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In the present study, a Compton camera simulator
based on the GEANT4 detector simulation tool kit and
MATLAB™, and designated the Compton Imaging Sim-
ulator (CIS), was developed. The software system encom-
passes a simulator, an image-reconstruction algorithm,
and a data analysis tool. The computational time to ob-
tain a sufficient number of Compton scattered data was

I. INTRODUCTION

Compared with conventional gamma-ray imaging de-
vices, the Compton camera has several advantages,
including high imaging sensitivity, a multitracing func-
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dramatically reduced using the source-biasing and ex-
ponential transform techniques. Also, a four-dimensional
Monte Carlo simulation capability was incorporated. A
comparison of the simulation results with the experimen-
tal results shows that the CIS accurately simulates the
Compton camera.

tionality, and the capability of three-dimensional (3-D)
imaging from a fixed position. Even though the Compton
camera concept was introduced many years ago,'? the
development of high-resolution Compton cameras for
medical applications became possible only very recently.
Currently, several different types of Compton cameras
are being developed by many different research groups.3-¢
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In developing a high-performance Compton camera,
detector simulation plays a crucial role owing to several
facts:

1. The experimental approach is usually very time-
consuming and costly.

2. The effects of the various detector parameters on
the performance of the Compton camera can be simu-
lated very accurately for all possible conditions, which
usually is not possible in an actual experiment.

3. Simulated data, with and without noise, are
necessary for the development of advanced image-
reconstruction algorithms.

The GEANT4 object-oriented detector simulation tool
kit”® is usually used to model a Compton camera. In
order to use that tool kit, however, the user must define
and implement several classes in C++ because GEANT4
provides only a tool kit, not an executable application.
Therefore, in using GEANT4, significant error-prone hard
coding and facilities in Monte Carlo techniques and C++
programming are also required.

To address these problems and, thereby, facilitate
the simulation of Compton cameras, the present study
developed a Monte Carlo—based, user-friendly Comp-
ton camera simulator in the form of a graphical user
interface (GUI) and designated the Compton Imaging
Simulator (CIS). The simulator was developed based on
the GEANT4 tool kit and MATLAB™ and was tested
against an experiment result for a point source.

Il. MATERIALS AND METHODS

GEANT4 is a general-purpose Monte Carlo radia-
tion transport simulation tool kit widely used in many
fields including high-energy particle physics, astrophys-
ics, radiation detector development, radiation shielding,
medical physics, and others. In GEANT4, particle inter-
actions are simulated very accurately for photon energies
down to a few hundred electron volts in the low-energy
electromagnetic physics package. The Doppler energy
broadening effect, which significantly affects the imag-
ing resolution of a Compton camera for low-energy pho-
ton sources, is simulated in the Penelope physics model,
and it also can be modeled in the low-energy electromag-
netic physics package after the GEANT4 9.2 version.
Furthermore, GEANT4 also has the capability of four-
dimensional (4-D) Monte Carlo simulation, in which the
source, phantom, and detector geometries are continu-
ously moving.

The GUI environment was designed with MAT-
LAB™, which has many useful image processing and
3-D visualization functionalities as well as GUI construc-
tion tools. The GUI was then connected with Cygwin,
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which is commonly used for GEANT4 simulation in a
Microsoft Windows environment.

The List-Mode Expectation Maximization (LM-
EM) algorithm,”~!! an iterative method that, compared
with the simple back-projection method, significantly im-
proves imaging resolution, was incorporated into the CIS
in order to reconstruct the Compton image. Gaussian
fitting was used to evaluate the resolution of the Comp-
ton image with respect to the full-width at half-maximum
(FWHM) of the reconstructed image.

The exponential transform technique, which artifi-
cially increases the probability of Compton scattering in
the scatterer detector, and the source-biasing technique,
which imposes a limit on the direction of the primary
photons from the source, were used in the CIS to enhance
the simulation speed. Finally, in order to simulate wob-
bling or moving detectors during measurement, a 4-D
Monte Carlo simulation capability was also incorporated.

Ill. RESULTS

Figure 1 shows the input window of the CIS. The
window consists of four input categories. The first cat-
egory receives the source-related information including
the source photon energy, source shape, source dimen-
sions, position, and source-biasing angle. The second
category receives the phantom-related information in-
cluding the phantom shape, dimensions, material com-
position, and position. The third category receives the
scatterer and absorber detector parameters that deter-
mine the performance of a Compton camera. The third
category also receives the dimensions, positions, mate-
rial compositions, discrimination levels, energy resolu-
tions, and spatial resolutions of the component detectors
as well as their geometrical configurations of interdetec-
tor distance and interdetector angle.

The fourth category receives all other optional infor-
mation. For example, an ideal Compton camera, which
determines the interaction positions and deposited ener-
gies in the component detectors with no uncertainty and/or
is not affected by the Doppler energy broadening effect,
can be modeled through this category. The noise-free
data obtained from an ideal detector simulation are usu-
ally used in developing advanced image-reconstruction
algorithms. The 4-D Monte Carlo simulations in which
the detector geometry continuously changes during sim-
ulation can be also modeled through this category.

The user can visually check the geometries of the
source, phantom, and detectors through the provided
image, which is simultaneously updated when the input
parameter is changed, on the CIS (Fig. 2). This will con-
tribute to reduce possible user errors in the geometry
implementation.

After all of the input-window parameters are de-
fined, the simulation can be initiated by clicking the “Run”
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Fig. 2. The 3-D visualization of source, phantom, and component detector geometries in CIS.
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Scatterer detector

Fig. 3. The 3-D visualization of GEANT4 simulation geom-
etry and particle track by OpenGL.

button, which will generate and compile the source files
and execute the particle transport simulations. The tra-
jectories of the particles under simulation, as well as the
simulation geometry, can also be visualized using the
OpenGL visualization driver (Fig. 3).

Finally, the calculated data generated from the Monte
Carlo simulation are supplied to the LM-EM image-
reconstruction algorithm, which will generate a Compton
image. The imaging resolution (FWHM) is automatically
calculated by Gaussian-fitting the reconstructed image.
Examples of areconstructed image, its profile, and analy-
sis data are shown in Fig. 4.

) Image Profile

Reconstructed Image
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Figure 5 shows the Compton images for a '3'I point
source obtained by the CIS and from an actual experi-
ment. The experiment was performed with a tabletop
Compton camera consisting of a double-sided silicon strip
detector (as the scatterer detector) and a 25-segmented
germanium detector (as the absorber detector). It can be
seen that the simulated image obtained from the CIS
agrees well with the measured image. The imaging res-
olutions obtained from the CIS and the experiment were
6.9 mm FWHM and 6.6 mm FWHM, respectively. Fig-
ure 6 shows the Compton images for a plane source (disk
type, diameter of 5 cm) and volume source (cylinder
type, diameter of 3 cm and height of 10 ¢cm) obtained
from the CIS.

The computational time to obtain the sufficient num-
ber of Compton scattered data was dramatically reduced
using the source-biasing and exponential transform tech-
niques. For example, in case of the source biasing of
40 deg and the source energy of 511 keV, the computa-
tional time to obtain the same number of Compton scat-
tered data was reduced by a factor of ~170, which,
however, strongly depends on the simulation geometry
and the source energy.

IV. CONCLUSIONS

In the present study, a GUI-based Compton camera
simulator, the CIS, was developed based on the GEANT4
tool kit and MATLAB™. The simulator was found to be
very accurate, efficient, and easy to use, providing 4-D
Monte Carlo capabilities as well as additional image-
reconstruction and image analysis capabilities. This

Image *) Profile

Gaussian Distribuction

A
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Fig. 4. Compton image, its profile, and analysis data for a point source.
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6.9 mm FWHM
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Experiment

6.6 mm FWHM

Fig. 5. Compton images obtained from CIS and experiment for same condition.
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Fig. 6. Compton images for (a) a disk source (plane) and (b) cyl-
inder source (volume) obtained from CIS.

simulator is believed to be especially useful for Compton
camera optimization, in which typically a number of sim-
ilar cases are simulated and only one or two parameters
are changed. The CIS will be registered and distributed to
the interested users in the near future after implementing
some timing properties of the Compton camera system
NUCLEAR TECHNOLOGY
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including the dead time and timing resolution of the com-
ponent detectors, random coincidence events, etc.
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