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FLUKA
Application of Monte Carlo to particle transport and interaction:

• A general purpose tool for calculations of particle transport and interactions with matter: from LHC to 
microdosimetry

• Main authors: A. Fassò, A. Ferrari, J. Ranft, P.R. Sala

• Contributing authors: G. Battistoni, F. Cerutti, M. Chin, T. Empl, M.V. Garzelli, M. Lantz, A. Mairani, V. Patera, 
S. Roesler, G. Smirnov,F. Sommerer, V. Vlachoudis

• First foundations in 1962 by Johannes Ranft (Leipzig) and Hans Geibel (CERN): MC for high-energy proton 
beams

• Developed and maintained by various authors, under an INFN-CERN agreement Copyright 1989-2018 
CERN and INFN

• From 2019: division... 
• About 700.000 lines of code

FLUKA-CERN           FLUKA-INFN 

Since a few years:

FLUKA

Platform: Linux with g77 (in 32bit mode) and gfortran (on 64bit machines), 
MacOS with gfortran



FLUKA
FLUKA is a general purpose tool for calculations of particle transport and interactions with matter, covering an 
extended range of applications: from proton and electron accelerator shielding to target design, calorimetry,  
activation, dosimetry, detector design, Accelerator Driven Systems, cosmic rays, neutrino physics, radiotherapy 
etc.

• 60 different particles + Heavy Ions
• Hadron-hadron and hadron-nucleus interaction ”0”- TeV
• Electromagnetic and μ interactions 1 keV – 10000 TeV
• Nucleus-nucleus interaction up to 10000 TeV/n
• Charged particle transport and energy loss
• Neutron transport and interactions 0-20 MeV
• Transport in magnetic field
• Optical photon simulation
• Combinatorial (boolean) and Voxel geometries
• Double capability to run either fully analogue and/or biased calculations
• On-line evolution of induced radioactivity and dose
• User-friendly GUI interface thanks to the Flair interface

Slide content courtesy of INFN Milano



FLUKA: working principle
Sound and updated physics models

• Based, as far as possible, on original and well-tested microscopic models

• Individual particles simulated (protons, neutrons, pions, photons, electrons, ions, etc.)

• Based on fundamental interactions (strong, electromagnetic, weak forces)

• Nuclear structure and reaction mechanisms

• Optimized by comparing with experimental data at single interaction level: “theory driven, benchmarked with data”

• Final predictions obtained with minimal free parameters fixed for all energies, targets and projectiles Basic conservation 
laws fulfilled “a priori” → The user has no responsibility in the choice of physics models! (different from GEANT4)

• Results in complex cases, as well as properties and scaling laws, arise naturally from the underlying physical models

• Conservation laws implemented at the level of machine accuracy

• Predictivity where no experimental data are directly available

• Correlations among all particles produced in a single interactions must be preserved (example: energy-angle correlations)

• It is a “condensed history” MC code

• Continuous development

• Easy to use for basic applications

Slide content courtesy of INFN Milano



FLUKA: physics applications
• Cosmic ray physics
• Neutrino physics
• Accelerator design (→ n_ToF, CNGS, LHC systems)
• Particle physics: calorimetry, tracking and detector 

simulation etc→ALICE, ICARUS, ...)
• Accelerator-Driven Systems systems, waste transmutation
• Shielding design
• Dosimetry and radioprotection
• Space radiation
• Hadrontherapy
• Neutronics

Sarchiapone et al, FLUKA Monte Carlo simulations and benchmark 
measurements for the LHC beam loss monitors
, NIM A 581, Issues 1–2,  2007, 511-516

Distribution of high loss and low loss regions around the LHC.

Molinelli S, et al. Phys Med Biol (2013) 58:3837–47.

Neutrino fluxes at Lab Naz Gran Sasso from the  full FLUKA 
simulation (ICARUS, now at Fermilab) Slide content courtesy of INFN Milano



FLUKA: medical physics applications
• Nuclear Medicine

• Dosimetry
• Radiotherapy & hadron therapy

• Simulation of therapy devices (nozzle etc)
• Treatment simulations
• Dose simulations
• Monitoring applications 
• Imaging
• Brachytherapy

• Shielding/radiation protection
• Commissioning of facilities
• Design of instruments, dosimetry

Slide content courtesy of INFN Milano



FLUKA electromagnetic interactions 1
General settings
• Interactions of leptons/photons

• Photon interactions
• Photoelectric
• Compton
• Rayleigh
• Pair production
• Photonuclear
• Photomuon production 

• Electron/positron interactions
• Bremsstrahlung 
• Scattering on electrons 

• Muon interactions 
• Bremsstrahlung
• Pair production 
• Nuclear interactions

• Ionization energy losses
• Continuous
• Delta-ray production

• Transport
• Multiple scattering
• Single scattering

Notice: These are common to all 
charged particles, although 
traditionally associated with EM 
physics

Slide content courtesy of INFN Milano



FLUKA electromagnetic interactions 2
• Ionization energy losses: 

• Charged hadrons
• Muons
• Electrons/positrons
• Heavy Ions
All share the same approach! (some extra features are needed for Heavy Ions)
• Atomic energy losses: Bethe-Bloch + higher order (Z3, Z4, Mott) corrections

Mainly from Coulomb scattering with atomic electrons, but particles undergo Coulomb scattering also with 
atomic nuclei (nuclear stopping power)

Molinelli S, et al. Phys Med Biol (2013) 58:3837–47.

Slide content courtesy of INFN Milano

NB not only
electromagnetic
interactions 
make the Bragg 
peak shape, also
nuclear...

Kraan,  Frontiers in Oncology 2015



FLUKA electromagnetic interactions 3
FLUKA has a specific model which overcomes the limitations existing for Landau and Vavilov distributions

Experimental and calculated energy loss distributions for 2 GeV/c positrons (left) and 

protons (right) traversing 100μm of Si, from J.Bak et al. NPB288, 681 (1987)

Slide content courtesy of INFN Milano



FLUKA: hadronic interactions

Reminder
Hadron = fundamental particle composite (made of quarks)
Nucleus = bound system of hadrons (protons and neutrons)

Hadrons
Nucleus

In general there are two kinds of nuclear reactions: 

Elastic interactions are those that do not change the internal structure of the 
projectile/target and do not produce new particles. 
• Their effect is to transfer part of the projectile energy to the target (lab system), or 

equivalently to deflect in opposite directions target and projectile in the Centre-
of-Mass system with no change in their energy. 

• There is no threshold for elastic interactions. 

Non-elastic reactions are those where new particles are produced and/or the 
internal structure of the projectile/target is changed (e.g. the nucleus is excited). 
• A specific non-elastic reaction has usually an energy threshold below which it 

cannot occur (the exception being neutron capture).

p

n



FLUKA: hadronic physics

Hadron = fundamental particle composite (made of quarks)
Nucleus = bound system of hadrons (protons and neutrons)

Hadrons
Nucleus

First, hadron-hadron interactions must be understood carefully

Figure from INFN 
Milano



FLUKA: non-elastic interactions
In order to understand Hadron-Nucleus (hA) nuclear reactions, one has to understand 
first Hadron-Nucleon (hN) reactions, since nuclei are made up by protons and neutrons

Adapted from: 
https://indico.cern.ch/event/956531/contributions/4020228/attachments/2122494/3572697/20_Hadronic_interactions_2020_online.pdf
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FLUKA: non-elastic interactions
In order to understand Hadron-Nucleus (hA) nuclear reactions, one has to understand 
first Hadron-Nucleon (hN) reactions, since nuclei are made up by protons and neutrons

Low energies: 

no rigorous models exist to describe them, most MC codes use 
phenomenological models...

(most relevant for hadron therapy
(50-250 MweV/u for protons and 100-450 MeV/u fpr carbon ions)

Figure  from: 
https://indico.cern.ch/even
t/956531/contributions/40
20228/attachments/21224
94/3572697/20_Hadronic_i
nteractions_2020_online.p
df



FLUKA hadronic physics:  hadron-nucleus interaction stages

Nuclear interaction stages

PEANUT model

AK, Front.Oncology, 2015, 
adapted from A. Ferrari 



FLUKA hadronic physics: nucleus-nucleus interaction models

Slide content courtesy of INFN Milano



FLUKA hadronic physics: nuclear interactions
Extensively validated (3 examples here)

Double differential neutron production for 135 MeV/n 12C 
interactions in a thin carbon target. FLUKA–RQMD predictions as 
a function of neutron energy at several detection angles are 
shown as histograms and compared with experimental data (dots) 
from Ref. (57).

Sato H, et 

al, Measurements of 
double differential 
neutron production 

cross sections by 135 
Mev/nucleon He, C, Ne 
and 95 Mev/nucleon Ar
ions. Phys Rev C (2001)

Double differential spectra of neutrons from 100 MeV/n alphas on a thick carbon 
target, scaled as indicated at the different angles with respect to the beam
direction., Battistoni G, et al, The FLUKA Code: An Accurate Simulation Tool for 
Particle Therapy. Front. Oncol. 6:116. 

Fragment mass 
distribution from 1 GeV 
protons on 238U, from 
EPJ - Nuclear Sciences & 
Technologies 10, 2024, 
The FLUKA code: 
Overview and new 
developments

However even in FLUKA not all cross sections are perfectly predicted, for example some uncertainties in the context of 
range monitoring studies in particle therapy (some of the beta+ emitters, prompt gamma’s)

https://www.frontiersin.org/journals/oncology/articles/10.3389/fonc.2016.00116/full#B57


FLUKA hadronic physics: neutron cross section

f’(x

Slide content courtesy of INFN Milano



FLUKA hadronic physics: Evaluated Nuclear Data Files
• Evaluated nuclear data files (ENDF, JEFF, JENDL...)

• comprehensive libraries of nuclear reaction and structure data, representing best-fit values derived 
from experimental measurements and theoretical modeling.

• typically used only for neutron cross sections: they provide neutron σ (cross sections) for E<20MeV 
for all channels

• σ are stored as continuum + resonance parameters
• Complex programs like NJOY, PREPRO convert the ENDF file to P-ENDF (point-wise cross sections), 

or G-ENDF (group-wise) including Doppler broadening etc. So these programs act as translators. 
They take the "raw" ENDF files and process them, so they can be used in a MC code. 

Point-wise and Group-wise cross sections
• In neutron transport codes in general two approaches used:

• point-wise (“continuous” cross sections): Point-wise follows cross section precisely (continuous, 
detailed energy-dependent data) but is can be time and memory consuming

• group-wise transport: average data over specific energy bins. Group approach is used in neutron 
transport codes because it is fast and gives good results for most applications

The most recent FLUKA versions has now the possibility of using PointWise neutron cross sections also for 
E<20 MeV!

Slide content courtesy of INFN Milano



FLUKA hadronic physics: Evaluated Nuclear Data Files

ENDF



FLUKA hadronic physics: Evaluated Nuclear Data Files



FLUKA hadronic physics: Evaluated Nuclear Data Files



FLUKA: website

Slide content courtesy of INFN Milano



FLUKA: website

Slide content courtesy of INFN Milano



FLUKA: input and output

Slide content courtesy of INFN Milano

Standard Input:
• Command/options driven by “data cards” (ascii file)

• Graphical interface is available!!!!
• Standard Geometry (“Combinatorial geometry”): input by 

“data cards”

Standard Output and Scoring:
• Apparently limited but highly flexible and powerful
• Output processing and plotting interface available



FLUKA: input example

• FLUKA is driven by the user almost completely by means of an input file (.inp) which 
contains directives issued in the form of DATA CARDS 

• The standard release provides a simple case to test the installation: example.inp
(Production of particles in p-Be collisions with a 50GeV/c proton beam.)

• Different examples are used along this course, which will be varied in different ways for 
didactic reasons

• For most of basic applications, users do not need to write code

• This is of course not always possible, therefore at some time FLUKA users need to learn 
how to code and link User Routines…

Slide content courtesy of INFN Milano



Simple example of basic input 

Slide content courtesy of INFN Milano



FLUKA geometry



FLUKA geometry



FLUKA geometry



FLUKA geometry



FLUKA geometry



FLUKA geometry



FLUKA geometry



FLUKA geometry: voxels



FLUKA geometry: processing DICOM files



FLUKA geometry: PET-CT



Scoring and results
• It is often said that Monte Carlo (MC) is a “mathematical experiment”. The MC equivalent of the result of a 

real experiment (i.e., of a measurement) is called an estimator. 

• Just as a real measurement, an estimator is obtained by sampling from a statistical distribution and has a 
statistical error (and in general also a systematic one)

• FLUKA offers numerous different built-in estimators, i.e., directly from the input file the users can request 
scoring the respective quantities they are interested in. Built-in scoring is recommended as:

• It covers most of the common needs

• It has been extensively tested

• It takes BIASING weights automatically into account

• It has refined algorithms for track subdivision

• It comes with utility programs that allow to evaluate statistical errors

• For additional requirements FLUKA user routines are provided

Slide content courtesy of INFN Milano



Scoring and results: built-in routines

• USRTRACK, USRCOLL score average 𝑑𝜙
𝑑𝐸

(differential fluence) of a given type or family 
of particles in a given region

• USRBDX scores average 𝑑
2𝜙

𝑑𝐸𝑑Ω
(double-differential fluence or current) of a given type or 

family of particles on a given surface
• USRBIN scores the spatial distribution of energy deposited, or total fluence (or star 

density, or momentum transfer) in a regular mesh (cylindrical or Cartesian) described 
by the user

• USRYIELD scores a double differential yield of particles escaping from a surface. The 
distribution can be with respect to energy and angle, but also other more “exotic” 
quantities

• SCORE scores energy deposited (or star density) in all regions
• The output of SCORE will be printed in the main (standard) output, written on 

logical output unit LUNOUT (pre-defined as 11 by default) 

• All other detectors write their results into logical output units assigned by the user (the 
unit numbers must be >20)

Slide content courtesy of INFN Milano



Scoring and results: USRBIN

This is an R-Z-Φ binning (what(1)=11), scoring energy deposition (generalized particle ENERGY, 
or 208), writing the unformatted output on unit 40, spanning 0<R<10 in 100 bins, spanning 0 <
𝜙 < 2𝜋 in 1 bin (default), -5<z<15 in 200 bins, 

WHAT(2) = 
ENERGY

Energy deposition 
from a 3.5 GeV 
proton beam hitting 
at [0.,0.,0.] directed 
along z results are 
normalized to 
GeV/cm3 per primary

Slide content courtesy of INFN Milano



Scoring and results: USRBIN

WHAT(2)= 
NEUTRON

To get neutron 
fluence results are 
normalized to 
particles/cm2 per 
primary

This is a R-Z-Φ binning (what(1)=11), scoring neutron fluence, writing the unformatted output on unit 40, 
spanning 0<R<10 in 100 bins, spanning 0 < 𝜙 < 2𝜋 in 1 bin (default), -5<z<15 in 200 bins.

Slide content courtesy of INFN Milano



Scoring and results: USRBIN

WHAT(2)= HAD-CHAR

to get charged hadron 
fluence. Results are 
normalized to 
particles/cm2 per primary

charged hadron fluence

HAD-CHAR

This is a R-Z-Φ binning (what(1)=11), scoring charged hadron fluence, writing the unformatted output on 
unit 40, spanning 0<R<10 in 100 bins, spanning 0 < 𝜙 < 2𝜋 in 1 bin (default), -5<z<15 in 200 bins.

Slide content courtesy of INFN Milano



FLUKA main routines

HAD-CHAR



FLUKA main routines

To run FLUKA, the main execution command is:

rfluka -Nn -Mm inputfile

N = first cycle number to run. It tells FLUKA where to start counting cycles
M= nr of cycles to run

The nr of histories to simulate is in the input file!



FLUKA: example applications



Particle therapy

Compared to photons, protons have a 
more selective energy deposition

From: A. Beddok et. al., Radiotherapy and Oncology 147 (2020) 30–39

tumour

depth[cm]

d
o

se

Photons : high dose delivered in 
front and behind tumor

Photons

Intensity Modulated Proton/Carbon Therapy:
combining thousands of beams

Treatment typically takes 4-6 weeks (20-30 
treatment fractions) 

Protons

Photons

Protons

Protons/carbon ions : Bragg Peak
• Nr of particles → height
• Energy→ depth 
→More conformal dose!

21



• Particle therapy is accurate but also sensitive to uncertainties…  

• Among sources of uncertainties are anatomical changes → dose distortions

• Example of site where this can be problematic: head and neck tumors

• Often a control CT scan is made after X treatments, with X depending on clinical experience/personal 
choice of the radiation oncologist→ adapt treatment?

• Treatment should be monitored!

• For patients who change: to be sure to perform the control CT in time → adapt

• For patients who do not change: to avoid unnecessary control CT’s

From  
Kraan et al 
Int J Radiat
Oncol Biol 
Phys 
2013;87(5):
888-96. 

Topical Review: Adaptive proton therapy
H. Paganetti, P. Botas, G. C. Sharp, B. 
Winey 2021, Phys. Med. Biol.66, 22

start after 3 weeks

Particle therapy treatment monitoring

22



Treatment monitoring with PET
• Among the nuclear reaction products are 𝛽+ emitters 

• Decay after a short while into positron, which annihilates into 2 back-to-back photons

• Indirect correlation with dose! 
See:
• K. Parodi, J. C Polf, Review: In vivo range verification in particle 

therapy, Med Phys 2018 45(11)
• M. Durante, H. Paganetti, Re.p Prog. Phys. 2016;79(9):096702.
• A-C. Knopf, A. Lomax, Phys. Med. Biol 2013;58(15):R131-60. 
• A.C. Kraan, Frontiers in Oncology 2015 

E.g. proton beam:
p + 16O➔ (p,n) + 15O ➔ 15N +β+ + ν τ15-O=121.8 s (2 min)
p + 12C➔ (p,n) + 11C ➔ 11B +β+ + ν τ11-C =1222.8 s (20 min)

• Positron Emission Tomography (PET) can be used for in-vivo 
non-invasive treatment monitoring in proton therapy

FLUKA, 2022
• Monte Carlo simulations 

have played important role 
in development of this 
technique!

27



Treatment monitoring with PET

dose 
delivery

Room 

PET

Dose 
delivery PET

Off-line PET = dose delivery and PET in different rooms
(MGH/Heidelberg/CHIBA)

•Advantages
• Commercial 360o PET scanner  no image artefacts

•Disadvantages: 
•Patient re-positioning
•Data loss of very short living isotopes (e.g. 15O )
•Radio-isotope wash-out

➔In-beam-PET: data when beam on (PISA-Torino-
CNAO/CHIBA-openPET)

• Disadvantages: 
•Image artefacts
•Small statistics (not much 11C)

On-line PET  = dose delivery and PET in same room
➔In Room-PET: data when beam is off 

(GSI/PISA-CNAO/CHIBA/MGH/HEIDELBERG)

Dose delivery 
+

PET

First pioneer work by W. Enghardt et al. in the ’90 with Carbon Ions (GSI/Bastei tomograph)
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Treatment monitoring with PET
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Room 
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Dose 
delivery PET

Off-line PET = dose delivery and PET in different rooms
(MGH/Heidelberg/CHIBA)

•Advantages
• Commercial 360o PET scanner  no image artefacts

•Disadvantages: 
•Patient re-positioning
•Data loss of very short living isotopes (e.g. 15O )
•Radio-isotope wash-out

➔In-beam-PET: data when beam on (PISA-Torino-
CNAO/CHIBA-openPET)

• Disadvantages: 
•Image artefacts
•Small statistics (not much 11C)

On-line PET  = dose delivery and PET in same room
➔In Room-PET: data when beam is off 

(GSI/PISA-CNAO/CHIBA/MGH/HEIDELBERG)

Dose delivery 
+

PET

First pioneer work by W. Enghardt et al. in the ’90 with Carbon Ions (GSI/Bastei tomograph)

Today
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PET activity MC simulations: preclinical studies
FLUKA MC simulation
• Source: 15x109 protons on PMMA, 95 MeV

• Time structure and beam size of CNAO beam 
(Centro Nazionale di Adroterapia Oncologica, Pavia)

• Geometry: CNAO beam line, phantom, PET detector
• Scoring: β+ activity scored, developed for scope

PMMA
BEAM

Data
• DOPET planar PET system

• Data taken at CATANA (Catania), CNAO (Pavia) and 
Bronowitz (Krakow, Poland)

Rosso, V et al, Journal of Instrumentation. 8. C03021, 2021,
V Rosso et al 2013 JINST 8 C03021
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PET activity MC simulations: preclinical studies

Δw50%

z-profile for t=[0, tirr+2min] Time profile

Studies on 
homogeneous 
phantoms allowed to 
validate FLUKA MC 
framework

02468
0 500 1000 1500 2000 2500

TotalO: 21% 15C:  7% 11Others: 35%B: 15% 8C:  6% 10N: 14% 12O:  1% 14N:  0% 13

In-spill contribution: t =[0, 118 s]

02468
0 500 1000 1500 2000 2500 3000 3500 4000 4500 Intra-spill contribution: t =[0, 118 s]TotalO: 51% 15C: 18% 11Others:  1%B: 12% 8C: 15% 10N:  0% 12O:  2% 14N:  1% 13

Intra-spill contribution: t =[0, 118 s]

02468
0 2000 4000 6000 8000 10000 Beam-off contribution: t=[118 s, 238 s]TotalO: 59% 15C: 31% 11Others:  1%B:  1% 8C:  4% 10N:  0% 12O:  2% 14N:  1% 13

Beam-off contribution: t=[118 s, 238 s]

MC simulation

30
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MC activity

PMMA
BEAM

FLUKA MC simulation
• Source: protons according to treatment plan

• 2 Gy plan, PTV 3 x 3 x 3 cm3 in 2 min 
• thousands of small pencil beams
• 1E8 particles simulated (~1/100 of treatment plan)

• Geometry: CNAO beam line, phantom, PET detector
• Scoring: β+ activity scored, developed for scope

z [cm]

0
1

2
3

4
5

6
7

a.u.

0 2 4 6 8 10 12
 + 2 min]

irr
Activity t=[0, t

Dose

0 200 400 600 800 1000

1200

1400

1600

1800

-1
0

1
2

3
4

5
6

7
-6 -4 -2 0 2 4 6

h2dzy: al
h2dzy: al

MC dose: PMMA MC activity: PMMA

PET activity MC simulations: preclinical studies
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-1
0

1
2

3
4

5
6

7
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h2dzy: al
h2dzy: al

Y

X1cm

(Ø 1 cm)modified

BEAM

0 200 400 600 800 1000

1200

1400

1600

1800

2000

2200

-1
0

1
2

3
4

5
6

7
-6 -4 -2 0 2 4 6

h2dzy: al
h2dzy: al

MC dose: airhole MC activity: air hole

Interesting! Activity distribution is sensitive to precise location of hole!

FLUKA MC simulation
• Source: protons according to treatment plan

• 2 Gy plan, PTV 3 x 3 x 3 cm3 in 2 min 
• thousands of small pencil beams
• 1E8 particles simulated (~1/100 of treatment plan)

• Scoring: β+ activity scored, developed for scope

PET activity MC simulations: preclinical studies

32



vA.C. Kraan, et al, 
NIM A 786, 120, 
12621, 2015

PMMA con aria

PMMA
BEAM Y

X
1cm

(Ø 1 cm)modified

BEAM

PMMA

Validation of FLUKA Some discrepancies

Data

MC
Data

MC

PET activity MC simulations: preclinical studies
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PET activity simulations with simple phantoms

• Positron Emission Tomography (PET) can be used for in-vivo 
non-invasive treatment monitoring in proton therapy

Correlare curve di decadimento al materiale A.C. Kraan,  et al, 
JINST, JINST 14, 
1, 2019, C02001

z

y

proton

15O distribution

Goal: 
• To investigate biological washout models + perfusion in patients 
• To calculate the elemental composition of the irradiated tissue 

(detect changes of oxygenation in tumors?)

Composition of tissue with activity measurements over time
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PET activity MC simulations: clinical studies

Introduction

beam

Charged particle tracker

PET planes

Role for MC simulations

Bisogni, G, The INSIDE bimodal 
system for range monitoring in 
particle therapy toward clinical 
validation, NIMA 936, 73-74, 2019

4

INSIDE: Innovative  Solution for
Dosimetry in Hadrontherapy

• Bimodal imaging system for non-
invasive treatment monitoring
o Planar PET system
o Charged particles  tracker

• Installed at CNAO (National Centre of 
Oncological Hadrontherapy, Pavia, 
Italy)

• Clinical trial 2019-2020

• Switched off since 2021… COVID and 
burocratic delays  (regulations)

• We are taking data for new patients 
(Master thesis work?)

G.M. Bisogni et al.:Journal of Medical 
Imaging4 (Dec. 2016), p. 011005.
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PET activity MC simulations: clinical studies

Introduction

beam

Charged particle tracker

PET planes

Day 2

Day 3

day 3

Reference

Fraction 1

21

Fraction N

21

Fraction 2

Bisogni, G, The INSIDE bimodal 
system for range monitoring in 
particle therapy toward clinical 
validation, NIMA 936, 73-74, 2019

Compare
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PET activity MC simulations: clinical studies

Important role for MC simulations !

• To predict reference distribution
• To test analysis strategies and prepare analysis 

a b c d

Typical problem occurring during head—and-neck radiotherapy treatment 

Can we use in-beam PET to catch these problems??



PET activity MC simulations: clinical studies

Important role for MC simulations !

• To predict reference distribution
• To test analysis strategies and prepare analysis 

a b c d

Typical problem occurring during head—and-neck radiotherapy treatment 

Can we use in-beam PET to catch these problems??

a b c d

beam

A.C. Kraan et al,, Med 
Phys 2022, 49(1):23-40



PET activity MC simulations: clinical studies

Important role for MC simulations!

Example of analysis tested on MC simulations

Statistical analysis: catch the voxels (for example on 100 samples), 
that are statistically not compatible with expectations 

a b c d

e f g h

i j k l

vi1 vi2 vi3 vi120

Assessment of stochastic fluctuations

…

PET0 1

PET0 2

PET0 3

PET0 120

…

Example of the null
distribution of voxel !

Pi<0.025

i

insignificantPi<0.025



PET activity MC simulations: clinical studies

Important role for MC simulations!

Example of analysis tested on MC simulations

Gamma analysis: catch the regions that are incompatible with 
expectations

i

These methods can then be tested on data!
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