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Abstract
GATE (Geant4 Application for Emission Tomography) is a Monte Carlo
simulation platform developed by the OpenGATE collaboration since 2001
and first publicly released in 2004. Dedicated to the modelling of planar
scintigraphy, single photon emission computed tomography (SPECT) and
positron emission tomography (PET) acquisitions, this platform is widely used
to assist PET and SPECT research. A recent extension of this platform, released
by the OpenGATE collaboration as GATE V6, now also enables modelling of
x-ray computed tomography and radiation therapy experiments. This paper
presents an overview of the main additions and improvements implemented in
GATE since the publication of the initial GATE paper (Jan et al 2004 Phys.
Med. Biol. 49 4543–61). This includes new models available in GATE
to simulate optical and hadronic processes, novelties in modelling tracer,
organ or detector motion, new options for speeding up GATE simulations,
examples illustrating the use of GATE V6 in radiotherapy applications and
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In this paper, the authors’ review the applicability of the open-source GATE Monte Carlo simulation
platform based on the GEANT4 toolkit for radiation therapy and dosimetry applications. The
many applications of GATE for state-of-the-art radiotherapy simulations are described including
external beam radiotherapy, brachytherapy, intraoperative radiotherapy, hadrontherapy, molecular
radiotherapy, and in vivo dose monitoring. Investigations that have been performed using GEANT4
only are also mentioned to illustrate the potential of GATE. The very practical feature of GATE
making it easy to model both a treatment and an imaging acquisition within the same framework
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Extension of the GATE Monte-Carlo simulation
package to model bioluminescence and fluorescence
imaging
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Abstract. The Geant4 Application for Emission Tomography (GATE) is an advanced open-source software
dedicated to Monte-Carlo (MC) simulations in medical imaging involving photon transportation (Positron emis-
sion tomography, single photon emission computed tomography, computed tomography) and in particle therapy.
In this work, we extend the GATE to support simulations of optical imaging, such as bioluminescence or fluo-
rescence imaging, and validate it against the MC for multilayered media standard simulation tool for biomedical
optics in simple geometries. A full simulation set-up for molecular optical imaging (bioluminescence and fluo-
rescence) is implemented in GATE, and images of the light distribution emitted from a phantom demonstrate
the relevance of using GATE for optical imaging simulations. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JBO.19.2.026004]

Keywords: Monte-Carlo; simulation; bioluminescence; fluorescence.
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1 Introduction
Monte-Carlo (MC) simulations play an increasing role in
medical imaging techniques involving radiations [positron
emission tomography (PET), single photon emission computed
tomography (SPECT), and computed tomography (CT)].
For these applications, simulations are used to help design
and assess new imaging devices, and to optimize the acquisi-
tion and data processing protocols. The Geant4 Application
for Emission Tomography (GATE)1,2 open-source simulation
platform, based on the Geant4 toolkit,3,4 has been
developed since 2002 by the OpenGATE collaboration (www
.opengatecollaboration.org) and is currently widely used by
the research community involved in SPECT and PET molecular
imaging. Moreover, recently, the rise of optogenetics has
opened the possibility to address and trigger action potentials
in specific cells with light.5 In these experimental paradigms,
it is of a great interest to study the light path and fluence dis-
tribution in tissues, as the penetration depth and deposited power
per millimeter will determine the spatial extension of cell acti-
vation. Yet, only coarse experimental measurements and simpli-
fied two-dimensional (2-D) modeling are currently used in this
rapidly growing field.6 The MC simulations might be a great
asset in that context.

In the last decade, optical imaging has become a major
modality in the preclinical setting, especially for screening can-
cerous models in mice. Although the transition from bench to
bedside is yet to be achieved in most cases, there is an increasing
interest for optical imaging of endogenous or exogenous probes.
These techniques are generally noninvasive, low cost and allow
for real time study of biological processes through three-dimes-
nional (3-D) images of the light distribution emitted from the
surface of small animals or superficial areas in humans. Optical
imaging modalities encompass a rapidly growing range of

techniques from cell resolution microscopy to full field noninva-
sive 3-D tomography.7 Preclinical imaging of bioluminescence
or fluorescence signals from tagged cancerous cells in mouse
models has become a reference technique for rapid screening
of molecules with a potential therapeutic impact.8,9,10

The MC modeling in light transport simulations11 is used to
optimize imaging systems12 and data interpretation, to study the
optimal structural and optical properties of nanophosphors,13 or
to simultaneously image two distinct fluorophores with lifetime
contrast.14 The MC software simulating the photon migration in
complex 3-D shapes, such as the tetrahedron-based inhomo-
geneousMCoptical simulator,15 themolecular optical simulation
environment,16 the mesh-based MC,17 and the MC for multilay-
ered media (MCML),18 have been thoroughly described before.
As complex geometries were obtained at the expense of heavy
calculations, in recent years extensive efforts were targeted at
increasing the computational efficiency through parallelization
using clusters or graphics processing unit (GPU) calculators.19,20

Recently, the GAMOS MC application has been upgraded to
model the light transport due to Cerenkov effect.21 Yet, there
is currently no MC code offering the same flexibility for model-
ing awide range of experimental set-up asGATEdoes for nuclear
imaging applications. Given that optical imaging is a matter of
photon transportation, we present here an extension of GATE
so that it can model optical imaging experiments, such as biolu-
minescence or fluorescence imaging and validate it against the
MCML simulation tool.

The resulting extended version of GATE (GATE V6.2) there-
fore offers an original platform for bioluminescence and fluo-
rescence imaging, including some unique features that are not
currently offered by other codes:

• a user friendly implementation of material and surface
properties using the extensible markup language (XML)
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Abstract

EduGATE is a collection of basic examples to introduce
students to the fundamental physical aspects of medical
imaging devices. It is based on the GATE platform, which
has received a wide acceptance in the field of simulating
medical imaging devices including SPECT, PET, CT and
also applications in radiation therapy. GATE can be con-
figured by commands, which are, for the sake of simplicity,
listed in a collection of one or more macro files to set up
phantoms, multiple types of sources, detection device, and
acquisition parameters. The aim of the EduGATE is to use
all these helpful features of GATE to provide insights into
the physics of medical imaging by means of a collection
of very basic and simple GATE macros in connection with
analysis programs based on ROOT, a framework for data
processing. A graphical user interface to define a configu-
ration is also included.

Keywords: Monte Carlo Simulation, GATE, PET,
SPECT, Education, Imaging

EduGATE – einfache lehrreiche Beispiele zum
Zweck der Ausbildung basierend auf der
GATE Simulationsplattform

Zusammenfassung

EduGATE ist eine Sammlung einfacher basaler Beispiele
für Studenten zur Einführung in die fundamentalen Aspekte
der bildgebenden Systeme in der Medizin. Sie baut auf der
GATE-Plattform auf, die im Feld der Simulation bildgeben-
der Systeme besonders SPECT, PET, CT, ebenso auch
Strahlentherapie eine weite Verbreitung gefunden hat.
GATE wird gewöhnlich durch Kommandos gesteuert, die
zur Vereinfachung in eine Reihe von Dateien (Makros)
zusammengefasst sind und Phantome, verschiedene Typen
an Quellen, Nachweisdetektor und Akquisitionsparameter
beschreiben. Das Ziel, EduGATE zu entwickeln, war, diese
vielfältigen, sehr nützlichen Eigenschaften zu nutzen, um
mithilfe sehr einfacher GATE-Makros dem interessierten
Nutzer Zugang zur Physik der medizinischen Bildgebung
zu ermöglichen, verbunden mit einem Analyseprogramm
basierend auf ROOT, einem Softwarepaket für Datenana-
lyse. Eine graphische Benutzerschnittstelle zur Definition
der gewünschten Konfiguration ist eingeschlossen.

Schlüsselwörter: Monte-Carlo-Simulation, GATE, PET,
SPECT, Bildgebung, Ausbildung
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SCINT 2017 Summer School, Chamonix, Sep 14-17 2017 
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The GDR MI2B has allocated two tuition grants to: 
Ø  Carlotta Trigila (IMNC) 
Ø  Mattia Fontana (IPNL) 
 
One full day on Monte Carlo simulation for scintillation detectors mastered by: 
Ø  Mathieu Dupont (CPPM) 
Ø  Albertine Dubois (IMNC) 

SCINT 2017 Summer School, Chamonix, Sep 14-17 2017 
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Tomographie par émission de positons (TEP) 

150 (2 min)  511 keV 
13N (10 min)  511 keV 
11C (20 min)  511 keV 
18F (110 min)  511 keV 

Sensibilité absolue ~ 10–2 
Résolution spatiale 3-5 mm 
Dose absorbée 5-10 mSv 
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PET III 1975 

ECAT II 1977 

NeuroECAT 1978 

ECAT 931 1985 

ECAT EXACT HR+ 1995 

Progrès continus en instrumentation 
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 BGO   LSO   GSO 
 
Densité [g/cm3]  7.13   7.4   6.7 
Z effectif  74   66   61 
Decay [ns]  300   35-45   30-60 
ph/MeV  8200   28000   10000 
% NaI(Tl)  15   75   25 

Progrès techniques en TEP 

ü Corrections de données 

ü Détecteurs 
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Temps après l’interaction [ns] 

LSO:  69% 

NaI:  35% 

GSO: 20% 

BGO: 4.3% 

Fraction de 
lumière émise 
pendant les 
premières 
100 ns par 
rapport au 

NaI(Tl) 

ü Reconstruction d’images 
FORE+AWOSEM FORE+OSEM 3DRP 

Courtesy: DW Townsend, UPMC 
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Reconstruction tomographique et statistique de comptage 
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Rapport signal/bruit et statistique de comptage 
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L’amélioration de la résolution spatiale par un facteur 2 
implique d’augmenter la statistique de comptage par un 

facteur 16 pour obtenir le même rapport signal/bruit dans 
les voxels de l’image reconstruite. 
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Rapport signal/bruit et statistique de comptage 
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TEP à temps-de-vol et amélioration du rapport signal/bruit 
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Courtesy: C. Groiselle, UMASS, Worcester 
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Classification of scintillators 
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The detection chain 
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The detection chain 

q2 
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From the time of detection td,i of  n optical photons 
 

Td = {td,1, td,2, …, td,n} 
 

Ø  provides the Fisher information ITd (Θ)  
of the gamma ray interaction time Θ 

Ø  defines the Cramér-Rao lower bound by  
minimizing the variance of the time estimator Ξ  

 
Var(Ξ) ≥ 1 / ITd (Θ)  
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Prompt photons to boost the timing resolution 
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Cramér–Rao lower bound calculations for 2 x 2 3 mm3 and 
2 2 x 2 x 20 mm3 LSO:Ce,Ca scintillator with a SiPM having a PDE 
of 55%, as a function of the number of additional prompt photons generated 

Parameters for LSO: Ce, Ca and Hamamatsu S10931-050P MPPC  

CRT ∝ τ rτ d
N pe

→
τr÷10

τ r
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Possible sources of prompt photons (< 1 ns) 

Ce3+ Activator: 5d-4f 
Ca2+ & Mg2+ co-doping 
τr ~ 20 ps τd < 16 ns 

Cerenkov emission 
τ ~ 5-10 ps  

Cross luminescence 
<1 ns (e.g. BaF2) 

< 300 nm 
low light yield 

Hot intraband 
luminescence 
0.1 - 10 ps 

(e.g. PbWO4, 
CaWO4) 

Excitons/bi-exciton 
stable at 300 K 

(e.g. CdSe CQwells) 

High donor band 
semiconductors  

< 1 ns (e.g. ZnO) 
quenched at room 

temperature 
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Cerenkov contribution 

LuAG:Ce 

LuAG:Pr,Ca 

LuAG:Pr 

0,28% 

3,4 Cerenkov photons 
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ZnO:Ga polystyrene composite scintillator 

Highly luminescent ZnO:Ga nanocrystals 80-100 nm 
– Prepared by a photochemical method 
– 4000 pe/511 keV in powder (same as LSO) 
– Embedded in a polystyrene sheet 10% weigth  

tr= 1ps 
td = 504ps 
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LSO plate 1 mm thick 
+ CdSe nanoplate  film  

100 mm thick 

Quantum confined systems 
Colloidal CdSe nano-sheets (CQwells) 
J. Grim, ITT, Italy 

372 nm laser 

Streak 
camera 

Focal spot 

LS
O

  
1

 m
m

 

100 mm CdSe  
film deposition 

Optical  
table 

Focus in LSO crystal 

540nm 420nm 

Time (ns)

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

10

210

Y1 = 25% 
Y2 = 75%
τ1 = 24 ps  
τ2 = 290 ps 
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No TOF 

700 ps 

500 ps 

300 ps 

Timing rapide à scintillation : la route vers 
le TEP temps-de-vol sans reconstruction 

4D total absorption Time 
Imaging CALorimeter 
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Mars 1999: Breitling Orbiter III effectue 
le tour du globe en 19 jours 1 heure 49 
minutes and gagne la Budweiser Cup 

This is a clear-cut case to shed light on TOF-PET 
with CRT < 10 ps FWHM and raise a challenge on 
reconstructionless positron tomography 

1992: La FAI lance un défi pour le premier tour en 
ballon de la Terre 
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10 ps TOF-PET challenge: the conditions to be met 

v Identify the critical parameters 
ü  Light production 
ü  Light transport 
ü  Photodetection 
ü  Readout electronics 

v For each of the critical parameters 
ü  Make sure that no physics barrier will compromise 

the goal 
ü  Identify enabling technologies to reach the 

objective 
ü  Organize a vigorous, ambitious and coordinated 

effort to push the limits and transform the myth 
into a reality C
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Longitude Act 
Le Longitude Act a été édicté par le parlement du Royaume Uni 
en juillet 1714 suite au naufrage du HMS Association, qui 
revenait du siège de Toulon, sur les récifs de Gilstone Ledges la 
nuit du 22 octobre 1707, causant la mort de mille quatre cents 
à plus de deux mille hommes. 
 
Le Longitude Act fonde le Bureau des longitudes et offre un prix 
pour quiconque trouvera une méthode simple et pratique pour 
déterminer précisément la longitude d’un bateau.  

Longitude rewards: 
 
ü  £10,000 < 1°  

(= 110 km à l’équateur) 
ü  £15,000 < 40’ 
ü  £20,000 < 0,5° 
 
John Harrison a reçu £10,000 (~1.33 million £ en 
2016) en 1765 pour le développement du 
chronomètre de marine 
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successfully 
place a 

spacecraft on 
the moon’s 

surface 

travel 
500 

meters 

transmit high-
definition video 

and images back 
to Earth 

$30M 
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XPRIZE is an innovation engine 
A facilitator of exponential change 
A catalyst for the benefit of humanity 
 
We believe in the power of competition. That it’s part of our DNA. Of 
humanity itself. That tapping into that indomitable spirit of competition 
brings about breakthroughs and solutions that once seemed unimaginable. 
Impossible. 
 
We believe that you get what you incentivize. And that without a target, you 
will miss it every time. Rather than throw money at a problem, we 
incentivize the solution and challenge the world to solve it. 
 
We believe that challenges must be audacious, but achievable, tied to 
objective, measurable goals. And understandable by all. 
 
We believe that solutions can come from anyone, anywhere and that some of 
the greatest minds of our time remain untapped, ready to be engaged by a 
world that is in desperate need of help. Solutions. Change. And radical 
breakthroughs for the benefit of humanity. Call us crazy, but we believe. 

https://www.xprize.org/ 


