Frontier Science ‘05
Milano Bicocca
15 Sept 2005

Giovanni Santin

Space Environments
and Effects Section
ESA/ESTEC

Giovanni.Santin@esa.int

&esa

Geant4
for the Medicine




~n of a major HEP software package for the next generation o
'nts using an Object-Oriented environment.

reyuncinens from heavy ion physics, CP violation physics, cos
ray physics, astrophysics, space science and medicakapplications.
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Simulations in the medical field

Radiotherapy
-  Goal:
Delivering the required therapeutic dose to
the tumour area with high precision, while
preserving the surrounding healthy tissue
Treatment planning usually performed with
commercial software
¢ MC de facto not used
Open issues
e Precision:
analytical models (speed constraints) Two communities of simulation users
geometry and material approximations
Cost
Each (expensive) treatment planning Research groups
software is specific to one technique / one —  (Almost) No particle physics
Souree background

Speed ) )
Heavy duties from hospital

Functional imaging : g Need for ease of use

—  Goal:

Scanner design, image reconstruction, Clinical use
scatter correction, protocol optimisation,... — Commercial interests/pressures

Monte Carlo simulations are now widely —  Official protocols
used in parallel to analytical computations —  Speed in treatment planning
or experimental studies for PET/SPECT User-friendly interfaces for hospital

Open issues usage

e Many programs: PETsim, SImSET,
EIDOLON, SIMIND, SIimSPECT, SORTEO,
MCMATV, PET-EGS, ...

Speed

@eﬁa Giovanni Santin - Geant4 for the Medicine - Frontier Science '05 - Milan 15/09/2005




PET, SPECT: the example of GATE

Geant4 Application for Tomographic Emission

Old approach: dedicated simulation
programs (PETsim, SImSET,
Eidolon,...)

Pros:

Fast development, Optimized on
application Application layer

Cons:

Simple geometry, limited number of
requirements, Limits in the physics
description, Maintenance, upgrades?

Framework

The main GATE features are:

Modelling of Time

e decay kinetics, movement, randoms...
Ease-of-use, interactivity

e use of a scripting language

* Voxel geometries

* Interface to STIR library
Versatility

e geometry and simulation fully scripted
Modular design

e new extensions easily added

Shared development

* OpenGATE collaboration http://www.opengatecollaboration.orqg
e long-term support
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Triple-head gamma camera

#CRYSTAL

/block/daughters/name crystal
/block/daughters/insert box
fcrystal/geometry/setXLength 30 mm
fcrystal/geometry/setY Length 4.4 mm
fcrystal/gseometry/setZLength 4.4 mm

fcrystal/setMaterial BGO

# REPEAT CRYSTAL INSIDE BLOCK
fcrystal/repeaters/insert cubicArray

fcrystal/cubicArray/setRepeatNumberX 1
S..Staelens

- ferystal/cubicArray/setRepeatNumberY 8
Uni Ghent

fcrystal/cubicArray/setRepeatNumberZ 8
fcrystal/cubicArray/setRepeatVector 0. 4.5 4.5 mm

# REPEAT BLOCK INSIDE RING
/block/placement/setTranslation 125. 0. 0. mm
/block/repeaters/insert ring
/block/ring/setRepeatNumber 18

A.S.Kirov, C.R.Schmidtlein, S.Nehmeh et al. A.S.Kirov, C.R.Schmidtlein, S.Nehmeh et al.
MSKCC and GE Medical Systems MSKCC and GE Medical Systems

NEMA 2-2001 Phantoms® http://www.opengatecollaboration.org

Image Quality
g

D.Guez, S.Kerhoas,
F.Bataille, C.Comtat,
it S.Jan
= DAPNIA and SHJF

N
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Geant4-based analysis tools
MULASSIS, GRAS

MULASSIS  |ginetia

Layer Geometry
Physics list choice
Space primary spectrum: interface to SPENVIS
Trapped protons
Solar protons
Trapped electrons
Analysis options
— Dose
—  Pulse-Height-Spectrum
— ( Dose equivalent
Web interiace. www.spenvis.oma.be

ts: Geometry definition for Multi-Layered Shielding ... P.'E].g]‘

| Crrrrr]

SPENVIS DEVELOPER Project: JWST
Radiation sources and effects
Multi-Layered Shielding Simulation: Geomatry

Giovanni Santin

GRAS

3D geometry (GDML, C++)

Analysis types

— Dose, Fluence, NIEL, Charging, Activation... for

LY -

suphortte-grigineening diid scientiie-dasian
Dose Equivalent, Equivalent Dose,... for ESA
exploration initiative

Full Geant4 physics
Different analyses set without re-compilation

Modular / extendable design
Can be inserted in existing applications




V alidation 1ssues

Accurate dosimetry is at the basis of radiotherapy treatment planning

Microscopic validation:
— verification of Geant4 physics

Dosimetric validation:
— in the experimental context
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Vaidation

Depth dose curves

MolybdenumE Water
] | Clinac 2100C, & MeV electron beam

Molybdenum, 0.5 MeV beam

Relative dose distribution [%:]

ol — GEANT4

GEANT4 .
Sandia {Lockwood et al., 1987) e , EGS4 (Ding & Rogers, 95)
EGSnre (Chibani and Li, 2002) : oo aﬁcﬁ; (ElfraJ_Ettali.ng?;]
MCNP (Chibani and Li, 2002 : off + eraj et al.,

C & Ib?'rjl L I'_.J'::m : |_* Wisconsin (Ding & Rogers, 95)
I & I 10 15 20 I PSI If'll'.l

z_.fHU D epth in water [mm]

Carrier et al, Med. Phys. 31, 484, (2004)
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Vaidation

Microdosimetry

Dose in Micro-volumes mimicked by gas chambers
Geant4 PAI model

Xe, 8.5 cm (20°C, 1 atm) 0.93 Ar+0.07 CH;,1.5cm (ZOBC.‘. 2 atm)

O PAI model: 10" events
PAI with photons: 10" events
GEANT4 standard: 10* events

experiment: pion, p =3 GeVic

PAT model: 10" events
PAI with photons: 10" events
GEANT4 standard: 10* events
experiment: e , ]Eki]l =318 MeV

"

o]
-
-

-

Arbitrary Units
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Validation
Dosimetry for IMRT

Monte Carlo "all inclusive" simulation of IMRT treatments

Scielzo G, Chauvie S, Stasi M, Emanuelli S, Gabriele P
Medical Physics Unit -- Mauriziano Hospital - IRCC, Turin, Italy

—  Simulation

® Experimental IMRT Step Profile

L Film

- Simulation

Energy Deposited (au)

ddd 1sfeM

DS SN BT | N | NS N
=300 250 200 -150 100 -50 1}
Depth (mm)
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Validation
Dosimetry for Brachytherapy

Geant4 simulation against experimental data

G. Ghiso, S. Guatelli
S. Paolo Hospital Savona

= Simulation
1,2

F Foppiano et ., IST Genova

aData

. experiniental
mesurements
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K wiewer-0 (Open GLImmedate)

Patient models

Voxel geometries

Courtesy S.Paganini et al.,
CRCN, Recife, Brazil

GATE — Hoffmann Phantom
S.Staelens, Gent University

L. Archambault, L. Beaulieu, V.-H. Tremblay
(Univ. Laval and I'H6tel-Dieu, Québec)

Scielzo G, Chauvie S, Stasi M, Emanuelli S, Gabriele P MC_LopeZ, L_Pera“:a’ P_Rodrigues’ A_Trindade,
Medical Physics Unit -- Mauriziano Hospital - IRCC, Turin, Italy IPOFG-CROC Coimbra and LIP Lisbon
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Patient models

Anthropomorphic phantoms

Human phantom library
Useful for radiation protection, Thyroid
therapy protocol studies \»
Lungs — 3
Other phantoms developed by Breasts — L
Geant4 users, not public Heart — | - — —
Gibbs Phantom (1984) Liver/'r _"_E Stomach
NORMAN Phantom (MRI data — 4 Kidneys

of a volunteer) Upper Large —— —Pelvis
Zubal Phantom (from CT and Intestine I T

MRI data) _—

Uterus -

Spine
Esophagus

«—Arm Bones

Ovaries

Lower Large Intestine

Urinary Bladder
Leg Bones

Analytical model

G.Guerrieri
INFN Genova Not visible:

mnt 4 DNA Brain (in the skull)
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Patient and Experimental Setup models

|nterfaces to CAD models

lon Strike in a TCAD Structure

523 MeV Ne=W plug

Vanderbilt University (2005)

esa

Giovanni Santin - Geant4 for the Medicine

Synergy medical / space applications ?

— Geant4 extensions for study of effects to
microelectronics

— Microdosimetry

These may include quite complex structures ...

Axi-symmetric finite-element mesh

; ; G4-geometr
from device process simulator g y

QinetiQ (2005)

- Frontier Science '05 - Milan 15/09/2005
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Complete smulations

CATANA hadrontherapy

GEANT4 simulation

G.A.P. Cirrone, G. Cuttone
INFN LNS, CATANA project
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Comparison with commercial treatment planning

systems
M. C. Lopes !, L. Peralta . P. Rodrigues 2. A. Trindade -
1 IPOFG-CROC Coimbra Oncological Regional Center - 2 LIP - Lishon

CT-simulation with a Rando phantom
Experimental data obtained with TLD LiF
dosimeter
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Relative Dose {%)

CT images used to
detine the geometry:
a thorax slice from a

Rando
anthropomorphic

phantom

120

Agreement better than 2% between

100 GEANT4 and TLD dosimeters

S0

9.8 cm de pth

60

GEANT4
o Experimental Data
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Complete smulations

Dosimetry for Brachytherapy

J. Moscicki, CERN

Transparent access

e ' to a distributed computing environment
Endocavitary =0 mm

1 Parallelisation Access to the GRID

Superficial

Leipzig
applicator

@ cluster 30 machines
imulation

mim .

time [minutes]|

0 30 40 S0 o0 100 110 120 130 140
number of events [M]

S.Guatelli, INFN Genova
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Space Exploration

On-going activities for a Geant4-based radioprotection programme




(Extra) Galactic and
anomalous Cosmic Rays

Sources

Protons and lons

<E>~1GeV, E__ > 10% eV

max

Continuous low intensity
Dominant in quiet time

Solar radiation

Protons, some ions, electrons,
neutrons, gamma rays, X-rays...

Softer spectrum

Event driven — occasional high fluxes -
over short periods. ._ Trapped radiation

A Electrons ~< 10 MeV

e Protons ~< 102 MeV

» SNERE

11 Proton Flux [5 minuts thGl) Eleg‘m: 005 Sep 100 GOo0 |

GOES11 Proton Flux (5 m

inute data)

Begin: 2005 Sep 7 &

10*E ‘E z E 3

: : I 2 : )
10tk - Wm/vdz : L\N\M‘N i i
Ll E = - I E = = |
- E = 5 2 et —— - = = -
. b T, - - - |
t'll r r - - A E
£ 10'L E T EN LT TE o E
L] E E = = =
i‘“j L - ] <
2 E H E ‘
. E - = .
o E - 7
o L _ ]

Sep 7 Sep 2 Sep Y Sep 10 Sep 11 Sep 12 Sep 13
Universal Time Universal Time

2005,/08/08 12;21 Updated 2005 Sep 9 23:56:03 UTC NOAA/SES BoulderZ00E Sep 12 17:11:03 UTC NOAA/SEC Boulder, CO |



REMSIM

Radiation Exposure and Mission Strategies
for Interplanetary Manned Missions

— water
2.5¢405 [ phantom

GCRp
SIH+10 cm water

~8%130 MeV — 700 MeV
© 700 MeV -5 GeV
5 GeV — 30 GeV_ o0%®

E > 30 Ge °®
o
....' 'S

....
Seag
@ L 7
— L 4 2089
50000 a® L I.....

L |
10 15

Depth (cm) )

Sketﬁh and S|zes @ ESA Aurora Programme
ALENIA SPAZIO |
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DESIRE

Dose Estimation by Simulation of the | SS Radiation Environment

http://www.particle.kth.se/desire/

T. Ersmark?, P. Carlson?, E. Daly?, C. Fuglesang?, I. Gudowska?, B. Lund-Jensent,
R. Nartallo?, P. Nieminen?, M. Pearce?, G. Santin?, N. Sobolevsky®
1Royal Institute of Technology (KTH) (Stockholm), 2ESA-ESTEC (Noordwijk), SEAC/JSC (Cologne/Houston), 4Karolinska Institutet (Stockholm), sInstitute for Nuclear Research (Moscow)

GOAL

Accurate Monte Carlo calculations (Geant4)
of the radiation fields and doses to astronauts
inside the European Columbus module of the
International Space Station.

INCIDENT RADIATION
» Trapped protons

= Galactic cosmic rays

= Solar particle events

» Earth albedo neutrons

ISS AND COLUMBUS

Courtesy ESA

= Circular orbit
= 400 km altitude
= 51.6° inclination
= 370 tons (14A)
= 110 by 75 m




GEANT4 GEOMETRY CALCULATED DOSE RATES

= |SS configuration 14A, 400 volumes INSIDE COLUMBUS

= Columbus, 800 volumes = Spherical water phantom
radius 0.5 m

» Trapped protons: 2.0 uGy/h

SPENVIS, AP8-min

» GCR protons: 3.3 uGy/h

CREME96, solar minimum

. Example
— Incident SpeCtra of

—— Protons .

-~ Neutrons penetrating
Electrons
Photons il trapped protons

and secondary

particles.

-
(=]
]
T

-
=]
2]

[=]
T

Particle flux (cm™ MeV's")

10°
Energy (MeV)

Courtesy: T. Ersmark, KTH Stockholm

The DESIRE project is funded by ESA (15613/NL/LvH)
DESIRE and the Swedish National Space Board.




Space environment and Physics models

1 VI

2 HAD protons

HAD ions

Geant4 models

100 eV 1 keV 10 MeV 100 MeV 100 GeV 100 TeV 100 PeV

Plasma

Tr. Electrons

Cosmic rays: p,o,ions

Extreme Energy Cosmic Rays
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esa

Physics developments

Low energy EM

Models for photons, electrons, hadrons and ions
to extend the coverage of electromagnetic
interactions

—  photons and electrons down to 250 / 100 eV

—  protons, ions and antiprotons down to <1 keV

Specialised models taking into account photon
polarisation

Applications from high energy physics
experiments to space science and astrophysics
to the medical field

Hadronics

Dose contribution typically 20-30%

Important for background rate on science data
analysis

Recent new models

See talk on Geant4 Hadronic Physics

lon importance: see next slide

Giovanni Santin -

Geant4 for the Medicine

oric model summary

Absorption at rest
W, T, &, p-bar, n-bar
CHIPS |

(I for sure left off

CHIPS (gamma)
LEP
il

Binary cascade FIYF string

‘Eva r
multifrag
Fermi

QGS string
Bertini cascade
Binary light ion reaction
oM VETrSION an
Rad. Dec g aciton prec.
Fission
Inclusive mars

LEpp, np

Neutron_hp

EM dissociation of ions
HE Elastic
abrasion
100 MeV 1 GeV 1 Tel/

I MeV 10 Mel 10 GeV 100 GeV

CERMN/EP/SFT

something, like G4 LT astic)

Glauber model

10 TeV

100 TeV
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Physics devel opments

Dose Equivalent - GCR
Data from W Schimmerling, J W Wilson, F

Cucinotta, and M-H Y Kim, 1998.

Other Proton
23% 19%

L

=T =]
o

Relative Flux (Si=1
=)

I ngivictual Elerments Even-7 Elernents
-
L L 2

W 20 30 40 50 €0 M 8n S0
Nuclear Charge (Z)

Recent new models : :
Abrasion/Ablation

— EM: new ionisation model based on effective charge (NUCFRG2, A/
— Light lon Binary Cascade Qinetiq, Efﬁ««
+ <~10GeV/n )
Abration / Ablation (Wilson)
e P.Truscott, ESA — IONMARSE contract
New nuclear-nuclear cross section classes o Abrasion + evap

. P.Truscott F W Experiment
F CINUCFRG2

C-C 1050 MeV/nuc

N
o
=]

Coming

— lon Quark Gluon String model
e higher Z, higher Energy (<~ 100 GeV/n)

cross-section [mb]

=
o

Important for SEE studies, biological effects

B10 Bel0  Be9 Be7 Lis Li7
Fragment
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QinetiQ Phy_si CS o_IeveI opment
Radioactive decay

Complete radioactive decay chains
— Emission of a, B* n, y—and X-rays
— Based on ENSDF data
— Variance reduction techniques

Medical applications

— PET/SPECT, ...
«  GATE,...

Other fields

— Underground experiments
Neutrino, Dark Matter, ... 7 4
— Space applications /

Long term radioactivity contributor to background
levels in y- and X-ray instruments

Low background detectors
— Integral,...
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Geant4 DNA

Damage mechanisms

Interactions of Radiation with Biological Systems
at the Cellular and DNA Level

Geant4 extension to simulate electromagnetic interactions in liquid water down to ~7.5 eV
— €,p,H, He

Validation : two independent computations performed by LPC Clermont & CENBG from litterature

e Total cross section Energy Rutherford + screening factor
. . : No models
e Angular distribution deposit Brenner Emfietzoglou

p energy distribution Analytical

e, H, He, He*, He** energy distribution
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Conclusions

Geant4 simulations of radiotherapy and functional imaging are generally more precise than
“standard” commercial tools

There have been extensive validations and applications of Geant4-based tools for
radiotherapy and functional imaging

Synergies with space activities are useful to address critical areas of improvement
— Interfaces
— Physics model extensions

Some issues still exist, which prevent tools based on advanced, precise MC codes (such as
Geant4) from becoming part of the official protocols for treatment planning or image
reconstruction. These include

— Official validation

— Friendliness of User Interfaces

— Computation speed

On-going activities are addressing these open issues. Work includes:
— CAD model interface
— Deployment on the GRID
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