
30.06.2020

1

Prof. Dr. Katia Parodi

Chair of Experimental Physics ïMedical Physics

Medical physics aspects of 
ion beam therapy in clinical 
practice 
SS 2020

Organisational information

Contact data:

Lehrstuhl für Experimentalphysik - Medizinische Physik

Am Coulombwall 1, 85748 Garching b. München 

Telefon:+49(0)89 289-14085
Fax:+49(0)89 289 14072
E-Mail : katia.parodi@physik.uni -muenchen.de

Consultation upon appointment

mailto:katia.parodi@physik.uni-muenchen.de


30.06.2020

2

Organisational information

Attention:

The proposal is to have oral examination via zoom for this course

Is this procedure ok for you or does anybody have issue with online 
examination?
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For ions variable RBE must be considered (especially for active scanning)

Heavy ions RBE

Options for Treatment Planning

How to estimate RBE values for the 
clinical situation?

RBE depends on:

ÅDose / Survival level, Depth in tissue, Ion species (T), Tissue type 

é

M Scholz, GSI

*

* For passively scattered delivery, currently adopting model called Microdosimetric
Kinetic Model (MKM) inspired by microdosimetry for active scanning
(however not yet(?) widely used in Europe)
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March 2006

3.3 GyEGSI

Model comparison

Ion treatment planning

With passive beam delivery, RBE can be considered to be a function of depth for 
each field for a given dose and fractionation (on the basis of dose-averaged LET)

Tsujiiet al NIRS



30.06.2020

5

Ion treatment planning

With passive beam delivery, RBE can be considered to be a function of depth for 
each field for a given dose and fractionation
The clinical RBE can be replaced by a LET dependent RBE for in vitro data (HSG* cells) 
under defined conditions, and then linked to neutron clinical data by an empirical factor 

Tsujiiet al NIRS
* Human salivaryglandcells

UpgradedTPS at NIRS

In connection with start of beam scanning at NIRS, their TPS has been upgraded to 
include MC-based physical characterization of the beam coupled to microdosimetric
biological modeling (MKM) as well as 12C ion clinical experience 

Inaniwa et al, PMB 2015
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UpgradedTPS at NIRS

Inaniwa et al, PMB 2015

Good consistency observed between original and upgraded system

The basic idea of 
the LEM model
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Locally, the biological effect is independent from radiation quality
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Local Effect Model for 
Calculation of RBE

Local Effect Model for 
Calculation of RBE

Input data

ÅSurvival curve for photons

ÅRadial track structure ions

ÅTarget dimension (nucleus size)
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M Krämer, GSI

Local Effect Model 
coupling to TPS

zcn specific energy in cell nucleus

M Krämer, GSI

Local Effect Model 
coupling to TPS
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M Krämer, GSI

Local Effect Model 
coupling to TPS

Related to the knowledge of the 
particle spectrum d N(T,E)/dE, stopping 
power dE(T,E)/dx and pencil beam weight w

Dose threshold after which survival
exhibits a purely exponential 
behaviour at high doses

Photon dose 
for same 
survival S

RBE := DRBE/D @ isoeffect

How to characterize mixed radiation field dN/dE( E,T) ?

M Krämer, GSI

Local Effect Model 
coupling to TPS

Approach followed in HIT, MIT and CNAO and in 
commercial treatment planning systems supporting LEM
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Fragmentation

No }medical products ¨Ę

Schall et al, NIMB ´96
Courtesy D. Schardt 
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The interaction of radiation
with matter Ėa review

Bethe-Bloch: 
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Heavy charged particles: stopping power

E Haettner, MSc Thesis 2006
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Data available at EXFOR Database 
(IAEA)
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TPSs coupled to LEM need laterally
integrated energy dependent fragment
spectra at different depths in water

dN(T,E)/dE as function of depth in water

Ongoingphysicsresearch

Improved characterization of mixed radiation field via single ion detection or 
microdosimetricmeasurements 

Left:  Ph.D. Thesis B. Hartmann, Heidelberg;  Right: Martino et al, PMB 2010

12C (430 MeV/u)

Si-baseddetectors

12C (300 MeV/u)

Low-pressuregas 
detectors(TEPC)
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M Krämer, GSI

Biological optimization in 
TPS

M Krämer, GSI

Biological optimization in 
TPS
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Krämer GSI

Biological optimization in 
TPS

TPSfor scanned ion beams 
(used at HIT and CNAO)

Parodi, Mairani, HIT

Syngo PT TPS,

SIEMENS
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× Suggested by Von Neumann and Ulamin 1949 for radiation transport and 
ǎƘƛŜƭŘƛƴƎ ŎŀƭŎǳƭŀǘƛƻƴǎ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ άaŀƴƘŀǘǘŀƴ tǊƻƧŜŎǘέΣ ǳǎƛƴƎ ŀ ǎŜŎǊŜǘ ŎƻŘŜ 
name referring to the Monte Carlo casino in Monaco  

MC methodsfor radiation
transport

Statistical method using random numbers

J. Von Neumann S. Ulam Monte Carlo Casino

× Based on random sampling from probability density functions (pdf) associated 
with the system and physical processes under investigation

Condensed history MC simulation

× FZgrę¥lfZee-^__^\m¦ę"¥lh_m¦) 
interactions can be grouped into 
_^pę\hg]^gl^]ęablmhkrę¥lm^il¦

× Sample of the cumulative effect 
from proper distributions of 
grouped single interactions 
(multiple scattering, stopping 
ihp^k&{#

× ¥AZk]¥collisions (e.g., d-ray 
production) can be explicitly 
simulated in an analog matter

Analog versus condensed
history MC

Approach followed in all general purpose MC codes

I Chetty et al, Report of the AAPM 

Task Group 105, Med Phys 34, 2007

Example of e- track
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Accuracy and reliability of MC results depends on

× Physical processes accounted for

× Models or data on which pdfs are based

× Randomness of pseudo-random event generators for sampling

× Selection of energy cuts and step sizes in particle transport

× Gnf[^kęh_ę¥ablmhkb^l¦ęN (statistics)

Computational time and Efficiency 

× Typical computational times for ion therapy applications are still very 
expensive (hours to days depending on N), though reduced via 
parallelization of runs on high performance computer clusters

× Efficiency e=(s2T)-1 is rather independent of N, being s2 (variance of 
the quantity of interest) ´1/N, T (computing time) ´N

MC methods for
radiation transport

Efficiency enhancing methods

× Variance reduction techniques (aiming to reduce the variance s 2)

- Sampling from artificial distributions, particle weights to account for bias

- Cannot reproduce physical correlations/fluctuations

- Enable faster convergence (ONLY for privileged observables)

× Setting of energy thresholds and step sizes (reduce time per history)

× Re-use of particle tracks (particle track -repeating algorithms)

Efficiency enhancing
methods in MC

To be used with care!
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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) 

{ęZg]ęhma^kl{

Capable to handle all ion beams of therapeutic relevance

Dedicated MC codes for proton dose calculations

× VMCpro, Fippel and Sokoup, MP 31, 2004

× In-house PSI code, A Tourovsky et al, PMB 50,2005

× Macro Monte Carlo, M. Fix et al, PMB 2013

The role of MC in 
ion beam therapy

MC are increasingly used tools to support:

Á Startup and Commissioning of new facilities:e.g., shielding calculations, 
beamlinemodeling, generation of TPS input data (®meas. time)

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

Á Dedicated applications:imaging of secondary emerging radiation or 
ǘǊŀƴǎƳƛǘǘŜŘ ŜƴŜǊƎŜǘƛŎ ƛƻƴǎ ŦƻǊ ǊŀƴƎŜ ǾŜǊƛŦƛŎŀǘƛƻƴ όt9¢Σ ǇǊƻƳǇǘ ƎŀƳƳŀΣ ΧύΣ 
which we will see in next lectures

Treatment planning systems (TPS) typically use analytical models 
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The clinicalapplication
of ion beams

3D-Active conformation via energy 

variation and lateral magnetic 

deflection of pencil-like beams @ HIT

Passive beam delivery @ MGH Boston, é

3D-Active conformation via energy 

variation and lateral magnetic 

deflection of pencil-like beams @ HIT

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

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

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
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Monte Carlo model of the 
nozzle at the FHBPTC
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Paganetti et al,
Med. Phys. 2004

2nd scatterer

MC application to passive 
beam delivery

High Z

Low Z
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Beam range: 13.47 cm
Modulation:     8.65 cm

Beam range: 12.0 cm
Modulation:    4.0 cm

Depth [mm]

4D Monte Carlo: Geometry changes during the simulation

via C++ class architecture

Paganetti et al,
Med. Phys. 2004 Modulation wheel
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MC implementation
based on milling
machine files

Paganetti et al,
Med. Phys. 2004

Aperture and 
Compensator

MC application to passive 
beam delivery

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

¨Lneopeja©Ę>n]ccĘla]go

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 ñgeometricallyò 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 "¥EB;<¦#ęZmęABM

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¦#ęin 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
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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

Ma^ę¥]]]¦ęF<ęfh]^ebg`ę_hkę
HIT-TPS
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Ma^ę¥ddd¦ęF<ębasic 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

Lhff^k^k&ęIZkh]bę^męZeęIF;ę+))/4ęFZbkZgbęIa'='ęMa^lblę+))04ęFZbkZgb&ę{ęIZkh]bę{ęIF;ę+)*)

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 Ė440 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 TPSagainst single Gaussianassumption 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)

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 ǎƛƳǳƭŀǘƛƻƴ Ǿƛŀ άƎŜƻƳŜǘǊƛŎŀƭέ ƳƻŘŜƭƛƴƎ

(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

ĂBeam eye viewñ 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

Fromdose 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

FromlectureVII

MC for CT-based dose 
calculations

Import of planning CT
Å 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

Å έNominal mean densityέ givento each material(lJianget al MP 31, 2004)

HU
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g
 /
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m3
)

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 άǊŜŀƭ ŘŜƴǎƛǘȅέ

and forcing MC to follow same ion-range 

calibration curve as TPS

CT to SPR look-up table

Krämer et al, PMB 2000

G
4

 M
o

n
te

 C
a

rl
o

X
iO 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


