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6 MeV Accelerator –photon fluence distribution 
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Nuclear Models 
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Lateral scattering 

Ions heavier than protons have a 
reduced lateral scattering  

Monitoring with PET 

F. Pönisch et al, PMB 49 2004 5217 

Th. Haberer, GSI Report 94-09, 1994 
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The commonly recognized merits of MC 

MC are powerful computational tools for:  

 Realistic description of particle interactions, especially in 
complex geometries and inhomogeneous media where analytical 
approaches are at their limits of validity 

 Possibility to investigate separate contributions to quantities of 
interest which may be impossible to be experimentally assessed 
and/or discriminated 
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The role of MC in ion therapy 

MC are increasingly used tools to support: 

 Startup and Commissioning of new facilities: e.g., shielding 
calculations; beamline modeling, generation of TPS input data  
(↓ meas. time) 

 Validation of TPS dose calculations: in water-equivalent system 
and in patient anatomy (CT) 

  Dedicated applications: imaging of secondary emerging 
radiation for treatment verification (PET, prompt gamma…) 

Treatment planning systems (TPS) use analytical models  



Simulation packages used in ion therapy 
General-purpose condensed-history MC codes 
  FLUKA (www.fluka.org)  

  Geant4 (www.cern.ch/geant4)  

  MCNPX (mcnpx.lanl.gov)  

  PHITS (phits.jaea.go.jp)  

… and others… 

Capable to handle all ion beams of therapeutic relevance 
Dedicated MC codes for proton dose calculations 
VMCpro, Fippel and Sokoup, MP 31, 2004 
PSI, A Tourovsky et al, PMB 50,2005 



 Different ion beam delivery strategies 
Active conformation via energy  
variation and lateral magnetic  
deflection of pencil-like beams 

Pencil 
beam 

http://p-therapie.web.psi.ch/ 

Passive conformation of scattered  
broad beam with compensator (distal  
edge) and collimator (lateral shaping) 

Broad 
beam 

Chu et al, Rev Sci Instrum 1993 



MC application to passive beam delivery 

Aperture,  
Compensator 

Range Modulator 
Wheels 

2nd Scatterers 

1st Scatterers 

H. Paganetti, 
MGH Boston 

Geant4-based modeling of nozzle at MGH Proton Center 

 MC model of the nozzle 
   components with  
   mm-accuracy  
   (~1000 objects) 

 MC settings (e.g., initial 
   beam energy, spread  
   and size) based on  
   available information  
   (measured or from  
   manufacturer) or  
   tuned on exp. data 

Paganetti et al, 
Med. Phys. 2004 



Heidelberg Ion Beam therapy Center 

MC application to active beam delivery @ HIT 

Ion species 
  p, 12C  
   (later also 3He, 16O) 

Beam delivery 
 Scanning with active 
energy variation  
(like @ GSI) 

 Required parameters: 
255 Energy steps 
4 Foci  
10 Intensities 
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12C @ HIT (Nominal focus from FLUKA 2006.3b) 
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…Taking into account desired 4-10 mm focus @ ISO for higher E 
and physical limitation from scattering in monitor system and air 

MC (FLUKA) simulations 

Parodi, Brons, Naumann, Haberer et al, to be published 



MC application to active beam delivery @ HIT 

MC forward recalculation of TPS treatment plans in water  
(i.e. medium where plans are experimentally verified) 
FLUKA coupled with control file of raster scanning system 

(F. Sommerer et al, EWG-MCTP Workshop, Ghent 2006;  
Parodi, Mairani, Sommerer et al, to be published) 

BAMS (3 ICs,  
2 MWPCs) 

Vacuum  
window 

Beam  
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Experimental validation of the MC  

MC calculation of scanned carbon ion SOBP at HIT  
(A. Mairani et al, to be published) 

Gy 

Primary Beam 

FLUKA 
Exp Data 

Exp. IC measurements in water (points) courtesy of M. Winter and S. Brons (HIT) 

Secondary Fragments 

Primary beam 



Rietzel et al, Radiat Oncol 2008 

Beam 

Sample 

From dose in water to dose in patient CT 
The typical TPS approach  
Scale dose-to-water according to 
radiological path length deduced 
from semi-empirical CT-range 
calibration curve 

CT Number = Hounsfield Unit 
HU = 1000 (µx-µH2O) / µH2O  Krämer et al, PMB 2000 

Krämer et al, PMB 2000 



MC CT-based dose calculations @ MGH / GSI /HIT 
  CT segmentation into 27 materials of defined elemental composition 

 (24 taken from Schneider et al 2000, extended in Parodi et al 2007 up to HU ≥ 3060 for Ti) 

HU 

Schneider et al PMB 45, 2000 (based on analysis of 71 CT scans) HU 
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Air, Lung, 
Adipose tissue Soft tissue Skeletal tissue 

  “Nominal” mean density given to each material (Jiang et al MP 31, 2004,  
Parodi et al PMB 2007, Paganetti et al PMB 2009) 

  HU-dependent correction factors accounting for “real density”  
dependence and HU-range calibration curve as TPS (dEdxHU / dEdxH2O)  
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  1 Gy(RBE) 
  3 Gy(RBE) 
  5 Gy(RBE) 
  7 Gy(RBE) 
  9 Gy(RBE) 
 11 Gy(RBE) 
 13 Gy(RBE) 
 15 Gy(RBE) 
 17 Gy(RBE) 

Range 

MC versus TPS dose for passive delivery @ MGH  

Paganetti et al, Phys. Med. Biol. 53, 2008 



MC versus TPS for proton therapy @ MGH 
 Paraspinal tumor patient with metallic implants  

FLUKA MC mGy 

Prescribed proton dose: 1.8 Gy 
MC : ~ 7.4 107 p in 12 runs  

XiO/CMS 

metallic  
implants 

Parodi et al, IJROBP 2007 

mGy 

Useful tools to validate 
 critical TPS plans, e.g., with 
 large tissue inhomogeneities, 
 metallic implants 



Mairani, Ph.D. Thesis; Mairani, Parodi et al, IEEE CR 2008 

MC versus TPS dose for scanned 12C @ GSI/HIT 

TRiP FLUKA 

mGy mGy Clivus Chordoma Patient 

TRiP 

FLUKA 

Inhomogeneities, dose-to-
tissue and dose-to water, 
fragmentation tail 

Prescribed dose ~ 0.25 Gy 
MC ~ 1.7 107 12C in 10 runs  



Analytical dose calculation algorithms results in dose-to-water 
   (because materials are characterized by relative stopping powers) 

Monte Carlo results in dose-to-tissue 
   (because materials are characterized by material compositions, mass  
   densities, ionization potentials) 

Dose-to-water versus Dose-to-tissue 

  H. Paganetti recently proposed a formalism to convert MC 
calculated dose-to-tissue into dose-to-water in proton therapy 
(Phys. Med. Biol. 54, 2009)  

  Three approaches of increasing accuracy were studied, based on  

1.  Average stopping power ratios 

2.  Energy-dependent stopping power ratios 

3.  Energy-dependent stopping power ratios and nuclear interactions 
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H. Paganetti, Phys. Med. Biol. 54, 2009 

Dose-to-water versus Dose-to-tissue 



Dose-to-water versus Dose-to-tissue 
  In general 3 conversion approaches for Dw agree within 1% 

  Linear dependence of the relative Dw - Dm deviation with CT number 
(up to 10% in bony structures, negligible in soft tissue) 

Paganetti,  
PMB 53, 2008 

OAR 
TV 

Dose-to-water Dw vs. dose-to-tissue Dm 

(organs at risk) 

(target volume) 
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Relative Biological Effectiveness 

High LET particles (heavy ions) are more  
effective in cell killing than low LET 
radiation; this a consequence of their track 
structures, their energy deposition is 
restricted to small subvolumes along the 
particle trajectory.  

The energy loss is partially transferred to 
the liberated electrons which are mostly 
ejected with low energy, leading to high 
ionization densities in the track center.  
Due to this high ionization density within 
the track, the damages are produced 
closed together resulting in a high amount 
of clustered DNA lesions mostly 
irreparable.  

In clinical practice the RBE for protons is 
assumed to be 1.1. 

M. Krämer et al, Technology in Cancer Research & Treat., 
2003 

Biological basis of carbon beam therapy 
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Principle of PET 
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FLUKA – Dose distribution calculation in Nuclear Medicine applications

[eg: therapy with 131I, 90Y, 177Lu labelled molecules]



   Input:


+


CT image:

density map


functional image (SPECT, PET):

activity distribution



   Output:


-  dose distribution (Gy/GBq, Gy) at voxel level


-  Dose Volume Histogram [target tissue, healthy organs]


F. Botta (IEO) and A. Mairani (INFN) 




   Monoenergetic electrons – 1 MeV


Preliminary calculations:


Dose Point Kernel for low energy electrons [point isotropic source] 
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Preliminary calculations:


Dose in Anthropomorphic Phantom (example, 131I in the lung) 

Dose (a.u.) 



Material sources: 
  “Advanced dosimetric concepts for radiation therapy”  
                                             Dr K Parodi, Heidelberg, Germany 

  FLUKA Course Material (www.fluka.org) 

  Paolo Colleoni, Tesi Scuola di specializzazione in Fisica 
Sanitaria  


