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Who are we?

 KEK = High Energy Accelerator Research Organization
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Research Organization

 KEK is a multi disciplinary laboratory
— HEP, Nuclear Physics, Life Science, Material Science and etc
— KEKB, J-PARC and photon factory

 SOUKENDAI is the graduate university hosted by
national laboratories under MEXT
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Radiotherapy

 Radiotherapy is a treatment of tumors(mostly)
* Various methods are available

— External beam radiation therapy
* e/y,p,n,C...
— Brachytherapy

— Intraoperative radiotherapy
— Radioisotope therapy
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Brachytherapy
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Nagoya proton therapy center




Treatment planning

MDs tend to make a decision for the choice of the
treatment method based on their past
experiences and the facilities available

Treatment planning and ex post facto
assessments are done just for the decided
method

Fair comparison among the different methods
never done quantitatively before the treatments

Commercial treatment planning systems are
based on approximations not full MC



Radiotherapy Treatment Planning Process

1: CT scanning 6: Radiotherapy treatment  5: Virtual simulation
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Y A Quantitative Approach in

Radiotherapy

* The first step of radiotherapy, the choice of
the method, should be done based on a
scientific evidence

* Necessary tools for pre assessments to
compare different treatment methods
gauntitatively in radiotherapy are available
— Monte Carlo

e Patients definitely want to have the evidence-
based best practice
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Radiation simulation in medicine

® Key physical quantities in medical simulation

® Physics, chemistry and biology of radiation
absorption in biological materials

® Molecular Mechanisms of DNA damage and repair
® Linear energy transfer and relative biological effect

® Dose distributions: Depth dose curves, profiles,
Isodose distributions, dose-volume histograms

1. Eric J. Hall, Amato J. Giaccia, “Radiobiology for the radiologist,” 7th ed,
Philadelphia: Wolters Kluwer Health/Lippincott Williams & Wilkins, 2012

2. EH. Attix, “Introduction to Radiological Physics and Dosimetry,” Wiley-VCH

3. PN. McDermott and C.G. Orton, “The Physics and Technology of Radiation
Therapy,” 2010, Medical Physics Publishing, Madison, WI.

Bruce Faddegon, UCSF
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The therapeutic effect of ionizing
radiation: physics, chemistry and biology
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Bruce Faddegon, LngCSF



~ Molecular Mechanisms of DNA
damage and rePair

Dicentric chromosome with
Normal human leukocyte fragment
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Linear energy transfer and
relative biological effect
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Source-surface distance (SSD)
Central axis percent depth dose (PDD)

0.5-15 MeV
electrons
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We’'ve been ready

 Tools are available

— Geant4: A toolkit to simulate interactions between
particles and matter

— PTSIM: A toolkit for radiation therapy simulation
* Modeling of treatment devices and facilities

— Geant4-DNA: A cell level simulation toolkit based
on Geant4

— MPEXS: GPU accelerated simulation toolkit
 More than 200 times faster than Geant4 today



Geant4

A toolkit for simulating interactions between particles and
matter

The development was started in 1992 based on
independent KEK and CERN R&D

Widely used in particle physics, space, medicine and so on

The two main reference papers for Geant4 are published in
Nuclear Instruments and Methods in Physics Research A
506 (2003) 250-303, and IEEE Transactions on Nuclear
Science 53 No. 1 (2006) 270-278.

The first paper was cited more than 6,000 times
http://geant4.org for the detail
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Toolkits for radiotherapy

PTSIM: originally developed for particle therapy,
but also X-ray therapy (Japan)

— Funded by CREST during 2003-2008

TOPAS: Proton therapy simulation toolkit inspired
by PTSIM (US) 2010-

GAMOS: Geant4 based Architecture for Medical
Oriented Simulations (Spain) inspired by PTSIM
2006-

GATE: Geant4 Application for Tomographic
Emission (France)

Many of attempts have been done independently



© Nagoya Proton Therapy Center

An example of PTSIM
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Hyogo lon Beam Medical Center
PTSIM(Geant4) vs TPS

T.Yamashita et al.,
Phys.Med.Biol.57(2012)7673-7688.
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See Int. J. Model. Simul. Sci. Comput. 1 (2010) 157-178 (link)

The Geant4-DNA project

Main objective

Extend the general purpose Geant4 Monte Carlo toolkit for the simulation of interactions
of radiation with biological systems at the cellular and DNA level in order to predict
early DNA damage in the context of manned space exploration missions

Designed to be developed and delivered in a FREE software spirit under Geants license,

(« bottom-up » approach).

easy to upgrade and improve.

Evolution

* 2001: Initiated in 2001 by Dr Petteri Nieminen at the European Space Agency/ESTEC

*  2007: First prototypes of physics models added to Geants

* Since 2008: Development coordinated by CNRS in Bordeaux, France

December 2014: Chemistry stage extension ready for end users



http://dx.doi.org/10.1142/S1793962310000122

Modelling biological effects of ionising
zlelEikion remains a major scientific challenge

~ Chronic exposure
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Radiation exposure from CT scans in childhood and subsequent risk
of leukaemia and brain tumours: a retrospective cohort study
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L. MULLENDERS ET AL.

ASSESSING CANCER RISKS OF LOW-

DOSE RADIATION

NATURE REVIEWS CANCER (2009)



How can Geant4-DNA model
early DNA damage ?

PHYSICAL STAGE
step-by-step modelling of * Excited water molecules
physical interactions of l l p « lonised water molecules
incoming & secondary ionising P - Solvated electrons
radiation with biological medium ——
(liquid water)

PHYSICO-CHEMICAL./ CHEMICAL STAGE
* Radical species production
* Diffusion
* Mutual chemical interactions

GEOMETRICAL MODELS
DNA strands, chromatin fibres, chromosomes, whole cell nucleus, cells...
for the prediction of damage resulting from direct and indirect hits

DIRECT DNA DAMAGE INDIRECT DNA DAMAGE

t=0 t=10"5s t=10%s ,,



Radiochemical yields VS LET

* Vertical bars: Geant4-DNA
* Bluecircles: Burns (1981)

* Vertical bars: Geant4-DNA
* Bluecircles : Appleby (1969)
* Redcircles: Naleway (1979)

G (molecules/100 eV)
G (molecules/100 eV) | ¢

LET (keV/ium) LET (keV/ium)

See J. Comput. Phys. 274 (2014) 841-882 (link) 25



http://dx.doi.org/10.1016/j.jcp.2014.06.011
http://dx.doi.org/10.1016/j.jcp.2014.06.011

« dnageometry » advanced example

Morgane Dos Santos PhD thesis (/ink)

é S Nucleosome
[ «; e‘j = 200 bp/nucleosome
fa ',“\ = DNA diameter =2.16 nm

» Histone = cylinder of 6.5 nm in diameter and 5.7 nm

in height

Chromatin fiber

* go nucleosomes / fiber
» 7 nucleosomes /turn
= D=31nm

= | =162nm

Chromatin fiber loop

= 4 fibers /loop assembled in a diamond shape

= 7loops to form a “flower”*


http://hal.in2p3.fr/tel-00931869/

« dnageometry » advanced example

« DetectorConstruction » class: implementation of an elliptical cell nucleus with

similar dimensions of fibroblast grown on a microscopic plate at confluence

Chromosome domain example

Jf'—/ = ~
\/ Per nucleus

- 23 pairs of chromosomes

- 11875 flowers or 83125 loops
- 332 500 chromatin fibers

- 29 925 000 nucleosomes

- ~6Gbp

Nucleus-shape: ellipsoid

Dimensions: 19.7 * 14.2 * 5 um3
Output: a ROOT file containing an n-tuple with the following values only
for energy transfer points located in the backbone region:

-Particle type at the origin of the energy deposition

-Process type (ionization, excitation)

-Information on the DNA strand (flag1/ 2)

-Coordinates of the energy deposition (x,y,z)

-Energy deposition amount 27

V=732 um3

0.42 % of DNA [ nucleus


http://dx.doi.org/10.1016/j.nimb.2013.01.009

E P D B http://pdbgdna.in2p3.fr

http://geant4-dna.org
A new interface to describe geometries

in Geant4-DNA

. PDB : Protein Data Bank

HEADER STRUCTURAL PROTEIN/DNA 08-APR-o5 1ZBB
TITLE STRUCTURE OF THE 4_601_167 TETRANUCLEOSOME

— 3D structure of molecules ATOM 1 05 DAl 1 70.094 16.969123.433 0.50238.00 O
ATOM 2 Cg5' DAl 1 70.682 18.216 123.054 0.50238.00 C
—  Proteins ATOM 3 C4' DAl 12 69.655 19.289122.776 0.50238.00 C

. . TER 14223 DT J 347
— Nucleic acids
HELIX 2 1GLYA 44 SERA 571 14
.. HELIX 2 2ARGA 63 ASPA 1 1

«  Description of DNA molecules . i :

SHEET 12 A2ARGA 83 PHEA 84 o

—  1FZX.pdb SHEET 2 A2THRB 80 VALB 811 O VALB 81 N ARGA 83

* Dodecamer ' = -

* 12 DNA base pairs "u'";-

*  (2,8x2,3%x4,01nm3) :
— 1ZBB.pdb

e Tetranucleosome

* 2 nucloosomes : 347 pairs of bases

*  (9,5X150x25,1nm3)

: 1FZX.pdb
Trung Pham PhD thesis (soon)



http://www.rcsb.org/pdb/

Emmanuel DELAGE http://pdbgdna.in2p3.fr

Yann PERROT
Quang Trung PHAM http:llgeant4-dna.org

LPC-Clermont Ferrand

« PDB4DNA » suite

* 1)AGC++library

— Reading of PDB files
— Build bounding boxes from atom coordinates
— Search for closest atom from a given point

—  Geometry and visualization : 3 granularities
* (1) Barycenter of nucleotides
* (2) Atomistic

*  (3) Barycenter of nucleotide components
*  2)AGeant4-DNA example

—  Water box surrounding the molecule

— The output results consists in a ROOT file, containing
for each event:
* energy deposit in bounding boxes

* number of single strand breaks (SSB)

e number of double strand breaks (DSB)

* Available on-line under Geanty license
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Geant4 in medicine

* Geant4 has been proved that it has enough
accuracy to simulate the treatments

* Geant4-DNA is promising
— Further R&D needs yet

e Still clinical usages are limited but for research
— Why?

SPEEE
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New step
Geant4 Tailor maid simulator
* Single code for the * Just for the particular
everything approach application

+ Validation of physics results ~ * Validation has done in

are well done Geant4
_ — The same algorithm and data
* Highly accurate but slow from Geant4
* Covers eV to PeV e Accurate enough and fast
— Geant4-DNA: meV - eV e Covers meV to a few 100
* Open source license MeV

* New software license



)
MPEXS

* GPU powered acceleration
— aka G4CU
— Coded in CUDA

* Industrial and bio-medical applications are the
targets

— HEP applications are still in our mind
* Currently only EM physics
* Not an open source project
* Collaboration among KEK, SLAC and Stanford



MPEXS-DNA

Collaboration with CENBG, Bordeaux, France

aka G4CU-DNA
— Coded in CUDA

Based on MPEXS

All of physics processes have been
implemented in Geant4-DNA

— 200 times faster

Chemical processes follows soon



)
MPEXS-N

 For BNCT simulation
— Neutron energy up to 30MeV

* Needs sponsors and collaborators
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MPEXS-ION

* Forion therapy (protons and carbons)
— Below 500 MeV

 Still in plan

* Needs sponsors and collaborators



size: 30.5 x

30.5x 30

Voxel size: 5x5x2 mm

Field size: 10 cm?

SSD: 100 cm

Slab materials (30.5 x 30.5 x 5 cm):
Water, Lung, Bone

Density
1.0 g/cm?3
0.26 g/cm3
1.85 g/cm?
0.0012 g/cm3

Beam particles:
Electrons (20 MeV)
Photons (6, 18 MV)

@gz MPEXS Benchmarking
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Physics Performance for MPEXS

Electrons, 20 MeV
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MPEXS performance

250 times faster against one single CPU core GPU
Tesla K20c (Kepler architecture)

4096 blocks x 128 threads /block

CPU
Geant4
[msec/particle] 184 187 169 Intel Xeon E5-2643 v2 3.50 GHz
G4CU a5 w002 | @mnecn® | amm e g Preformance comparison (e— 20 MeV,
[msec/particle] : : ' 50M. water)
X speedup factor( 208 195 193

=G4 / GACU ) ~ 25 hr. (single-core CPU) — " 7 min. (GPU)

Y beam with 6MV Y beam with 18MV

0.780 0.822 0.819 0.803 0.857 0.924

Geant4[msec/partic
icle]

G4CU
[msec/particle]

X speedup factor(
Nogran 232 248 240 185 201 208

336 x10°% 331 x10°% 341x10° 433x10° 425x103 443x1073



DNA Physics Processes

Hydrogen at| Helium atoms

Particles Electrons Protons oms (He* He*, He)

: 9eV-10keV
Elastic scatte Uehara 100 eV - 1 MeV 100 eV - 10 MeV

ring 10 keV - 1 MeV Hoang Hoang
Champion

10 eV - 10 keV 10 eV - 500 keV
Excitati Emfietzoglou Miller Green 10 eV - 500 keV 1 keV - 400 MeV
Xcitation 10 keV -1 MeV 500 keV - 100 MeV Miller Green Miller Green
Born Born
Charge 100 eV - 10 MeV 100eV - 10 MeV 1 keV - 400 MeV
chan ge B Dingfelder Dingfelder Dingfelder

10 eV - 10 keV 100 eV - 500 keV
lonizati Emfietzoglou Rudd 100 eV - 100 MeV 1 keV - 400 MeV
SULEE B 10 keV -1 MeV 500 keV - 100 MeV Rudd Rudd
Born Born

Vibrational ex 2-100 eV

Physics Processes

Disociative at 4-13eV
tachment Melton

AB +e > AB > A+B”




Dose (Gy)

MPEXS-DNA Physics Performance

depth dose distribution

e 100 keV

0 10 20 30 40 50 60 70 80 80 100

z-direction (um)

score energy deposition
in each voxel

m

107 degth dose dsiribution <108 degth dose distribution

g 1200 T T T : g m L] T T ™ T T T s L] _;
S plMev { § oo He™ 1 MeV
a o o 3000 —
800 : o :
800 9 2000 E
400 3 1500 ..

— CPU 9 1000 3

200 —GPU |7 500 g
55555 ' % 2 3 456 7 To
z-direction (um) z-direction (Um)

100 keV. | 102 x 102 x 100 um 2L *21x50 (2x2x2

um)

51 x 51 x 50
(0.2 x 0.2 x 0.2 um)

incident | initial energ , # of voxel cells (voxel
: phantom size .
particle y size)

He++ 1 MeV 10.2 x 10.2 x 10 um



Computing Performance (MPEXS—DNA)

MPEXS-DNA is 200 times faster than Geant4—DNA

For 16k protons with 1 MeV

~ 53 hr. (single-core CPU) — ~ 16 min. (GPU)
Geantd-DNA _ speedup

Incident p |Initial ener : :
article Total thread numbers | Process time | Process time factor
(Nbik X Nthrbik) (sec/particle) | (sec/particle) (=G4/G4CU)

- 100 keV 524,288 (4,096 x 128) 3.53 x 103

DINA “ 1 MeV 524,288 (4,096 x 128) 5.97 x 1072
Physics

1 MeV 524,288 (4,096 x 128) 6.10 x 1072

Standard
20 MeV | 524,288 (4,096 x 128) 8.81 x 10




The achievements

Geant4: 20years history for developments and
maintenance

— Stable and reliable in the all range of incident energy
for all of the particles

Medical applications: Tools and examples are
available

Cell level simulation: Geant4-DNA is available and
further developments will come

MPEXS series: GPGPU powered acceleration
— Very promising with next generation hardware



Toward real EBM

Simulation of treatment devices and facilities are already available
— They are well utilized in clinics
— We do not see any major problems except the calculation time

Fair comparison among the different technique can be done, but nobody
have done

— Barrier of commercial secrets

* Design and implementation of devices and facilities are concealed
— No motivation in the supplier company side
— Patients’ voice will change the situation
Cell level simulation needs more improvements and enhancements yet
Computing speed problems to be solved by GPU
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Borders of disciplines

* New frontiers of science “where no man has
gone before”

— "Space the final frontier. These are the voyages of the starship Enterprise. It's continuing
mission, to explore strange new worlds, to seek out new life and new civilizations, to
boldly go where no man has gone before.” —StarTrek

* There will be lots of new findings to help
people’s real life not in the far future, but
tomorrow

* Modern cow boys/girls are invited to start
their voyages for discovering a treasure in
science
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“where no man has gone before”

Fly, climb or dig?

chemistry

medical physics

Borders of disciplines

biomedicine




Summary

Necessary tools to establish a quantitative approach in
radiotherapy have been ready almost

— Geant4 and MPEXS for dose calculation
— Geant4-DNA for cell level radiation simulation

— MPEXS, a new simulation toolkit to use GPGPU, will open a new
window for radiology

— Simulation on bio-chemical effects are under development in
MPEXS-DNA

Everybody are invited to come to the new frontiers in the
borders of the disciplines
— “boldly go where no man has gone before”

Mutual respect among people in the different fields is the
key to start a good collaboration



