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Radiotherapy: γ,e versus proton,12C 

• Range function of the beam 
energy 
• Dose decrease rapidly after 
the BP. 
• Accurate conformal dose to 
tumour with Spread Out 
Bragg Peak 

Hadrons release maximal dose at the end of the track, 
sparing the normal tissue  



Shooting charged beams: active scanning 
•  Moving the proton or carbon beam like in an old TV-set 

and changing the energy, all the tumor region can be 
treated 

•  TPS must provide the corret set of pencil beams, with 
corresponding fluences, to treat the patient 
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Both for 12C and proton 



12C : fragmentation inside the patient 

 Mitigation and 
attenuation of the 
primary beam 

 Different biological 
effectiveness of the 
fragments wrt 12C 

  Production of fragments with 
higher range vs primary ions 

  Production of fragment with 
different direction vs 
primary ions 

Dose release in healthy tissues 
with possible long term side 

effects, in particular in treatment 
of young patients must be carefully 

taken into account in the Treatment 
Planning System  

Exp. Data (points) from Haettner et al, Rad. Prot. Dos. 2006 
Simulation: A. Mairani PhD Thesis, 2007, Nuovo Cimento C, 31, 2008 

12C  (400 MeV/u) on water 
Bragg-Peak Dose over  the 

Bragg Peak : 
p ~ 1-2 % 
C ~ 15 %        
Ne ~ 30 % 

Courtesy of Andrea 
Mairani 



12C beam and cell survival 

Due to the high LET (Linear 
Energy Transfer ~ De/Dx),  
the carbon ions is much 
better at killing the tumour 
cells wuth respect to the X 
rays for a given dose 
released high RBE 



INFN & hadrontherapy 
CATANA @LNS  

Proton 80MeV beam 

Treatment of the  

choroidal and iris  

Melanoma.  

In Italy about300 new 
cases/year 

Centro di AdroTerapia ed Applicazioni Nucleari Avanzate 



INFN & hadrontherapy:  CNAO @Pavia  
MI,TO,LNF,LNL,FE 





TPS is the software between: patient anatomy and 
oncological prescriptions and accelerator dose delivery 
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What a TPS is and what is made of 
The Treatment Planning is the software which determines 
energy and fluence for each elementary beam in order to 
achieve the prescribed dose in a well defined volume  

•  Patient modeling. Geometry, density, composition map 
and related medical dose prescriptions.  

•  Physical dose evaluation. Evaluation of the beam 
energy release and its interaction in the patient.  

•  Biological dose evaluation. Evaluation of radiobiological 
efficency of the beam particles 

•  Optimization procedure to adapt the biological dose to 
medical prescription  Pencil beams energy & fluence 

•  Validation of the TPS. MC computation of the dose 
actually release to the patient 

•  On-off line monitoring of the treatment. 



CT scan info  ρel(x,y,z) 
Medical prescription 
PTV, OAR,  

optimization  kernel 
Table of 
pencil beam 
ΔE vs 
Ebeam,x,y,z 

Table of pencil 
beam RBE vs 
Ebeam,ΔE,x,y,z 

Fluences for each pencil 
beams  

TPS Verfication and 
correction 

Dosimetry monitoring 
and correction 

A simplified scheme of a Treatment Planning System 



 INFN-TPS Project 

   Most of the needed 
knowledge inside the 
Institute (mainly GR V) 

   Cooperation agreement  in 
2009 between INFN and IBA 
(Ion Beam Application) to 
develop a commercial TPS for 
carbon and proton within 3 
years (co-funded!!!) 

   Collaboration with CNAO for 
testing and with European 
Institutions for radiobiology 
& nuclear physics 
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 INFN-TPS Project 

The Project is also a 
“strategic” project of 

Gruppo V and is split in 5 
different tasks 

1)  Nuclear Physics: 
fragmentation 
measurement 

2)  MC FLUKA (G4) tailoring 
to hadrontherapy 

3)  Optimization algorithms 
development 

4)  Experimental 
Radiobiology 

5)  Monitoring “in beam” 
development 
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Gy 

Forward recalculation of TPS treatment plans in water @ GSI/HIT 
Spread-Out Bragg Peak – Fragment Contributions  

FLUKA 
Exp Data Primary Beam 

H 

He 

B 
Li 

Be 
C 

Nuclear physics task: 12C fragmentation 

(F. Sommerer et al, EWG-MCTP Workshop, Ghent 2006, A. Mairani et al to be publ.) 

Courtesy of Andrea Mairani 

  Production of fragments with higher range vs primary ions 

  Production of fragment with different direction vs primary ions 



FLUKA benchmark against 
thick target data 

Courtesy of Andrea Mairani 

12C  on water 
@400 MeV/u 

Angular distribution 

H He Li Be B C @ 15.9  cm 2° 
Energy distribution 

@ 31.2  cm 

Exp. Data (points) from Haettner et al, Rad. Prot. Dos. 2006 
Simulation: A. Mairani PhD Thesis, 2007, PMB to be published 

Scattered Frag.s production by 12C beam 
The secondary fragments broad the lateral dose profile and go 
beyond the tumor region. 



What should we know about 12C  fragmenta7on? 

 Production yields of Z=0,1,2,3,4,5 fragments 
 d2σ/dθdE with large angular acceptance  
 For  the 12C energy range of interest (10‐300 MeV/nucl) 
 Measurements on thin target of all materials crossed by C 
beam 

 Detect the correlation between emitted fragments 

12C , E 12C , E' 

ρ,A,Z 

ρ',A',Z
' 

X,Ex,θx,φx 

Y,Ey,θy,φy 

Not possible a 
complete DB of 
measurements 

We need to improve 
the nuclear interaction 
model with the 
measurements!! 



The FIRST  
collaboration 

FIRST stands for: Fragmentation of Ions Relevants for Space and 
Therapy  S371 is the GSI label 

   INFN: Cagliari,LNF,LNS,Milano,Roma3,Torino: C.Agodi, G.Battistoni, 
M.Carpinelli, G.A.P.Cirrone, G.Cuttone , M.De Napoli, B.Golosio, Y.Hannan, 
E.Iarocci, F.Iazzi, R.Introzzi, A.Mairani, V.Monaco, M.C.Morone,P.Oliva, 
A.Paoloni, V.Patera, L.Piersanti, N.Randazzo, F.Romano, R.Sacchi, P.Sala, 
A.Sarti, A.Sciubba, C.Sfienti, V.Sipala, E.Spiriti 

   DSM/IRFU/SPhN CEA Saclay, IN2P3 Caen, Strasbourg, Lyon:  S.Leray, 
M.D.Salsac, A.Boudard, J.E. Ducret, M. Labalme, F. Haas, C.Ray 

   GSI: M.Durante, D.Schardt, R.Pleskac, T.Aumann, C.Scheidenberger, A.Kelic, 
M.V.Ricciardi, K.Boretzky, M.Heil, H.Simon, M.Winkler 

   ESA: P.Nieminem, G.Santin 

 Univ Sevilla: J.M. Quesada, M.Alvarez, A.Bocci, Z. Abou-Haidar 

   CERN: T.Bohlen 



The FIRST setup @GSI 
The choice of GSI had two main motivations: 
  “Therapeutical” beam of 12C @ 200-400 MeV/u  available 
  Existing setup designed for higher E and Z fragments: Dipole 

magnet, Large Volume TPC, TOF Wall, small-angle Neutron 
detector.  

New detectors added to optimize the Interaction Region for this 
measure: Vertex tracker, Start Counter, Beam Monitor, Proton 
Tagger 

TPC MUSIC IV 
TOF  
WALL 

Neutron detector 
Interaction 
region 

ALADIN 
MAGNET 

Beam 

Beam 

Takes data in 
august 2011 



Radiobiology task : I 

•  Characterization of 
therapeutic beams 

•  Collect experimental 
data for validation 
and development of 
radiobiology model 

•  Study the 
radiosensibilization 
of gliomas with 
hadrontherapy 



Radiobiology: beams & cell lines 
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Survival curves – 12C ion irradiation 
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Radiobiology task : II 

•  Characterization of 
therapeutic beams 

•  Collect experimental 
data for validation 
and development of 
radiobiology model 

•  Study the 
radiosensibilization 
of gliomas with 
hadrontherapy 



Dose‐response of LN229, U373,T98G and U87‐MG 
to 218 keV/µm C‐ions using  temozolomide (TMZ) 
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The radiobiological model 

It’s impossible to build a database of radiobiological 
measurement of RBE for all the particles, energy, cell 
lines. A radiobiological model is needed to interpolate. 
•  “Phenomenological” models can be trained with 

measurements and presently are used in the clinic  
practice with satisfactory results   

•  The “Local Effect Model” (LEM I,II,III) is our 
baseline (Scholz e Kramer, GSI). It is at the base of 
Siemens TPS, at presents the only carbon TPS on the 
market. 

•  As comparison, we adopetd also the Microdosimetric 
Kinetic Model (MKM) (R.B. Hawkins) 



The LEM model 
   Biological effect 

completely determined by 
the local distribution of 
dose inside the cell nucleus  

   Homogeneous cell nucleus 
with constant density and 
radiosensitivity  

   Locally, the effect of ions 
can be evaluated using the 
X-ray Linear Quadratic 
model:  

Introduction
The INFN TPS
The INFN tasks

General aspects of the TPS Project
Hadrontherapy Dose Shaping and TPS Generalities
The Radiobiological problem

Description of LEM

X-Rays Carbon Ions
Definitions

Local Dose: d
d = d(x , y , z)

Local Effect: n(leth)

n(leth) = n(leth)(d(x , y , z))

= − ln(SX (d))

Number of lethal events:

N(leth)
Ion =

1

V

∫
(n(leth))dV

Cell Survival

S = exp(−N(leth)
Ion )

Andrea Attili The INFN Treatment Planning System Project



LEM model: the basis Introduction
The INFN TPS
The INFN tasks

General aspects of the TPS Project
Hadrontherapy Dose Shaping and TPS Generalities
The Radiobiological problem

Description of LEM

Andrea Attili The INFN Treatment Planning System Project

→
Biological parameters

LQ-L parameters αX ,βX ,Dt

RNucleus

LQ-L Model:

S(D) =
exp(−αXD − βXD2);
D ≤ Dt

S(D) = St exp(−s(D − Dt);
D > Dt

St = S(Dt), s = αx + 2βxDt



Comparison with experiment 
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Monte Carlo Task 

•  Provides the LUT of physical dose released by the pencil 
beam : particle composition and energy release vs 
x,y,depth and beam energy 

•  Provides the LUT of biological dose released: coupling of 
the beam composition and ΔE with radiobiological model 

•  Verify the dose distribution predicted by the 
optimization process on the real patient geometry  

•  Predict the distribution  of β+ emitters for on line  PET 
tomography 

We use FLUKA as our baseline MC. All dose LUT 
are computed in water equivalent approximation  



Patient modeling: voxelization 

  Needed by Optimization & MC 
  Reading information from CT. Frequently 

info from PET or NMR added. DICOM 
standard used 

  Conversion of machine info in 3D physical 
info: from Hounsfield Units to electronic 
density (Water Equivalent approximation)  

  For hadrontherapy, conversion to actual 
composition (A,Z,ρ) can bee needed 



Physical Dose LUT production 
• Water equivalent path length (WEPL) approximation is 

carefully simulated to gauge the impact of the discontinuity 
• LUT generated in water phantom both for proton and 12C  in 

5 MeV/amu steps  

Introduction
The INFN TPS
The INFN tasks

TPS Features and Workflow
Look up Tables Structure and Generation
The TPS Kernel

Monte Carlo Physical Simulations

Andrea Attili The INFN Treatment Planning System Project
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carefully simulated to gauge the impact of the discontinuity 
• LUT generated in water phantom both for proton and 12C  in 

5 MeV/amu steps  

Introduction
The INFN TPS
The INFN tasks

TPS Features and Workflow
Look up Tables Structure and Generation
The TPS Kernel

Monte Carlo Physical Simulations

Andrea Attili The INFN Treatment Planning System Project



Radiobiological Dose LUT 
• The Physical Dose is coupled with the rad. model table to 

obtain the biological dose of the pencil beam Introduction
The INFN TPS
The INFN tasks

TPS Features and Workflow
Look up Tables Structure and Generation
The TPS Kernel

Local Effect Model Simulations

Andrea Attili The INFN Treatment Planning System Project
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Radiobiological Dose LUT 
• The Physical Dose is coupled with the rad. model table to 

obtain the biological dose of the pencil beam Introduction
The INFN TPS
The INFN tasks

TPS Features and Workflow
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Local Effect Model Simulations
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Pencil Beam Biological Dose 
• The obtained biological dose of each pencil beam is the 

build block of the optimization procedure 

Introduction
The INFN TPS
The INFN tasks

TPS Features and Workflow
Look up Tables Structure and Generation
The TPS Kernel

Radiobiological Look-Up Tables (Pencil-Beam)

Andrea Attili The INFN Treatment Planning System Project



Optimization task 
  Standard optimization problem (χ2) 
  More fancy approach foreseen 
  External firm (CENARIO) collab. 

Introduction
The INFN TPS
The INFN tasks

TPS Features and Workflow
Look up Tables Structure and Generation
The TPS Kernel

“Biological” Optimization – Cost Function

Constraints
Matrix

⇓
χ2(φ) =

∑

λ



w (u)
λ

∑

ijk∈VOIλ(v
(u)
λ )

max(0,Dijk − Dmax
λ )2 + w (l)

λ

∑

ijk∈VOIλ(v
(l)
λ )

max(0,Dmin
λ − Dijk )

2





“Biological” Cost Function:

Dijk → Dbio
ijk = Dijk × RBEijk , Dbio

ijk =
−αX +

√
α2
X + 4βXN leth

ijk

2βX
, N leth

ijk = αijkDijk + βijkD
2
ijk

⇓
χ2(φ) =

∑

λ



w (u)
λ

∑

ijk∈VOIλ(v
(u)
λ )

max(0,Nijk − Nmax
λ )2 + w (l)

λ

∑

ijk∈VOIλ(v
(l)
λ )

max(0,Nmin
λ − Nijk )

2





Andrea Attili The INFN Treatment Planning System Project



baseline dose monitoring in HT : PET 

Baseline for monitor in HT is PET : autoactivation by p & 
12C beam that creates β+ emitters. 

   Isotopes of short lifetime 11C (20 min), 15O (2 min), 10C 
(20 s) wrt conventional PET (hours) 

   Low activity in comparison to conventional PET need 
quite long acquisition time (few minutes)  

   Metabolic wash-out, the β+ emitters are blurred by 
the patient metabolism  

   No direct space correlation between β+ activity and 
dose release ( but can be reliable computed by MC) 



A dedicate PET: the DO-PET project 
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The DO-PET prototype 
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Final DAQ system  

•  Can handle up to 9 vs. 9 modules.  
•  High performance FPGA  
• FPGA based fully digital coincidence logic will be implemented 
•  S7ll at the development stage 



Dose‐ac(vity correla(on using the a “Filtering” approach 
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Dose 
prescription 

Treatment 
planning 

Patient 
positioning 

(and imaging 
in-situ) 

Dose delivery 

Imaging PET 
post-treatment 

 

Filtering 

σrange=σPET 

F. A:anasi et al. IEEE‐NSS MIC 2010 

f16O(p,pn) 15O 

f16O(p,2p2n) 15O 

15O MC dose 
15O MC activity 

13N MC dose 
13N MC activity 

The filter is energy independent 

Comparison of the 
distribu7ons 

(range) 



Summary & conclusions 

•  The TPS collaboration, in cooperation with IBA, is 
developing a commercial TPS for hadrontherapy active 
scanning  

•   The project context is rather broad and is focusing 
not only on the software but it is tackling also more 
general aspects as described in the different 5 tasks 

•  Only 1 competitor for 12C (SIEMENS), few for proton 
•  Very “interesting” the interaction between INFN 

people and industrial environment (market, CE, 
documentation, undisclosure agreement, I.P,..)  
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      Spares 
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Architecture of the TPS INFN-IBA 

Platforms: Linux, Language: C++ 

DICOM  

Optimization, 
Cenaero 

CT,PTV, 
OAR, 
prescription  

FLUKA, 
LEM  

   All the 
software must 
be”clinically” 
CERTIFIED!!! 



b) Napoli‐Milano : Radiosensibiliza7on of gliomas for hadron therapy  
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•  Glioblastoma multiforme (GBM) is the most aggressive 
of the gliomas 
•  GBM is also the most common in humans 

 unfavourable prognosis 
 marked radioresistance 

•  Current approach: alkylating agent  temozolomide  
 (TMZ) in combination with conventional 
 radiotherapy 

•   Alkylating agents work by different mechanisms all of 
which achieve the same end result : disruption of DNA 
function and cell death 
•  Suitable for hadron therapy 
 
•  Possible enhancement of cell killing by TMZ as a result 
of high-LET  irradiation 

Necrotic region   ► 



What do we expect 
from MC (FLUKA)?  

  The Z>2 produced fragments 
approximately have the same 
velocity of the 12C beam 
projectiles and are collimated in 
the forward direction 

  The protons are by far the most 
abundant fragments with a wide β 
spectrum  0<β<0.6 and with a 
wide angular distribution with 
long tail  

  The Z=2 fragment are all emitted 
within 200 of angular aperture 

  The  dE/dX released by the 
fragment spans from ~2 to ~100 
m.i.p. 

400 MeV/nucl 12C on 12C 

Kinetic energy (MeV/nucl) 

Emission angle (Deg) 

400 MeV/nucl 12C on 12C 



Single Field Dose comparison 



Clatterbridge was 
the first hospital-

based proton 
therapy centre 

(1989) 

The second 
UK centre 

MAY open in 
2014! 

Plans for 
Valencia 

First proton 
therapy in 

Europe (1957) 

Centres in Europe (existing and planned) 



CT = Computer Tomography  
expressed in H numbers 

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

Using the information of CT in the 
MC & Optimization 
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Fragment spectra dN(Ebeam,z,T,E)/
dE  at 25.4 cm 

A. Mairani and K. Parodi (HIT) 

12C ions (400 MeV/u) in Water 



G. Battistoni 52 Exp. Data and analytical calculations: Krämer et al, PMB 48 (2003) 2063  

- Two opposing dose ramps with tissue sparing (as brain-stem) 
- TRiP98 Analytical calculations: biological planning and 
   optimization for CHO cells  
- FLUKA-LEM: forward calculation of the optimized plan 
  
 

Cell Survival 
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FLUKA 

TRiP 

mGy 

Prescribed physical dose 0.47 Gy 
Comparisons performed at ~0.25 Gy 

FLUKA 

TRiP 

A. Mairani PhD thesis 2007, Pavia 

CT 
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In this energy range FLUKA is within 1/1000  
of values in ICRU tables 
Let us use directly ICRU tables in these plots  
(in g/cm2) 

dE/dX calculation 



Dose‐response of LN229, U373, T98G and U87‐MG  
to 218 keV/µm C‐ions and X‐rays 
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Soft tissue 

Air, Lung, 
Adipose tissue 

Skeletal tissue 

From CT info to body materials 
CT segmentation into 27 materials  

Schneider et al PMB 45, 2000 Parodi et al, Med. Phys. 34, 2007 


