Updates on G4-Med, a Geant4 benchmarking for
bio-medical physics applications:
Regression tests and computing performance

Miguel Antonio CORTES-GIRALDO

Dep. Atomic, Molecular and Nuclear Physics, Universidad de Sevilla (Seville, Spain)

On behalf of the Geant4 Medical Simulation Benchmarking Group

IV Jornadas RSEF / IFIMED de Fisica Médica

Sevilla

December 1, 2023 ()N\ GE ANT4



Geant4 Medical Simulation Benchmarking Group

P Arce', J Archer?, L Arsini®, D Bolst?, M-C Bordage*, J M C Brown?, B Caccia®, A Chacon’, P Cirrone8, M A Cortés-Giraldo®, D Cutajar?,
G Cuttone?, L Desorgher'®, P Dondero', A Dotti'?, B Faddegon', S Fattori®, C Fedon', S Guatelli®", A Haga', S Incerti',
V Ivanchenko' '8, D Konstantinov'®, | Kyriakou', G Latyshev®, A Le?, Z Li'%, M Maire?!, A Malaroda?’, C Mancini-Terracciano?,
A Mantero™, C Michelet’s, F Nicolanti®, M Novak'®, C Omachi?3, L Pandola, A Perales?*, Y Perrot®®, G Petringa®, S Pozzi®,
J M Quesada®, J Ramos-Méndez'3, F Romano?®, A B Rosenfeld?, M Safavi-Naeini’, D Sakata?’, L G Sarmiento?8, T Sasaki?®, Y Sato'®,
A Sciuto®, | Sechopoulos3??!, E C Simpson3?, T Toshito?*, N H Tran'®, D H Wright'2.

'CIEMAT, Madrid, Spain. ?Centre For Medical Radiation Physics, University of Wollongong, Wollongong, Australia. 3University of Rome "Sapienza" and INFN, Sec. of
Rome, Rome, Italy. *CRCT (INSERM and Paul Sabatier University), Toulouse, France.3Optical Sciences Centre, Department of Physics and Astronomy, Swinburne
University of Technology, Melbourne, Australia. SIstituto Superiore di Sanita’, Rome, Italy. "ANSTO, Lucas Heights, Australia. 8INFN LNS, Catania, Italy. Universidad de
Sevilla, Spain. "%Institute of Radiation Physics (IRA), Lausanne University Hospital, Lausanne, Switzerland. ""SWHARD srl, Genova, Italy. "Private Researcher.
"SUniversity of California, San Francisco, CA, USA. “NRG, Utrechtseweg, Arnhem, The Netherlands. "°Tokushima University, Tokushima, Japan. ®CNRS, Université
Bordeaux, LP2I Bordeaux, UMR5797, Gradignan, France. ""Tomsk State University, Tomsk, Russian Federation. "8 CERN, Geneva, Switzerland. "*Medical Physics
Laboratory, University of loannina, loannina, Greece. 2°NRC "Kurchatov Institute" - IHEP, Protvino, Russian Federation. 2'!LAPP, IN2P3, Annecy, France. 22Nepean
Blue Mountains Local Health District, Penrith, Australia. 2Nagoya Proton Therapy Center, Nagoya, Japan. **Hospital Universitario Puerta de Hierro, Majadahonda,
Spain. ©IRSN, Fontenay-aux-Roses, France. 2INFN Catania Section, Catania, Italy. ?’Osaka University, Japan. 2Lund University, Lund, Sweden. 2KEK, Tsukuba,
Japan. ¥Radboud University Medical Center, Nijmegen, The Netherlands. 3'Dutch Expert Center for Screening (LRCB), Nijmegen, The Netherlands. 3?Australian
National University, Canberra, Australia.

94 M. A. Cortés-Giraldo (U. Sevilla) | IV Jornadas RSEF / IFIMED de Fisica Médica | 2023-12-01 2



The Geant4 Medical Simulation Benchmarking Group
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https://twiki.cern.ch/twiki/bin/view/Geant4/G4MSBG

Motivation & Goals

=  G4-Med project:

= 20 tests to benchmark Geant4 pre-built physics lists
for medical physics applications.

= Against reference data and experimental
measurements.

= Routinely executed for regression tests.
= geant-val @ CERN.
= Some in Geant4 nightly tests.

= Goals:
= Provide physics list recommendations.
= Monitor physics capability of Geant4.

= Webpage:
https://twiki.cern.ch/twiki/bin/view/Geant4/G4MSBG
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Regression tests on the CERN computing infrastructure

Geant Validation Portal

User layouts
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https://twiki.cern.ch/twiki/bin/view/Geant4/G4MSBG
https://geant-val.cern.ch/

Geant4 Physics Lists Tested

Electromagnetic Physics Constructors

= G4EmStandardPhysics (a.k.a. “option0”)
= Usually used as reference by Geant4 physics developers for high-energy physics.

= G4EmStandardPhysics_option3 (“EMY” suffix in physics list naming convention)
= Based of G4EmStandardPhysics with more accurate settings to model dE/dx, nuclear stopping & fluorescence.

= G4EmStandardPhysics_optiond (“EMZ” suffix)
= Deemed to be the most accurate combination of Geant4 models, regardless of CPU efficiency.

=  G4EmLivermorePhysics (“LIV” suffix)
= Includes data-driven low-energy models for e ionization and y based on the Livermore evaluated data libraries.

=  G4EmPenelopePhysics (“‘PEN” suffix)
= |ncludes low-energy models for e, e* & y re-engineered from PENELOPE code.
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Geant4 Physics Lists Tested

Hadronic Physics Constructors

For proton therapy:

= QGSP_BIC_HP
= G4EmStandardPhysics_option4 is used by default since Geant4-10.5.
= QGSP_BIC_EMY is same as previous, but...

= No HP libraries for neutrons.
=  G4EmStandardPhysics_option3 is used.

= QGSP_BERT_HP differs from QGSP_BIC_HP in:

= EM interactions are modeled with “option0”.
= Forincident p & n, Bertini model (own Precompound+Evaporation) is used for hadronic inelastic scattering.

For carbon ion therapy:

= Gd4lonBinaryCascade - LightlonBinaryCascade model.
= G4lonQMDPhysics - Quantum Molecular Dynamics (QMD) model.
= G4lonINCLXXPhysics - Liége Intranuclear-Cascade model (INCL).
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Tests included in G4-Med

https://twiki.cern.ch/twiki/bin/view/Geant4/GAMSBG EEEEEN=

Welcome to the Twiki web page of the GAMSBG initiative: G4-Med PU b| ication #1 .

Eupose Arce et al. (2021), Med Phys, 48(1):19-56.
[doi: 10.1002/mp.14226]

CERN computing infrastructure.

List of current tests
Curmrently the G4-Med system includes 18 tests.

N = Qutcomes with Geant4 v10.5;

Photon attenuation coefficients PhotonAttenuation

Electron stopping powers ElectronDEDX

Low energy electron backscattering ElectronBackScat P.Dondero, A Mantero,V. Ivanchenko, M. Novak [ | O ” G 4 E S t d d Ph t 4
on acks - , verall, G4EmStandardPhysics_option

Electron scattering from foils at 13-20 MeV kinetic energies ElecForwScat B. Faddegon, J. Ramos-Méndez

Bremsstrahlung

(_EMZ) is recommended for accurate

B

Fano cavity P.Arce , M. Maire, M. Novak . .

LowEElecDPK S. Incerti, M.-C. Bordage, |. Kyriakou, Y. Perrot Sl m u |at|0ns .
5 ) )

Microyz

e —h = QGSP_BIC_HP (_EMZ) physics list provides
Dosimetry - clinical 5-6 MeV electron beam To be added — — —

Dosimetry for mammography Mammo C. Fedon, |. Sechopoulos a OOd Ove ra” descri tion
Hadronic nucleus-nucleus inelastic cross section NucNucinelXs D. Sakata, S. Guatelli, E. Simpson g p '
Bragg curves in water for 67.5 MeV protons LowEProtonBraggPeak B. Faddegon, J. Ramos-Méndez

Absolute neutron yield for protons ProtonC12NeutronYield B. Faddegon, J. Ramos-Méndez

Production cross sections of different fragments C12FragCC C. Omachi, T, Toshito, T. Sasaki

62 MeV /n C-12 fragmentation on Carbon target LowEC12Frag (5

400 MeV/n C-12 fragmentation C12Frag D. Bolst, 3. Guatelli, F. Romano

Estimation of proton radiobiological damage LowEProtonRBE G. Petringa, GAP Cirrone L. Pandola, G. Cuttone

Light ion (proton, 3He, carbon) range and depth dose curves in water = LightlonBraggPeak M. Cortes-Giraldo, A. Perales, J. M. Quesada Molina
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https://twiki.cern.ch/twiki/bin/view/Geant4/G4MSBG

Current benchmarking activities

= Regression testing between 10.5 (paper #1) = Execution time benchmarking — done with
and 11.1 for the existing tests: Geant4 v11.1;
= Normalized mean square error (NMSE) = Selected cases for each test.
= Data analysis performed @ CMRP, University of = Benchmark all tested physics lists.
Wollongong (Australia). = Have enough histories to neglect the initialization
= New tests: phase.

= Physics lists used as reference:
= G4EMStandardPhysics_option3.
= G4EmDNAPhysics_option2.

= Geant4-DNA tests (microdosimetry and chem test)

= X-ray radiotherapy dosimetry with the advanced
example medical_linac

= |n-vivo PET for hadrontherapy.

Ongoing activity
Paper #2 in preparation
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Selected Results: EM Physics

Note: Work in progress — these are preliminary!
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Fano Cavity test

No significant change

P. Arce (CIEMAT), M. Maire (LAPP) & M. Novak (CERN)

Check that the ratio of the dose deposited in the cavity divided by
the beam energy fluence is equal to the mass energy transfer
coefficient of the wall material.
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Electron forward scattering

B. Faddegon & J. Ramos-Méndez (UCSF)

Experimental benchmark of the forward scatter of e- with
energy 13 MeV and 20 MeV

Scattering angle = 2-8 deg

Exp. data: Ross C, et al (2008) Med Phys, 35(9): 4121-31

No significant

changes
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Dose Point Kernel (DPK)
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S. Incerti, M.C. Bordage,
|. Kyriakou, Y. Perrot

Radial energy deposition profiles
from an isotropic e- source in
water

Comparison against EGSnrc
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Selected Results: Hadronic Physics

Note: Work in progress — these are preliminary!
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M. A. Cortés-Giraldo et al., (Univ. Sevilla)
Ref. Data: D. Schardt et al., GSI Report 2008-1

Heidenhain linear encoder

Exit window mbber gatier

i daving belt

Y

142

144 146 148
Depth in water [cm]

= |nitial energy spread adjusted from
experimental Bragg curves.
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Charge Changing Cross Section (CCCS)

C. Omachi, T. Toshito (Nagoya PTC), T. Sasaki (KEK)

Ref. data: Toshito T, et al (2007) Phys Rev C, 75(5): 054606.
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NMSE

Fragments Production Cross—Section | Beam: C12 | Energy: 3600 | Target: Water
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400 MeV/u '2C fragmentation in water

Fragment yield | Beam: C12 | Energy: 400 | Target: water Angular distribution | Beam: C12 | Energy: 400 | Target: water
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Positron-emitting fragments in heavy ion beam therapy

A. Chacon, M. Safavi et al., (ANSTO)

Validation against in-house experimental measurements
performed at HIMAC, QST, Chiba (Japan)

Table 1: Beam parameters for each 1on species and energy.

spread of 0.2 % of the nominal energy: 95% confidence intervals are listed for beam flux.

All beams had an energy

Ion  Energy (MeV /u) o, (mm) o, (mm) Beam flux (pps)
2 148.5 277 2.67 1.8x107 + 3.8x107
2 2905 3.08 4.70 1.8x10° 4 6.4x107
2 350 2.50 2.98 1.8x10° £4.6x107
60 148 2.79 2.89 1.1x10° £ 2.8x107
60 290 2.60 4.90 1.1x10% £ 7.0x107
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MeV /u beam

positron emitting fragments.
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TWiki

Purpose

CERN computing infrastructure.

List of current tests
Curmently the G4-Med system includes 18 tests.

Photon attenuation coefficients

Electron stopping powers

Low energy electron backscattering

N

Electron scattering from foils at 13-20 MeV kinetic energies

More Test Results at TWiki Webpage & geant-val

https://twiki.cern.ch/twiki/bin/view/Geant4/G4MSBG

Welcome to the Twiki web page of the GAMSBG initiative: G4-Med

PhotonAttenuation
ElectronDEDX
ElectronBackScat
ElecForwScat

Brachytherapy - dose rate

Dosimetry - clinical 5-6 MeV electron beam

Dosimetry for mammography

Hadronic nucleus-nucleus inelastic cross section

Bragg curves in water for 67.5 MeV protons

Absaolute neutron yield for protons

Production cross sections of different fragments

62 MeV /n C-12 fragmentation on Carbon target
400 MeV/n C-12 fragmentation

Estimation of proton radiobiological damage

Bremsstrahlung

Fano cavity
LowEElecDPK

Microyz

Brachy-ir

To be added

Mammo
NucNuclnelxXs
LowEProtonBraggPeak
ProtonC12NeutronYield
C12FragcC
LowEC12Frag
C12Frag
LowEProtonRBE

Light ion (proton, 3He, carbon) range and depth dose curves in water = LightlonBraggPeak

Attach | PDF
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https://geant-val.cern.ch/

Geant Validation Portal

User layouts
Stat comparison
Record viewer
Reference data
Lockup tables
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https://twiki.cern.ch/twiki/bin/view/Geant4/G4MSBG
https://geant-val.cern.ch/

G4

Summary and Conclusions

The Geant4 physics continues to evolve.

The G4-Med tests have proved
= To monitor how changes in the Geant4 physics component translate in physical quantities of interest;
= To support significantly the development of the Geant4 physics component.

The next steps are to
= Add test on radioactive decay (important for nuclear medicine).
= Modelling of ionization chambers.

= Add more tests on hadronic physics (e.g. total inelastic cross section tests of production of C-10 and C-11
important for carbon ion in-vivo PET and Prompt Gamma imaging).

= Add tests in applications scenarios not currently covered, e.g.
= Calculation of S-values, for internal dosimetry.
= Calculation of photon energy fluence profile and thick target photon backscatter.

Acknowledgement: the Geant4 Medical Simulation Benchmarking Group.
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https://www.linkedin.com/in/miguel-antonio-cort%C3%A9s-giraldo-0422864b/
https://twitter.com/miancortes
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