, cells are most sensitive during mitosis and late G2, and least sensitive
towards the end of S phase (Sinclair 1968).

While there have been some kinetics-based and systems biology approaches to modelling the cell cycle,
many of these do not explicitly model the effects of radiation on cell cycle regulation (Csikasz-Nagy 2009,
Singhania et al 2011, Zhao et al 2012, Kempf et al 2013, Gérard et al 2015, Lonati et al 2021). Other studies
have only modelled radiation response in specific phases of the cell cycle, with many repair models focusing
on G0/G1 where NHEJ is active (Taleei and Nikjoo 2013, Henthorn et al 2018, Warmenhoven et al 2020, Qi
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Phys. Med. Biol. 69 (2024) 18TR01 L L Gardner et al

Figure 5. Overview of the key stages and proteins involved in each of the double strand break (DSB) repair pathways,
non-homologous end joining (NHEJ), homologous recombination (HR) and microhomology-mediated end joining (MMEJ). All
of these pathways involve the same key stages of damage recognition, end processing, gap filling, and ligation, however they differ
in terms of their repair accuracy, repair rates and the cell cycle stage during which they are active. Figure created with
BioRender.com.

3.1.1. DSB repair
While radiation induces a small number of DSBs in comparison to SSBs and base damages, DSBs are
considered to be the most lethal radiation-induced damage and have been the focus of modelling efforts to
date. There are two main groups of DSB repair pathways: homologous recombination (HR) and end-joining
(EJ) pathways, where the two key EJ pathways are non-homologous EJ (NHEJ) and
microhomology-mediated EJ (MMEJ). The choice of DSB repair pathway is largely dependent on the cell
cycle phase and pathway availability (Chapman et al 2012). These three DSB repair pathways and the key
proteins involved are summarised in figure 5.

For HR repair of DSBs, an intact sister chromatid must be present to be used as a template for repair. This
means that HR is highly accurate, however it can only occur during the S and G2 phases of the cell cycle,
when DNA replication occurs (Krejci et al 2012). HR repair is initiated when DSBs are detected by the
Mre11-Rad50-Nbs1 (MRN) complex, which recruits and activates ATM (ataxia-telangiectasia mutated).
This facilitates 5′ to 3′ end resection, creating single stranded DNA (ssDNA) ends which when bound by the
protein RAD51 invade the sister chromatid, initiating synthesis and generating a D-loop. Following this
strand invasion, the two ssDNA strands are aligned with homologous regions within the sister chromatid,
and DNA polymerase catalyses DNA synthesis, replacing the sequence of DNA disrupted by the break and
ligating the ends.

In comparison to HR, both NHEJ and MMEJ are considered to be more error prone repair pathways, due
to the limited use of homology during repair. NHEJ repairs the DSB by processing and then re-ligating the
ends of the DNA, using very little (1–4 nucleotides) or no complementary base-pairing, which often results
in insertions or deletions at the break site. NHEJ repair occurs throughout the cell cycle, though it is most
important in the G1 phase when there are no homologous templates available for HR repair. In NHEJ, the
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and coupling of 
general-purpose MC 

codes with 
radiobiological models 

(DRBE from 
precomputed db of the 

SF coefficients, 
 LEM model, BIANCA…) 

 
Carante et al, 2019,  

doi:10.1088/ 1361-6560/ab490f 

Two-port irradiation  
with carbon ions



AIFM 2025 Ilaria Mattei48

Range Monitoring in PT
Range monitoring 
techniques in PT are all 
based on the detection 
of secondaries (charged 
fragments, photons, 
neutrons) produced by 
nuclear interactions of 
beam projectiles with 
tissue’s nuclei 

MC prediction of 
fluxes of secondary 
particles exiting the 

patient

Need of detectors to 
measure nuclear 

products
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Inter-fractional 3D Monitoring in PT

INSIDE Clinical Trial @ CNAO

Dose Profiler: check 
differences between 
charged secondaries 
3D emission point 
maps between 
different fractions

Fraction 1 Fraction 2 Gamma Index Map
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Inter-fractional 3D Monitoring in PT

INSIDE Clinicaa

Dose Prof
ff



ff

Fra Fra Gaaa

Example of MC role:  
find optimized parameters 

for gamma index test  
on experimental data  

by simulating patient’s 
treatment plan on  

Planning CT and Control CT
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MC role in FLASH Therapy
FLASH therapy could be a promising technique since the FLASH effect has been 
observed at the end of the ‘90s. Since then, several aspects are under study:

• Radiobiology => understand the mechanisms behind the FLASH effect 
• Accelerators => develop FLASH beam delivery techniques  

(photons, electrons, protons, carbon ions…) 
• Dosimetry => enable accurate measurement of FLASH ultra-high doses 
and dose rates 

• Treatment Planning => evaluate clinical implementation and potential 
benefits over conventional radiotherapy
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MC role in FLASH Therapy
FLASH therapy could be a promising technique since the FLASH eff


• Raaaff
• Acceleraa

a
• Dosimetry => enaaaaa
aa

• Treaaaaaaaa
faaa

Need Of Monte Carlo Simulations to 

preliminary investigate and address key 

aspects related to FLASH therapy
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MC TPS for VHEE in FLASH Therapy
PRESCRIPTION

FIELD GEOMETRY
DOSIMETRIC CONSTRAINTSPT1 PT2 PT3

PT1: seven fields were used, with a 
prescription to the PTV of 30 Gy in 5 
fractions.
PT2 : five fields were used, with a 
prescription to the PTV of 32.5 Gy in 5 
fractions.
PT3 : five fields were used, with a 
prescription to the PTV of 30 Gy in 5 
fractions.

FOR FLASH IRRADIATION TEST!
For pancreatic tumors it is crucial to minimize radiation-induced toxicity to the nearby duodenum.
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MC TPS for VHEE in FLASH Therapy

FMF → Reduction of radiation effect on healthy tissue

DFMF = FMF ⋅ D Physical doseBiological dose

from available data

Highly hypofractionated tumors 
(e.g. pancreas, lung etc) as targets 
for FLASH treatment due to the 

high dose threshold

• FLASH effect seems to be triggered on normal tissues 
beyond high dose threshold (>6-8 Gy)  

• An hypothetical clinical treatment optimization must include 
the phenomenological  and the   parametersFMFmin DT

Böhlen et al, 2022, doi: 10.1016/j.ijrobp.2022.05.038The Böhlen Model for FLASH effect



Duodenum PTV

Transparent bands: potential improvement if the 
plan is delivered in UHDR conditions.
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MC TPS for VHEE in FLASH Therapy

VHEE VMAT

VMAT VHEE VHEE-FLASH
PTV 99% 98.32% 98.32%

Duodenum Dmax 35.88 Gy 35.11 Gy 31.06 Gy

Stomach 31.04 Gy 33.28 Gy 29.97 Gy

• FMFmin = 0.6 to 1 • Dth value of 25 Gy.

The FLASH optimization results in an increase in the average dose delivered 
to the duodenum, while reducing its maximum absorbed dose by 

approximately 4 Gy. This allows to increase the PTV coverage!
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MC TPS: FAST MC codes
Fast MC techniques to overcome the large computing power asked by MC based TPS due 
to full MC calculations (several hours for a multi-field proton therapy treatment plan).
• New technologies in computing hardware 
• Simplifying the code structure focusing on dedicated processes

• GPU based MC (FRED) 
• Phase-Space Files (not for passive PT) 
• Track-repeating algorithms 
• Voxel MC algorithms  …

BUT FULL GENERAL 
PURPOSE MC CODES 

ARE STILL NEEDED!



Tracking performance

Hardware primary/s Patient plan 
recalculation*

FLUKA/GEANT4 single CPU core 0,75 x 103 16 days

FRED single CPU core 15 x 103 19 hours

FRED single GPU card 1 x 107 2.3 min

FRED cluster of 144 GPU 
cards 3 x 108 3 s

Benchmark = dose calculation for 150 MeV protons 
in liquid water phantom with 2 mm voxel resolution.

* Patient case: 3-fields Head-Neck plan at 1% of total protons 
= 700 mln primaries 

AIFM 2025 Ilaria Mattei57

FRED: a FAST MC code

A. Schiavi  - PTCOG63 - Buenos Aires - 2025

Monte Carlo simulation: particle tracking

Energy loss

Multiple Coulomb 
Scattering

advancing particle 
position step by step
through the medium

separation of processes: 
condensed histories and 

discrete events

fast   MC   on   GPU

• tracking kernel respectful of GPU 
hardware constraints

• use FP32 wherever possibile

• LUT for hardware interpolation on 
Texture units

• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

A. Schiavi et al, PMB 62 (2017) 7482–7504 

FRED is freely available @ www.fred-mc.org
A. Schiavi  - PTCOG63 - Buenos Aires - 2025

Monte Carlo simulation: particle tracking

Energy loss

Multiple Coulomb 
Scattering

advancing particle 
position step by step
through the medium

separation of processes: 
condensed histories and 

discrete events

fast   MC   on   GPU

• tracking kernel respectful of GPU 
hardware constraints

• use FP32 wherever possibile

• LUT for hardware interpolation on 
Texture units

• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

A. Schiavi et al, PMB 62 (2017) 7482–7504 

FRED is freely available @ www.fred-mc.org

fast  MC   on   GPU

• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

• tracking kernel respectful of 
GPU hardware constraints

• use FP32 wherever possibile

• LUT for hardware 
interpolation on Texture units

• explore event-based and 
history-based kernel solutions

fast  MC   on   GPU

• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

• tracking kernel respectful of 
GPU hardware constraints

• use FP32 wherever possibile

• LUT for hardware 
interpolation on Texture units

• explore event-based and 
history-based kernel solutions

Schiavi et al, PMB 62 (2017) 

Tracking Performances 3 fields Head-Neck 
plan at 1% of total 
protons (700mln p)

Tracking performance

Hardware primary/s Patient plan 
recalculation*

FLUKA/GEANT4 single CPU core 0,75 x 103 16 days

FRED single CPU core 15 x 103 19 hours

FRED single GPU card 1 x 107 2.3 min

FRED cluster of 144 GPU 
cards 3 x 108 3 s

Benchmark = dose calculation for 150 MeV protons 
in liquid water phantom with 2 mm voxel resolution.

* Patient case: 3-fields Head-Neck plan at 1% of total protons 
= 700 mln primaries 

FRED: A FAST AND ACCURATE  
MONTE-CARLO SIMULATION PLATFORM 

FOR PARTICLE THERAPY

A. Schiavi 
Università di Roma “La Sapienza”



Hardware primary/s Patient plan 
recalculation*

FLUKA/GEANT4 single CPU core 0,75 x 103 16 days

FRED single CPU core 15 x 103 19 hours

FRED single GPU card 1 x 107 2.3 min

FRED cluster of 144 GPU 
cards 3 x 108 3 s
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FRED: a FAST MC code

A. Schiavi  - PTCOG63 - Buenos Aires - 2025

Monte Carlo simulation: particle tracking

Energy loss

Multiple Coulomb 
Scattering

advancing particle 
position step by step
through the medium

separation of processes: 
condensed histories and 

discrete events

fast   MC   on   GPU

• tracking kernel respectful of GPU 
hardware constraints

• use FP32 wherever possibile

• LUT for hardware interpolation on 
Texture units

• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

A. Schiavi et al, PMB 62 (2017) 7482–7504 

FRED is freely available @ www.fred-mc.org

fast   MC   on   GPU
• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

• tracking kernel respectful of 
GPU hardware constraints

• use FP32 wherever possibile

• LUT for hardware 
interpolation on Texture units

• explore event-based and 
history-based kernel solutions

Schiavi et al, PMB 62 (2017) 
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Patient QA @ 
MC-TPS FRED Measurement

Octavius

Maastricht

FRED: A FAST AND ACCURATE  
MONTE-CARLO SIMULATION PLATFORM 

FOR PARTICLE THERAPY

A. Schiavi 
Università di Roma “La Sapienza”



Hardware primary/s Patient plan 
recalculation*

FLUKA/GEANT4 single CPU core 0,75 x 103 16 days

FRED single CPU core 15 x 103 19 hours

FRED single GPU card 1 x 107 2.3 min

FRED cluster of 144 GPU 
cards 3 x 108 3 s
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FRED: a FAST MC code

A. Schiavi  - PTCOG63 - Buenos Aires - 2025

Monte Carlo simulation: particle tracking

Energy loss

Multiple Coulomb 
Scattering

advancing particle 
position step by step
through the medium

separation of processes: 
condensed histories and 

discrete events

fast   MC   on   GPU

• tracking kernel respectful of GPU 
hardware constraints

• use FP32 wherever possibile

• LUT for hardware interpolation on 
Texture units

• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

A. Schiavi et al, PMB 62 (2017) 7482–7504 

FRED is freely available @ www.fred-mc.org

fast   MC   on   GPU
• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

• tracking kernel respectful of 
GPU hardware constraints

• use FP32 wherever possibile

• LUT for hardware 
interpolation on Texture units

• explore event-based and 
history-based kernel solutions

Schiavi et al, PMB 62 (2017) 
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Patient QA @ 
MC-TPS FRED Measurement

Octavius

Maastricht
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Patient QA @ 

MC-TPS

FRED

Maastricht

From Jul 2020 to May 2025:
• recalculated plans with FRED: > 6000 plans
• of which 3272 machine log-file based PSQA
• final passing rate: 99.5 %

• Machine time saved: > 3000 h
• Human time saved: 100-400 working days

see I. Rinaldi 

today 11:05

Section QA

Atlantico A

FRED: A FAST AND ACCURATE  
MONTE-CARLO SIMULATION PLATFORM 

FOR PARTICLE THERAPY

A. Schiavi 
Università di Roma “La Sapienza”
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FRED: a FAST MC code

A. Schiavi  - PTCOG63 - Buenos Aires - 2025

Monte Carlo simulation: particle tracking

Energy loss

Multiple Coulomb 
Scattering

advancing particle 
position step by step
through the medium

separation of processes: 
condensed histories and 

discrete events

fast   MC   on   GPU

• tracking kernel respectful of GPU 
hardware constraints

• use FP32 wherever possibile

• LUT for hardware interpolation on 
Texture units

• standard MC algo approach

• full geometry

• full materials

• simplified interaction model

A. Schiavi et al, PMB 62 (2017) 7482–7504 

FRED is freely available @ www.fred-mc.org

Schiavi et al, PMB 62 (2017) 

FRED: A FAST AND ACCURATE  
MONTE-CARLO SIMULATION PLATFORM 

FOR PARTICLE THERAPY

A. Schiavi 
Università di Roma “La Sapienza”

…AND much more… 
• Range verification in proton therapy with PET-ɣs 
• Radiation quality in proton therapy 
• Fast optimization for 3D range modulators for FLASH 

proton therapy 
• Carbon ions 
• VHEE (with FREDem) 
• Neutrons for studies for pregnancy in proton therapy 

• Positron emitting isotopes are produced during irradiation, e.g.
16O + p → 15O + p + n,     Q = -15.7 MeV, t1/2 = 122 s

• Measure resulting activity with a PET detector, verify range, detect interfractional 
changes

Range verification in proton therapy

Page 2

Dose 15O15O

K. McNamara et al, PMB 67 (2022) 244001 

First prototype 3D printed and validated

F. Tommasino et al.
FRPT 2022

03-05-2024

…In the Gantry, waiting for the PBS Nozzle

Collaboration with Rome (Schiavi, Patera et al.) for implementation in FRED fast MC

Fast Optimization of 3D Range Modulators  
for Flash Proton Therapy 

3DRM 
designed and printed

2D MatriXX detector

validation in the 
treatment room

A. Taffelli et al. 

POSTER EV159

15O

A. Schiavi  - PTCOG63 - Buenos Aires - 2025

much more than just protons! 

FRED
FLUKA

M. De Simoni et al, Front. Phys. 8 (2021) 

Carbon beam SOBP in H&N CT


FRED vs FLUKA
3D  GI (2mm/3%)  >99% 

see A. Quarz 

today 14:50

Section AI in PT

Atlantico C

one VHEE field 

for a prostate case

A. Sarti et al, Front. Onc.  11 (2021) 777852

3D  GI (2mm/2%)  97.8% 
FRED vs FLUKA

G Franciosini et al 2023 PMB 68 044001

Neutrons for Pregnants in Protontherapy

Uterus:
volume 78 cc

no neutrons (linscale)

neutrons (linscale)

dose maps


no neutrons (logscale)

neutrons (logscale)
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Artificial Intelligence for Medical Physics
Artificial intelligence in medicine uses machine learning to:
• Medical imaging: support for disease detection and early diagnosis, reducing errors, 

predictive analysis of disease progression and therapy outcome 
• Drug discovery: analysis of molecular structures and genetic data, creating better drug 

designs and finding promising new drug combinations 
• Treatment planning: selection and development of treatment plans, dose accuracy

• Personalized medicine enhancing the quality of care 
• Improvement of clinical resources reducing 

inefficiencies and healthcare costs
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Artificial Intelligence for Medical Physics
Artif
• Medicaaaaaa

aaaaa
• Drug discovery: aaaaaaa

afa
• Treaaaaaaa

• Personaaaa
• Improvement of clinica

ffaaa

…and much more!… as seen in this congress: 

AI-based reconstruction algorithms in imaging 

techniques, AI to manage and interpret 

inhomogeneous data on FLASH effect, AI for 

radiobiology, dosimetry…



Conclusions
• Monte Carlo simulations play a key role in Medical Physics 
• In Particle Therapy, general purpose MC codes improve the dose accuracy with 

respect to analytical TPSs 
• The development of radiobiological models MC based is fundamental to address 

the therapy outcome and effects at a microscopic and macroscopic level  
=> important also for FLASH therapy 

• Neutron dose calculation is needed to predict long-term effects in PT (but also to 
design spacecraft shielding for astronauts radioprotection in long missions) 

• FAST-MC codes are developing to enlarge the use of MC-based treatment plans 
but also to produce datasets for radiobiological models training ..and of course AI



Conclusions
• Monte Caaaaa
• In Paaaaa

aaa
• The development of raaaaaa

aaffaaaa
aaaa

• Neutron dose caaffa
aaaaa

• FAST-MC codes aaaaa
aaaaaa ..a

Expertise and data from nuclear physics 
experiments are essential to improve 
radiobiological models of tissue response to 
particle treatments in Monte Carlo 
simulations.

I still am an experimental physicist!



Thank you for the attention

with thanks to Prof.s V. Patera, G. Battistoni  and A. Schiavi 
for the supporting material

ilaria.mattei@mi.infn.it
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Python 
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random.random()
random.uniform(a, b)
random.triangular(low, high, mode)
random.expovariate(lambd=1.0)
random.gammavariate(alpha, beta)

random.normalvariate(mu=0.0, sigma=1.0)

random.gauss(mu=0.0, sigma=1.0)

random.binomialvariate(n=1, p=0.5)
random.randint(a, b)

Lista non esaustiva…

_____________________ Genera pseudorandom in (0,1)
__________________ Genera pseudorandom in (a,b)

___ Distribuzione triangolare in (low,hide)
___________ Distribuzione esponenziale

_________ Distribuzione gamma
____ Distribuzione normal gaussiana

__________ Distribuzione normal gaussiana
                      (più veloce di normalvariate)

_______________ Genera pseudorandom intero in (a,b)
_________ Distribuzione  binomiale

Ci sono altre possibilità usando l’estensione NumPy, comoda soprattutto 
per generare velocemente array o liste di numeri random

ROOT 
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TRandom  class (TRandom1, TRandom2, TRandom3)

Lista non esaustiva…

Rndm () 

Uniform (Double_t x1, Double_t x2)

Exp (Double_t tau)

Gaus (Double_t mean=0, Double_t sigma=1)

Rannor (Double_t &a, Double_t &b)

Sphere (Double_t &x, Double_t &y, Double_t &z, Double_t r)

Poisson (Double_t mean)

Integer (UInt_t imax)

Circle (Double_t &x, Double_t &y, Double_t r)

Binomial (Int_t ntot, Double_t prob)

Landau (Double_t mean=0, Double_t sigma=1)

___________________________ Genera pseudorandom in (0,1)

__________ Genera pseudorandom intero in (0,imax-1)
_____   Genera pseudorandom (x1,x2)

__________________ Distribuzione esponenziale

_ Distribuzione normal gaussiana

_ coppia di pseudorandom normal-gaussiani

_ Distribuzione di Landau

________________ Distribuzione di Poisson
_______ Distribuzione Binomiale

_________________________________   vettore 3d random di lunghezza r

__________________________________  vettore 2d random di lunghezza r

Some RANDOM NUMBERS GENERATORS nowadays
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The MC Method: Random Generators
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The MC Method: Central Limit TheoremCentral Limit theorem
Central limit theorem:

N®¥
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2 /N

For large values of N, the distribution of averages (normalized 
sums SN) of N independent random variables identically 
distributed (according to any distribution with mean and 
variance ≠ ∞) tends to a normal distribution with mean      
and variance 
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Particle Therapy: TPS
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V.Patera - LNF 18/11/2009

Aspects contributing to the complexity of 
Treatment Planning in hadron therapy

 Management of interfaces/corrections 
 Nuclear composition of materials 

Relevant technical aspects

 Integration with local beam delivery systems
 Need for “fast” calculation; possibility of producing alternative 

plans in due time
 Production of general and flexible analysis tools for the inspection 

of isodose curves on CT scans and Dose-Volume histograms (DHV), 
etc

Exploitable benefits

 Production of active nuclides, particle emission 

 possibility of in-beam monitoring

 possibility of feed-back correction to Planning
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A step back: How does a MC for TPS work?
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Monte Carlo for TPS: How to


