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Chapter 1

Introduction

Single Photon Emission Computed Tomography (SPECT) [1] and Positron Emis-
sion Tomography (PET) [2] are powerful functional imaging techniques of nuclear
medicine. They are widely used in several medical fields, for example, in cardiol-
ogy, in neurology, in oncology. The accuracy and spatial resolution of the imaging
techniques mentioned above have basic influence on the power of diagnostic infor-
mation.

Many geometrical and physical effects have influences on spatial resolution of
emission tomography equipments. In SPECT imaging the geometrical properties of
the collimator, such as hole and septa size, limits spatial resolution and sensitivity.
In PET imaging the optical and physical properties of materials applied in the
detector have basic influence on sensitivity and spatial resolution. The physical
and geometrical distortion effects mentioned above can be compensated during
reconstruction. Consequently, the applied reconstruction method can significantly
improve image quality. However, these reconstruction and correction algorithms
are very computational intensive methods.
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Chapter 2

Research goals

The goal of the research was to create new methods and algorithms to improve
accuracy or spatial resolution of nuclear medical imaging systems or to support
the development of such system with higher precision in order to provide more
powerful diagnostic information for medical experts.

Accordingly I have defined three research fields in nuclear medical imaging.

New models and an environment for PET detector block sim-
ulation

In positron emission imaging the geometrical and optical properties of the detector
block have fundamental influence on the basic characteristics of a certain PET
device. The geometrical dimensions and optical properties of the scintillation
crystal and reflectors used in the PET detector block influences the final image
quality.

An accurate detector block design is required to achieve appropriate system
sensitivity and crystal needle identification. A PET detector designer needs to
find the optimal parameter settings for the PET detector in a high dimensional
parameter space in order to create an efficient PET system.

The optimal parameter settings can not be calculated analytically and finding
the optimal settings by manufacturing and measuring thousands of detector blocks
is highly ineffective. Fortunately, there are available simulation tools to simulate
optical photon tracking in different materials and through material boundaries
using the Monte Carlo method [3] [4]. These simulation tools are able to support
the simulation of basic optical properties of detector blocks.

In addition to the common optical behaviour of the detector block the absorp-
tion position of gamma photons have influences on the detector response, as well.
Therefor the method should be extended with modelling of gamma photon pene-
tration, absorption and scattering in order to get a realistic detector response. A
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more realistic PET detector response can better support the development of novel
detector block designs or energy- and position-discrimination algorithms.

The main goal in this research field was to define and develop a modelling
method and environment to support the design of detector blocks to optimize the
optical properties of the detector. The method should be able to model realistic
gamma photon penetration as inter-crystal scattering can lead to mispositioning
detected events and can complicate calibration of PET detectors. A very important
goal of the research was to reduce computational costs considering practical aspects
and available computational power.

Fast, 3D iterative reconstruction with attenuation correction
and distance dependent spatial resolution compensation of
the detector for parallel SPECT imaging

The most important distortion effects in parallel projection SPECT imaging are
arisen from the distance dependent spatial resolution (DDSR) of the detector and
from the non-homogeneous attenuating medium surrounding the imaged object.
Therefore, effective non-uniform attenuation correction and DDSR reduction pro-
cedures should be applied in order to improve the SPECT image quality. It is
possible to incorporate correction method for photon attenuation and the DDSR
effect in the forward projection of an iterative reconstruction algorithm. However,
the appropriate modified reconstruction algorithm becomes extremely computa-
tional intensive.

The main goal of the research was to create a fast version of the iterative MLEM
algorithm with the above mentioned extensions, with attenuation correction and
correction for the DDSR effect. The final goal of the execution time reduction is
to make possible the clinical use of the resulted algorithm. More specifically, the
execution time of the reconstruction should be finished in less than 10 minutes
in case of reconstructing 64 128 · 128 projection images into 1283 volume. The
primary SPECT study targeted in the research was myocardial perfusion SPECT
imaging. In case of myocardial perfusion SPECT imaging these reconstruction
parameters result in high spatial resolution supporting better diagnostic decision.

Optimal scanning protocol for 180 degree data acquisition in
parallel SPECT imaging

Pan et al. [5] [6] [7] have been developed a heuristic perspective and revealed that
projections over 2π in SPECT with non-uniform attenuation contain redundant
information and the scanning angle can be reduced to π if gamma photon attenu-
ation and the distance dependent spatial resolution of the detector is corrected for
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during reconstruction. The angular interval over π should be selected according to
the so called pi-scheme method (see fig. 3.1). Pan et al. referred to their results
as short-scan SPECT image reconstruction.

In my previous work I investigated a Maximum Likelihood Expectation Maxi-
mization (MLEM) based image reconstruction method for short-scan SPECT im-
ages with non-uniform attenuation. I have found that despite the existing re-
dundancy in the projections in opposite views they can not be treated identically
because of event statistical differences of the corresponding views. This experi-
ment resulted in the following research question: how to exploit the existing event
statistical differences between different pi-scheme configurations.

Accordingly, the main goal of the research in this field was to create methods
for finding the optimal set of views before starting data acquisition in order to
provide the acquisition with the best event statistical properties of the projection
images.

The reduction of the scanning angle in SPECT imaging may be desirable be-
cause it can maximize the number of detected photons and improve the signal-
to-noise ratio in the emission data. The other advantage of the scan reduction is
that it can reduce scanning time and thereby minimize patient-motion and other
artefacts.



Chapter 3

Methods

New models and an environment for PET detector block sim-
ulation

I have specified PET detector block geometries used in practice that are consisted
of a block of crystal needles and reflector materials. I have specified the geometrical
and optical properties of the detector block that the environment should enable to
set in an easy way. I have applied a Monte Carlo simulation environment [4] for
basic optical photon tracking and specified an extended environment in order to
enable the modelling of the specified detector block geometries.

The primary goal of the simulation environment was to support optimization
of the optical properties of the PET detector block. Additionally, the environment
should support the modelling of realistic gamma photon penetration and scattering
inside the detector that can influence optical response of the detector, as well.

The theoretically correct way to simulate gamma photon penetration is using
Monte Carlo simulation but this is an extremely computational intensive and time
consuming process. Therefore I have defined a modelling method that enables
the modelling of gamma photon penetration in a simplified way resulting in lower
computation time. The simplified gamma photon penetration is appropriate for
investigating the optical properties of the detector block.

The simplified gamma photon penetration is a good compromise and simpli-
fication, but a better gamma photon penetration technique should be adopted in
order to provide a more precise/realistic detector response as inter-crystal scatter-
ing can lead to mispositioning detected events and can complicate calibration of
PET detectors. Therefor I have extended the environment with a precise gamma
photon penetration model using Monte Carlo method based simulation.

The implemented simulation environment can be used on a computer cluster
or in a grid computing environment. This way the running time of simulation can
be significantly reduced.

5



CHAPTER 3. METHODS 6

The validation of the simulation environment has been done in case of simple
configurations using a detector model containing a single crystal needle. The
validation was performed by comparing the simulation output of the implemented
environment with an already validated simulation tool, named Zemax [8] that is
originally used for optical system design.

Fast, 3D iterative reconstruction with attenuation correction
and distance dependent spatial resolution compensation of
the detector for parallel SPECT imaging

I have used the Maximum Likelihood Expectation Maximization (MLEM) algo-
rithm [9] [10] with ordered subsets (OSEM) of projection data [11] in order to
reconstruct the 3D distribution of the radionuclide in parallel SPECT imaging. I
have incorporated correction method for photon attenuation and the DDSR effect
in the forward projection of the MLEM algorithm. However, the appropriate mod-
ified MLEM algorithm has become extremely computational intensive. In order
to use the reconstruction algorithm mentioned above in clinical practice an imple-
mentation using parallel execution is necessary. I have chosen the GPU for the
target platform of parallel execution.

I have developed a modified MLEM algorithm that can be executed on an
SIMD processor efficiently. In order to avoid thread synchronization and provide
data consistency the so called "collecting like" approach of the calculation has
been developed for the GPU based algorithm.

The developed algorithm takes into account specialities of the GPU’s memory
model. The access to the shared memory is much faster than to access to the
main memory but only the threads of one multiprocessor can access them. The
algorithm efficiently uses the available shared memory of the GPU.

The implemented GPU based MLEM algorithm with attenuation correction
and compensation for the DDSR effect has been tested on a set of reconstruction
cases listed in 3.1 that are derived from clinical practice.

A clinical verification of the developed reconstruction has been performed us-
ing GATE simulations with mathematical phantoms and real measurements with
physical phantoms and finally patient studies.

Optimal scanning protocol for 180 degree data acquisition in
parallel SPECT imaging

In my previous work I investigated a Maximum Likelihood Expectation Maximiza-
tion (MLEM) based image reconstruction method for short-scan SPECT images
with non-uniform attenuation. I found that despite the existing redundancy in the
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F128 F256
Projection image 128 · 128 256 · 256
Number of projections 128 128
Pixel size (mm) 4 2

Reconstruction volume 1283 2563

Voxel size (mm) 4 2

Table 3.1: The implemented GPU based MLEM algorithm with attenuation cor-
rection and compensation for the DDSR effect has been tested on a set of practical
reconstruction cases derived from clinical practice.
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Figure 3.1: Examples of possible pi-scheme configurations. Any pi-scheme scan
have data at Θ or at Θ + π. Data is collected over the interval marked with grey
color.

projections in opposite views they can not be treated identically because of event
statistical differences of the corresponding views. The main question according
to the research goal is how to select the optimal set of views before starting data
acquisition. In this sense selecting optimal set of views means to find the angular
positions that result in the best event statistical data acquisition.

During data acquisition in SPECT different amount of events are detected in
different views because of the physical factors affecting the gamma photons travel-
ling through the material volume such as gamma photon absorption and Compton
scattering. Consequently, the number of detected events in different directions
is strongly dependent on the material distribution in the reconstruction volume.
An attenuation map can be derived from a CT scan of a multimodal SPECT/CT
system and is available before starting a SPECT data acquisition. An attenuation
map is necessary for a proper attenuation correction anyway. Accordingly, I have
developed a method that uses the attenuation map for estimating the optimal set
of views with the best event statistics.

Since the amount of lost events also depends on the actual activity distribu-
tion this information could be incorporated into the optimal pi-scheme selection
method. Accordingly, I have developed a method that uses the attenuation map
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and an estimated activity map for estimating the optimal set of views with the
best event statistics. The position of the organ under investigation, as an a priori
knowledge can be used for the estimation of the activity distribution.

These methods can be used if the goal of the SPECT study is to investigate
an organ function resulting in a concentrated activity distribution.

The two pi-scheme selection methods mentioned above has been verificated
using GATE simulations with a ring phantom and with the NCAT phantom and
using measurement with the Biodex Lung Spine physical phantom.



Chapter 4

New scientific results

1 New models and an environment for PET detec-
tor block simulation

I have developed new models and an environment, able to define different PET de-
tector block geometries and their optical properties. By using the proposed model
it is possible to define different detector block configurations and test their optical
behaviour regarding the characteristic features influencing the imaging quality of the
device.

1.1. In the PET detector model I have specified PET detector block geometries
frequently used in practice, their basic geometrical and optical properties. The
model enables to set and modify the detector block parameters in an easy way
in order to support efficient PET detector block design.

1.2. I have defined a modelling method that enables the modelling of gamma photon
penetration in a simplified way resulting in low computation time. The sim-
plified gamma photon penetration is appropriate for investigating the optical
properties of the detector block.

1.3. I have extended the suggested modelling environment with a precise Monte
Carlo simulation based gamma photon penetration model resulting in realistic
detector response.

1.4. The proposed methods are implemented in an integrated environment. In the
integrated environment it is able to define specific detector block geometries, to
execute the simulation steps automatically, and to produce the optical response
of the detector. The validation of the proposed methods implemented in the
integrated environment has been done.

By using the developed simulation environment, the PET detector block de-
signer can easily define different detector block configurations and test their optical
behaviour regarding the characteristic features that basically influences the imag-
ing quality of the device. The time consuming process of the optimization of
detector block characteristics and the number of necessary physical measurements
of specific detector block setups can be significantly reduced. This way the cost of
the design can be also reduced.
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I have taken into account the computational power of current computers that
are available for simulations and requirements derived from the application field.
Therefor, I have defined a simplified gamma photon penetration model resulting
in low computational cost. The implemented simulation environment can be used
on a computer cluster or in a grid computing environment. This way the running
time of simulation can be significantly reduced.

There is an open source simulation tool, GATE [12], that is able to simulate
optical photon tracking in a PET detector block. The advantage of the developed
simulation environment over GATE is that the proposed simulation model and
environment has been validated by comparing the results with a validated optical
simulation tool and with reals measurements.

Figure 4.1: The developed PET detector block simulation enviroment with accu-
rate gamma photon penetration resulting in a realistic PET detector response. The
effect of inter-crystal scattering is obvious in this image. A lot of mispositioned
events can be recognized visually that results in noise. Despite this additional
noise the "blobs" of the individual crystal needles can be still recognized.

Related publications

[C1], [J1], [C2], [J2], [J3].
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2 Fast, 3D iterative reconstruction with attenua-
tion correction and distance dependent spatial
resolution compensation of the detector for par-
allel SPECT imaging

I have developed a fast, iterative reconstruction algorithm for parallel SPECT imag-
ing resulting in better image quality that can be used in clinical routine. The proposed
algorithm meets the requirements of the current clinical practice.

2.1. I have defined an MLEM based iterative reconstruction algorithm with attenua-
tion correction and compensation for the distance dependent spatial resolution
of the detector that is appropriate for parallel projection SPECT/CT systems.

2.2. I have developed and implemented a new, parallel version of the proposed image
reconstruction algorithm that can be executed on GPU platform on an efficient
way.

2.3. I have performed the clinical verification of the developed reconstruction algo-
rithm using simulations with mathematical phantoms, real measurements with
physical phantoms, and retrospective patient studies.

The MLEM based reconstruction algorithm has been extended with attenua-
tion correction and compensation for the DDSR effect. I have developed a modified
algorithm for executing on a processor with an SIMD architecture. The imple-
mented, GPU based reconstruction algorithm uses the GPU resources efficiently.
Therefor, the developed reconstruction algorithm with high spatial resolution can
be used in clinical practice providing more powerful diagnostic information for
clinical experts.

The clinical verification of the implemented algorithm has been performed using
GATE simulations with mathematical phantoms, real measurements with physical
phantoms and retrospective patient studies. The reconstruction result of the single
sliced Hoffman brain phantom measurement can be seen on fig. 4.2.

In myocardial perfusion studies the reconstruction resulted in better image
quality and better contrast. The decreased activity in the posterior wall of the
myocardium, that is the well known effect of gamma photon attenuation, has been
eliminated by the developed reconstruction algorithm.

Moreover, the clinical verification covered application fields of parallel SPECT
imaging commonly used in practice such as myocardial perfusion studies, brain
studies, bone studies and sentinel lymph studies. The DDSR compensation re-
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sulted in better spatial resolution and consequently finer gyrus structures in brain
imaging, finer internal resolution in sentinel lymph node imaging providing better
localisation and better contrast in brain imaging, as well.

Figure 4.2: Reconstruction result of the single sliced Hoffman brain phantom.
The study was performed with the Mediso AnyScan SPECT/CT system with
LEHR collimator. The fast, GPU based 3D OSEM reconstruction algorithm with
attenuation correction and compensation for the DDSR effect has been used for
reconstruction. In the displayed fusion of SPECT and CT image is obviously that
the reconstructed activity distribution perfectly match the compartment of the
physical phantom that was filled with activity in the reality.

Related publications

[C3], [C4], [C5], [C6], [C7], [C8], [C9], [C10], [C11], [C12], [C13], [C14], [C17],
[C18], [C19], [C20], [J4].
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3 Optimal scanning protocol for 180 degree data
acquisition in parallel SPECT imaging

I have developed a new method for multimodal SPECT/CT systems to select the
optimal set of view with the best event statistics.

3.1. I have developed alternative methods that use the attenuation map and an
estimated activity map for selecting the optimal 180 degree scanning interval
from the 360 degree view resulting in the best event statistical properties of the
selected view.

3.2. I have defined a method for selecting the optimal 180 degree interval with low
computational cost, that can be applied in practice easily for dedicated myocar-
dial perfusion SPECT studies.

3.3. I have developed a general pi-scheme selection method that can be used for
dedicated SPECT organ studies to select the 180 degree scanning interval with
the best event statistics.

3.4. The proposed methods have been verificated by using simulations with mathe-
matical phantoms and real measurement with physical phantom.

Using this set of views resulting from the proposed estimation methods during
the data acquisition the image quality can be improved in case of dedicated SPECT
organ studies.

I have proved that applying the proposed methods the selected views provided
better event statistical properties compared to the opposite selected region. The
results show that the difference in total counts can reach 40%.

The reduction of the scanning angle in SPECT imaging may be desirable be-
cause it can maximize the number of detected photons and improve the signal-
to-noise ratio in the emission data. The other advantage of the scan reduction is
that it can reduce scanning time and thereby minimize patient-motion and other
artefacts.

Related publications

[C15], [J5], [C16], [J6].
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(a) schematic view (b) polar map view

Figure 4.3: Estimation of the optimal set of views using simulation with a ring
phantom. In this case the selected angular positions (marked by green) are cal-
culated based on the attenuation map and an estimated activity map. In the two
figures it can be seen clearly that the selected angular interval has the best event
statistics.
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Application of the results

The developed simulation model and environment is used by Mediso Ltd. in
practice. Using the simulation environment the optimal width of the light guide
and other geometrical properties (for example the dimensions of crystal needles)
of the PET detector block applied in Mediso PET systems has been determined
in detector design phase.

The developed simulation method and environment has been used in the fol-
lowing research projects:

• The method has been developed in project "Multi-modalitású képalkotó-
rendszer sorozatgyártásra történő kifejlesztése orvos-biológiai kutatás és humán
orvos-diagnosztika céljára" (NKFP-A1-2006-0017 Jedlik Ányos program) run-
ning between 2006 and 2009. In this project the simulation environment has
been used for optimization of geometrical and optical properties of the PET
detector. During detector design phase of the development the position dis-
crimination algorithm for the detector has been developed that proved to be
effective at the end with real measurements, as well.

• The simulation environment supported in the research project "Különböző
modalitású orvosi diagnosztikai tomográfiás berendezésekbe építhető teraflop
kapacitású képrekonstrukciós rendszer fejlesztése" (TECH_08-A2-2008-0127
Nemzeti Technológia Program, Versenyképes Ipar) running between 2008 and
2011 the development of applied PET detector model used in reconstruction.

• Extending the project with precise gamma photon penetration has been per-
formed in project "Development of quality-oriented and harmonized R+D+I
strategy and functional model at BME" running between 2010 and 2012
supported by the New Hungary Development Plan (Project ID: TÁMOP-
4.2.1/B-09/1/KMR-2010-0002) , and in project "Új módszerek kidolgozása
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az orvosi diagnosztika hatékonyságának növelésére" (OTKA K82066) run-
ning between 2010 and 2015.

The developed fast, MLEM based, iterative reconstruction algorithm has been
integrated into InterViewTMXP [13] that is the commercial medical imaging soft-
ware package by Mediso Ltd. This software package is shipped with Mediso
SPECT systems. Therefor, the developed 3D reconstruction algorithm can be
used in clinical practise.

The reconstruction algorithm has been used in the following research projects:

• The reconstruction algorithm has been developed and verificated in project
A rekonstrukciós módszer a 2008 és 2011 között futó "Különböző modalitású
orvosi diagnosztikai tomográfiás berendezésekbe építhető teraflop kapacitású
képrekonstrukciós rendszer fejlesztése” (TECH_08-A2-2008-0127 Nemzeti
Technológia Program, Versenyképes Ipar) running between 2008 and 2011.

• The reconstruction algorithm has been used in the project "Development of
quality-oriented and harmonized R+D+I strategy and functional model at
BME" running between 2010 and 2012 and supported by the New Hungary
Development Plan (Project ID: TÁMOP-4.2.1/B-09/1/KMR-2010-0002) for
investigating the well known apical lesion in myocardial perfusion SPECT
imaging.

• A partial volume effect correction method has been integrated with the
proposed reconstruction algorithm resulting in acceleration of convergence.
The reconstruction method has been used and the integrated method has
been developed in project "Új módszerek kidolgozása az orvosi diagnosztika
hatékonyságának növelésére" (OTKA K82066) running between 2010 and
2015.

The optimal angular interval selection method has been developed in project
"Új módszerek kidolgozása az orvosi diagnosztika hatékonyságának növelésére"
(OTKA K82066) running between 2010 and 2015.

The reduction of the scanning angle in SPECT imaging may be desirable be-
cause it can maximize the number of detected photons and improve the signal-
to-noise ratio in the emission data. The other advantage of the scan reduction is
that it can reduce scanning time and thereby minimize patient-motion and other
artefacts.
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