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Organisational information

Examinations: will be held per Zoom, contact information and form to
fill for consenting to online examination (to be downloaded from the
lecture website) will have to be provided upon registration via email to
Mrs Andrea Leinthaler (Andrea.Leinthaler@physik.uni-muenchen.de) 
and myself (Katia.Parodi@lmu.de)

Doodle pool https://doodle.com/poll/dgcthm3nhe6fy36x comprising following dates
28/7 14:30-15:45
30/7 15:30-16:45
31/7 14:00-15:15 and 15:30-16:45
3/8, 4/8, 6/8, 7/8 each 8:30-9:45; 10-11:15; 11:30-12:45

mailto:Andrea.Leinthaler@physik.uni-muenchen.de
https://doodle.com/poll/dgcthm3nhe6fy36x
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of ion beams

3D-Active conformation via energy 

variation and lateral magnetic 

deflection of pencil-like beams @ HIT

Passive beam delivery @ MGH Boston, …

3D-Active conformation via energy 

variation and lateral magnetic 

deflection of pencil-like beams @ HIT

Active beam delivery @ GSI Darmstadt, HIT, CNAO, …

Figures: http://www.advanced-cancer-therapy.org, GSI Darmstadt
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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

1. Beam size and spread (IC measurement)

2. Beam angular spread (manufacturer info)

3. Beam energy (range!)   (control system)

4. Beam energy spread (manufacturer info, measured)

Parameters to characterize the beam at treatment head entrance
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Experimental validation of 
the Monte Carlo

Depth [cm]
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Paganetti et al, Phys. Med. Biol. 53, 2008

“Pristine” Bragg peaks

Paganetti et al,
Med. Phys. 2004

Spread-out
Bragg peaks

Experimental validation of 
the Monte Carlo
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Universal IBA nozzle can also enable scanning beam delivery

Scanning Magnet simulation

(can be modeled “geometrically” or via B field)
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Active ion delivery @ 
GSI / HIT / CNAO

scanning of
focussed
ion beams
in fast
dipole magnets

active variation
of the energy,
focus and
intensity in the
accelerator and
beam lines

Haberer et al., NIM A , 1993

The generation of accelerator
library (“LIBC”) at HIT

Parodi, Mairani et al PMB 2012

Modeling based on FLUKA 
Monte Carlo (MC) code

Prior to beam production
Accelerator library for p / 12C 
 255 Energies (2-32 cm in water)
 4 Foci (4 -10mm FWHM)

Beam monitor system

Dipole magnets

Ion sources 
+ LINAC

Synchrotron

GSI, HIT, Siemens AG

Carbon ion energy (MeV/u)

Predicted scattering limitations 
confirmed by accelerator team 

while tuning the machine
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Exp. Data (points) taken at HIT:  D. Schardt,     

P. Steidl, K. Parodi, S. Brons

Exp. Data (points) taken at GSI: 

Haettner et al, Rad. Prot. Dos. 2006

Protons (183 MeV/u) in water 12C ions (400 MeV/u) in water

The FLUKA MC code for ion therapy: 
an example of benchmarking

MC for generation of input data for TPS (I)

Depth-dose profiles (“ddd”) in water w/wo ripple filter (RiFi) 
for all the 255 energies delivered by accelerator for p and 12C

Parodi, Mairani et al PMB 2012

Advantage of MC (1): reduction of expensive beam time

p without RiFi12C with 3mm RiFi

o Meas; - MC with acceptance corr; - MC Database @ HIT



07.07.2020

9

Parodi, Mairani et al PMB 2012

Advantage of MC (2): Eliminate influence of detector response

o Meas; - MC with acceptance corr; - MC Database @ HIT

p without RiFi12C with 3mm RiFi

MC for generation of input
data for TPS (I)

Parodi et al, PMB 2012

p (E#33)12C (E#33)

MC data normalized to meas., but relative scaling with/WO RiFi is PRESERVED!

Detailed modeling of the ripple filter (RiFi) element

The “ddd” MC modeling for 
HIT-TPS
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The “ddd” MC basic data for HIT-TPS

12C with 3mm RiFi p without RiFi

In clinical use since November 2009

Parodi, Mairani et al PMB 2012

12C ions (400 MeV/u) on water 

Carbon Beam Attenuation

Exp. Data from Haettner et al, Rad. Prot. Dos. 2006, now available in IAEA database

Exp.  Data (Points)
FLUKA (Solid line)

Benchmarking FLUKA against thick-target (water) fragmentation data from GSI

Sommerer, Parodi et al PMB 2006; Mairani Ph.D. Thesis 2007; Mairani, … Parodi … PMB 2010

MC for generation of input data for TPS (II)

MC models reliable (compared to uncertainties of exp. and biol. data)

Build-up of secondary fragments

Exp.  Data (STARS)
FLUKA  (POINTS - LINE)
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Fragment spectra dN/dE(AF,ZF) in water w/wo ripple filter (RiFi) for 12C
(80 – 440 MeV/u in steps of 10 MeV/u)

Parodi, Mairani PMB 2012

In clinical use since November 2009

12C ions (80 - 400 MeV/u)
Beam attenuation profiles

with 3mm RiFi

100 MeV/u

200 MeV/u

300 MeV/u

400 MeV/u

12C ions (400 MeV/u)
Energy Spectra at 25 cm

400 MeV/u

MC for generation of input data for TPS (II)

• Large angle scattering in beamline
• Large angle emission of nuclear secondaries / fragments

Lateral profiles in water at ~16cm shortly before the Bragg Peak

MC database of experimentally validated lateral profiles for improved
beam modeling in TPS against single Gaussian assumption to account for

Meas: Schwaab BSc Thesis 2010, Schwaab,…,Parodi, PMB 2011; MC: Parodi et al, J Rad Res 2013

MC for generation of input data for TPS (III)
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Parodi, Mairani and Sommerer, JRR, 2013

The double Gauss parametrization for TPS beam model

In clinical use since July 2011 (and also transferred to CNAO)

MC for generation of
input data for TPS (III)

Bragg peak
depth

For beamlet of no initial size

The impact of double Gauss on TPS plan verification

Old TPS (Variable Single Gauss)

Small cube (3cm side) in 20 cm depth in water

Old TPS (Constant Single Gauss)
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Henkner et al, to be published; Courtesy of HIT Med. Phys. Team

New TPS (Double Gauss with MC data)
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Modeling of pencil-
beam scanning

Scanning Magnet simulation via “geometrical” modeling

(F. Sommerer et al, EWG-MCTP Workshop, Ghent 2006; 

Parodi, Mairani, Sommerer PMB 2011, 2012)

BAMS (3 ICs, 

2 MWPCs)

Vacuum 

window

Beam 

(E,F,I)

Horizontal 

magnet

Vertical 

magnet

RiFi Bolus

Water 

phantom

Y

X

Z

Vacuum

Isocenter

Air

Raster scan 

point [Xplan,Yplan]

MC application to active beam delivery @ HIT

FLUKA dose calculations of irradiated scanned fields for comparison with

measurements and TPS calculation to support TPS-dosimetric tests

Meas.: ICs in 

water phantom + 

data acquisition 

system from C. 

Karger (DKFZ)

FLUKA: ~ 108 p 

out of  4.4 1010 

irradiated

Parodi et al PMB 2012

„Beam eye view“ Along depth Along depth

Protons
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MC application to active beam delivery @ HIT

FLUKA dose calculations of irradiated scanned fields for comparison with

measurements and TPS calculation to support plan verification

Meas.: ICs in 

water phantom + 

data acquisition 

system from C. 

Karger (DKFZ)

FLUKA: ~ 108 p 

out of  4.4 1010 

irradiated

Parodi et al PMB 2012

Protons

Gy

MC dose calculations of scanned 
fields compared to measurements

MC forward re-calculations
of TP in water

Gy

Carbon ions
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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 (mx-mH2O) / mH2O
Krämer et al, PMB 2000

Krämer et al, PMB 2000

Physically: Stopping

power ratio in tissue

relative to water

MC for CT-based dose 
calculations

Import of planning CT
• Segmentation into 27 materials of defined elemental composition
όнп ǘŀƪŜƴ ŦǊƻƳ {ŎƘƴŜƛŘŜǊ Ŝǘ ŀƭ нлллΣ ŜȄǘŜƴŘŜŘ ƛƴ tŀǊƻŘƛ Ŝǘ ŀƭ нллт ǳǇ ǘƻ I¦ җ олсл ŦƻǊ ¢ƛύ

HU

• έNominal mean density” given to each material (lJianget al MP 31, 2004)

HU

M
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ss
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 /
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m
3
)

Air, Lung,
Adipose tissue Soft tissue Skeletal tissue

Schneider et al PMB 45, 2000 (based on analysis of 71 human CT scans)
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MC for CT-based dose 
calculations

A. Mairani PhD thesis 2007, Pavia

FLUKA

TPS

12C (270 MeV/u) on CT phantoms
Correction factors accounting for “real density”

and forcing MC to follow same ion-range 

calibration curve as TPS

CT to SPR look-up table

Krämer et al, PMB 2000
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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



07.07.2020

17

MC versus TPS for proton therapy @ MGH

Paraspinal tumor patient with metallic implants

Confirmed advantage of MC vsTPS regardless of used code

K. Parodi, in „Ion Beam Therapy“, Ed. By Ute Linz, 2011

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 proposed three approaches to convert MC dose-to-tissue 

into dose-to-water in proton therapy (Phys. Med. Biol. 54, 2009) 

1. Average stopping power ratios

2. Energy-dependent stopping power ratios

3. Energy-dependent stopping power ratios and nuclear 

interactions
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Methods
Converting dose to medium into dose to water

A. Retro-active conversion considering relative stopping power



Dw

A  Dm 

1
w

dE

dx











w

1
m

dE

dx











m

 Dm  sw,m

• Based on Bragg-Gray cavity theory

• Assumes small volume (no perturbation) and charged particle 

equilibrium

• Requires solely the unrestricted water-to-tissue collision stopping 

power ratio

Paganetti , MGH

Methods
Converting dose to medium into dose to water

B. On-the-fly conversion considering energy and particle 

dependent relative stopping power

• Takes into account the energy dependence of the relative stopping 

powers

Paganetti , MGH

B



(if not tracking secondaries heavier than protons and recoils )
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H. Paganetti, Phys. Med. Biol. 54, 2009

Methods
Converting dose to medium into dose to water

C. On-the-fly conversion considering energy dependent 

relative stopping power and nuclear interactions

• Incorporates nuclear interactions events

• Methods based solely on stopping power considers only nuclear 

secondaries and their electromagnetic energy loss

Paganetti , MGH
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H. Paganetti, Phys. Med. Biol. 54, 2009

Excludesparticleswhichare explicitly tracked

Results General observations
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Paganetti , MGH
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DXiO

Dm

Dw
A

Dw
B

Dw
C
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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 54, 2009

OAR

TV

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

(organs at risk)

(target volume)
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Dose-to-water versus Dose-to-tissue

Dm Dw
C
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Dw
A

Isodose lines: 

100% (green)

80% (red)

50% (blue)

20% (yellow) 

1.5 mm

Impact on proton beam range

Paganetti, 

PMB 54, 2009

The role of MC in reducing
proton range uncertainties
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Biological dose calculations
in 12C ion therapy

Clinical prescription is given as biologically equivalent dose

(because biological response is dependent on the specific tissue and the 

mixed radiation field produced in carbon ion therapy)

MC for TPS verification in 12C ion therapy must include biology

(because physical dose is insufficient for clinically relevant information)

Runtime coupling of MC with the Local-Effect-Model LEM 

(Krämer and Scholz 2000) used by TPS

Mairani, PhD Thesis 2007; Mairani é Parodi é PMB 2010

Given a biological model as a input of the simulation                                 
(in terms of particle type, energy or LET)

Whenever energy E is deposited in a target voxel by a certain radiation type, the 
biological response is evaluated on-line taking into account the biological database 

According to the typical linear-quadratic dependence and the TDRA (Theory of Dual 
Radiation Action) the number of lesions in a Mixed Radiation Field is expressed as

In MC the sums of Di, aiDi and bi
1/2Di can 

be scored during runtime in different 

arrays to allow final determination of the 

average parameters for a mixed field:

Mairani, PhD Thesis 2007; Mairani … Parodi … PMB 2010

MC for biological dose 
calculations
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Experimental validation for two 12C ion fields with “H-shaped” target

Exp. data and TPS calculations: Krämer et al PMB 2003; MC simulations: Mairani, é Parodi é PMB 2010

Cell survival (meas) GSI-TPS (TRiP98) FLUKA

MC for biological dose 
calculations

FLUKA MC coupled to Local-Effect-Model (Scholz et al GSI) used by GSI-

TPS (TRiP98) and HIT-TPS for calculating biological RBE-weighted dose

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

MC Calculations: A. Mairani et al, Poster P104

FLUKA           GSI-TPS (TRiP98)          Exp data

a) b) c)

Comparison of MC vs TPS for
proton and 12C ions

Bauer, ..., Parodi PMB 2014

TPS - DwMC - Dm MC - Dw TPS - DwMC - Dm MC - Dw
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Carbon ions Protons
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Range deviations MC vs TPS 
for proton and 12C ions

Caveat: effects of statistics

Bauer, ..., Parodi PMB 2014
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MC-based optimization!

Towards MC-TPS

Mairani, Böhlen, ...Parodi, Patera, PMB 2013

Towards GPU-based MC-TPS

Qin…Pinto ... Parodi, Jia IJROBP 2018

12C ions (incl. Biology)

- - GPU-MC
TOPAS

Giantsoudi D, … Jiang S, Paganetti H PMB 2015

Protons (vs. Full MC)
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Conclusion & Outlook

GPU MC solutions of commercial
vendors entering clinical routine
for protons

Conclusion and Outlook

 Monte Carlo are very promising and rapidly emerging techniques to 

support and promote high-precision ion beam therapy via 

- Optimal shielding, beam delivery design and Quality Assurance

- Accurate estimation of dose deposition in water and patient CT

 Improvements in computational power, efficiency enhancement 

methods or (simplified) GPU implementations will likely enable wide 

routine clinical use of Monte Carlo in ion therapy, including MC-TPS


