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ABSTRACT 

 
Building Exposure Computational Models (ECM) of emission tomography (PET and SPECT) currently has 
several dedicated computing tools based on Monte Carlo techniques (SimSET, SORTEO, SIMIND, GATE). 
This paper is divided into two steps: (1) using the dedicated code GATE (Geant4 Application for Tomographic 
Emission) to build a 4D model (where the fourth dimension is the time) of a clinical PET scanner from General 
Electric, GE ADVANCE, simulating the geometric and electronic structures suitable for this scanner, as well as 
some phenomena 4D, for example, rotating gantry; (2) the next step is to evaluate the performance of the model 
built here in the reproduction of test noise equivalent count rate (NEC) based on the NEMA Standards 
Publication NU protocols 2-2007 for this tomography. The results for steps (1) and (2) will be compared with 
experimental and theoretical values of the literature showing actual state of art of validation.  
 
 
 

1. INTRODUCTION 
 
Nowadays, the Positron Emission Tomography (PET) has become the main technique to get 
images with physiological information from the medical condition of patients with cancer [1] 
in the world and particularly in Brazil [2]. From the technological point of view, PET has 
characteristics that differentiate it of other types of emission tomography, for example, 
SPECT. The main difference is that PET does not use collimators to determine the direction 
and location that the photons will generate the image from the process of pair formation, 
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resulting from electron-positron interaction within the cellular environment, in the case of a 
being-alive [3]. 
 
Thereunto, it is used a detect system that consists of a pair of detectors associated with an 
entire electronic apparatus (amplifiers, pulse height discriminators, space and time) and to a 
circuit, also called coincidence, that receives the end of this apparatus and discriminates the 
photons arising from the same pair on different types of coincidence events, which are: true, 
scatter and random events (Figure 1). This type of electronic collimation makes it possible to 
determine the direction and location of the 511keV from the interaction of the electron of the 
medium with the issued positron from a positron-emitting radionuclide. The final image 
obtained in this process, besides the physiological information in the swept area, reflects the 
quality of the function in the acquisition system. Naturally this optimization in the 
functionality influences the effectiveness of the PET diagnosis.   
 
 

 
 

Figure 1: Different types of events observed in PET that influence image 
quality: true, scatter and random events. 

 
 

The occurrence of these events of stochastic nature depends on the interaction of radiation 
with matter (either through the cap, whether with crystal detectors), and it can be simulated 
by Monte Carlo (MC) methods.  This kind of simulation makes feasible and reproducible the 
recordings of events in focus, since it is very expensive to reproduce them experimentally. 
The raw analytical solution is extremely complicated given the large amount of existing 
sections of shocks in the process. However simplified models are found in the literature [4, 5, 
6].  
 
The challenges then are to find a MC code to simulate realistically the geometry and the 
physical processes inherent to the current PET, as well as their associated electronics, and 
still allow the user the possibility to estimate dose in heterogeneous media as the human 
body. Currently there are a series of  MC codes dedicated to modeling emission tomography, 
PET and SPECT, such as: SORTEO, SIMIND, SimSET and GATE.  Among these,  GATE 
(Geant4 Application for Tomography Emission) is now the most widely used tool by the 
scientific community to model PET and SPECT for various technical reasons. 
 
The GATE was developed by an international community called OpenGATE Collaboration 
[7, 8, 9] in open source format, born of the merger with GEANT4 data parser object-oriented 
ROOT [10]. The use of GEANT4 as based package offers benefits to the user as: (i) it has an 
open source C ++, a modern programming language with broad international support, (ii) 
provide the foundation of the physics involved in various phenomena implemented 
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validations and constant updates by the user community [11], which it allows a simulation of 
physical phenomena so accurate, including all the electronics associated with the detectors. 
On the other hand, GATE introduces in their structure features such as those present in the 
OpenGL graphics library. This ensures a real-time 3D visualization of the geometry of the 
scanner as well as the simulation of phenomenon 4D (where the fourth dimension is the 
time), so common in Nuclear Medicine, whose applications include studies of the 
pathophysiology almost always accompanied by movement on the table, set of detectors in 
the gantry, etc. 
 
These and other phenomenon can be simulated with precision and refinement of detail in the 
gate (which is currently in version 6.1.0) by means of a scripting language itself. This current 
version includes a range of features and applications available to the user [12] allowing a 
realistic simulation. Nevertheless, as shown in Table 1, most models validated in clinical PET 
GATE to date were built with previous versions, the current one (released in January 2011), 
which means a smaller range of tools and features available. This is the case with the PET GE 
Advance, renewed, built by SCHMIDTLEIN et al, 2006, using version 1.2.0 of  GATE.  
The modeling of the same PET was first built by BARRET et al 2005, using SimSET. In this 
paper, it was used the 6.1.0 version of the GATE to build the PET scanner of the GE and 
simulated time-dependent phenomenon such as, for example, the gantry rotation during decay 
of the source of fluorine-18 (positron emitter). Results will be analyzed qualitatively and 
quantitatively, by comparing them with SCHMITLEIN 2066 and BARRET 2005, 
respectively. 
 

Table 1.  PET e SPECT Validated in GATE [22] 
 

TOMOGRAPHY	   MODEL	   AUTOR	  

PET	  Scanner	   ECAT	  HRRT,	  Siemens	   BATAILLE	  et	  al.	  2004	  
	   Philips	  Allegro	  	   LAMARE	  et	  al.	  2004	  

	   ECAT	  EXACT	  HR+,	  CPS	   JAN	  et	  al.	  2005	  
	   HI-‐REZ,	  Siemens	   MICHEL	  et	  al.	  2006	  	  
	   GE	  Advance,	  GEMS	   SCHMIDTLEIN	  et	  al.	  2006	  
	   	   	  
SPECT	  Scanner	   AXIS,	  Philips	   STAELENS	  et	  al.	  2003	  

	   IRIX,	  Philips	  	   STAELENS	  et	  al.	  2004	  
	   DST	  Xli,	  GEMS	   ASSIÃO	  et	  al.	  2005	  
	   Millennium	  VG	  Hawk-‐Eye,	  GEMS	   AUTRET	  et	  al.	  2005	  

 
 

2. MATERIAL AND METHODOLOGY 

In this topic it is described, with some details, the processes of the modeling of the GE clinic 
PET, the GE Advance one, using the version 6.1.0 of the GATE, as well the other tests made 
with them to quantize the different types of events. An overview of all the stages involved 
during the modeling in GATE is shown in Figure 2.  
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Figure 2: Overview of the modeling process in the GATE. 
 

2.1.  The Geometry of the PET scanner 
 
Information about the structures of the GE Advance PET scanner simulated here are from a 
detailed study of the  data in the literature [13, 14, 15, 16,17] and some manuals available 
from General Electric [18, 19]. The scanner itself consists on 336 blocks of Bismuth oxide 
Germanato (BGO) detectors, arranged in three rings by a ring of 112 blocks. Each block is 
composed of 6 x 6 arrays of crystals, with the following dimensions: 4 mm (transaxial) x 8.1 
mm (axial) x 30 mm (thickness).The inner diameter of the ring of detectors is 92.7 cm and 
opening of the scanner is 60 cm. The system also contains a set of interplanar tungsten septa 
1 mm thick and 12 cm in length between the rings of crystals [18, 19]. The septa may be 
extended or retracted in order to reduce detection of scattered and random events [20]. This 
set of devices of the scanner was generated using the scripts of GATE, and the definition of 
the geometry being a first step in building the model (Figure 2 and Figure 3). 
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Figure 3: Steps involved in the modeling of clinical GE PET scanner. (a) 3DView 6 x 6 
array of BGO detectors (Block), including the shield of tungsten. (b) and (c) The 336 
block detectors (red) and the patient gantry. (d) Set how PET modeled here, including 
the outer shield and the patient table. 
 

2.2 Geometry of the Phantom: NEMA Scatter Fraction 
 
The NEMA phantom model is a geometric phantom. It consists on a polyethylene cylinder 
with an outer diameter of  203 ± 3 mm  and total length (and with an overall length) of 700 + 
/ - 5mm. A central hole 6.4 ± 0.2 mm is placed parallel to the central axis of the cylinder at a 
radial distance of 45 ± 1 mm (Figure 4b), which is inserted into a linear source. The phantom 
is positioned in the center of the FOV of the scanner, as described in the protocol NEMA 
NU-2007 [22]. 
 

                                           
 

Figure 4: (a) Cylindrical phantoms NEMA scatter Fraction modeled in GATE. (b) 
Front view showing the cylindrical hole phantom (45 mm from the geometric center) is 
inserted where the linear source. 
 
 
2.3 Physical Processes 
 
Every simulation is composed of steps. The key of physical processes is to choose where they 
occur and what steps these interactions should be called at each step [21]. The library based 
on GEANT4 native Monte Carlo, imported by the gate and used here to simulate the physical 
processes at low energies (<100GeV), is referred to as Low Energy Electromagnetic 
Processes(LEP) [20]. The LEP has been used here to simulate the occurrence of emission and 
positron annihilation, and the interactions of photons generated from the process of 
annihilation (511 keV), the possibility of occurrence of the photoelectric effect and Compton 
and Rayleigh scattering. And so it was the production of x-rays by Bremsstrahlung. 
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2.4 Processing of the signals in detectors: the Digitizer of GATE 
 
To model the process of distinguishing the different types of coincidence events in the system 
of detectors used in PET (including multiple scattering) and to model the channel signal 
processing was applied to the resource module digitizer. This module consists on several sub-
modules available (Figure 5), each one with its own function. The digitizer transduces 
information from the set of interactions of radiation with the detectors signals (pulses) output 
corresponding to the observed data, thus mimicking the electronic detection system for a real 
scanner. 
 

 
 
Figure 5: The module Digitizer of GATE and the simulation steps for electronic 
detection of the scanner [20]. 
 

 
3. RESULTS AND DISCUSSION  

 
Qualitatively Figure 5b shows 3D Model of PET GE Advance built using new version of 
Monte Carlo code GATE 6.1. In the left is seen this same model built for SCHMIDTLEIN et 
al 2006 using an old version of GATE (1.2.0). From the graphic point of view, it is not 
possible to see major differences, except softness of the table modeled here due to some 
functions implemented in later versions of the GATE that were kept in version 6.1. These 
functions allow closer the characteristics of a real patient's table of PET scanner, for example.  
 

         
                              (a)                                                                                 (b) 
 
Figure 6: (a) 3D Model of PET scanner GE Advance/Discovery LS simulated in GATE 
for SCHMIDTLEIN et al 2006. Here can be seen end shields (blue), the couch 
(wireframe) and overview of Module, Block and Crystal. (b) This image shows the 3D 
Model PET scanner built using new version of Monte Carlo code GATE 6.1. It shows 
the phantom (gray) in Couch (withe) as well as Detector Ring (red), End Shields (blue). 
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Figure 7: (a) Example of a result of a 4D simulation (where the fourth dimension is 
time): gantry rotation of 30 degrees to standardize the detection. Run 1 (in red) shows 
detectors in moment 1 and Run 2 (black) in other moment.   
 
 
 

 
 
Figure 8:  Comparation between simulation in GATE 6.1 (red), simulation in SimSET 
(blue) with GE Advance Measured (black) both performed for *BARRET et al 2005 for 
Noise Equivalent Counts (NEC). 
 
 
In Barret et al 2005 is curved for Noise Equivalent Counts (NEC) for different phantom 
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diameters and acquisition modes (2D and 3D) for PET. In the same article the authors 
performed simulation using the MC code SimSET (Figure 8) and PET GE Advance 
measurements (Figure 8). This simulation in SIMSET disregards the existence of the patient 
table, which was considered in GATE simulation (Figure 5). 
 
The curve performed is here using GATE (Figure 8), for acquisition mode 3D and phantom 
NEMA diameter equal 20 cm, it shows good agreement with experimental date for conditions 
simulated. The average difference of NEC (kcps) to the measured dates simulated in GATE 
(in red) is almost two times smaller than the simulated in SIMSET (in blue), as seen in Figure 
8, for small interval for activity Fluorine-18 observed of 67,71 x 106 Bq to 913,90 x 106 Bq. 
 
 

4. CONCLUSIONS  
 
This paper is an initial study for validation of PET scanner GE Advance using the new 
version of GATE (6.1). Future simulations need to be made to observe the behavior of the 
model for a wider range of activity of the source, and this variation from changes in energy 
processing window. Ways of reducing the computational time for each simulation GATE 
merit attention in the same way, since it allows to make the model more realistic by 
increasing the complexity of this, which would make it computationally feasible to estimate 
the dose deposited in anthropomorphic phantoms considering, for example, physiological 
movements. 
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