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Abstract

Objective: To determine the distribution of the positron range of radionuclide ®F using Monte Carlo Simulation. Method:
18F is widely available for routine clinical use. In this work, we perform a theoretical calculation of the distribution of
the ®F positron range using Monte Carlo (MC) simulation. To collect a statistically significant sample of distance values
between the beta emitter point and the Line Of Response (LOR), approximately50000 tracks in water were generated and
propagated until annihilation. The radial cumulative probability distribution G2 D(§) as a function of was adjusted and the
analytical formulae was obtained. Finding: The maximum, mean and 1D values of the positron range for *F simulated
and propagated in water are calculated and compared with other studies. The application of Monte Carlo simulation for
positron range calculation emphasizes the adoption of this calculation for the radionuclide properties and their propagated
medium. The calculation results of beta particle energy loss are in good agreement with many studies that dealt with the
same matter having the same energy range. The bin size, source shape, simulation code and propagation medium are the
main parameters responsible on the slight differences in the positron range calculation results. Application: It is well
known from most existing studies that PET resolution blurring is coupled to the positron range and that it is important
to take this range into account in the image reconstruction process. In this study, we calculated the positron range of °F
in water, which is not an obvious affect and it is related to the values of E__ and E__ of 18F 0.250 MeV and 0.635MeV,
respectively. These values will cause positron particles to propagate in the medium with a range not exceeding 2 mm with
an FWHM_ is 0.16 mm and FWTM_, is 1.05 mm.
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tron annihilation. This effect is known as the “positron

1. Introduction
— range” which is the key indicator of the blurring in PET

Positron Emission Tomography (PET) imaging has a spe-
cial importance because it provides us with a precise ana-
tomical image function. The essential objective of medical
imaging is to produce images with optimized quality and
exhaustive data of object. Spatial resolution is one of the
factors that limit the realization of this goal. In PET imag-
ing, it is desired to reconstruct the positions of the nuclei
that emit the positrons; however, the positrons are ejected
into the patient’s tissues with non-zero kinetic energy. As
aresult, positrons annihilate each other at a distance from
their emission point'.

To improve spatial resolution, it is important to sur-
vey the distance effect from positron emission to posi-
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imaging.

A powerful classifier and multiple learning algorithms
have approached the Monte Carlo simulation technique
with a potential for high accuracy and a high degree of
functionality and flexibility, which tends to attract most
researches in these fields to solve problems of time, space,
cost and other complexity through the use of this tech-
nique*.

In this work, we focus on ®F (beta emitter) which is
now the standard radiotracer used for PET neuro imag-
ing and the management of cancer patients provides
quantitative parameters concerning the metabolic activ-
ity of target tissues®”.



Determination of '8F Positron Range in PET Imaging using Monte Carlo Simulation - Geant4 Code

The objective of this work is to determine the distribu-
tion of the positron range of radionuclide *F using Monte
Carlo Simulation.

2. Material and Method

Beta particles lose energy through interaction with mat-
ter by two mechanisms. The first, called “collision loss”,
excites and ionizes atoms and produces large scattering
angles with more tortures of the particle path. The second
mechanism is the “radiative loss” that leads to the emis-
sion of electromagnetic radiation (bremsstrahlung) as a
result of particle acceleration. The probability of occur-
rence of the second mechanism is low for the positron
energy range of interest (Figure 1).The total stopping
power of the positron (dE/dx) is obtained by considering
the two mechanisms of the Bethe-Bloch relativistic equa-
tion®’ to calculate the energy loss of beta particles (colli-
sion and radiative) as shown below.
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Figure 1. 'The positron energy Spectrum for **F located in
water (50000 simulated positron trajectories) using the G4
UniformRand() random function.

The expression of collision energy loss—(ﬁj is
given by,
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Where,
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c mc

ticle, c is the speed of light in vacuum and = E / mc® is
the kinetic energy for beta particle expressed in electron
rest mass. I is the mean excitation energy of medium in
(eV) can be obtained from the uses of the empirical for-
mula below.

I =19.0eV Z=1

L =1124+11.7ZeV 2<7<13

{5

The radiative energy loss X Jra for the particle
with energy E in MeV traveling in a medium with atomic
number Z is given by

s REERE)
dx )y \dx), (800) (o

To calculate the positron trajectories of a given iso-
tope, it is necessary to know the correct energy spectrum
of the beta emitter’s point source. A theoretical distribu-
tion of the kinetic energy of the beta emitter is obviously
expressed as follows®.

(5)

N(E)dE=C. F(Z,E). p. E. (E,, ~E)dE  (7)

Where E is the positron energy in mc® units, p is the
corresponding momentum in mc units and C is a cou-
pling constant. F(Z,E) represents the Fermi function, it
expresses the coulomb attraction and repulsion between
the beta emitter and the final state of the nucleus (daugh-
ter) valid for allowed transitions of lighter elements’®. It
depends upon beta particle energy and the atomic num-
ber of the daughter resulting from the positron decay pro-
cess and it is given by:

Fiowed (Z,E) =271/ (1—7") (8)

Where¢ = —2Z4E/ p and is the fine structure constant.
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The magnitude of the positron range depends on the
radionuclide and the propagation materials.

Consider a point like source of "¥F in an isotropic
medium located at (0, 0, and 0).Each positron decay is
simulated and propagated in the water while recording its
energy, position, momentum and others relevant physi-
cal properties. At the end of each annihilation event, the
energy and the 3D Cartesian coordinates (x,y,z) were
saved in a special file to be implemented in a theoretical
model designed by'’. The 3D annihilation Point Spread
Function (aPSF) was calculated according to the expres-
sion''.

>
Emax

aPSE(r)= | (\/EGZ )_3 e-ﬁN(E)dE (9)

0

Where r=4x’+y’+2z" the radial distance from the

origin and o is the Standard Deviation (SD) for a given
energy E. E__is the maximum energy of the positrons
(0.635 MeV for *F).

Approximately 50000 of the "*F positron tracks were
simulated in the water until they were annihilated, includ-
ing all the simulated processes expected from the interac-
tion of the positrons with the medium. This will allow us
to estimate the distance between the beta emitter point
and the LOR which corresponds to the distance from ori-
ginin 2D 5 =|x* +y* .

The 2D density distribution f (8) is a function of these
distances with radial density'":

92D(8) = 275f(5) (10)
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Figure 2. Shows the resultant functions cumulative
probability distribution G2D(8) as a function of 2D
distance ( §).
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The likelihood that a LOR has a distance from beta emit-
ter point of less than §, Figure 2 named the cumulative
probability distribution G2D (§),is given by numerical
integration of g2D.

G2D(8) = [g2D(5)d (11)

3. Simulation Procedure

“Geant4 (GEometryANd Tracking4) is a software package
of various tools used to accurately simulate the passage of
particles through matter”2 The core of this package is a
plentiful set of physics models dealing with the interac-
tions of a wide variety of particles and the range of energy
with matter.

Geant4has been successfully applied to PET; such as
optimizing scanner design, developing and evaluating
correction technique, image quality, statistical process
and protocol.

It has proven to be a precise simulation programme
and a versatile solution for a wide range of problems in
medical physics experiments". It allows us to predict risk,
validate, and perform a comprehensive assessment of all
aspects of the process.

Simulation using Geant4 requires detailed input data
such as descriptive geometry data, particle types, posi-
tions, energies, set of physical interactions of the parti-
cle with matter, pre and post step data, run process and
others. Users can choose among these components and
assemble them to set up simulation process according to
their own requirements by using a scripting language'* to
output descriptive data in the form of random numbers.

The radionuclide, medium and 3D distribution of this
radionuclide are needed for the calculation of the posi-
tron range in Geant4.

G4 User Detector Construction class in which the
detector geometry and chemical composition of the
simulated setup are adopted (In our simulation, we
assumed a geometry consisting of a box shape with
and Cartesian axes filled with water and build into the
air). The designed geometrical setup was used to gen-
erate a primary particle using the action class of the
G4UserPrimary Generator (**F peak energy 0.635 MeV
located at (0,0,0) in a Cartesian coordinate system con-
structed using G4 UniformRand() functionandan is
otropic momentum direction).
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The particles, physics processes and range cut-off
parameter used in this simulation process have been
implemented in G4 User Physics List class the positron
particle and the electron-positron processes of mul-
tiple scattering, ionization, bremsstrahlung and anni-
hilation are constructed using ConstructParticle() and
ConstructProcess()methods respectively.

All inputs and outputs of the simulated event and step
properties were represented in classes of G4UserEvent
and G4 User Stepping Action respectively.

To execute the program, we need to complete
the source code implementation process and the
G4RunManager class defines to register the three main
classes (G4V User Detector Construction, G4V User
Primary Generation and G4V User Physics List) and
to initiate all the classes and functions require for the
simulation process, to compile them using the make file
Geant4-style. The executable program will be generated
and executed by UNIX-like systems. The hardware plat-
form used to execute Geant4code version 9.5 is a Linux
Personal Workstation (Scientific Linux CERN 5) with 2.1
GB RAM.

For the positron tracks that were generated, at the
end of each annihilation event, the pre step point par-
ticle energy and 3D Cartesian coordinate (x, y, z) were
recorded in a special file (text).

These data are used to construct the3D annihilation
point spread function a PSE, which depends upon the
energy spectra of the emitted positrons and the radial
distance from the origin, after the implementation of
another file type (root) to analysis the results obtained.
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The energy spectra of the emitted positrons were cal-
culated analytically based on their maximum (end point)
energy.

Statistical calculation plots and fit functions are solved
using Root software (object-oriented data analysis frame-
work version 5.27/06). Numerical integration is per-
formed using MATLAB technical computing language
(version 7.10.0.499 (R2010a)).

4. Results

After recording the 3D Cartesian coordinate (x,y,z) and
energy at the end of each annihilation event propagated
in water as we explained in the simulation procedure, we
present the results of the positron range calculations for
simulated'®Feither as a comparative study or as the deter-
mination of Full-Width-at-Half-Maximum (FWHM) and
Full-Width-at-Tenth-Maximum (FWTM) values.

The particle slows as it penetrates the material and
losses kinetic energy. Light particles have two mecha-
nisms of energy loss that are responsible for ioniza-
tion and excitation or strong deflection as we explained
above. We then observe significant bremsstrahlung with
electrons interacting in the matter. The multiple scatter-
ing angles are inversely related to the beta energy. Thus,
towards the end of the trajectory, wide angle scattering
becomes more frequent and the positron’s path begins to
show more curvature.

The maximum and mean positron range values for "*F
inwater R__and R __ respectively are estimated with the
following semiempirical expressions®.
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Figure3. ShowsR__andR__ results, respectively, for *F embedded in water using equations 12 and 14, the valuesR

andR__ are2.2 mmand 0.63 mm.
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0.412[Ex |
R . (mx—————— 001<E<25MeV (12)
ﬁ(g cm’S)
n=1.265-0.09541nE™ (13)
1.14
0.108| EM™
R . (cm)= # (14)

ﬁ(g cm'3)

The'*"” presented R and R - results for *F in
water, the values were (2.27- 0.64) mm and (2.4 - 0.6) mm
respectively Figure 3.

1D Positron range P(x) is the 1D histogram of the
spherically symmetric 3D point spread function distribu-
tion. It is symmetric about the x-axis forboth0 Tand 7 T
magnetic fields directed in the z-direction (1), the positive
side of the histogram obtained can be fitted as shown'®.

P(x)=Cexp(-kx)+(1-C)exp(-kx) (yg)

Where C, k, and k, are '*F fit parameters listed in Tablel.

Table 1. Appropriate *F parameters for calculation of
P(x)

Radionuclide C

k (mm") k, (mm)

18 0.516 0.09 0.015

The values FWHM,_ and FWTM_ were extracted
from the plot of the magnitude of the x-component of the
positron range for each annihilation event after adjusting
them to a sum of two exponential functions proposed
by'e. The FWHM and FWTM were then extracted from
the fits by finding the width at both half and tenth maxi-
mum and multiplying the result by two. The best behavior
distribution is obtained with bin size 0.005 mm.

5. Discussion and Conclusion

In this work, the simulation program is adapted for the
calculation of the positron range of the common radio-
nuclide used in PET and this application has shown great
promise due to its accuracy, rapid simulation and cheaper
way of validating measurements.

The application of Monte Carlo simulation for posi-
tron range calculation emphasizes the adoption of this
calculation for the radionuclide properties and their
propagated medium.

Vol 12 (14) | April 2019 | www.indjst.org

The calculation results of beta particle energy loss are
in good agreement with many studies that dealt with the
calculation of the water collision stopping power for elec-
trons having the same energy range as that usedfor"'>*.
The maximum value of water collision energy shows
Figure 4 loss for 50000 '*F radionuclide tracks is 13.4152
MeV/cm at a kinetic energy of 0.0216 MeV while the
minimum value is 1.9277 MeV/cm at a kinetic energy of
0.6179 MeV and shows Figure 5 the maximum radiative
energy loss value of water for 50000 radionuclide tracks
'F is 0.0149 MeV/cm at kinetic energy of 0.6179 MeV
while the minimum value is 0.0036 MeV/cm at kinetic
energy of 0.0216 MeV.
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Figure 4. Shows the water collision energy loss values for
50000 '*F tracks™.
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Figure 5. Shows the radiative energy loss values of the
water for 50000 "F tracks*.
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The calculation of the positron range and its effect on
the image resolution using Monte Carlo simulation has
been carried out by numerous studies"'®?"*.The results
are presented with the values FWHM and FWTM (con-
ventional measurement for the image resolution of the
PET scanner).

In 2009 Don J. Burdette, B.S. presented a study on
the calculation of the positron range for point sources of
common radioisotope embedded in water at 0 T using
Monte Carlo simulation-EGS4 code'. '*F positron range
annihilation x-projection of a point source at 0 T in water
was fitted using the double exponential fit function of.

The FWHM and FWTM were 0.082 + 0.002 mm and
0.96 + 0.01mm, respectively. The bin size used in this cal-
culation was 0.005 mm in water. A comparison between
our study and (1) is a good point in this work and the
slight changes in the results can be related to the different
simulation codes used.

The second comparison is with the results of Levin C
S and Hoffman E ] (1999) on the distribution of positron
annihilation points for an ideal point source'®. '*F Ceant4
positron range annihilation x-projection of a point source
in water are shows Figure 6 was fitted using the double
exponential fit function. The FWHM and FWTM for the
positron range blur function were 0.102 mm and 1.03
mm, respectively, with a bin size of 0.01lmm.Our FWTM
result for the positron range blurring function is in agree-
ment with this study and the slight changes in the FWHM
result may be related to the different bin size used.
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Figure 6. Shows a two-dimensional projection of 100
simulated positron trajectories for an **F point source in
water.
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The third comparison is with results on the distri-
bution of positron annihilation points for F disc like
source simulated and propagated in polyurethane foam?'.
The FWHM and FWTM for the positron range blurring
function were 0.13 mm and 0.38 mm, respectively, with
bin size >5mm. Many points make comparison with this
study difficult, we used **F point source simulated in water
and the bin size used in this calculation was.0.005 mm, all
these points reflect the difference in FWTM results of two
studies. On the other hand, this comparison is reasonably
good for FWHM results; our FWHM result for the posi-
tron range blurring function is 0.16 mm.

Another comparison with the results of on the distri-
bution of positron annihilation points for the simulated
'8F point source in soft tissue??. The FWHM and FWTM
for the positron range blur function were 0.077 mm and
1.005 mm, respectively, with bin size of 0.005 mm. This
comparison is reasonably good for the FWTM results and
changes in the FWHM results can be related to the differ-
ent simulation codes used as in the first comparison.

The last comparison with simulated and propagated
an "F point source in soft tissue using the Monte Carlo
PENELOPE code*. The FWHM and FWTM for the posi-
tron range blur function were 0.19 mm and 0.91 mm,
respectively, with a bin size of 0.005 mm (Figure 7). This
comparison is reasonably good for FWHM results and
changes in the FWTM results can be related to the differ-
ent simulation codes used.
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Figure 7.  Fit of '*F positron range annihilation
x-projection of a point source in water to the sum of
two exponential functions. The FWHM and FWTM are
0.16 mm and 1.05 mm respectively. Each bin in the plot
corresponds to 0.005 mm (50000 tracks end points)
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The bin size, source shape, simulation code and prop-

agation medium are the main parameters of the slight dif-
ferences in the positron range calculation results.

It is well known from most existing studies that PET

resolution blurring is coupled to the positron range and
that it is important to take this range into account in the
image reconstruction process. In this study, we calculated
the positron range of '°F in water, which is not an obvious
affect and is related to the values of E__ and E__of the
radionuclide of interest 0.250 MeV and 0.635MeV, respec-
tively. These values will cause positron particles to propa-
gate in the medium with a range not exceeding 2mm with
an FWHM_ is 0.16 mm and FWTM_ is 1.05 mm.
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