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ABSTRACT  

 Because of economic problems in using the real samples and systems for clinical tests, 

some software are used to simulate these tests. One of the most important software is SimSET 

which can simulate the physical processes and instrumentation used in emission imaging. In this 

study, the SimSET is used for simulation and survey of cylindrical detector in human brain PET 

imaging which uses Zubal head phantom. These surveys include effect of thickness and diameter 

on detection efficiency, resolution and image quality. The scintillation materials are deposited 

and absorbed photon population of detector is compared from simulation results. Sinograms of 

simulation are transformed to images by XMedCon and mricron and finally these images are 

processed by image processing codes in MATLAB; Nine simulations were performed with 

different thicknesses and diameters. Results of simulations and image processing show that 

optimization between diameter and thickness is necessary for image quality. 

 

Key words:Detector, Brain, PET, Zubal Phantom, Simulation. 
 

 

 

 

Corresponding Author: Alireza Sadremomtaz 

 

INTRODUCTION 

Positron Emission Tomography (PET) imaging is provided by nuclear imaging to functionally 

map radiotracer uptake distributed in the human body. The radiopharmaceuticals of PET provide 

more insights into the metabolic and molecular processes of the disease [1].In this method, a 

positron emitter such as Fluorine 18 is injected as FDG (Fluoro-Deoxy-Glucose) to patient. After 

injection, the body begins to uptake the radiotracer. PET detectors detect annihilation photons 

that are produced when a positron interacts with a negatron. The photons have identical energies 

(511 KeV) and are emitted simultaneously, in 180 degree opposite directions. Near simultaneous 

detection of two annihilation photons allows PET to localize their origin along a line between the 

two detectors (“Line Of Response (LOR) “ ), without the use of absorptive collimators [2]. As a 

result, the sensitivity of PET is much higher (two to three orders of magnitude higher) than  of 

Single Emission Computing Tomography (SPECT).Scintillation detectors are the most common 

and successful mode for detection of 511 KeV photons in PET imaging due to their good 

stopping efficiency and energy resolution. The excellent stopping power of BGO (Bismuth 

Germinate) gives it high sensitivity for photon detection in PET scanners [3].The emitted 

photons interact with the scintillation crystals and photomultiplier tubes (PMT) in the detectors 
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and convert into visible light photons. The photons are then converted into electrical signals that 

are registered by the tomography electronics. The information is then processed by a computer to 

form a complex real time image of a particular part of the body such as brain scan [4]. 

 

Detection Efficiency  

Detection efficiency refers to a radiation measuring instrument ability to convert emissions from 

the radiation source into useful signals from the detector. Maximum detection efficiency is 

desirable because one thus obtains maximum information with a minimum amount of 

radioactivity. It is affected by several factors such as the geometric efficiency and the intrinsic 

efficiency. The geometric efficiency is efficiency with which the detector intercepts radiation 

emitted from the source. This is determined mostly by the distance from the source to the 

detector and detector size. The geometric efficiency can be increased by extending the field of 

view (FOV) in the axial direction and reducing the diameter of the detector ring. The intrinsic 

efficiency refers to the efficiency with which the detector absorbs incident radiation events and 

converts them into suitable detector output signals. This is primarily a function of detector 

thickness, and linear attenuation coefficient and of the type and energy of the radiation to be 

detected. It is given by (1). 

 
( )1 L E xe     (1) 

 

Where the x is the detector thickness and the µL(E) is the linear attenuation coefficient of the 

detector at the gamma ray energy of interest, E. The linear attenuation coefficient obtains by 

multiplication of mass attenuation coefficient (µm) and the density. A high detection efficiency 

for the gamma rays of interest requires both high atomic number for a large photoelectron cross 

section and high density for a large Compton scattering cross section [5]. The stopping power is 

the inverse of the mean distance travelled by photons before they deposit energy in the crystal. A 

short travel distance is favorable, because it will yield more interactions with the 511 KeV 

photons and a better efficiency for detecting them in crystal of fixed size. 

 

Intrinsic spatial resolution  

Spatial resolution refers to the sharpness and detail of the image or to the ability of the imaging 

instrument to provide such sharpness and detail. Part of the blurring arises from collimator 

characteristics. Collimator resolution is not a factor in PET imaging, which uses annihilation 

coincidence detection (ACD) for spatial localization. The limit of spatial resolution achievable 

by the detector and the electronics, ignoring additional blurring due to the collimator, is called 

the intrinsic spatial resolution [2]. It is limited primarily by multiple scattering of photons within 

the detector and statistical fluctuation in the distribution of light photons among PMT. Lower 

energy gamma rays (E) produce fewer light photons per scintillation event, that result larger 

relative statistical fluctuations in photons distribution. Intrinsic resolution becomes worse with 

decreasing gamma ray energy. It is proportional to 1 E . This follows because the number of 

scintillation light photons produced, N, is roughly proportional to E and the relative statistical 

fluctuation in their distribution are there for proportional to 1 N . This cause greater blurring at 

lower gamma ray energies.  
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Intrinsic resolution also depends on detector crystal thickness. Thicker detectors result in greater 

spreading of scintillation light before it reaches the PMTs. Furthermore, there is a greater 

probability of detecting multiply Compton scattered events in thicker detectors. These are the 

primary reasons why gamma camera use relatively thin detector. However, the trade-off in 

gamma cameras is between detection efficiency (which improves with thicker crystals) and 

intrinsic spatial resolution (which improves with thinner crystals).   

One of the advantages of PET over SPECT imaging is its resolution. The resolution in PET is 

determined by a combination of factors such as crystal size, physics of positron and depth of 

interaction (DOI). 

 

 Positron range and noncolinearity 

The positron range is a statistical measure of how far the positron travels from the atom before 

annihilation. An ideal tomograph should accurately measure the activity distribution in the body, 

i.e., the positron emission points. Actually, a tomograph can only detect the annihilation point: 

the range of the positron separates these two points. This effective range degrades the spatial 

resolution, introducing a blurring in the image [6]. The resulting blurring of the tomographic 

picture due to the positron range strongly depends on the energy distribution of the positron and 

on the radionuclides used. Another limiting effect is called the noncolinearity. Due to momentum 

conservation, the emission angle between the two emitted 511 KeV gamma photons is not 

exactly 180degreein the detector frame. The angular distribution is approximately Gaussian with 

a FWHM of ~0.50. The effect on the FWHM spatial resolution R180 depends on the distance 

between the coincidence detectors. If the distance in cm between the two detectors (i.e., detector 

ring diameter), then R180 can be calculated from the equal (2). 

 

R180 = 0.002 D (2) 

 

The noncolinearity related blurring, R180, varies from ~2 mm for an 80 cm diameter whole-body 

PET to ~0.7 mm for a 30 cm diameter brain PET to ~0.3 mm for a 12 cm diameter small-animal 

PET [7].  

 

Sensitivity and Depth Of  Interaction (DOI) 

For a given activity distribution inside a human body and fixed acquisition time, the signal-to-

noise ratio (SNR) and image quality are substantially influenced by the sensitivity of the PET 

scanner. PET systems with high detection efficiency allow for better counting statistics and have 

a positive impact on image quality in terms of SNR, spatial resolution, and other subsequent 

quantitative analysis [8]. The sensitivity of a PET scanner is defined as the number of counts per 

unit time detected by the device for each unit of activity present in a source. It is normally 

expressed in counts per second per micro curie or mega Becquerel. It can be classified into two 

major components: geometric and intrinsic efficiency. The geometric efficiency of a PET 

scanner is defined by the solid angle projected by the source of activity at the detector. The 

geometric factor depends on the distance between the source and the detector, the diameter of the 

ring and the number of detectors in the ring [9]. The angular coverage obtained by the detector 

surface area should be large enough when exposed to the emitted radiations. The ring-packing 

fraction can be defined as the ratio of the true detection area to the total circumferential ring area 

[10]. Increasing the distance between the source and detector and increasing the diameter of the 
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scanner ring reduces the solid angle, thus decreases the geometric efficiency. Also the sensitivity 

increases with increasing number of rings in the scanner. Other factors that influence the overall 

system sensitivity are energy and time window settings. Reducing of ring diameter will expose 

the detector more efficiently to the annihilation photons by increasing the solid angle; however 

spatial resolution will be confounded by depth of interaction (DOI) or parallax error. The 

intrinsic efficiency, however, is a matter of crystal type and thickness. Increasing the crystal 

thickness is also not an advantage as it enhances DOI errors. Increasing the crystal thickness 

could lead to more crystal penetration, especially for photons that are radially shifted from the 

center field of view; this results in event mispositioning and spatial resolution errors. 

The geometric design of the detectors has introduced another resolution limiting element, 

parallax error. It results from the uncertainty of the depth of the interaction of the 511-KeV 

photons within the crystal. PET scanners with small diameters can improve system sensitivity 

and will enhance image blurring. This degrading factor is also a concern in detector design with 

larger crystal thickness. As the rays arising from the patient move away from the center field of 

view, there is a greater chance that rays detected in coincidence will produce a blurring error, 

affecting the resolution of the scanner. Proper correction for the phenomenon allows an 

opportunity for producing scanners with greater crystal thickness; hence, an improvement in 

system sensitivity can be realized. 

 

Methods 

SimSET 

Software simulators have been used extensively in the field of nuclear medicine since the 1990s. 

These simulators, designed to emulate the object being imaged, nuclear physics, and the detector 

system may be based on analytic or Monte Carlo models [11]. More information about PET and 

SPECT simulators can be found in [12,13].This study is based on the SimSET(Simulation 

System for Emission Tomography) simulator. The SimSETsoftware uses Monte Carlo 

techniques to model the physical processes and instrumentation used in emission imaging [14, 

15]. This software is written in a modular form. The Photon History Generator (PHG) is main 

module; other modules are collimator module, detector module, and binning module. A typical 

simulation progresses decay by decay: after generating a decay by PHG, the resulting photon(s) 

are tracked through the phantom; the Collimator Module receives photons from the PHG and 

tracks them as they move through the collimator to the detector; the Detector Module receives 

photons either directly from the PHG module or from the Collimator module; it tracks movement 

and interactions of the photons until either they escape or all of their energy has been deposited; 

the Binning Module histograms the detected photons or coincident events as a output; it offers 

options to write the data in different histogram formats, such as sinograms. 

As input for calculations, SimSET requires a digital representation of the activity distribution and 

mass density distribution of the patient. The SimSET outputs are projections which contains 

several sets of sinograms depending on the selected options file and statistical information file. 

Main simulation setting is done in PHG module which contains definition of tomography type, 

energy of photons, scanning time, coordinate and slice designation of phantoms, and number of 

decays in simulation. The phantom to simulate is defined using the Object Editor. The input data 

for executing SimSET include: the Activity and Attenuation Objects; text Parameter Files 

defining the phantom, scan and tomograph parameters; and Data Tables defining the physical 
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properties (e.g., attenuation) of the phantom activity and materials and scanner materials. In the 

following, other simulation settings are presented. 

 

Adjust for positron range 

Before the annihilation, the positron travels some uneven distance that called positron range. If 

set true, the “positron range” is taken into account. To make the simulation simpler and faster, it 

is possible not to simulate it. 

 

Adjust for noncolinearity 

The annihilation photons are not emitted strictly back to back if the electron or positron has a 

kinetic energy more than zero at the time of annihilation. This is known as noncolinearity. 

Specifies whether or not noncolinearity is modelled for the photons resulting from positron 

annihilation. If set false, the annihilation photons will travel collinearly, with their directions 180 

degrees apart. If set true, one of the annihilation photons will be deflected so that the angle 

between the two photon paths is distributed as a Gaussian random variable with mean 180 

degrees and standard deviation 0.5 degrees. 

 

Modelling coherent scatter in object 

In photon interaction with matter there is a possibility of coherent scatter, known as the Rayleigh 

effect [16]. Specify whether or not coherent scatter is modelled as a part of the photon interaction 

modeling process during tracking through the object. At energies greater than about 200 KeV in 

soft tissue and 300 KeV in bone, less than %1 of photon interactions are coherent scatter. 

 

Modelling coherent scatter in object 

Specify whether or not coherent scatter is modelled as a part of the photon interaction modeling 

process during tracking through the collimator and detector.Coherent scatter is more probable for 

low photon energies in materials with high atomic number, like septa and detector crystal, than 

in biological tissue. 

 

Minimum energy 

A useful parameter to decrease simulation time is the cut-off value. Photons whose energy drops 

below this value as a result of Compton interactions are discarded from the simulation. 

 

Setup the simulation  

The zubal head phantom [17] which is used as object in this study, is divided to 128 part from -

8.96 to 8.96 (0.14cm each part).The is a voxel based digital brain phantom. This well segmented 

MRI based phantom is formed by a high resolution data from a healthy brain of 35 years old 

man. The entire human brain phantom has been created from 124 volumetric MRI based slices. 

The main PHG settings are listed in table 2. The BGO cylindrical detector is putted with several 

thickness and diameter. Also, 10 mCi of F18 is used in simulations as radioisotope [18]. 
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Table1. Simulation Options 

 

Simulation type PET(coincidences 

only) 

adjust_for_positron_range On 

Isotope F18 

adjust_for_colinearity Off 

model_coherent_scatter_in_obj Off 

model_coherent_scatter_in_tomo On 

photon_energy 511 KeV 

minimum_energy (energy 

threshold) 

350 KeV 

num_to_simulate (Number of 

decays) 

2*10
9 

length_of_scan (Scan time) 60 sec 

 

 

XMedCon and mricron 

The sinograms resulted from simulation must be colored and changed into DICOM and other 

formats; then the XMedCon and mricron are needed to transforming related data to image. 

XMedCon [19] and then they can be transformed to images by use of mricron [20]. 

 

MATLAB and Image Processing 

Among the objective numerical measures of picture quality there are some factors which can 

prepare a comparison between images. These image quality measured in terms of Mean Square 

Error (MSE), Peak Signal to Noise Ratio (PSNR), Average Difference (AD), and Normalized 

Absolute Error (NAE) which can obtained by use of Matlab software and open source codes of 

image processing [21,22,23]. That is based on computable distortion measures on the original 

image and decompressed image.  Qualitatively, the image with smaller MSE and larger PSNR is 
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close to original image. AD and NAE should be close to zero and large value of AD and NAE 

demonstrates poor quality of image in comparison of original image. 

 

 

RESULTS &DISCUSSION  

 

The results of simulations are represented as total photons depositing energy in detector, total 

photons absorbed in detector, and absorbed to deposited photons number ratio (ADR); these 

results are shown in table 3. Simulations were carried out in nine steps. In the first four 

simulations, crystal thickness was changed without variation of scanner diameter. Increasing the 

thickness from 2.5cm to 3cm resulted in enhancement of both number of photons and ADR 

which means detector efficiency increases too. Then a 4cm thickness crystal was used and the 

number of photons and ADR increased again. This increment was continued by use of a 6cm 

thickness crystal but the last one was very expensive. It should be noted that the enhancement of 

thickness has a negative effect on image quality. Also, the influence of thickness on the image 

quality was examined by image processing. 

In fifth step, diameter of scanner was increased to 84 cm and a 2.5 cm thickness crystal was used 

that resulted in reduction of absorbed and deposited photon numbers. To compensate for this 

reduction the thickness of crystal is increased to 3 cm but the outcome didn’t change 

dramatically in comparison with first and second step simulations. For more evaluations, the 

scanners with large diameters were proposed; so a crystal with 3 cm thickness and a scanner with 

124 cm diameter were considered which lead to a considerable decline in absorbed and deposited 

photon numbers. Enhancement of thickness to 4 cm in next step just produced a little growth in 

ADR which was not economical. Finally, in ninth step the crystal thickness reached to 5 cm that 

the results were same as previous step. 

 

TABLE 1 : The results of simulations 

 

n

u

m 

 

Thickness/

Diameter 

[cm] 

Total 

photons 

depositing 

energy in 

detector 

 

 

Total photons 

absorbed 

 

 

ADR 

1 2.5 / 60 302672974 282824397 0.93 

2 3 / 60 318459984 302440519 0.95 

3 4 / 60 326634870 314489837 0.96 

4 6 / 60 342669528 335404786 0.98 

5 2.5 / 84 254875856 236816642 0.92 

6 3 / 84 268582292 253719159 0.94 

7 3 / 124 189262092 178472785 0.94 

8 4 / 124 199414185 191760148 0.96 

9 5 / 124 203408714 197377753 0.97 
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TABLE 2: The results of Image processing for surveying the effect of crystal thickness 

Thickness 

[cm] 

MSE PSNR AD NAE 

2.5 0 99 0 0 

3 59.62 30.38 0.19 0.13 

4 65.81 29.93 0.32 0.14 

6 72.80 29.51 0.71 0.16 

 

TABLE 3: The results of Image processing for surveying the effect of diameter 

Diameter 

[cm] 

MSE PSNR AD NAE 

60 0 99 0 0 

84 140.28 26.66 2.39 0.28 

124 273.91 23.75 2.40 0.29 

 

CONCLUSION 

In this study, thickness of crystal and diameter of scanner play key roles in outcome. Regarding 

to limitations in loss of spatial resolution and sensitivity alongside the limitations related to 

detection range, the selection of these factors must be performed precisely and optimized. By 

decreasing the scanner radius, image quality improves because both nonlinearity blurring and 

possibility of scattering reduce; therefore choosing the scanner diameter between 60 cm to 80 cm 

is recommended. Also, it has been found that by increasing the thickness resulted in 

enhancement of number of photons and detector efficiency; but over enhancement of thickness 

not only doesn’t help to image quality but also makes some perturbations in images. In brief, 

optimized thickness for brain imaging via PET is ranged from 2 to 3 cm. 
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