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Emission tomography in functional imaging

Non invasive techniques for assessing the in vivo distribution of a radiotracer
administered to a patient

tracer
targeting a
specific
biological
phenomenon 3D

distribution of
the tracer

vy emitter: Single Photon Emission Computed Tomography (SPECT)
B+ emitter: Positron Emission Tomography (PET)



Need for simulations in emission tomography

« Scanner design, protocol optimization, image reconstruction, (scatter)
corrections, dosimetry (for image guided radiotherapy), etc

* Monte Carlo simulations are widely used in addition to analytical simulations
and phantom experiments

* No standard code, but about 15 different codes, many of them “home made”
Penelopet

Sorteo
PET-EGS

SIMIND

 Various types of users (medical physicists, research scientists...), not
necessarily with a strong background in particle physics



GATE short history

 July 2001:

U 2-day brainstorming meeting on Monte Carlo simulations in Paris involving French and
European labs

U Decision to develop a new code, based on GEANT4, to overcome the limitations of existing
codes

e December 2001;

O First developments of the code, with 4 labs deeply involved at first (EPFL Lausanne, LPC
Clermont Ferrand, University of Ghent, U494 Inserm Paris)

« Early 2002:

O Creation and development of the OpenGATE collaboration
U More and more labs joined the collaboration, up to 23 today, and worked on the development of
the code and the preparation of a public release

* May 2004:
U First public release of GATE

* Yesterday (March 8", 2007):

0 953 registered users



GATE today: technical features

« Based on GEANT 4
« Written in C++
« Can be run on many platforms (Linux, Unix, MacOSs)

« User-friendly: simulations can be designed and controlled using macros, without
any knowledge in C++

* Appropriate for SPECT and PET simulations
 Flexible enough to model almost any detector design, including prototypes

 Explicit modeling of time (hence detector motion, patient motion, radioactive
decay, dead time, time of flight, tracer kinetics)

« Can handle voxelized and analytical phantoms

» Modular design: new extensions easily added



GATE today: practical features

» Can be freely downloaded, including the source codes (registration required,
LGPL license)

* On-line documentation, including FAQ and archives of all questions (and often
answers) about GATE that have been asked so far

* Help about the use of GATE can be obtained through the gate-user mailing list

« Many commercial tomographs and prototypes have already been modeled and
models have been validated

» Developed as a collaborative effort (23 labs worldwide)
* 2 public releases each year

- an official publication:
Jan S, et al. GATE: a simulation toolkit for PET and SPECT. Phys Med Biol 49: 4543-4561, 2004.

» Website: http://www.opengatecollaboration.org

 GATE workshops at the IEEE Medical Imaging Conferences (2003, 2004, 2005,
2006)

* GATE training sessions


http://www.opengatecollaboration.org/

Usefulness of GATE for assisting in detector design: flexibility

« 8 commercial PET systems, 4 commercial SPECT systems and 5 prototypes
have already been modelled, including validation of the models

GE Advance/Discovery LS PET scanner
Schmidtlein et al, Med Phys 2006

DST Xli camera
Assié et al, Phys Med Biol 2005

IASA CsI(Tl) gamma camera
Lazaro et al, Phys Med Biol 2004

GE Advance/Discovery ST PET, 3D mode
Schmidtlein et al. MSKCC



Modeling time dependent processes in GATE

SPECT and PET intrinsically involves time:
« Change of tracer distribution over time (tracer biokinetic)

 Detector motions during acquisition
 Patient motion

» Radioactive decay

* Dead times of the detector

» Time-of-flight PET

%

Principle of time modelling in GATE:
» Customized G4 radioactive decay module

* A clock models the time changes during the experiment
* The user defines the experiment timing (time slices)
» Time-dependent and synchronized objects are updated when time changes

All of the above features can be modeled



Modeling of radioactive decay

150 (2 min)
1C (20 min)

Santin et al, IEEE Trans Nucl Sci 2003



Modeling moving phantoms and change of tracer distribution

Segars et al, IEEE Trans Nucl Sci 2001
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Modeling of time of flight PET
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resolution 3ns 500 ps
Type of study Detector Energy Low energy Coincidence
resolution threshold time window
(FWHM) (keV) (ns)
No TOF GSO 15% 410 8
TOF LaBr3 6.7% 470 6

Groiselle et al, IEEE MIC Conf Rec 2004



Modeling the electronic response of the system

Energy Spatial Electronics DAQ Coincidence
response response Threshold Dead time Sorting

Using the “digitizer”:

* Linear signal processing

« Modular (set-up via scripting)

« Several dead time models available

Makes it possible to accurately reproduce count rate curves
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HRRT, Guez et al, DAPNIA and SHJF GE Advance, Schmidtlein et al, Med Phys 2006



Other GATE features useful for helping in detector design

A simulation can be broken into 2 simulations*:

photon transportation
In the detectors

photon transportation
In the object

 Output from photon transportation in the object stored in a phase space
 Useful to test several detector designs without having to repeat the whole

simulation through the object
* to be released soon



Other GATE features useful for helping in detector design

Tracking of optical photons in the crystal*

QuickTime™ et un
décompresseur TIFF (LZW)

QuickTime™ et un
décompresseur TIFF (LZW)

sont requis pour visionner cette image.

sont requis pour visionner cette image.

 Based on Geant4 classes

* currently available in GATE



Current priorities in GATE developments

 Improving the simulation throughput for efficient production of clinical and
preclinical data*

Simulation time is the major problem with GATE and GEANT4

 Big “World™:
- detectors have a “diameter” greater than 1 m
- emitting object (e.g., patient) is large (50 cm up to 1.80 m)
- emitting object is finely sampled (typically 1 mm x 1 mm x 1 mm cells)
- voxelized objects are most often used

» Large number of particles to be simulated
- low detection efficiency
- in SPECT, typically 1 /10 000 is detected
-in PET, 1/ 200 is detected

More than 17000 h CPU are needed to model a realistic whole body PET scan

At least 4 approaches can be used to increase the throughput of the simulations

* Funded by the French ANR under contract ANR-06-CIS-004 (2007-2009)



Improvement of simulation efficiency

Acceleration methods Combining MC with non MC models

* Variance reduction technigues such as
importance sampling (e.g. in SIMSET)
==mp speed-up factors between 2 and 15

r—

Full MC Collimator Angular
Response Function

* Fictitious cross-section (or delta scattering)

Full MC simulation
IF method

Projectio n

increase in efficiency > 100

Song et al, Phys Med Biol 2005



Parallel execution of the code on a distributed architecture

GATE
scripts

options

Job Splitter

submit
file

new merger

Speed-up factor
~ number of jobs

acceleration factor

old merger

number of jobs

PET

De Beenhouwer et al, IEEE MIC Conf Records 2006



Smart sampling

Taschereau et al, Med Phys 2006



Bridging the gap between MC modeling in imaging and dosimetry

Projections it ibative

GATE 3D SPECT
Morle Carlo aD OSEM

simulation of | _,| reconstruction —p | 30 dose-rate
‘ . SPECT & quantfication : ]

calculatson

SPECT-basead

dose map

COMPARE DOSE

Density  Activity
true dose map

GATE

A0 dasa-rate
calculatson

 Calculation of dose maps are already possible in GATE
* Further validation studies are still needed (comparison with other dosimetry
software)

Dewaraja et al, J Nucl Med 2005



Using GATE for dosimetry
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Figz. 1. Depth dose curve using the benchmark and the 13MV
photon beam for GATE, EGSare and MCONPX2

Visvikis et al NIM A 2006



Modeling hybrid machines (PET/CT, SPECT/CT, OPET)

PET/CT SPECT/CT

. translation stage

Brasse et al, IEEE MIC Conf Alexandrakis et al, Phys Med
Rec 2004 Biol 2005

Integrating Monte Carlo modeling tools for:
- common coordinate system
- common object description
- consistent sampling
- convenient assessment of multimodality imaging

On-going studies regarding the use of GATE for CT simulations



Conclusion

* GATE Is a relevant tool for Monte Carlo simulations in ET

Activity (Bq)

GATE Computed Activity

+ Time Activity Curve

Energy Spatial Electronics DAQ Coincidence
response response Threshold Dead time Sorting

* GATE Is appropriate for studying detector designs and how they
Impact image quality in very realistic configurations (including
movement for instance)
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To know more about GATE

OpenGate Collaboration is sers OpenGATE Collaboration

GATE - Geant4 Application for Emission Tomography

Overview

GATE - Geant4 Application for Emission Tomography

.v’@'y;‘ NEW: GATE workshop at the IEEE Medical Imaging Conference

Introduction
History

Source code. user

support and

documentation
Training

100!
Publications oo
. -150L
Systems already 150
modelled with GATE

Voxelized Hoffiman brain phantom Small animal PET scanner with movement implementation !
Benchmarks

Register Introduction
DOWNLOAD Emission tomography and especially PET has a fast growing importance in modern medicine for both diagnostic and treatment

purposes. At the same time there is a demand for higher imaging quality, accuracy and speed. Both result in vast increase of the

- 1 ~



http://www.opengatecollaboration.org/

The end




Product of OpenGATE: GATE

 Publicly released on May 2004 http://www.opengatecollaboration.org

* An official publication:

Jan S, Santin G, Strul D, Staelens S, Assié K, Autret D, Avner D, Barbier R, Bardiés M,
Bloomfield PM, Brasse D, Breton V, Bruyndonckx P, Buvat I, Chatziioannou AF, Choi Y,
Chung YH, Comtat C, Donnarieix D, Ferrer L, Glick SJ, Groiselle CJ, Guez D, Honore PF,
Kerhoas-Cavata S, Kirov AS, Kohli V, Koole M, Krieguer M, van der Laan DJ, Lamare F,
Largeron G, Lartizien C, Lazaro D, Maas MC, Maigne L, Mayet F, Melot F, Merheb C,
Pennacchio E, Perez J, Pietrzyk U, Rannou FR, Rey M, Schaart D, Schmidtlein CR, Simon
L, Song TY, Vieira JM, Visvikis D, Van de Walle R, Wiers E, Morel C.

GATE: a simulation toolkit for PET and SPECT. Phys Med Biol 49: 4543-4561, 2004.


http://www.opengatecollaboration.org/

Organization of the OpenGATE collaboration

* OpenGATE collaborators meet twice a year, and communicate all time via a
gate-devel mailing list

» The OpenGATE collaboration is managed by a steering committee, consisting of
one representative of each of the 23 member labs
* The OpenGATE collaboration is organized as follows:

O A spokesperson (lrene Buvat, U678 Inserm, Paris, France)

O A technical coordinator (Sébastien Jan, SHFJ-CEA, Orsay, France)

U Working groups (not exclusive)

- dosimetry (Dimitris Visvikis, U678 Inserm, Brest, France)

- computational efficiency (Steven Staelens, Ghent University, The
Netherlands)



PET systems already modeled by the OpenGATE collaboration

Scanner type

Studied FOM

Agreement

References

ECAT EXACT HR+, CPS

Spatial resolution
Sensitivity
Count rates

Scatter fraction

about 3 %
<7 %
good at activity
concentrations < 20 kBg/ml
about 3 %

Jan et al 2005

ECAT HRRT, Siemens

Spatial resolution
Scatter fraction
Scattered coinc profiles
Count rates

excellent (<0.2 mm )
<1 %
very good (visual)
good (about 10%)

Bataille et al 2004

Hi-Rez, Siemens

Scatter fraction
Count rates

NEC curves

about 1 %
good at activity
concentrations < 40 Bg/ml
good at activity

concentrations < 40 Bq/ml

Michel et al 2006

Allegro, Philips

Count rate
Scatter fraction

<8 %
8 %

Lamare et al 2006

GE Advance, GEMS

Energy spectra
Scatter fraction

not reported
<1%

Schmidtlein et al 2006

MicroPET P4, Concorde

Spatial resolution
Sensitivity
Miniature Derenzo phantom

about 7 %
<4 %
visual assessment

Jan et al 2003

MicroPET Focus 220, Siemens

Spatial resolution
Sensitivity
Count rates for mouse phantom

about 5 %

about 3 %
prompt coinc: < 5.5 %
delayed coinc: < 13 %

Jan et al 2005

Mosaic, Philips

Scatter fraction
Count rates

about 5 %
4-15 %

Merheb et al 2005




SPECT systems already modeled by the OpenGATE collaboration

Scanner type Studied FOM ’ Agreement References
IRIX, Phlhps None reported Sl aelens et al "(l()-l

Spatial resolution <5 %
Energy resolution <1 %
AXIS, Philips Energy spectra visual assessment Staelens et al 2003
Sensitivity <4.6 %
Scatter profiles visual assessment

Energy spectra

SRR ; excellent
Spatial resolution

<2 % in air, < 12 % 1n water Assié et al 2005
<4 %

DST Xli, GEMS
Sensitivity

excellent (visual)

I131 energy spectra . s
&Y °P acceptable (<3mm) Autret et al 2005

Spatial resolution for 1131

Millennium VG Hawk-Eye, GEMS




Prototypes already modeled by the OpenGATE collaboration

Scanner type

Studied FOM

Agreement

References

Solstice, Philips

Sensitivity

good with theoretical data

Staelens et al 2003

Staelens et al 2004

Staelens et al 2004

LSO/LuYAP phoswich PET

Sensitivity
NEC curves

n/a
n/a

Rev et al 2003

ATLAS

Spatial resolution
Sensitivity
Line phantom

<6 %
< 10 %
visual assessment

Chung et al 2004
Chung et al 2005

CsI(T]) SPECT camera

Energy spectra
Energy resolution
Spatial resolution

Scatter fraction

Sensitivity

Line phantom

good

<1 %

<l %

<2 %

<2%
visual assessment

Lazaro et al 2004

OPET

Spatial resolution
Sensitivity

n/a
n/a

Rannou et al 2004




Some examples
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Example

crystal

collimator

Energy spectrum

IASA Csl(Tl) gamma camera
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Lazaro et al, Phys Med Biol 2004



GATE funding

* The GATE project was based so far only on volunteer participation
and on the active contribution of GATE developers and users

* First 3-year funding from the French National Research Agency has
been recently obtained (~ 500 k€ among which 8 years of post-doc)



The OpenGATE collaboration

From 4 to 23 labs worldwide

* U601 Inserm, Nantes

* U650 Inserm, Brest
« Delft University of Technology, Delft, The Netherlands - U678 Inserm, Paris

* Ecole Polytechnique Fédérale de Lausanne, Switzerland

« Forschungszentrum Juelich, Germany * LPC CNRS, Clermont Ferrand

» Ghent University, Belgium * IReS CNRS, Strasbourg

- National Technical University of Athens, Greece * UMR5515 CNRS, CREATIS, Lyon,

- Vrije Universiteit Brussel, Belgium * CPPM CNRS, Marseilles
 Subatech, CNRS, Nantes

« SHFJ CEA, Orsay
* DAPNIA CEA, Saclay

 Joseph Fourier University, Grenoble

« John Hopkins University, Baltimore, USA

* Memorial Sloan-Kettering Cancer Center, New York, USA

* University of California, Los Angeles, USA

* University of Massachusetts Medical School, Worcester, USA
* University of Santiago of Chile, Chile

» Sungkyunkwan University School of Medicine, Seoul, Korea



Tasks of the OpenGATE collaboration

« Upgrade GATE for following GEANT4 new releases (1 major release per year)

* Incorporate new developments in GATE (1 minor release per year) e.g.:
U variance reduction techniques (to be released soon)

U speed-up options (e.g., analytical modeling of the collimator response in
SPECT) (to be released soon)

U tools for running GATE on a cluster or on a grid environment (to be
released soon)

O extension of GATE for dosimetry applications

O tools for interfacing GATE output with other software (STIR)

« Organize training



