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Multi-disciplinary application environment

Dosimetry

Radlotherapy Effects on components
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Wlde spectrum of physics coverage, varlety of physics models
Precise, quantitatively validated physics
Accurate description of geometry and materials
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.. external beams, IMRT

Dosimetry
In Medical Applications

Radiotherapy with

i Courtesy of F. Foppiano et al., IST Genova

Radiation
Protection

'\ Courtesy of J. Perl, SLAC Courtesy of L. Beaulieu et al., Laval



Exotic Geant4 applicaTions...

FAO/IAEA International Conference on
Area-Wide Control of Insect Pests:

Integrating the Sterile Insect
and Related Nuclear and Other Techniques

Vienna, May 9-13, 2005

K. Manai, K. Farah, A.Trabelsi, F. Gharbi and O. Kadri (Tunisia)

Dose Distribution and Dose Uniformity in Pupae Treated by
the Tunisian Gamma Irradiator Using the GEANT4 Toolkit
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Precise dose calculation

Geant4 Low Energy Electromagnetic Physics package
« Electrons and photons (250/100 eV < E < 100 GeV)
— Models based on the Livermore libraries (EEDL, EPDL, EADL)
— Models a la Penelope

Hadrons and ions
— Free electron gas + Parameterisations (ICRU49, Ziegler) + Bethe-Bloch
— Nouclear stopping power, Barkas effect, chemical formula, effective charge etc.

Atomic relaxation
— Fluorescence, Auger electron emission, PIXE

Atomic relaxation

Fluorescence
Auger effect

phodon iransmission, Fo 1 micromatar
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A major concern in radiation protection is the
dose accumulated in organs at risk

=

(yeant 4
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Q"'I . j'il - ’ Development of anthropomorphic

An'l'hr‘opomor‘phic phantom models for Geant4
Ph antoms — evaluate dose deposited in critical organs

Original approach

— analytical and voxel phantoms in
7 the same simulation environment

Analytical phantoms
Geant4 CSG, BREPS solids

\oxel phantoms
Geant4 parameterised volumes

for geometry description persistency
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Radiation exposure 5 cm water shielding
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= Home

= Requirements
= Documents

» Talks
= Papers

= Meetings
= [eam

= Geant4
s Geant4-INFN
s Geant4 LowE

Physics

» Useful links

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

Estimating cancer risk for human exposures to space radiation is a challenge which
involves a wide range of knowledge in physics, chemistry, biology and medicine.

Traditionally, the biological effects of radiation are analysed in top-bottom order, i.e.
evaluation of the absorbed macroscopic radiation dose at a given location in the
biological tissue is translated to the degree of danger it presents, and dose limits are
consequently set that are considered to be acceptable.

A novel approach, based on the new-generation object-oriented Geant4 Monte Carlo
Toolkit, proceeds in a reverse order, from bottom to top, by analysing the nano-scale
effects of energetic particles at the cellular and DNA molecule level.

This project is sponsored by
the European Space Agency ™=
(ESA) and is pursued bya &
multidisciplinary European
team of biologists,
physicians. physicists,
space scientists and
software engineers.




ESA - INFN (Genova) - IN2P3 (CENBG)
New collaborators welcome!

“Sister” activity to
Geant4 Low-Energy Electromagnetic Physics
Follows the same rigorous software standards

Simulation of nano-scale effects of radiation at the DNA level

— Various scientific domains involved
medical, biology, genetics, physics, software engineering

— Multiple approaches can be implemented with Geant4
RBE parameterisation, detailed biochemical processes, etc.

First phase: 2000-2001

— Collection of user requirements & first prototypes

Second phase: started in 2004

— Software development & open source release
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{ ‘no Tj“" /A Multiple domains in the
L I CLA AL “E same software environment

« Macroscopic level

— calculation of dose Complexity of
— already feasible with Geant4

— develop useful associated tools SOftware’ phySICS and bIOIOgy

addressed with an iterative and

+ Cellular level incremental software process
— cell modelling
— processes for cell survival, damage etc. *

Parallel development
at all the three levels

- DNA level
— DNA modelling
— physics processes at the eV scale

(domain decomposition)

— bio-chemical processes
— processes for DNA damage, repair etc.
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Physics down to eV scale

« Complex domain
— Physics: collaboration with theorists
— Software: innovative design introduced in Geant4 (15 time in Monte Carlo)

Many “track structure” Monte Carlo codes developed
— Not publicly distributed
— “Stand-alone” codes

+ Geant4-DNA

— Open source
— “Track structure” simulation in a geenral-purpose Monte Carlo system

+ Collaboration with experimentalists for model validation

— Geant4 physics validation at low energies is difficult!

Maria Grazia Pia, INFN Genova



DINA:level I

New Low Energy Physics extensions

. Particle Processes
« Specialised processes down to eV scale : :
. ' Elastic scattering
— at this scale physics processes depend on e Excitation
material, phase etc. lonisation
T Charge decrease
 Models in liquid water 0 Excitation
— More realistic than water vapour lonisation
- - Charge increase
— Theoretically more challenging H lonisation
— Hardly any experimental data Charge decrease
— New measurements needed (NPL?) RERER 2 e
lonisation
Status Charge decrease
— Ist B-release Geant4 8.1 He+ Charge increase
: : Excitation
— Improved design to be released in 2007 lonisation
Processes for other material than water Charge increase
— 1Interest for radiation effects on components I SAeliation
lonisation
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(Current) Physics Models

e o) H o He+ He
Elastic >7.5eV
Screened
Rutherford
Excitation | 7 eV —10 keV 10 eV — 500 keV
Al1B1, B1Al, :
Dingfelder 100 eV — 10 MeV
Ryd A+B, Ryd :
: 300 keV — 10 MeV Dingfelder Effecti
C+D, diffuse cCtive
bands Emfietzoglou charge scaling
from same
Charge 100 ey — 10 MeV | 100 ey —10MeV | . dels as for
Change Dingfelder Dingfelder
proton
lonisation 100 eV — 500 keV Dingfelder
7 eV —10 keV Rudd 100 eV — 10 MeV
Emfietzoglou 500 keV — 10 MeV Dingfelder
Dingfelder (Born)
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What is behind...

A policy defines a class or class template interface

Policy host classes are parameterised classes
(classes that use other classes as a parameter)

Advantage w.r.t. a conventional strategy pattern:

Policy-based

class design

— Policies are not required to inherit from a base class
— The code is bound at compilation time

» No need of virtual methods, resulting in faster execution

G4CrossSectionPolicy
-

+ ApplicableParticleType()
+ CalculateCrossSection()

G4FinalStatePolicy

+ GenerateFinalState(

PhysicsModelPolicy

+ GetHighEnergyLimit()
+ GetLowEnergyLimit()

Pdlicy class implementing
cross section policies

Policy class implementing the
final stage generation policy

l%lfcy class implementing
physics model policies

Weaker dependency
of the policy and the

policy based class on
the policy interface

More flexible design
Open to extension

G4VProcess
(from processes _management)

+ AlongStepDoft()
+ Along StepGetPhysicalinteractionLength()
+ AtRestDolt()

+ AtRestGetPhysicalinteractionLength()
+ PostStepDoft()

+ PostStepGetPhysicalinteractionLength()
+ IsApplicable()

G4VDiscreteProcess
(from processes _management)
-
# GetMeanfreePath()

+ PostStepDolt()

-

— 5
CrossSection

FinalState
GA4DNAProcess

# GetMeanFreePath()
+ IsApplicable()
+ PostStepDolt()

| — i - 1
CrossSection

FinalState. —
G4DNAProcess

<<pind>>

|
(G4MyCrossSeotio\n,G4MyFinaIState)

<<typedef>>
G4DNAMyProcess



Why these models?

« No emotional attachment to any of the models
— Toolkit: offer a wide choice among many available alternatives
— Complementary models
— No “one size fits all”

Powerful design
— Abstract interfaces: the kernel is blind to any specific modelling
— Specialization of processes through template instantiation
— Transparency of policy implementation
= e.g.: cross sections may be from analytical models or from experimental data
— Open proliferation of processes, policies and their instantiations

- Improvements, extensions, options
— Open
— Collaboration 1s welcome (experimental/modelling/software)
— Sound software engineering
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Elastic scattering

Total cross section

«|Phys. Med. Biol. 45 (2000) 3171-3194
Solid line: our model
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Excitation

Rad. Phys. Chem. 59 (2000) 255-275
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Excitation

Rad. Phys. Chem. 59 (2000) 255-275

o kg,

A\

He + H,O - He + H,0"
He" +H,0 — He" + HO®
He™ + H,0 - He™ + H,0"
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Charge transfer

charge changes
— Ty liquid
0,p VOpour

Experiments
Lindsay 1997
Berkner 197

ool p+ Hy0 > H+ Hy07 + *E

o1+ H,0 5> p+ e+ HO

105 10% 10° 10°
incident particle energy (eV)

—_
™

o E
€ B
~—r w
5

C =4
= 3
= s
k) w
@ 3
)

@ o
2 £
s 2
© ©
—= S
5 5
2 5
N -
(&

100

3 incident particle energy t/u (keV)

4 5

Maria Grazia Pia, INFN Genova



Tonisation

vapour (p)
— — liguid (H)

Experiments vapour (p)

o Rudd (low energy)
o Rudd (UNL)
o Rudd (van de Graaff)
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DAMAGE AND CELL CYCLE CONTROL
Membrane Damage ‘DNA Damage Hypoxia

u mmjapl Biological processes
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Biological effects: cell survival

DOSE-RESPONSE RELATIONSHIP
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Courtesy E. Hall

Human cell lines irradiated with X-rays

B EMT-6 Mouse Tumor

B MO16 Human Glioblastoma

A HT 290 Human Colon

/% OVCAR 10 Human Ovary
A2780 Human Ovary

@ HX142 Human Neuroblastoma

X HX138 Human Neuroblastoma

+ Mitototic Cells of HT 29,

OVCAR 10 & A2780

' | 1

8 10 12 14
Radiation Dose (Gy)
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A cell survival curve describes the
relationship between the radiation dose
and the proportion of cells that survive

Cell death

— loss of the capacity for sustained
proliferation or loss of reproductive
integrity

— A cell still may be physically present
and apparently intact, but if it has lost
the capacity to divide indefinitely and
produce a large number of progeny, it
is by definition dead



Cellular IeveII

Theories and models for cell survival

TARGET THEORY MODELS
= Single-hit model Geant 4 approach:

= Multi-target single-hit model variety of models all handled
= Single-target multi-hit model through the same abstract
interface

MOLECULAR THEORY MODELS

= Theory of radiation action
* Theory of dual radiation action

In progress

= Repair-Misrepair model
= Lethal-Potentially lethal model

Analysis & Design
Implementation

Requirements
Problem domain analysi

Experimental validation of
Geant4 simulation models
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TARGET SINGLE-HIT S— oD/ Dy
THEORY _
REVISED MODEL
TARGET MULTI-TARGET D S .
THEORY SINGLE-HIT S=1-(1-e9°) || S=e@P [1-(1-e#P)]
MOLECULAR | RADIATION ACTION S — o —p(aD +BD?)
THEORY
MOLECULAR | DUAL RADIATION B KED+3) In progress
THEORY ACTION S=5y¢
MOLECULAR | REPAIR-MISREPAIR
— e 0D[1 + €
THEORY LIN REP / QUADMIS S=e [l + (aDT/¢)]
MOLECULAR | REPAIR-MISREPAIR
S=e[] + (aD/ g)]e®
THEORY LIN REP / MIS [1+( )]
MOLECULAR | LETHAL-POTENTIALLY N,
THEORY LETHAL S = exp[ - Nporll + ¢ (1 — e eBAN) ]
MOLECULAR | LETHAL-POTENTIALLY 5
THEORY LETHAL — LOW DOSE S = eMac
MOLECULAR | LETHAL-POTENTIALLY
THEORY LETHAL — HIGH DOSE  ||.- [ S®OT=(Mac * Mxp) D —2Infl + (n,pD/)(1 - e )]
MOLECULAR | LETHAL-POTENTIALLY — 2 =
THEORY LETHAL — LQ APPROX - In[ S(] = My T Nap €B4) D + (*5p/28)(1 - P4 )2 D?]
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Cell survival models verification

Monolayer

Data points:

Geant4 simulation results V79-379A cells

/ Proton beam

Continuous line:

LQ theoretical model E= 3.66 MeV/n
with Folkard parameters

LQ model

a =0.32
B=-0.039

Folkard et al, Int. J. Rad. Biol., 1996

1 2 3 4
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Scenario

for Mars (and earth...)

Geant4 simulation
treatment source
+
geometry from CT image
or
anthropomorphic phantom

o

|

<

l.,.l
ary

Dose in
organs at risk

Geant4 simulation
with biological
processes at cellular
level (cell survival,
cell damage...)

Phase space input
to nano-simulation

Oncological risk to
astronauts/patients

Risk of nervous
system damage
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Geant4 simulation with

physics at eV scale
+

DNA processes




Powerful geometry and physics modelling
in an advanced computing environment

Wide spectrum of complementary and
alternative physics models

Multi-disciplinary Precision of physics
dosimetry simulation Versatility of experimental modelling

Extensions for bio-molecular systems
Physics processes at the eV scale
Biological models

Multiple levels Conventional dosimetry
in the same simulation Models at cellular level
environment Models at DNA level

Rigorous software engineering
Advanced object oriented technology
in support of physics versatility
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