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Introduction

GATE1

- Open source project (GPL)
- Monte Carlo simulation platform based on Geant42

- Medical imaging and particle therapy

http://www.opengatecollaboration.org

1 Jan S et al., Phys. Med. Biol. 2004/2011
2 Allison J et al. IEEE TNS, 2006
3Le Maitre et al Proceedings of IEEE, 2010

PET/CT

LINAC
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Introduction

GATE1

- Open source project (GPL)
- Monte Carlo simulation platform based on Geant42

- Medical imaging and particle therapy

http://www.opengatecollaboration.org

Monte Carlo simulation
- Very computationally demanding 
   research and clinical environment applications

1 Jan S et al., Phys. Med. Biol. 2011
2 Allison J et al. IEEE TNS, 2006

Intraoperative 
radiotherapy

PET scattering 
correction
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GATE1

- Open source project (GPL)
- Monte Carlo simulation platform based on Geant42

- Medical imaging and particle therapy

http://www.opengatecollaboration.org

1 Jan S et al., Phys. Med. Biol. 2011
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Computer clusters

- Computer cluster
   financial burden and availability issues
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Monte Carlo simulation
- Very computationally demanding 
   research and clinical environment applications

Intraoperative 
radiotherapy

PET scattering 
correction



1 Watch Dogs, Ubisoft
2 Philips J C, Communications of the ACM, 2009

Gaming1

Graphics Processing Unit 
(GPU)

Life science2 Finance3

Engineering4Medical imaging5

General-Purpose 
computing on GPU 

(GPGPU)

3 Nvidia GTC 2009

5 Kratz A International workshop on Augmented environments for Medical 
Imaging  and Computer-aided Surgery, 2006

Introduction
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Hybrid GATE

1 Jahnke L et al. Phys. Med. Biol. 2012
2 Hissoiny S et al. Med. Phys. 2011
3 Toth B et al. Conference on Computer Graphics and Geometry 2010

French ANR-09-COSI-004
february 2010 – march 2013
(36 months)

feasibility studies to speed up GATE 
simulation by using CPU/GPU

Partners:
LaTIM – J. Bert (coPI) and D . Visvikis (P1)
IPHC - D. Brasse (+3)
CPPM - C. Morel (+2)
CREATIS - D. Sarrut (+3)
IMNC - I. Buvat (+2)
SHFJ - S. Jan (+1)

http://hgate.univ-brest.fr

Hybrid GATE
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Hybrid GATE

Graphics Processing Unit (GPU)
- Used GPU for Monte Carlo simulation1-3

- Medical applications within GATE software
- Enhance GATE computational efficiency

A small cluster on a single conventional workstation
1 Jahnke L et al. Phys. Med. Biol. 2012
2 Hissoiny S et al. Med. Phys. 2011
3 Toth B et al. Conference on Computer Graphics and Geometry 2010
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Hybrid GATE

- Possible to track particles alternatively on GPU or CPU
- No limitation on simulation possibilities

Sources
CPU

Detectors
CPU

Phantoms
GPU

Phantoms
CPU

orParticles Particles

Sources
GPU

Detectors
GPU

or or
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thread (data unit)

GPU architecture

Automatic scheduling

Streaming processor (SP)
Kernel 

(program code)

NVIDIA GTX TITAN
2880 SPs @ 1 GHz

Hybrid GATE
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thread (data unit)

GPU architecture

Automatic scheduling

Streaming processor (SP)
Kernel 

(program code)

NVIDIA GTX TITAN
2880 SPs @ 1 GHz

Paradigm

1 thread per 
history

Emission
End of simulation

Tracking

Thousands of particles are simulated in parallel

Hybrid GATE
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Hybrid GATE
Simulation structure

Particles buffer

...

Simulation Kernel
(all steps)

...

exit

Particles extraction, scoring, images

Primaries generation

Main loop

Particles buffer
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Structure	  of	  Array	  (SoA)	  

struct Point {
float *x;
float *y;
float *z;

};

Hybrid GATE
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Materials properties
 
- Material parameters used by the different physics effects

-  number of atoms per volume
-  number of electrons per volume
-  mean excitation energy of electron
-  radiation length
-  …

Hybrid GATE



GPU framework based on Geant4
- Geant4 code on GPU (C++ è C è CUDA)
- Pseudo random number generator
- Electromagnetic effects for photon 
    (standard and Livermore) model
-  Voxelized geometry navigation
- Single precision (float number)

Full agreement between GPU code and 
Geant4

Hybrid GATE

Photon physics effects
 - Compton scattering (standard and Livermore model)
 - Rayleigh scattering (Livermore model)
 - Photoelectric effect (standard and Livermore model

IOP PUBLISHING PHYSICS IN MEDICINE AND BIOLOGY

Phys. Med. Biol. 58 (2013) 5593–5611 doi:10.1088/0031-9155/58/16/5593

Geant4-based Monte Carlo simulations on GPU for
medical applications

Julien Bert1,5, Hector Perez-Ponce2,5, Ziad El Bitar3, Sébastien Jan4,
Yannick Boursier2, Damien Vintache3, Alain Bonissent2,
Christian Morel2, David Brasse3 and Dimitris Visvikis1

1 LaTIM, UMR 1101 INSERM, CHRU Brest, Brest, France
2 CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
3 IPHC, UMR 7178—CNRS/IN2P3, Strasbourg, France
4 DSV/I2BM/SHFJ, Commissariat à l’Energie Atomique, Orsay, France

E-mail: julien.bert@univ-brest.fr

Received 31 December 2012, in final form 6 June 2013
Published 29 July 2013
Online at stacks.iop.org/PMB/58/5593

Abstract
Monte Carlo simulation (MCS) plays a key role in medical applications,
especially for emission tomography and radiotherapy. However MCS is also
associated with long calculation times that prevent its use in routine clinical
practice. Recently, graphics processing units (GPU) became in many domains
a low cost alternative for the acquisition of high computational power.
The objective of this work was to develop an efficient framework for the
implementation of MCS on GPU architectures. Geant4 was chosen as the
MCS engine given the large variety of physics processes available for targeting
different medical imaging and radiotherapy applications. In addition, Geant4
is the MCS engine behind GATE which is actually the most popular medical
applications’ simulation platform. We propose the definition of a global strategy
and associated structures for such a GPU based simulation implementation.
Different photon and electron physics effects are resolved on the fly directly
on GPU without any approximations with respect to Geant4. Validations have
shown equivalence in the underlying photon and electron physics processes
between the Geant4 and the GPU codes with a speedup factor of 80–90. More
clinically realistic simulations in emission and transmission imaging led to
acceleration factors of 400–800 respectively compared to corresponding GATE
simulations.

(Some figures may appear in colour only in the online journal)

5 The first two authors contributed equally to this work.

0031-9155/13/165593+19$33.00 © 2013 Institute of Physics and Engineering in Medicine Printed in the UK & the USA 5593
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Compton cross section
-  Compton cross section is obtained by the Klein-Nishina 
formula.	  	  

-‐ 	  Parameters are the atomic number Z and the energy of the 
particle E

15O. Klein and Y. Nishina, Z. Physik 52, 853 1929

Hybrid GATE
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Total cross section for a material:
-  Each physics effect computes the cross section for one atomic Z
-  Total cross section for a material is computed using the material mixture

Kidney: d=1.05 g/cm3 ; n=11 
        +el: name=Hydrogen  ; f=0.103 
        +el: name=Carbon    ; f=0.132 
        +el: name=Nitrogen  ; f=0.03 
        +el: name=Oxygen    ; f=0.724 
        +el: name=Sodium    ; f=0.002 
        +el: name=Phosphor  ; f=0.002 
        +el: name=Sulfur    ; f=0.002 
        +el: name=Chlorine  ; f=0.002 
        +el: name=Potassium ; f=0.002 
        +el: name=Calcium   ; f=0.001 

Hybrid GATE



Hybrid GATE

Source
CPU

Detector 
CPU

GATE

Particles are stored 
sequentially into the 

buffer
Voxelized volume

GPU module for GATE
- Based on this generic GPU framework
- Specific GPU module for medical applications
- Tracking particles inside a voxelized volume (PET, SPECT, CT, and Radiotherapy)
- Voxelized source of particle (PET and SPECT)

Particles are given 
sequentially to the 

workspace

......
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Hybrid GATE: PET imaging

Source + phantom
- Voxelized phantom from NCAT (thorax)
- 46x63x128 voxels of 43 mm3

- Tumor in the left lung
- Activity maps (tumor contrast 3:1)
- Back-to-back photon gamma (511 keV)

Detector
- Philips GEMINI PET scanner

Voxelized phantom

Voxelized activity maps PET system modeling

}
Setup
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Hybrid GATE: PET imaging

Source + phantom
- Voxelized phantom from NCAT (thorax)
- 46x63x128 voxels of 43 mm3

- Tumor in the left lung
- Activity maps (tumor contrast 3:1)
- Back-to-back photon gamma (511 keV)

Detector
- Philips GEMINI PET scanner

Simulation
- Photoelectric effect and Compton scattering
- Acquisition for 10 min

Evaluation study
- Run time to track particles (source+phantom)
- Phantom phase space
- Store coincidences into sinogram

CPU Intel Core i7 - 3.4 GHz
GPU NVIDIA GTX580 512 cores 1.23 GHz

GATE simulation

PET DetectorsVoxelized 
source

Voxelized 
phantom+

GPU CPU

PET DetectorsVoxelized 
source

Voxelized 
phantom+

CPU CPU

19

Voxelized phantom

Voxelized activity maps PET system modeling

}
Setup



Hybrid GATE: Transmission imaging
Source
- Cone beam (7o aperture angle)
- Photons (mono energy at 80 keV)

Phantom
- Voxelized phantom derived from CT (head & neck)
- 126x126x111 voxels of 23 mm3

Detector
- Fictive flat panel (counting particles per pixel)
- 300x300 pixels of 12 mm2

100 cm 20 cm

Photon 
source

Voxelized 
phantom

Flat panel 
detector

Setup
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Source
- Cone beam (7o aperture angle)
- Photons (mono energy at 80 keV)

Phantom
- Voxelized phantom derived from CT (head & neck)
- 126x126x111 voxels of 23 mm3

Detector
- Fictive flat panel (counting particles per pixel)
- 300x300 pixels of 12 mm2

Simulation
- Regular voxelized navigator (based on Geant4)
- Photoelectric effect and Compton scattering
- Acquisition for 500 million emitted photons

Evaluation study
- Run time to track particles (phantom)
- Phantom phase space
- 2D projection

GATE simulation

Flat panel 
Detectors

CPU

Voxelized 
phantom

CPU

Cone beam 
source

CPU

Flat panel 
Detectors

CPU

Voxelized 
phantom

GPU

Cone beam 
source

CPU

CPU Intel Core i7 - 3.4 GHz
GPU NVIDIA GTX580 512 cores 1.23 GHz
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100 cm 20 cm

Photon 
source

Voxelized 
phantom

Flat panel 
detector

Setup

Hybrid GATE: Transmission imaging



Coincidence sinograms:

GATE GATE-GPU

ProfilesScattered photon energy distributions (400 bins)

Phase spaces:

Run time to track particles:

Voxelized 
source

Voxelized 
phantom+

GATE

Voxelized 
source

Voxelized 
phantom+

GATE-GPU

75.4 s / 106 particles

1.23 s / 106 particles

Speedup x61.3
hours in minutes

22

Hybrid GATE: PET imaging



Profiles

2D projections

GATE GATE-GPU

Run time to track particles:

Voxelized 
phantom

GATE

Voxelized 
phantom

GATE-GPU

89.4 s / 106 particles

1.16 s / 106 particles

Scattered photon energy distributions (400 bins)

Phase spaces:

Speedup x77.1
hours in minutes

23

Hybrid GATE: Transmission imaging



Hybrid GATE
Conclusion

- GPU modules within GATE:
    Photon particle
    Photoelectric, Compton and Rayleigh scattering
     Voxelized geometry navigation
    No secondary particle (e-)

    For PET application  x61 faster
    For CBCT application x77 faster

- Both modules were released in GATE v7 (2014)

February 2010 – march 2013
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Hybrid GATE
Conclusion

- GPU modules within GATE:
    Photon particle
    Photoelectric, Compton and Rayleigh scattering
     Voxelized geometry navigation
    No secondary particle (e-)

    For PET application  x61 faster
    For CBCT application x77 faster

- Both modules were released in GATE v7 (2014)

GATE simulation

Flat panel 
Detectors

CPU

Voxelized 
phantom

CPU

Cone beam 
source

CPU

Flat panel 
Detectors

CPU

Voxelized 
phantom

GPU

Cone beam 
source

CPU

Speedup x2

25

Amdahl’s law



GGEMS

Physics effects

- Photons
    Compton scattering (standard and Livermore model)
    Rayleigh scattering (Livermore model)
    Photoelectric effect (standard and Livermore model)

- Protons
    Ionisation (Bragg model > 2 MeV and Bethe-Bloch model)
    Multiple scattering (Urban model 90)
    Nucleus-nucleus processes are not implemented

- Electrons
    Ionisation (Moller Bhabha model)
    Multiple scattering (Urban model 93)
    Bremsstrahlung

No approximations were introduced on physics models and navigation

Data (cross-sections and loss tables) are built using Geant4 and 
subsequently load to the GPU according the physics list 

C-code 
validation

GPU code 
implementation

GPU code 
validation

ok ok ok

ok ok ok

ok ok ok

ok ok ok

ok ok ok

?? ?? ??

ok ok ok

ok ok ok

ok ok ok

GGEMS: Fully GPU GEant4-based Monte Carlo Simulation
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GGEMS
Handle different type of particles
-  One main particle buffer
-  All type of particles are tracked in parallel
-  Handle secondary particles

Photon

e-

e-

Level 2

...

...

Stack of particles
...

Photons and electrons

Particle queue (hierarchical level)

Particles buffer

...

A single generic kernel to handle  
photon and electron

…

27



GGEMS
Sources

Energy distribution from CDF

Particle beam
-  Pencil beam
-  Isotropic distribution
-  Cone beam

Primary generator
- User’s functions

X-ray spectrum 
120 kVp  2 mm Al Electron spectrum (Y90)

28



GGEMS
Geometry

AnalyticalVoxelized Meshed YVAN (vox+mesh)

29



GGEMS
Dose calculation

1 Williamson J F Monte Carlo evaluation of kerma at a point for photon transport problems Med. Phys. 1987

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

−
= ∑∑

22 d(x)d(x)
1

1 (x)
NNN

ε- Single or double precision
- Dose uncertainty calculation

- Track Length Estimator 1 (only for photon tracking)

Possibility to select any physics effects that you want for your simulation:

    GGEMS.set_energy_range(1*eV, 250*MeV);
    GGEMS.set_table_bins(1001);
    ...   
    GGEMS.set_process("Compton");
    GGEMS.set_process("PhotoElectric");
    GGEMS.set_process("eIonisation");
    GGEMS.set_process("eBremsstrahlung"); 
    GGEMS.set_process("eMultipleScattering"); 
    ...
    GGEMS.set_energy_cut("Electron", 990*eV);
    GGEMS.set_energy_cut("Photon", 990*eV);
    ...
    GGEMS.set_dose_deposition("TLE");

GPU constant memory
Physics list

GPU global memory
Physics tables from Geant4

30



GGEMS: Electron beam simulation
Source
- Cone beam
-  Electrons (Gaussian energy at 6 MeV σ	  = 1 MeV)
-  Energy cut for electron at 990 eV
-  No secondary photon
-  Physics effect : Bremsstrahlung, electro ionization 
    and multiple scattering
-  50 Millions primaries
-  Max 9 level of secondary particles

Phantom
- Simple Water phantom
- 41 x 41 x 41 mm3 

Dosemap
- Double precision
- Energy deposited in a 3D
- 41x41x41 voxels of 13 mm3

41 mm

Electron 
source

Water
phantom

Setup
Vacuum

100 mm
41 mm

CPU Intel Core i7 - 3.8 GHz
GPU NVIDIA GTX780 Ti - 2880 cores - 0.93 GHz

31



~19 hours
~23 min / 106 particles

953 seconds
~19 s / 106 particles

Geant4 (CPU)

GGEMS (GPU)

Speedup x72.5 

With double precision

32

GGEMS: Electron beam simulation



GGEMS: Truebeam Novalis simulation

Source
- Truebeam 6X

Phantom
- CT 512x512x186
- VMAT plan (prostate cancer)

Dosemap
- Double precision
- Energy deposited in the CT volume

Simulation
- GGEMS vs Geant4
- 100 Millions primaries
- Energy cut : 990 eV
-  Physics effect: 

Bremsstrahlung, 
electro ionisation, 
multiple scattering,
Compton scattering,
photo electric

-  4 levels of secondary particles

CPU Intel Core i7 - 3.4 GHz
GPU NVIDIA GTX980 - 1536 cores – 1.03 GHz

Jaws	  x	  y	   MLC	  (mesh-‐based	  
modeling	  from	  CAD)	  

33



GGEMS: Truebeam Novalis simulation

CPU Intel Core i7 - 3.4 GHz
GPU NVIDIA GTX980 - 1536 cores – 1.03 GHz

~25 h
Speedup x68

Geant4 (CPU)

GGEMS (GPU) ~22 min

With double precision

D
os

e

34



Requirements	  
-‐ 	  Seed	  modeling	  	  
	  	  	  	  	  	  	  -‐	  MulC	  layers	  material	  
	  	  	  	  	  	  	  -‐	  Isotope	  
-‐ 	  Hybrid	  navigator	  
	  	  	  	  	  	  	  -‐	  Seeds	  are	  placed	  within	  the	  	  voxelised	  volume	  
	  	  	  	  	  	  	  -‐	  No	  geometrical	  approximaCon	  
	  	  	  	  	  	  	  -‐	  Considers	  inter	  seed	  interacCons	  
-‐	  Fast	  dose	  deposiCon	  (convergence)	  

Analytical seed

Voxelized volume

GGEMS: Application in LDR brachytherapy
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4999

the prostate volume (D90) provides information on the presence of dose cold spot regions within 
the prostate. The mean D90 relative difference between TG43 and GGEMS-brachy was  −8.7% 
(range:  −4.84%,−10.29%). These results are in agreement with previous studies: mean  −6.4% 
(range:  −1.8%,−14.1%) reported in Collins-Fekete et al (2015) and a mean difference of  −7% 
corresponding to the results of Carrier et al (2006). Similarly to all theses studies, dose within 
the prostate region is overestimated using the TG43 formalism relative to the MCS whichcan in 
turn lead to potential local recurrences (Crehange et al 2013, Sasaki et al 2014).

Concerning the organs at risk (OAR), the metrics D10 on the urethra volume provides infor-
mation on dose hot spots. The mean D10 relative difference between TG43 and GGEMS-
brachy was  −2.00% (range:  −0.21%,−5.87%). Similarly, the dose in 2 cm3 (D2cc) of the rectum 

Figure 7. Isodoses on the same patient CT image centered on the prostate from 
simulations using (a) the TG43 formalism and (b) the full MC with GGEMS-brachy.

Figure 8. Comparison of the dose volume histogram within the prostate and the organs 
at risk between the TG43 formalism and GGEMS-brachy for one of the patient datasets.

Y Lemaréchal et alPhys. Med. Biol. 60 (2015) 4987



GGEMS: Application in LDR brachytherapy

36

Same simulation with one CPU takes ~15 hours

Run time for all seeds
(14 millions of photons)

Number of 
GPUs

Simulation 
time (s)

Communication 
time (s)

Speed up 
(vs 1 GPU)

1 9.35 0.03 x1

2 4.79 0.07 x1.95

4 2.47 0.09 x3.78 Desktop	  computer	  using	  4	  GPUs	  

A simple desktop computer is enough for GGEMS to perform a 
Monte Carlo simulation within a clinical context
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Abstract
In brachytherapy, plans are routinely calculated using the AAPM TG43 
formalism which considers the patient as a simple water object. An accurate 
modeling of the physical processes considering patient heterogeneity using 
Monte Carlo simulation (MCS) methods is currently too time-consuming and 
computationally demanding to be routinely used. In this work we implemented 
and evaluated an accurate and fast MCS on Graphics Processing Units (GPU) 
for brachytherapy low dose rate (LDR) applications. A previously proposed 
Geant4 based MCS framework implemented on GPU (GGEMS) was extended 
to include a hybrid GPU navigator, allowing navigation within voxelized patient 
specific images and analytically modeled 125I seeds used in LDR brachytherapy. 
In addition, dose scoring based on track length estimator including uncertainty 
calculations was incorporated. The implemented GGEMS-brachy platform 
was validated using a comparison with Geant4 simulations and reference 
datasets. Finally, a comparative dosimetry study based on the current clinical 
standard (TG43) and the proposed platform was performed on twelve prostate 
cancer patients undergoing LDR brachytherapy. Considering patient 3D CT 
volumes of 400  × 250  × 65 voxels and an average of 58 implanted seeds, the 
mean patient dosimetry study run time for a 2% dose uncertainty was 9.35 s 

Y Lemaréchal et al

GGEMS-Brachy: GPU GEant4-based Monte Carlo simulation for brachytherapy applications

Printed in the UK

4987

PMB

© 2015 Institute of Physics and Engineering in Medicine

2015

60

Phys. Med. Biol.

PHMBA7

0031-9155

10.1088/0031-9155/60/13/4987

Paper

13

4987

5006

Physics in Medicine & Biology

Institute of Physics and Engineering in Medicine

IOP

0031-9155/15/134987+20$33.00 © 2015 Institute of Physics and Engineering in Medicine Printed in the UK

Phys. Med. Biol. 60 (2015) 4987–5006 doi:10.1088/0031-9155/60/13/4987

GGEMS: Application in LDR brachytherapy



GGEMS

Ongoing work

- GGEMS Medical applications
    Intra-operative radiotherapy
       - Intrabeam, breast cancer
       - Brachytherapy
    PET scattering correction
    Real-time in-vivo dosimetry

Shield (mesh)

Voxelized phantom

MCS (GGEMS)
vs

Measurements (TrueBeam)
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GGEMS

Ongoing work

- GGEMS Medical applications
    Intra-operative radiotherapy
       - Intrabeam, breast cancer
       - Brachytherapy
    PET scattering correction
    Real-time in-vivo dosimetry

Perspectives

- GPU optimizations    
- Variance reduction
- MC based TPS

- Release GGEMS code

Shield (mesh)

Voxelized phantom
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Thank for your attention
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