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ABSTRACT

This paper presents the Monte Carlo simulation of the Positron Emission Tomography (PET) scanning
technique using MCNPX code. The raw data generated by general MCNPX code contain a lot of
unnecessary information for the image reconstruction process. This requires a large memory to store all this
information. In order to reduce the needed memory, we introduce some modifications on the MCNPX code
source in order to be able to write directly the important data representing the coincidence events detected
by the detector pairs along the lines of response (LORs). These data are acquired as a result of launching
two simulations on a uniform cylindrical positron emitter source in water-filled environment. Thereafter,
from the object’s geometry, knowledge of the materials in this object and the acquired simulation data, the
attenuation correction map has been calculated and applied to the acquired data during PET image

reconstruction process.
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1. INTRODUCTION

Positron emission tomography (PET) aims to
estimate the distribution of radiotracer in the patient
by detecting the gamma photons which are
produced following the  positrons-electrons
annihilations. Each annihilation gives two 511 keV
gamma photons emitted on opposite directions. A
lot of annihilations photons are lost due to the
attenuation effect in the patient. The attenuation is
summarized by the absorption of a number of
emitted photons during their passage through an
attenuated medium. Attenuation effect can be easily
modeled along a line knowing the linear attenuation
coefficient p at each point in the medium and for
the energy of 511keV. When these parameters are
known, we only need to calculate the integral of p
along each LOR. Attenuation is one of the factors
which affect to the PET acquired data, such as,
scattered coincidences, random coincidences, dead
time, variations in detector efficiencies between

detector pairs, and radial elongation. Each of these
factors contributes to the image quality degradation,
so these factors need to be corrected during the
image reconstruction process. Several of these
factors have been investigated in details by many
studies in order to improve PET image quality [1]-
[4]. Attenuation correction is typically performed in
two steps: Firstly the attenuation map is
determined, and then it is applied to the PET
emission data during the image reconstruction
process. The methods used to generate the
attenuation maps can be classified into two main
categories: Transmissionless method and
transmission-based method [5]. Transmissionless
correction method depends on the calculation of the
object boundaries and the attenuation coefficient
distribution inside this object using mathematical
methods, statistical modeling for simultaneous
estimation of attenuation and emission distribution
and criteria of consistency condition [5],[6]. These
methods are useful for homogeneous and simple
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geometry object such as the phantom studied in this
work and for brain imaging. Transmission-based
method relies on estimated the attenuation
correction map by transmission scanning using
external radionuclide sources. This method is used
for heterogeneous and complex objects, for instance
the chest imaging [7],[8].

Studying the characteristics of the medical
imaging devices using the simulation codes
provides an important reference to amelioration the
performance of these devices. So this work focused
to modeling PET scanner using a general Monte
Carlo code in order to know how we can reach the
data needed to reconstruction medical images and
how this data can be corrected from the impact of
attenuation with a view to get an accurate
distribution of radiotracer in the object.

2. MATERIAL AND METHOD

2.1 Monte Carlo Simulation:

The Monte Carlo technique is one of numerical
methods that allow solving complex problems by
using pseudo-random numbers generated by
computers. The MCNPX code is one of general
codes which based on the Monte Carlo method to
simulate the particle transport in matter. It is
developed by LANL (Los Alamos National
Laboratory). Between 1994 and 2011 its extended
release, MCNPX, was developed [9],[10].

This study was conducted through several
stages using MCNPX code. These stages are
summarized as follow: 1) Including the material
compositions, densities and different parameters
detailed in the simulation input file. 2) Developing
the MCNPX code source in order to obtain a new
MCNPX executable file which will be used to run
the simulation calculation.

2.2 Simulation Geometry And Materials:

In this study, MCNPX code version (2.7) has
been used to simulate PET scan system. Our
simulation is based on specific parameters of
GEMINI TF scanner. The detection system is a ring
shape with 644 detectors (28 block detectors, each
block contains 23 LYSO crystals). The ring has a
diameter of 90cm. Each detector is a parallelepiped
of LYSO crystal, with dimensions of 4x4x22 mm’.

The studied phantom which is a cylindrical
volume of water of 24 cm in diameter is placed in a
supine position on the central axis of the detection

system. The phantom was simulated to be
uniformly filled with positrons emitter source into
the water-filled cylinder. This source emits
positrons with energy equal to the energy emitted
by "*F source (Figure 1).

A B

Figure 1: The MCNPX Model Of PET System And The
Cylindrical Phantom. (4) A Ring Contains 644 Crystals
Of LYSO,(B) Illustrates The Size Of Two Crystals
Relatively To The Whole Geometry

2.3 PET Data Acquisition

There are two methods which allow arranging
the coincidence events in PET before their
reconstruction. The first method consists of storing
the acquired data in a matrix called sinogram. Each
matrix element represents the count of coincidence
events that have been recorded for a specific LOR.
The second method resides in the recording of the
necessary information of each event such as the
position, the energy and the detection time of each
coincidence event. This information is then stored
event-by-event in a list; this method is called list-
mode. In this work all the information presented in
the lines of responses has been registered using
MCNPX code in a list-mode file called PTRAC
file. This file is one of the output files of the
MCNPX code. It contains the track of each particle
and gives all the information on its behavior from
the moment of its leaving the source until the last
interaction. The raw format of the PTRAC file is
complicated and very hard to analyze; however, it
contains complete information on the primary and
all the secondary particles.

In general, for good statistical results, we need
to run the simulation using a large number of
positrons. This operation needs a large memory to
store all information about annihilation photon
interactions from the time of its production due to
electron-positron  annihilation until its last
interaction or escape. Thus, this leads to develop an
in-house program (Fortran, C++, Matlab, etc.) to
read and extract the needed information from the
PTRAC file.

125




Journal of Theoretical and Applied Information Technology
10" November 2015. Vol.81. No.1 N

© 2005 - 2015 JATIT & LLS. All rights reserved

" A mmm—
YT

ISSN: 1992-8645

Www.jatit.org

E-ISSN: 1817-3195

We consider reducing the needed memory by
making our own modification in the MCNPX code
source to be able to write only the required data
directly without needing to store all information
and then filtering it using an in-house program in
order to obtain the image reconstruction data. Our
modifications in the MCNPX code source are
summarized on figure 2.

Read the positron history
MPS=1

Does it annihilate
inside the phantom?

NPS=NPS+1

Is the 1% annihilation
photons absorbed inside
detection system?

Is the 2™ annihilation
photons absorbed inside
detection system?

) [ Read the detector number which absorbs it ]

v
[ \Write the detectors pair ]

Figure 2: Flowchart Of Our Modifications In The
MCNPX Code Source

2.4 Attenuation Correction

The function of the PET scanner is determining
the distribution of radionuclide concentration by
detecting the gamma photons emitted as a result of
positron-electron annihilation in the body. Each
annihilation gives two y photons emitted in two
opposite directions with energy of 511keV each.
When vy photons pass through the material a certain
number of them is absorbed by photoelectric effect
after having or not undergone one or more
Compton scattering (or Rayleigh scattering). The
probability P of detecting two annihilation photons
simultaneously is given in a simple form by:

P =gk gub = gplatd) — e H (1)

Where, p is the linear attenuation coefficient of
the photons in the object.

Figure 3: Two Photons Detected By Two Different
Detectors After Traversing a And b Thicknesses
Along The LOR.

Equation 1 shows that, the attenuation does not
depend on the annihilation point, but it depends on
the total dimension of the crossed object. All LORs
are organized by regrouping them into sets of
parallel projections. The set of all line integrals
cutting the tracer distribution in a same given angle,
but at different spatial positions, are called a
parallel projection.

Figure 4: Translate The Activity Distribution f (x, y) To
The Projection Data P (u, 6)

From the geometry shown in figure 4, the
emission data collected for each projection can be
represented by:

Plug) = [EI’].’JI:— _I-_xx;_.' [:r.}":ldr:l] _I-_xxf{_t, Vidy (2]

Where f (x, y) represents the radiotracer
distribution in the object and the exponential term
represents the attenuation along the LOR at the
detector position u and projection angle 6. The
inverse of this term is expressed as an attenuation
correction factor:

a(u,6) = exp ( [ nmx,_v::dv) (3)

This factor represents the inverse of the
attenuation of the two photons along the LOR for a
detector position u and projection angle §. Based on
this factor, for our simple geometry and
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homogeneous phantom, we can calculate the
attenuation correction map by prior knowledge of
its geometry and material composition, were p(x,y)
=lyaer = 0.096 cm™ for 511 keV photons . The
multiplication of the attenuation correction map
with the raw emission data gives corrected emission
data. The corrected projections are then given by
equation 4.

The distribution of radionuclide concentration
represented by the function f'(x, y) can be estimated
from the corrected projection values Pyc (u, 6) by
using FBP algorithm [11].

3. RESULTS AND DISCUSSION

In this work, two simulations were performed
using modified MCNPX code in order to write
directly the necessary data for PET image
reconstruction. These simulations are run through a
cylindrical phantom filled with uniform positron-
emitting source, which emits positrons with energy
equal to the energy emitted by '°F source. The
phantom is located at the center of the ring detector.
The numbers of source particles treated in our
simulations are 0.84x10° and 1.68x10° positrons.
The objective of treating two numbers of positrons
is to illustrating the difference in image quality
when using a large and small number of positrons.
All the information of annihilation photons is
directly filtered by the modified MCNPX code and
recorded as raw data in PTRAC files. The sizes of
these files are reduced to about 10 MB instead of
hundreds GB generally produced by the original
MCNPX code and the simulation time is reduced
by roughly 40%.

The image reconstruction process starts by
organizing all LORs into a matrix of 322x321
elements. Each element in this matrix represents
the counts of detected photons in a specific LOR.
The attenuation correction map and the emission
corrected sinogram are built following equations 3
and 4 respectively. These sinograms are plotted in
figure 5.

B €
Figure 5: (4) Attenuation Correction Sinograms, (B)
Emission Data Sinograms, (C) Corrected Data

Sinograms (Up NPS=0. 84x10° And Below
NPS=1.68x10°)

Each sinogram can be efficiently reconstructed
with the simple back-projection (SBP) and filtered
back-projection (FBP) methods, where each
sinogram data can be transformed via the inverse
radon transform to obtain the final PET image. The
image reconstruction steps are illustrated in the
figure 6.

PTRAC file generated by MCNPX code
sinogram

Aftenuation
correction map

Simulation data ]
l Inverse Radon transfarm ‘

Y
Display the images ‘

Figure 6: PET Image Reconstruction Flowchart

In SBP, there are no filter applied to the
projections; but in FBP, the ‘Cosine’ filter is
applied to each projection data. Both SBP and FBP
images before and after attenuation correction are
shown respectively in figures 7 and 8 (A, B when
NPS=0.84x10’ and C, D when NPS=1.68x10’
positron).
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Figure 7: Simple Back-Projection Images.

(A And C) Uncorrected Images, (B And D) Corrected
Images.

Figure 8: Filtered Back-Projection Images.
(4 And C) Uncorrected Images, (B And D) Corrected
Images.

visually, we can note clearly the improvement
in the quality of images after attenuation correction,
where the edges of uncorrected images look more
intense than the centers of these images(A and C
images); but the corrected images intensities seem
uniformly distributed at all points of these images
(B and D images).

Quantitatively, the results can be evaluated by
plotting the line profile through the center of SBP
images (The noise on SBP images is less than that
on FBP images). The lines profiles illustrate the
distribution of the activity in the phantom before
and after attenuation correction; where, the central

regions appear less activity than other regions
before attenuation correction (figure 9).

These profiles show the same trends as those
known in the standard line profile of reconstructed
PET images before and after attenuation correction
[12].

Figure 9: (4) Profiles Of Simulation Data Showing

Depression In Activity At The Uncorrected Images

Center. (B) The Profiles Of Corrected Images. (Up
NPS=0.84x10° And Below NPS=1.68x10°)

Also, the distribution of the image intensity
which reflects the distribution of radiotracer
concentration in the phantom can be evaluated
quantitatively by calculating the variation of the
intensity through several annular regions of interest
ROIs along the radius of the FBP images before
and after attenuation correction (FBP images are
selected because it give a more accurate
distribution of the radiotracer than SBP images due
to the filtration which is applied to the projections
data) . Each ROI has a radius of 5 pixels and it is
completely adjacent to the neighboring ROI from
the center to the edge (an example is shown in
figure 10).

Figure 10: Distribution Of The ROIs Along A Radius Of
The Image
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The average intensity of each ROI is shown in
figure 11 for NPS=0.84x10° positron and in figure
12 for NPS=1.68x10’ positron.

@ Unconeasd FEP Insge
 Comeced FBPimage

L 1
30 ) [ 0 55
Distance(Pisel)

Figure 11: Variation Of Intensity Value / Pixel In
Annular ROIs Which Are Spread From The Center

To The Edge Of the Uncorrected FBP Images (84)
And Corrected FBP Image (8B).

® Uscoreod FBP e
# Corrced FBP e
0 f [ [ 0 % 10 ] B 5 50 ] £
Distace(Pise])

Figure 12: Variation Of Intensity Value / Pixel In
Annular ROIs Which Are Spread From The Center
To The Edge Of The Uncorrected FBP Images (8C)

And Corrected FBP Images (8D).

These figures illustrate the large deviation of the
intensity from the edge to the center of each image
before attenuation correction (@) but the intensity is
almost uniformly distributed after attenuation
correction (¢) especially in the image which is
reconstructed for a largest number of positrons. The
results of the two simulations (NPS=0.84x10° and
NPS=1.68x10") show an improvement of images
quality when a large number of positrons is used.

The validity of our development to MCNPX
code source can be assessed by comparing the
results which we reached using the direct filtering
of the raw data acquired using MCNPX code with
the results presented by Musarudin’s study [13].
There is a good agreement between these results.

)

4. CONCLUSION

The modification in the MCNPX code source
provides an advantage to reducing the storage
memory size which needed to store the raw data
generated via this code. With this modification, the
code becomes capable to write directly only the raw
data related to the coincidence events and exclude
the unnecessary data which related to escaped and
attenuated photons. Due to the direct filtering of
acquired data, the simulations can be performed
whatever the number of source particles (positrons).

The reconstructed images show that the
improvement in images quality after attenuation
correction than that before attenuation correction.
This improvement produced as a result of
correcting the simulation data by using the
attenuation map which is generated based on the
phantom properties and the uncorrected images.
This result shows the effectiveness of this method
to improving the distribution of the radiotracer
element in the phantom. But this method is only
suitable for the object with a simple geometric
form, as well as containing the homogeneous
material. So we look forward in the coming study
to correct the effect of the attenuation based on the
transmission methods which are valid also for
complex and heterogeneous objects.
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