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Abstract

Parkinson's disease is the second most prevalent neurodegenerative disorder worldwide, and its
incidence is rising every year. Physical and psychological symptoms are present in PD, and as
the condition progresses, these symptoms lead to high rates of disability and care needs.

In some cases, a DaTscan SPECT test is performed to differentiate the essential tremor of the
disease from other central nervous system diseases. This test is used to detect the loss of
dopaminergic nerve endings in the striatum region of the brain. Lately, the potential benefits for
PD patients of performing this scan for diagnosing has been studied. Moreover, even if brain 123]-
loflupane SPECT scans are typically interpreted by the professionals’ visual inspection, an
increase interest in 123|-loflupane quantification methods to quantify radioactive distribution in the
nigrostriatal region has been observed, leading this to the release of several quantification and
semiquantification methods collected in commercial software. However, its generalized use has
been hindered because of the lack of standardization between those methodologies.

This project aims to develop a software which integrates Monte Carlo simulation techniques and
reconstruction algorithms to generate realistic SPECT images. The simulated SPECT images can
be used to validate the quantification methods using the original digital information as ground
truth.

To achieve this, a python program based on SImSET and STIR packages has been developed
and integrated into a graphical interface to choose files and display results from both processes.
The obtained results were generally good, as the objectives of the project were met, but future
lines of work have been described in order to optimise and improve the final result.

Keywords: loflupane; quantification; SPECT; DaTscan; Monte Carlo; simulation; reconstruction;
standardization.
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1. Introduction

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative brain disorder which
affects the nervous system, mainly the motor system. The symptomatology ranges from physical
symptoms like involuntary tremors, muscular rigidity, and inflexibility, slowed motion or loss of
automatic movements to psychological symptoms (depression and anxiety, problems with body
balance, insomnia, memory problems, etc). As the disorder progresses, symptoms result in high
rates of disability and care requirements [1]. PD is the second most common neurodegenerative
disorder after Alzheimer's disease, its prevalence is higher each year, and disability and death
due to this disease are increasing more than for other neurological disorders [2].

Pathologically, PD is characterised by a loss of the dopaminergic neurons in the substantia nigra
pars compacta (SNpc) brain region, which causes a loss of dopamine in the striatum, a brain
region involved in the control of movement, leading to the known symptomatology (tremor at rest,
rigidity, etc.). Emission tomography imaging, such as Positron Emission Tomography (PET) and
(Single Photon Emission Computed Tomography (SPECT) has contributed to a better
understanding of PD. Specifically, SPECT with the radiotracer ['23]] IFP-CIT, commercially known
as DaTscan, is a useful tool for dopaminergic neurons evaluation [3].

SPECT imaging is a type of diagnostic imaging within the field of nuclear medicine which is
commonly used in neurology to study brain function and neurological disorders like PD, epilepsy,
and dementia. Even if the interpretation of these images is typically through visual inspection,
there is a growing interest in employing quantitative and semiquantitative approaches to improve
the diagnostic accuracy in brain disorders [4]. Hence, the use of commercial software for
semiquantitative analysis has been progressively introduced in clinical practice. However, there is
a lack of standardisation among quantification methods, which hinders their widespread use [5].

The importance of quantification in emission tomography — PET and SPECT imaging - is that it
allows to measure the amount of injected radiopharmaceutical present in a specific area of the
body. In other words, it allows to analyse data quantitatively on the distribution of the radiotracers
throughout the body. In any case, the different quantification methods must be validated, as well
as the acquisition protocols to acquire the image and reconstruction methods to obtain the three-
dimensional view. This can be done either with phantoms or simulations. With phantoms, an
accurate validation may be performed, but it has the drawback that since it is a physical body, it
must be prepared by filling radiotracers to measure the radioactivity emitted and the image must
be taken with a PET or SPECT machine. [6] The downside of this practice is that every time a
new study is performed, the entire process of preparing and imaging the phantom must be
repeated, which is not optimal to analyse many different scenarios. On the other hand, working
with Monte Carlo (MC) or analytical simulations solves the problem of the preparation and
physical study, as the simulated data allows the generation of many different images from
different scenarios. Loads of data may be obtained by only changing parameters like the quantity

1
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of dose, the geometry of the phantom or machine, among many others, without having to work
with physical phantoms. So, MC simulation is now an essential technique in nuclear medicine
imaging, going from the aim to optimize the design of imaging systems, accuracy of
reconstruction methods and to validate quantitative and semiquantitative methods [7].
Nevertheless, generating nowadays simulated SPECT images is not a trivial task, since the use
of all related software requires a solid background in programming as well as access to high
computing power, making MC simulation often inaccessible to the specialized community which
implements these software tools, thus limiting its outreach to clinical facilities, where quantitative
methodologies must be validated.

For that reason, the main goals are to make simulation more accessible from an accessible
platform. Developing a program which generates simulated data and reconstructs it through a
user-friendly graphical interface will facilitate the integration of simulations as a validation tool in
the field of research, business, and healthcare. Following this line, the project focuses on the
development of SimSET-based software to simulate realistic SPECT images to contribute to the
improvement of diagnostic imaging. It will be based on the SImPET project [5], developed to
obtain realistic PET images.

1.1 Objectives of the project

The main objective of this project is to develop a MC simulation software to generate realistic
images from SPECT neuroimaging studies. Regarding this purpose, it should be divided in three
small aims:

e (Generate the simulation class to generate a sinogram of the projections simulated
e Generate the reconstruction class to perform the reconstruction of the simulated
projections

As a second objective, following the line of this first one, is to make a user-friendly, easy to use
and visual interface. It is key that the software is designed to be user-friendly and intuitive for the
professionals it is aimed at.

The third aim is that when all the project purposes are fulfilled, to work on brief manuals for the
user, as it will be a software destined to research studies and not all professionals are used to
work with image simulations, and they are not expected to have knowledge on all the parameters
files needed to run the simulation.

1.2 Methodology and structure of the project
The methodology used to develop the project can be divided into three main parts that are in the
same line as the objectives of the project.

o Development of the simulation program.
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e Development of the reconstruction program.

¢ Integrate simulation and reconstruction programmes into a graphical interface

The timeline of the project has been from January to June of 2023, and every week a meeting to
catch up on the project was set.

The structure of the project report is divided into ten sections: introduction, background, market
analysis, conception engineering, detailed engineering, execution schedule, technical viability,
economic viability, legislation and regulation aspects and conclusion and future work. With this,
this memory pretends to give a clear idea of how the project was developed and all technical
concepts it relies on.

1.3 Scope
The scope of the project includes the listed tasks:

o Bibliographic research related to MC simulation technique and reconstruction algorithms
and filters for SPECT.

e Bibliographic research related to nuclear medicine general concepts and quantification.

e Familiarization with the scripts that contain the program to run SImSET.

e Familiarization with SimPET code.

e Develop the simulation program based on SimSET.

e Develop the reconstruction program based on STIR.

e Develop a graphical interface (GUI) integrating simulation and reconstruction programs.

1.4 Location of the project

The project has been performed in collaboration with the biomedical imaging group (GIB-UB) of
the Biophysics and Bioengineering Unit from University of Barcelona (UB). This group focuses on
the development of models and methods for the acquisition, treatment, and study of biomedical
images, including nuclear medicine simulation methods, the main line of research of this project.
So, it is important to mention the relation between the group and the service of nuclear medicine
of Hospital Clinic of Barcelona, as it is the place where | developed my student internship with
Aida Nifierola Baizan, the tutor of the project, learning about general concepts regarding this
project among other things. As the project consists of an open-source project, the main work has
been able to be developed on remote, but GIB-UB lab has also been a workplace.

2. Background

2.1 State of the art

The imaging technique data aimed to simulate is SPECT, which is under the field of nuclear
medicine. As the data obtained are projections from each view captured, these need to be
reconstructed to obtain the final 3D image. For this, several reconstruction methods, which will be
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explained on the next subparts, may be used. All this can be simulated using MC technique,
which is particularly useful to validate quantification and semi quantification methods or new
reconstruction algorithms as ground truth is known. In the next subsections, mentioned topics will
be explained in detail.

2.1.1 SPECT imaging technique

SPECT imaging is a type of diagnostic imaging within the field of nuclear medicine where a small
amount of a radioactive substance attached to a specific compound (known as a radiotracer or
radiopharmaceutical) is administered which travels to the organ or tissue to be studied. As the
radiopharmaceutical decays, it emits gamma rays that are detected by a special camera called a
gamma camera. The gamma camera is placed over the part of the body being studied to create
an image of the distribution of the radiopharmaceutical within the body. [8,9].

Thanks to the gamma camera we obtain 2D projections within different orientations, which then
will be reconstructed to form a 3D image (tomographic) to provide the radionuclide spatial
distribution information. Several detectors, ranging from one to four, rotate around the patient to
obtain the projections within different angles [10,11] . In Figure 1 the way images are acquired is
shown.

1-D projection
ofile:

profiles at
; different angles

Figure 1. SPECT acquisition and tomographic reconstructions. Obtention of 1D projection profiles and final
reconstructed image.

When the gantry is rotating around the patient, the detected projection profiles at each angle are
stored, generating the sinogram. The sinogram is a data matrix in which each row represents an
intensity display across an angular view. Every row corresponds to an angular view, obtaining a
matrix that maps 1D projection profiles into the 2D sinogram space, forming a sinusoidal path. In
Figure 2, a scheme to visualize the process of the obtention of the sinogram is observed [11].
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Figure 2. Obtention of the sinogram from 1D projection profiles

Once the sinogram is obtained, to visualize the 3D results, a reconstruction of the image must be
done. There are two main reconstruction methods groups to reconstruct SPECT imaging data. It
may be done either iteratively (OSEM or MLEM methods) and by FBP technique.

Filtered Back Projection (FBP) is a reconstruction analytical method that for its speed, simplicity
and computational efficiency is still widely used for clinical SPECT reconstruction. Its basis relies
on redistribute all the counts of the projection through the straight line they were generated. This
process is repeated along all the pixels and angles. It is usually used with a Butterworth filter, a
low pass filter that reduces the amplitude of frequential components above the cut-off frequency
[13].

Ordered-subsets expectation maximization (OSEM) is one of the most used algorithms in
SPECT images reconstruction. It is an iterative reconstruction technique based on MLEM
algorithm (Maximum likelihood expectation maximization) [15]. The expression which describes
the OSEM algorithm is the one seen in Equation 2, retrieved from Zhu Y.M (2018) [14].

A'(n,b—l)

s(nb) _ Jj H Pi ,
. = ; P Equation 1
f] Zilesb Hyj ZueSb 5] Tk Hikflgn,b—l)_i_ai ( q )

Where fis the image under reconstruction, j and k are the voxel indices, n is the iteration number,
b is the number of subsets, i and i’ are the LOR indices, Spis the subset b, H is the system matrix,
p the LOR measurement, and a, the scatter and random correction models.

DaTscan is a radiopharmaceutical used to confirm the diagnostic of PD and dementia in some
specific cases. It contains the active substance ioflupane labelled with iodine-123 (23) which
binds to presynaptic dopamine transporters with high affinity. Thanks to SPECT imaging
technique we can obtain a 3D image of the striatal dopaminergic system.
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These images are therefore useful in
the detection of the state of
nigrostriatal dopaminergic neurons
[4]. So, itis used to detect the loss of
nerve cells in the striatum, which is a
brain region responsible for the
movement pathways modulation
which are affected in patients with
PD. In Figure 3, a normal and
abnormal DaTscan image are seen,

DaTscan Normal DaTscan Abnormal

the illuminated zone corresponds to

Figure 3. DATscan imaging technique. Left) DaTscan from a normal the radioactive distribution in the

atient. Right) DaT scan from a patient with loss of transporters of . . .
gopam,-neg ) P P striatum, it may be seen that in the

patient with a disease pattern, this
region is highly reduced, as less dopamine transports are attached to the ioflupane. This
technique is highly useful to differentiate between PD and essential tremor and between Lewy
body dementia and Alzheimer’ disease, as for PD and Lewy body dementia the nigrostriatal
uptake is affected.[12].

2.1.2 Monte Carlo simulation
MC simulation is a mathematical computational technique of multiple probability used to estimate
the probability of outcomes for random variables.

Therefore, MC simulation is a computational technique that is used to model the physical
processes taking place in SPECT imaging. It can be used to generate realistic SPECT data
where there is no need to obtain physical images and is much more economically viable than
phantom SPECT imaging. SPECT data is generated by simulating the processes of the emission
and attenuation of gamma rays in the target tissue, also of the collimation and detection of the
photons. MC method is very practical because of the stochastic nature of the emission, transport,
and detection of radiation [15].

The MC projector that we will use is SIimSET, which has been developed at the University of
Washington, and is available worldwide. The basic module is the PHG (Photon History
Generator), which is the history generator. It is the heart of the simulator and requires the
following inputs:

o Tracer activity distribution, where we have set activity values, from where the photons
will emerge.

¢ Attenuation map, depending on the kind of environment we study, the photons will have
more or less attenuation and therefore the photons will arrive with more or less quantity
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depending on whether they come from a deeper or shallower area or come from the
periphery, this also has to be considered to simulate reality.

o Data tables where the equivalence between the structures defined in the maps and the
numerical values for the simulation — which will depend on the energy of the photon with
which we work — are found. For example, the corresponding attenuation coefficients
depending on the energy and the structure.

o Simulation options that are specified with four files that contain all the information that

we want from the simulation.

o The binning which contains the information about the projections we want, pixel
size, etc.

o Detector characteristics such as, for example, its energy response.

o Characteristics of the collimator: type, size of the aperture, etc.

All of this is fixed by the camera we are simulating, and during practice we won't touch it because
we'll be simulating the same camera constantly, but we will touch the simulation options because
it is related to the scan time, the energy of the tracer we're using, and the number of histories
we're simulating, all of which will affect how many photons we'll be detecting at the ending.

The result or output from the simulation is the following:

o A statistical summary describing the characteristics of the simulation: observed photons, and
simulation variability.

o Projections that have been made and are visible in projection format. The distribution that may
be seen in the sinogram and projections enables visual evaluation of the quality of our simulation.

In Figure 4, a process of a simulate of '23I-loflupane SPECT study with SImSET software is
visualised. Then, in Figure 5, a summary of the inputs for the SImSET PHG module and the
resulting outputs is seen.

N

Acquisition Reconstruction

Activity map Projections Reconstructed
study

Figure 4. Process of the simulation of a DaTscan SPECT study.
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Figure 5. Summary of inputs and outputs of the MC simulation SimSET package (Own source).

2.2 State of the situation

Until now, several MC simulation software packages have been developed: SIimSET, Geant4 or
MNCP (See section 4.1.1). They are PC-based software packages that allow the user to perform
simulation flows to obtain SPECT and PET realistic data. However, the drawback is the lack of
accessibility for the users that do not have a knowledge background in scripting or particle
physics. So, the use of simulations is not that widespread as it could be.

At present, for PET imaging exists a software to generate synthetic brain PET images and
datasets: SimPET. The project was aimed to validate '8F-FDG PET scans. SImPET is an open
collaboration between University de Santiago de Compostela (USC), Instituto de Investifacion
Sanitaria de Santiago de Compostela (IDIS), Qubiotech and Fundacion General de la
Universidad de Malaga (FGUMA) which offers the ability to generate realistic activity and
attenuation maps from patients PET/Computed tomography (CT) and Magnetic Resonance
Imaging (MRI) images which can be simulated to obtain sinograms and reconstructed images
that can be downloaded [16]. It offers the following cited functionalities [17]:

1. Extract simple activity and attenuation maps from PET and MRI images
2. Apply the BrainViset procedure to obtain realistic Activity and Attenuation maps.
3. Run Analytic simulations using STIR simulation procedure and MC simulation using SimSET.

It is an open-source project, so the code may be found on GitHub [17]. It is great alternative to
apply simulation flows to generate PET data without having to script the commands to execute
MC simulation and reconstruction software packages, as they do not need to be theoretically
known. Currently, there is no available software to perform the simulation and reconstruction flow
for SPECT like SImPET for PET imaging.
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In Figure 6, a simple script to call Photon History Generator (PHG) module from SimSET

simulation program and file phg.rec

DIR_SIMULACION=/home/raul/practica_simulacio/proyecciones/col_par

DIR_
DIR_PROGRAMS=/home/raul/practica_simulacio/programes

DIR_OUTPUT_PROJ=/home/raul/practica_simulacio/resultats_par

cd $DIR_SIMULACION

$DIR_SIMSET/phg $DIR_SIMULACION/phg.rec > $DIR_SIMULACION/nohup.simset

Figure 6. Simple shell scripting code to run a simulation process (GIB-

UB).

Also, scripts to generate the reconstruction
images are needed. In Figure 7, a simple
script to apply a Butterworth filter to
projectionssimulation imagethe projections
with a cut frequency of 0.8 and an exponent

SIMSET=/home/raul/practica_simulacio/simset-2.6.2.5/bin/elscint

including all the parameters needed
for the simulation. The script was
provided by was provided by the

Grup d’lmatges Biomédiques de la
Universitat de Barcelona (GIB-
UB).

WORKDIR="pwd"
PROJ=$WORKDIR/resultats_fb/rec.weight.img
OUTDIR=%WORKDIR/resultats_fb
DIRPROG=. . /programes

CUT_FREQ=0.8
EXPONENT=1

REC=$0UTDIR/reconstruccio.img # reconstruction image name

echo butt $CUT_FREQ $EXPONENT > filtre.dat

of 1 is shown. Then, FBP reconstruction is FrTRE=filtre.dat

applied
retro_fb_fm_receptors developed by GIB-UB
in C programming language.

$DIRPROG/retro_fb_fm_receptors $PROJ $REC $FILTRE

with  a  program  called

Figure 7. Simple shell scripting code to apply a Butterworth
and FBP filter to reconstruct input image. (GIB-UB)

As it may be seen, the integration of SPECT simulation studies to validate acquisition,
reconstruction or quantification methods is not a trivial task, as previous knowledge on scripting
is needed to be able to execute a simulation and reconstruction process.

As for 18F-FDG PET scans SIimPET is born, this project appears from the need of the validation of
quantification methods for 123|-loflupane (DaTscan) SPECT scans. Despite the quantification of
DaTscan SPECT images are very useful to establish, there is not an established reference or
standard for the dopaminergic imaging [18]. This happens because all the numeric parameters
depend on the acquisition and reconstruction parameters, as, for example, it is shown that the
reconstruction method used (and their specific parameters like EM-equivalent iterations in OSEM
reconstruction) influences the DaTscan quantification [19,20]. Also, the scanner characterisation
has an impact on the diagnostic capability for 123loflupane imaging [21]. Therefore, the absence of
a standardized evaluation procedures for DaTscan SPECT hinders comparisons within
individuals and between different subjects. Also, this consequences in challenges when
assessing disease progression or evaluating the effectiveness of different drug treatments in PD
patients [22].
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3. Market analysis

3.1 Sectors to which the tool is directed

In the context of this project, two main target sectors are found. On the one hand, the main sector
to which the tool is destinated is research, since, as mentioned above, in relation to diagnosing
diseases such as PD, quantification plays a very important role. Therefore, the different
quantification methods must be validated, and one way to do this is to generate simulations that
generate realistic data. Also, it will also be useful in terms of comparing different reconstruction
methods before applying them into clinical practice. Finally, it could also be used in hospitals in
time of designing acquisition protocols for imaging techniques with SPECT.

On the other hand, although in line with the above-mentioned, the other potential sector at which
this project is aimed is companies focused on software or imaging medical device development,
as this tool could be useful to validate the project they are developing. As said before, the idea of
this project is to generate simulations of realistic data (meaning that we can simulate any situation
and geometry desired), so it may be used for the project validation purposes.

3.2 Historical evolution of the market

The classical interpretation of tomographic emission imaging has been by healthcare
professionals’ visual inspection. However, in recent years, an increase in the use and
development of quantification methods has been observed. This is key to improve the specificity
and reproducibility of diagnosis, as the interpretation does not rely on the observer visual
analysis.

An increase among of quantification in SPECT imaging is seen from the beginning of the first
methodological approaches, dating back to 1970. Moreover, loflupane quantification searches on
PubMed have seen a little increase since the early 2000’s until 2020. In Figure 8, searches on
PubMed of both terms are shown, considering a time period from 1980 to 2020.

PUBMED SPECT / loflupane quantification

== SPECT quantification == |oflupane quantification
126 — —
100 == — |
1]
c
2 75 . —_ |
©
o
g
Q 50 . — ]
S
< PUBMED search with
25 . —_ - loflupane/DaTSCAN/I-FP-CIT
0 1l
1970 1980 1990 2000 2010 2020

Figure 8. Graphic illustrating searches in PubMed of SPECT and loflupane quantification from 1980 to 2020. [23]
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Therefore, a study of the quantification software available has been performed.
BasGan algorithm

The BasGan algorithm (Figure 9) is a basal
ganglia matching tools Package for striatal uptake
semi-quantification developed in the Department
of Physics of the University of INFN, Genoa, in
ltaly. The algorithm automatically segmentate the
striatal 123|-FP-CIT SPECT based on a striatal
template derived from Talairach’s atlas. It
approximates striatal activity distribution and the
radioactive counts [24].

Figure 9. BasGan algorithm applied in (a) a
control subject and in (b) a PD patient. The VOIs
positioned by BasGan software are identified by
black dotted lines [24].

DaTQUANT

Launched by GE Healthcare in 2013, this software is
available to use with any GE Healthcare DaT scan
protocol and approved SPECT camera (Figure 10).
It uses predefined voxels of interest (VOI) to
automatically measure volumetrically putamen to
caudate uptake ratios. The software also provides
longitudinal image analysis letting the monitoring of
the disease advancements [25].

Figure 10. DaTQUANT save screen. White VOI placement in the images segmenting striatal
region. Normal database on top right, marked with red square [25].

However, as aforementioned (Section 2.2: State of the Situation), these methods lack
standardisation between them and therefore need validation to demonstrate their reliability.

Nowadays, this validation may be done either with phantoms or simulation techniques like Monte
Carlo. Hoffman 3-D brain phantom is one example of what is commercially available:

11
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Hoffman 3-D Brain Phantom

Developed by CAPINTEC, this phantom
provides an accurate 3D simulation of a
radiopharmaceutical distribution found in the
brain for SPECT and PET studies. Its main
applications are the evaluation of acquisition
| and reconstruction  techniques  and
quantitative methods [26].

Figure 11. Hoffman 3-D Brain Phantom cylinder and 3-D
Brain Insert [26]

Striatal brain phantom

The Striatal Phantom (Figure 12) quantitatively
optimizes PET or SPECT imaging in patients. “This o
phantom is based upon a standard RSD head with a
calvarial cut to insert or remove the brain shell easily”. It
is meant to evaluate image quality and validate
quantification of the striatal uptake. It comes with a brain
shell with five compartments to be filled separately: left
and right nucleus caudate, left, and right putamen, and
the remainder of the brain. [27]. Figure 12. Striatal Phantom [27]

3.3. Future market prospects

With the continuous advancement of technology in the field of medicine, research groups focused
on functional medical imaging are consequently also evolving along this technological line.
Quantification methods are essential in nuclear medicine to assess a quantitative and objective
diagnostic. The final product of this project would be a major breakthrough for the validation of the
quantification methods proposed by companies or research groups, as they also play a relevant
role in the quantitative diagnosis of function SPECT imaging. So, the idea for the final product
developed is to be integrated with SImPET program, which would be a useful software to
generate simulated and reconstructed PET and SPECT data.

Therefore, it is important to study the potential market that will use this platform (research groups
and companies are the main target considered).

12
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Research groups which have used SImSET simulation package in some studies or projects are
the following:

e University of Washington, that apart from being the developers of the program, have
been also working in improvements like the implementation of block detectors into the
package in Schmitz, R. E et al. (2007) [28]

e Department of Biomedical Engineering of the University of California-Devis studying the
validation of SImSET to model the Siemens Biograph mCT PET scanner in Poon, J. K.,
et al. (2015) [29] and studying the performance of time-of-flight PET in improving the
detection of lesions in Cao, N. et al. (2010) [30].

e Department of Biophysics and Bioengineering of the University of Barcelona to study
quantification in DaT SPECT in Cot, A., et al. (2005) [31]

On the other hand, groups which have used STIR in some of their research lines are:

e Division of Imaging Sciences and Biomedical Engineering of the King’s College London
in the study of the comparative evaluation of scatter correction in PET for different
scatter-levels in Polycarpou, 1., et al. (2011) [32].

e Department of Physiological Sciences of the University of Barcelona integrating
advanced SPECT modelling into STIR framework in Fuster, B. M., et al. (2013) [33].

e |Institute for Particle Physics and Astrophysics, Department of Physics in Zurich with the
implementation of cylindrical PET scanners with block detector geometry in the package
in Khateri, P., et al. (2019) [34].

Moreover, some companies or research groups that present 123-loflupane quantification
methods are:

e Siemens offers 23| Xspect Quant for nuclear motion disorders [35].

e GE Healthcare offers DaTQUANT Software for PCS to quantify DaTscan images [36].

e Qubiotech offers commercially an integrated version QuantiDOPA, a Quantification
Software for Dopaminergic Neurotransmission SPECT [37]

13
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4. Concept engineering

The idea of this final degree project is to develop a program to simulate and reconstruct realistic
SPECT data from three main files; a parameters file to edit the simulation options, an activity
map, and an attenuation map. So, the main purpose is to select the correct tools to be able to
develop the final project.

First, a solution study will be performed, followed by the final tools’ choice to carry out the project
and the justification for the election. Also, an alternative solution has been considered in case the
chosen solution is not possible to be performed in case of lack of time.

4.1 Solutions study

In this section, research is carried out to study the possible solutions to take this project forward.
First, by assessing the various packages used to perform Monte Carlo simulations, then also
studying the different reconstruction packages. Then, a consideration of the different
programming languages to develop the main program ang graphical interface is done

4.1.1 Monte Carlo simulation toolkits
Several packages and tools are available to perform MC simulations. All of them are free
software packages which may be used for simulating emission tomography.

The Geant4 Application for Tomographic Emission, GATE, is a simulation toolkit developed by
OpenGATE that includes Geant4 libraries to provide a modular, versatile, and scripted simulation
adapted to the field of nuclear medicine. It allows to model time-dependent phenomena like
detectors movements to achieve more realistic projections data [38]. Related to this package,
Geant4 is another toolkit to simulate the particles passed through matter. It was developed by a
collaboration led by CERN (the European Organization for Nuclear Research), and it is used in
physics fields including nuclear medicine or astrophysics.

SimSET is a popular simulation toolkit developed by the University of Washington Imaging
Laboratory which models physical processes and instrumentation that are used in emission
imaging [39]. It presents a great computational efficiency as it features fast simulation time and
variance reduction tools, and it is on constant development by the group by adding new
functionality and utilities [29]. However, it lacks on the modelled detector geometry, as for
example, the detector ring cannot be subdivided into individual crystals, also the distance
between them cannot be modelled.

The Monte Carlo N-particle Transport, MCNP, is a MC radiation transport code that is designed to
track particles over ranges of energies developed by Los Alamos National Laboratory. It
simulates particles interactions in various materials and offers reduction techniques to make the
simulations more efficient [40]. However, MCNP has a lack of flexibility in specifying the geometry
in the code [41].

14
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4.1.2 Reconstruction toolkits

Software other than STIR have not been considered, as it is already prepared to work in different
computing environments. Other package like STIR has not been found, only reconstruction
software platforms like

STIR is an open-source software used for the reconstruction in tomographic imaging, PET, and
SPECT, being the successor of the PARAPET software library. STIR is currently maintained by
Kris Thielemans (University College London), with co-maintainers Nikos Efthimou (University of
Pensylvania) and Charalampos Tsoumpas (University of Leeds) [42]

4.1.3 Programming language to develop the main program

Two of the most used programming languages for software development are Java and Python,
the two of them are object-oriented languages and count with extensive libraries, also lot of
documentation is found on the internet for both options.

Python is a dynamically typed interpreted language, so variables’ data type does not need to be
declared, as it was thought to be easily readable. However, Java is a statically typed and
compiled language, so the variables need to be explicitly declared, making this last language
faster at runtime and easier to debug due to its previous compilation. Python tests the type of
variable during the runtime, so it is not as stable as Java. On the one hand, Java main
applications are web applications, desktop complex GUI apps or enterprise solutions, on the
other, Python fins its main public in the scientific community for scientific and numeric computing,
machine learning and artificial intelligence or image processing [43]

4.1.4 Programming language to develop the graphical interface

In case of choosing to work with Python as the programming language, many libraries destinated
to develop graphical user interfaces (GUI) are available. After doing some research, three of them
have been selected to analyse them and finally choose one. All of them are open-source
packages, so they may be used for free by anyone.

Tkinter is the Python’s default library to develop GUIs and is available for Unix and Windows, as
it is maintained by ActiveState. It is based on the Tcl/Tk library, and it consists in different
modules with different functionalities; Tcl, which is an interpreted and dynamic script
programming language, and it is used to generate widgets and windows in Tk. Then, Tk, that is
the library used to generate buttons and other widgets, and finally Ttk, which is a Tk extension
that provides widgets with a more modern appearance [44].

PyQt is another Python libraries to create multiplatform application either for computers or mobile
phones. It is based on Qt platform (a set of C++ libraries and development tools for the
development of GUIs) and is dual licensed: free and fee-paying. It is supported by all platforms
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and has a lot of components to make a GUI fully functional. However, the free license offers
limited functions [45, 46]

WxPython is an open-source cross-platform tool to develop GUIs for Python. It is a library that
include python modules to wrap GUI components of the wxWidgets platform library (written in
C++). With it, rich and interactive graphical interfaces may be developed [47].

4.2 Proposed solution

The main goal of the project is to develop a software to simulate and reconstruct SPECT data
with the Monte Carlo computational technique, and it is important to make the proper choices to
facilitate the project and ensure its functionality. The best option, as the idea is to develop a
software would be to use Java, as it is its main function. But, based on personal experience, the
chose programming language to develop the main program and the graphical interface will be
Python. This decision is made because Python also offers the development of functional
graphical interfaces and for the programming experience in this language. Also, SImPET main
program is developed in Python, so having a basis could be very useful to fulfil the objectives of
the project more precisely and not spend much time learning a programming language from the
beginning, like it would be if the decision was to work with Java.

Regarding with the simulation software package, the decision is also made based on the
experience and recommendation from the group GIB-UB. SimSET is the toolkit that will be used.
The package was learned at university where we performed a simulation of DaTscan SPECT
data using this program, so its structure and main programs are already known. It has four
modules, the Photon History Generator (PHG) and the collimator, detector and binning modules,
which will be explained in the following section. Also, as STIR is already prepared to run with
SimSET, and it was the package used by the SImPET developers, it will be the one used for this
project. Moreover, a lot of documentation and examples are found online. This last thing is very
beneficial as the construction of the files needed for both software packages will be easier and
more optimal.

For the GUI development, all solutions mentioned are equally good. However, tkinter library will
be the option finally chose, as it is one of the most used tools to develop interfaces, so a lot of
documentation and examples of code is available online, facilitating the work. Also, comparing to
the other options, after some research, it has been concluded that is the more intuitive GUI library
to program and the functionality of the objects is the same.

4.3 Alternative solution

An alternative solution will be proposed in case there is not time to finish the reconstruction
program using STIR software, as SIimSET is already known, but the reconstruction package is not
familiar, so it is possible there is not enough time to complete the task using it.
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Therefore, in the proposed alternative solution the first part of the program would also use Python
as programming language and the SimSET software package for the simulation program. What
would change would be that instead of using STIR as the reconstruction package, only a filtered
back projection filter (FBP) would be applied, since the group in which the project is being
developed, GIB-UB, has a program written in C++ to apply the filter, therefore, this could be
executed from Python or transcribe the code to this programming language.

17
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5. Detailed engineering

5.1 Workflow of simulation and reconstruction process
Before going into the workflow of the simulation and reconstruction a brief explanation of how the
scripts and data are organised will be given. The scheme may be observed in Figure 13.

Y

functions prepare_files.py

Patients __| recons_functions.py

programes | ] sim_spect.py
simset | tools.py
STIR_3.1
config
Ml —» Data ———» .REC SimSET files
| params Activity and attenuation objects
P2 Results L
spect_scanner \ rec.weight.img (projections sinogram)
- reconstruction.img (reconstruction)
SPECTSim.py

| SPECTSIimGUIL.py

Figure 13. Data and scripts organisation in the working directory (Own source).

As it is seen, the data is divided in three groups, input parameters, python scripts of the
program, and outputs. The input parameters are the three “config’, “params” and
“spect_scanner” yaml files, which contain the main parameters to perform the simulation.
“‘params” file includes the runtime options for the simulation (number of photons to simulate, scan
duration, main directory paths, etc.), “config” file includes parameters for the PHG module that
should not be changed, and “spect_scanner” file that has the geometry traits of the scanner,
including the collimator and detector specifications, and the binning parameters (pixel and matrix
size, etc).

ACtM.ty anq Datatables  Parameters files
attenuationobjects

AR
SimSET [ PHG ]—»[Colnmator]A»[Detector]A.l BinIingI

Histograms image
and displayed
projections —>{  in GUI

Qutput

STIR
Reconstruction
algorithm

STIR

Reconstruction

Figure 14. Workflow of the simulation and reconstruction programs using SImSET and STIR packages (Own
source).
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The workflow of the simulation and reconstruction is the one seen in Figure 14. The core module
of the SImSET simulation program (used for the simulation program) is the Photon History
Generator (PHG), which generates a decay and the resulting photons and their tracks through
the input activity map. It also counts with the Collimator Module, which receives the photons
from the PHG module and tracks them when simulating SPECT data, the Detector Module, that
tracks the photons through the simulated detector, and finally, the Binning Module, that
histograms the detected photons and provides an output array that is user-formatted (See
Annexes 1 for more detailed information regarding the SImSET package).

On the other hand, a reconstruction algorithm of STIR is applied to the projections. The flow will
be explained in detail in section 5.2.2, but in general terms, to reconstruct with STIR a generation
of two files must be done: an interfile, and a file which calls the reconstruction algorithm — which
collects the parameters specified in the interfile — and defines other variables specific to the
chosen algorithm (See Annexes 2 for more detailed information regarding the STIR package).

5.2 Python code for the back end (main program)

To develop the back end, different files have been programmed Two types of files have been
generated; one type meant to be as a file with auxiliary functions needed to perform some
processes in the program flow. On the other hand, the second type of python file created is meant
to be part from the main program flow. There, classes to create object to group data and
functionality are generated. The three main classes found in the back end of this project are:
SPECTSim, SPECT_Simulation and SPECT_Reconstruction, the three of them will be
explained in detail in the next subsections.

SPECTSImGUI \ ( prepare_files w
Graphical interface code ( SPECTSIm ‘\ file of functions
Graphical interface code 4 spect_sim
- Selects and opens files LEMPEIETEEES E?igiiii ngce ’ém?ssa files
- Calls simulation function from - Loads and reads main files
Calls and runs simulation and - Defines two classes:
and displays resuits - Calls reconstruction classes from Slmulatlon and reconstruct\on
reconstruction function from spect_sim
SPECTSIm and displays results/ \ ) /
SPECT_Reconstruction SPECT_Simulation
class code for simulation class code for simulation
- Defines data, programs and - Defines data, programs a”d
results paths results paths
- Prepares the reconstruction - Calls simset phg module
files - Process weights of the
- Applies different simulaton
reconstruction filters

algorithms

- Prepares STIR interfile simulation images

commands and log their
performance and to process

recons_functions
( Traiireians \ /J file OF?L?I:?:'EIOHS
- Defines functions to apply
LSTIR reconstruction - Defines functions to run

W
|

Figure 15. UML diagram showing the different classes and files (main and auxiliary) to accomplish SPECTSim
performance (Own source).
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A Unified Model Language (UML) diagram has been carried out to visualize the main blocks of
the program and their main functionality. It may be seen in Figure 15. Red boxes correspond to
classes, blue boxes correspond to files and the orange underlined refer to file-specific functions
or programs.

In general lines, the main flow of the program works this way: The SPECTSimGUI class is called,
and it generates the graphical interface window, which has several buttons to call the different
classes and upload the different files, choose parameters and display both simulation and
reconstruction results (See 5.3 section). It imports the SPECTSim class, that loads and reads the
main files selected and calls the spect_sim file, where both simulation (SPECT_Simulation) and
reconstruction classes (SPECT_Reconstruction) are written. These two classes contain the
program to perform the simulation and reconstruction, respectively, and both call the auxiliary
files tools to develop some tasks for the simulation performance. Then, simulation class calls
prepare_files file for simulation program tasks like the creation of specific SImSET files and
reconstruction class uses recons_functions file to perform specific tasks for the reconstruction
program.

Summarizing, SPECTSim includes four classes and three auxiliary files that define the skeleton
of the program, with respect to the four classes, they are:

e class SPECTSimGUI: Definition of the graphical interface.

e class SPECTSim: Main file, it loads yaml files and defines two functions; simulation and
reconstruction, which call simulation and reconstruction classes, respectively.

e class SPECT_Simulation of file spect_sim: Defines the main code for the simulation calling
PHG module from SimSET and a run function to execute the process.

e class SPECT_Reconstruction of file spect_sim: Defines the main code for the reconstruction
calling reconstruction file and a run function to execute the process.

Then, the auxiliary files include a set of functions helpful for the code. These are made to
organise the code and make it clear. The files are:

o file sim_spectpy. contains the main program code, as it is where simulation and
reconstruction classes are defined.

o file prepare_files.py: Defines functions to write .rec SImSET files and index files, necessary
for PHG module.

o file tools.py: Defines necessary functions to load images and run commands (Developed by
SImPET authors).

o file recons_functions.py: Defines functions that include the main reconstruction algorithms
and filters from STIR software package. (Adaptation from stir_tools file developed by SImPET
authors).
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Depending on the use the user wants to give to the program, the SPECTSIimGUI class may be
excluded. If the user wants to perform the simulation and visualize the results on the graphical
interface, they need to call the GUI class. But, if the user desires to edit parameters or lines of
code they must generate a file to call the spect_sim file and run it on terminal. The rest of the
program works the same for both options. (See Annexes 3 Installation and User Guide).

In the next sub-sections, all files and classes will be explained in more detail. The code is mainly
based mainly on available shell scripts files to perform the simulation written in bash, so the
migration from this language to python will be explained. In all classes, an __init__ function that
defines the main variables, objects and files used in the functions must be written.

5.2.1 Definition of the program
SPECTSim class

The SPECTSim file defines a class called also SPECTsim where an __init__ function is defined.
There, the three parameter files with yaml/ extension are uploaded to save their data into a
dictionary for each one. Having a dictionary lets us access the data in an easy way, with the
method “get”. The upload of yaml files is done with safe_load function from PyYaml library. Also,
in the initializing function, main paths are also defined, these are:

e path spect_dir: Working directory.

e path patients_dir: Path to patients’ folder.

e path simulation_dir: Path to patient data folder, corresponds to “Data” folder inside the
selected patient directory. It contains the necessary data to perform the simulation.

e path results_dir: Path to patient results folder, corresponds to “Results” folder inside the
selected patient directory. It is where the resulting images are stored.

9.2.2 Main program

The main program is defined in sim_spect file, it is where the simulation and reconstruction
classes are found. In both functions, several libraries are used to make it functional, the most
important are:

e library os: It allows us to define paths to create folders, files and run commands own of
bash like cp (copy), rm (remove), etc.
e library multiprocessing, specifically, the function Process to run defined functions

SPECT simulation class

Simulation class is contained in sim_spect file and defines the program to call the SImSET PHG
module. The flow may be seen in Figure 16.
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INPUTS PROGRAM

Datatables =
REC SimSET files

L - bin.rec
- colrec

Parameters file — -phg.rec
-det.rec

Simulation options,
paths to directories,
activity map and attenuation map QUTPUTS

From SimSET

[ Statistic summary ]

Scanner file — PHG True photons
Scanner traits sinogram
[ Sinogram rec weight
L file (projections)
Config. file _ Scatfer photons
sinogram

Figure 16. Block diagram showing the flux of the simulation program. The inputs, the program flow and the outputs
(Own source).

The idea of the program is that several inputs are provided: set of data tables from SimSET, a
parameters file that contains the simulation runtime options, the paths to the main directories, the
activity map and the attenuation map, a scanner file that has the scanner traits (collimator,
detector, and binning parameters), and a configuration file that also includes PHG module
parameters that are not expected to be changed.

With the inputs, rec SImSET files that are constructed and introduced into the PHG module.
When the simulation is over, the outputs are a statistic summary and an image with the
projections. The image with the projections is in analyze format, so it is composed by a header
(.hdr) and the image file itself (.img). This image is finally divided in true photons sinogram and
scatter photons sinogram.

To do that, three functions (apart from the __init__ one) are defined:

e function run: Uses the tool “Process” from multiprocessing library to run
simset_simulation function.

e function simset_simulation: Calls PHG module from SimSET. To adapt the bash
command to python language, the system function from os library is used (See 5.2.3.2
for information about fools.osrun). This function also divides the final weight image in
trues and scatter sinogram objects.

e function prepare_simset_files: Calls the prepare_files file to write the rec files (phg.rec,
col.rec, det.rec, and bin.rec) and index file, necessary to run the SimSET PHG module.
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SPECT Reconstruction class
Reconstruction class is also contained in sim_spect file and defines the program to generate the

STIR sinograms that later will be reconstructed with an algorithm program from the package. The
flow may be seen in Figure 17.

INPUTS PROGRAM
Trues sinogram =
Convergion from
Qutput of simulation L SimSET (analyze)
program objects to STIR
Scatter sinogram — //
/
Output of simulation v
program
[ STIR sinogram ] [ STIR interfile ]
Scanner file -
QUTPUT
[t contains parameters for
the reconstrucion [ RECONSTRUCTION
reconstructed
Reconstruction FILE
type _J Parameters + Specific reconstruction
and parameters algerithm call.

Figure 17. Block diagram showing the flux of reconstruction program. The input, the process, and the outputs. Also
the reconstruction algorithms considered for the program (Own source)

As it is seen in the block diagram, several inputs are provided. Coming from the other program
the trues and scatter sinograms are found, also, the scanner file (as it specifies binning data
and parameters useful for the reconstruction with STIR package) is introduced. On the other
hand, other inputs like the reconstruction algorithm chosen and its parameters are found.

The reconstruction algorithms and their specific parameters considered are FBP2D and FBP3D,
the parameters of which are: cut off for ramp filter, and OSEM2D and OSEM3D, where the
variables are: number of subsets and number of iterations

With the inputs, a conversion of the sinograms from analyze to STIR format is done, also
generating an interfile with the necessary information for the reconstruction. Some data described
in the interfile is: the type of data (tomographic), the number of projections (120), the matrix size
([128,32]) or the start angle (0°). Having the interfile, then a reconstruction algorithm parameter
file is written (See Annexes 2: STIR to see examples of both interfile and algorithm parameter
files).

To do that, three functions (apart from the __init__ one) are defined:
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e function run: Uses the tool “Process” from multiprocessing library to run reconstruction
and prepare_recons function.

function prepare_recons: This function converts all SImSET data to STIR data and
generates the interfile

e function reconstruction: Depending on the specified reconstruction algorithm, functions
from recons_functions file are called, and reconstruction parameter file is written, and the
reconstruction is performed.

5.2.3 Auxiliary function files

The auxiliary functions are essential for the program, as they define useful functions that are
called to perform some tasks during the simulation or reconstruction. So, they are essential for
the program to work correctly.

Prepare files functions

This file of functions is used to generate the files SIMmSET needs to work. So, it consists of several
functions to write the index file and the .rec files.

e function prepare_simset_det: Writes in a .rec extension file the detector module
parameters from the variables of the yaml scanner file.

e function prepare_simset_bin: Writes in a .rec extension file the binning module
parameters from the variables of the yaml scanner file.

e function prepare_simset_col: Writes in a .rec extension file the collimator module
parameters from the variables of the yaml scanner file.

e function prepare_simset_phg: Writes in a .rec extension file the photon history generator
module parameters from the variables of the yaml params and config files.

e function process_weights: Divides the final weight image in trues and scatter sinograms.

Tools file main functions

This file was developed by SImPET authors [48], but some functions have been adapted or
removed according to this project. The main functionalities of the defined functions in the file are
the following:

e Function to run commands with os library and generate a logging file to visualise the
performance.

e Functions to do conversions between image formats (i.e., Nifti1 to Analyze).

e Functions to operate between images (i.e., sum two sinograms).

¢ Function to generate analyze images from data.
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Recons _stir file main functions

This file includes functions used for the reconstruction class which write the algorithm files
needed by STIR. They are an adaption from SimPET functions for PET (stir_tools file [49]),
changing the specifications and parameters so they work for SPECT data.

The four functions to call STIR algorithms are the following:

e function FBP2D: Creates a file to introduce it to the STIR FBP2D program.
e function FBP3D: Creates a file to introduce it to the STIR FBP3D program.
e function OSEM2D: Creates a file to introduce it to the STIR OSEM2D program.
e function OSEM3D: Creates a file to introduce it to the STIR OSEM3D program.

Also, a function to generate the interfile needed by STIR was defined.

5.3 Python code for the front end (GUI development)

Tkinter (tk) was the python library selected to develop the GUI for the simulation and
reconstruction program because of its great range of components and functions to make an
equipped GUI and the great quantity of documentation and code examples available online. The
widgets used to develop SPECTSim GUI are the following:

e k. Tk(): To create main windows.

e tk.Button(): To open a popup window or execute an action.

e tk.Label(): To display text in a window.

otk filedialog.askopenfilename(): To select files from the explorer.
o tk.Toplevel(): To create popup windows.

o tk.Scale(): To create a slider.

o tk.ttk.Combobox(): To create a list of options.

o tkentry(): To let the user introduce data.

The GUI consists of a main window and two popup windows to display results from simulation
and reconstruction separately. The flux diagram showing the widgets (blue boxes) and windows
(red boxes) generated of the GUI are observed in Figure 18.
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Figure 18. Widgets and buttons diagram of SPECTSim graphical interface (Own source).

Main window

The main window of the GUI includes two buttons to select the process to perform either
simulation or reconstruction process.

When “simulation” button is clicked, four buttons appear to select four files: Params file, scanner
file, activity map and attenuation map. When all four files are selected, the “simulate” button
should be clicked. This calls the simulation function from sim_spect file, so the simulation process
starts for the introduced input data. It also opens the simulation popup window where the results
are displayed showing the x and y views from the sinogram and the projections (view z). Each
image has a slider to choose the slide of the view displayed, as the result is a 3D image with a
determined shape (i.e. [128, 128, 32]). (See section 5.4: Results)

Then, when “reconstruction” button is clicked, two buttons appear; one to select the simulation file
previously generated and another one that is a menu bar to choose the reconstruction algorithm
to apply. When the algorithm is chosen, text entries to introduce the parameters for the filter
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appear. When all this is defined, the “reconstruct” button should be clicked. This calls the
reconstruction function from sim_spect file, so the reconstruction process starts for the introduced
input data. It also opens the reconstruction popup window where the results are displayed
showing the coronal (x), sagittal (y) and axial (z) views. As before, each image has a slider to
choose the slide of the view displayed. (See section 5.4: Results)

Depending on the reconstruction algorithm chosen, input labels to write the desired parameters
will appear, the considered ones are the following:

For FBP2D and FBP3D:

e Cut off for ramp filter

For OSEM2D and OSEM3D:

e Number of subsets
e Number of iterations

In summary, the inputs and outputs required by the GUI to function correctly are the ones
collected in Figure 19.

SPECTSim Graphical Interface

Parameters file
. ) Scanner file
Simulation Activity map
Attenuation map

INPUTS OUTPUTS

Three viewsof the
simulation resulting
image

Simulation sinogram Three viewsof the
Reconstruction Reconstruction algorithm reconstruction resuling
Reconstruction parameters image

Figure 19. Scheme showing the inputs and outputs needed for both simulation and reconstruction flows (Own
source).

5.4 Results
To visualize the final result of the project, an example has been used.

Input data

As aforementioned (Section 5.1), the program needs several input data to accomplish its
functionality, the main inputs are: a parameters file including runtime options for PHG module, an
activity distribution map, an attenuation map and an scanner file including the collimator, detector,
binning, and reconstruction information.
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Then, the program also needs other reconstruction specifications: the reconstruction algorithm
and specific parameters for the chosen algorithm.

The activity and attenuation maps used are the ones seen in Figure 20 (Seen in axial view)

Figure 20. Activity distribution map showing striatal nuclei (left) and attenuation map (right) of striatal phantom in
axial view. (Source: ITK-SNAP)

Other parameters of interest regarding the example used to show the results are the following. All
the other parameters may be seen in Annexes 2, in the configuration of the four module file
sections.

Number of photons: 100.000.000 photons

Scan duration: 100 seconds

N
N
— Shape of the image: Number of views: 128; Number of bins: 240; Number of slices: 32
— Hole radius os the collimator: 0.0615

N

Photon energy: 140 keV
— Hole geometry of the collimator: Parallel

Results

Figure 21. Simulation results visualised with (left) MRIcro and (right) nilearn library from Python (Own source)
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The images above correspond to the view of the sinogram on the x (right) and y (left) axes and
below we see the projections. In addition, in the sinogram we see two differentiated parts, in the
upper part we see the result of a common degrading effect in nuclear medicine: the photons that
have undergone a dispersion. In the lower part we see the real photons.

The statistical summary for different number of photons to simulate considered is collected in
Table 1. Results studied were the photons passing the collimator-detector-binning module and
the total accepted photons. All simulations were executed for the same activity and attenuation
objects, also the other parameters apart from the number of photons were the same.

Table 1. Statistical summary of simulation for different numbers of simulated photons

Photons simulated Total counts
5.000.000 1,271747e+06
15.000.000 1.279572e+06

100.000.000 1.897213e+06

Finally, in the following images, the coronal view of the simulated sinogram for each different
value of simulated photons considered is seen.

Figure 22. Coronal (y) view of sinogram for 5.000.000 Figure 23. Coronal (y) view of sinogram for 15.000.000
photons simulated. (Source: MRIcro). photons simulated. (Source: MRIcro).
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Figure 24. Coronal (y) view of sinogram for 100.000.000 photons simulated. (Source: MRIcro).

As it may be observed, the signal to noise ratio improves, as for less photons generated the
image quality is inferior. Also, when the number of photons is increased (See Figure 24), the
striatum activity is appreciated in the middle of the sinogram.

On the other hand, examples of FBP3D (Figure 25) and OSEM3D (Figure 26) reconstructions
are seen.

For FBP: Cut off for ramp filter = 0.5 for a simulation.
For OSEM: Number of subsets = 8; Number of iterations = 10 for a simulation.

| T — P i —
Figure 25. Reconstruction with FBP algorithm. CSA order plotted in jet colour map. The colour map has been
altered to distinguish better the brain regions with the background. Zoom of 1.5 applied. ((Source: ITK-SNAP)

—

I 3 . I - y P =
Figure 26. Reconstruction with OSEM algorithm. CSA orde, plotted in jet color map r. (Source: ITK-SNAP)
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Results in graphical interface

In Figure 27, the main window of the GUI is shown. As it may be seen, all the buttons specified in
previous section appear. In the top, there are the buttons to control the simulation flow, and in the
bottom the buttons to control the reconstruction flow appear.

7 SPECTSim

SIMULATION

Select params file

SIMULATE |

Select activity map

Select attenuation map

Select scanner file

RECONSTRUCTION

Select simulation file

RECONSTRUCT |

Figure 27. Main window of GUI (Own source).

When the “select” buttons are clicked, the file explorer of the computer is opened, letting the user
choose the specified file (Figure 28).

7 Select params file X
€ v M « home > biofisica > simCris > y Buscar en si £
Organizar v Nueva carpeta = v [
£ videos Nombre Fecha de modificacion  Tipo Tarr
functions
Examen final
Patients
simCris
programes
Results
simset
Data
STIR 3.1
config
& Creative Cloud
| params
[ Este equipo

3 Red

| scanner

Nombre:

| yamifiles

Cancelar

Figure 28. File explorer window opened when the select buttons are clicked (Own source).

Then, in Figure 29, the simulation pop-up window showing the results of the Monte Carlo
simulation for the input parameters is seen. Top left, the y view from the sinogram is seen,
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observing both the real and scatter sinograms, top right, the x view from the sinogram is
visualised. Left bottom, the projections (z view) are seen. At each side of the three images, the
slider to control the slice shown is also seen.

7 SIMULATION = (u] X

y view from sinogram x view from sinogram

Z view, projections
Slices

X=66 Y=16 Z=113

113_|

Figure 29. Simulation pop-up window (Own source).

Then, when the “Reconstruction” option is chosen, and the simulation file selected (the output
from the simulation process), the list that lets the user choose the reconstruction algorithm
appears (Figure 30).

RECONSTRUCTION

Select simulation file |

RECONSTRUCT

Figure 30. List of options to choose the reconstruction filter or algorithm preferred (Own source).
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When reconstruction algorithm selected, text entries to let the user choose the specific
parameters appear (Figure 31). As aforementioned, the parameters considered are:

For FBP2D and FBP3D:
e Cut off for ramp filter
For OSEM2D and OSEM3D:

e Number of subsets
e Number of iterations

Select simulation file
Select simulation file

RECONSTRUCT
RECONSTRUCT OSEM20

FBP3D

Introduce number of subsets 8
Introduce cut-off frequency for Butterworth filter 0.4

Introduce number of iterations 64

Figure 31. Entries to introduce the reconstruction parameters for (left) FBP filters and for (right) iterative OSEM
algorithm (Own source).

All the selected inputs will be introduced into the reconstruct program calling SPECTsim class,
specifically the reconstruction class.

Finally, in Figure 32, the reconstruction pop-up window showing results for the chosen
reconstruction algorithm and specific views. The organisation of the displayed image is top
left—coronal view, top right—sagittal view, and left bottom—axial view, following the CSA display.
At each side of the three images, the slider to control the slice shown is also seen.
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y view from reconstructed image x view from reconstructed image
Coronal view Sagital view

z view from reconstructed image
Axial view

Slices

X=70 Y=68 Z=24

s B

Figure 32. Reconstruction pop-up window (Own source).

5.5 Discussion

In order to carry out this project, the group in which the project has been developed proposed the
use of SIMSET and STIR as the software on which the development of the programme was to be
based. Even so, different options of software packages that also work with Monte Carlo
simulation, programming languages and libraries to generate the graphic interface were studied.
In the end, the final choice was to follow the initial recommendation, as SImSET software had
already been previously and there were reference scripts that could be adapted to Python. In
addition, STIR is already prepared for use with the studies generated by SIimSET. Finally, the
Python tkinter library was chosen to build the graphical interface for its simplicity and functionality.
To generate the back end of the programme, it was decisive for the final choice to use the same
tools as SImPET to integrate the final product into their software.

The collection of accepted photons, shown in Table 2, summarizes the statistical summary
obtained from each simulation process. As it is seen, the number of accepted photons is
generally a tenth part from the original value of photons to simulate, decreasing this ratio when
the number of photons increases. This is expected because Monte Carlo technique is a
probabilistic model, so the number of photons tracking the collimator module and the number of
accepted photons will decrease. However, this great loss of photons was not the expected, so to
obtain feasible results, the number of simulated photons was augmented to show the result. The
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problem with the simulation still was not identified, a deeper look to all the parameters introduced
should be made.

Furthermore, a great difference between reconstruction applied with FBP (Figure 25) or OSEM
(Figure 26) is seen, OSEM reconstruction performs better. In FBP reconstruction, the striatal
uptake is seen, but the other algorithm suppresses the noise better and the brain es more
differentiated, in FBP algorithm some brain regions are lost. This problem could be because of a
missing parameter or a wrong one. However, in SPECT, nowadays OSEM algorithm is more
used in the reconstruction process, as it is a much more complete method, so the results
correspond to expected ones.

Moreover, as it may be seen in the results, the final graphical interface is functional and considers
all files, data, and parameters necessary for the program. The images are shown in a Coronal-
Sagittal-Axial (CSA) order and each one has a slider to be able to choose the slice of the image
shown, achieving this way an interactive result where the user may see the whole resulting
displayed image. Also, the simulation and reconstruction program work fine, but the
considerations implemented in the back-end code always could be improved. For example, the
simulation program does not consider the simulation of random photons, so the simulated images
are not as realistic as they could be. Also, the parameters used were obtained from already
existing examples of SImSET files developed by GIB-UB and other ones used in SimPET. A
validation with other scanners and parameters should be done in future lines of work.

The time limitation should be considered when analysing the results. However, the results are
great in general terms, as the development of the program — including both processes of
simulation and reconstruction — and of a functional graphical interface has been achieved.
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6. Execution schedule

6.1 Tasks and time definition.
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This section is aimed to have a clear idea of the different tasks needed to complete the project. To organise these, a work breakdown structure has been made.

In the following subsections, the diagram and the WBS dictionary may be observed.

6.1.1 Work Breakdown Structure (WBS)

Selection of the
project topic ﬂmmgndm
Set the objectives Study of SIMPET
program Shell-scripts Parameter files Python libraries
| | study generation study
Tasks definition | |
' . Simulation ‘
analysis on classes
Pgld fibraries I StEIT Windows design
study [
. |
| Reconstruction
Files and data program Bullons and
definifion and ’ wiagets design
organisation )

Figure 33. Work Breakdown Structure (WBS) of the project (Own source)
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6.1.2 WBS dictionary
The project is divided into six main parts, each one includes several activities to achieve the final
goal of the project; develop a functional graphical interface to generate simulations and their

reconstruction and see the results. The distinct levels of activities, the task name and its
description are compilated in the WBS dictionary, seen in Table 2.

Table 2. WBS dictionai describini each task.

Monte Carlo simulation software for realistic SPECT studies
Cristina Martin Barcelo

1 ANALYSIS
. . Presentation of possible
Selection of project ) g 7 days
1.1 topic themes, the final topic is then Deliverable: 20/01/2023
selected.
o Setting of the main aims
1.2 SS.;Z? objectives of the concerning the project and final 2 days
pro) product.
Organisation and definition of
1.3 | Taks definition the tasks needed to be done to 4 days
fulfil the objectives.
2 INFORMATION RESEARCH
Study of SImSET and STIR
2.1 | Study of simulation flow programs {o understand their 5 days
flow and parameters
requirement
99 Study of SImPET Study of SImPET available code 5 davs
' program on GitHub y
Research about SPECT
neuroimaging technique,
2.3 5;?:2:&2:?2;:;2?0 DaTscan technique, 4 days
9y quantification methods and
reconstruction algorithms
Research about the sector the
2.4 | Market analysis project is directed to and its 4 days
main applications
3 BACK-END DEVELOPMENT
3.1 Back-end design
Study of shel scripts Study of shgll scrlpts codes
where the simulation and
3.1.1 | and programs . rf 9 days
developed by GIB-UB reconstruction are performed,
also the programs used
Pvihon classes and Study of classes generation and
3.1.2 "byraries g python libraries to fulfil the 5 days
y objectives of the project
. _— Definition of main and auxiliary
3.1.2 ggzso?ngnciisa;z:neﬂnltlon files and organisation of the files 5 days
g and data (input and output)
3.2 Back-end development
Parameter files Write three main parameters
3.2.1 eneration files that are introduced into the 5 days
g program
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Define classes, paths, and
3.2.2 | Simulation program functions to construct the 30 days
simulation program
Define classes, paths, and
3.2.3 | Reconstruction program | functions to construct the 33 days
simulation program
4 FRONT-END (GUI) DEVELOPMENT
4.1 Front-end design
Study of different python
4.1.1 | Python libraries study libraries available to develop a 3 days
graphical interface
Visual design of the three
4.1.2 | Windows design windows (main, simulation and 3 days
reconstruction)
Buttons and widgets Dgsign of the but.tons and
41.2 desi widgets for the windows and 4 days
esign . o
their functionality
4.2 Front-end development
Development of the buttons and
421 | GUI development widgets, implementation of the 18 days
program and organise the
visualisation of results
5 EVALUATION AND IMPROVEMENTS
51 Evaluate the graphical | Evaluate the functioning of the 3 days
) interface GUI and test for different data
5.2 | Software improvements Impro_vgments of errors and 16 days
optimizing the code
6 PRESENTATION AND REPORT
Throughout the execution of the 60 days
6.1 | Project report project, a memory of .the . Deliverable: 07/06/2023
process performed will be edited
, Design of the oral presentation
Preparation of the oral : : 6 days
62 | presentation (10 minutes) and organise the | oy o ahle: 14/06/2023
information to expose

6.2 Precedence analysis and critical path method
To determine the time (in days) that each task will need, a precedence analysis has been
performed. This way, the PERT time may be known following the following expression:

_ toprimisTIiCt4tNORMALY LPESSIMISTIC

tpERT =

6
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Table 3. PERT, Optimistic, normal and pessimistic time of each activity.
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T PERT | Optimistic | Normal | Pessimistic
asks ID . . . '
time time time time
1.1 Selection of the project topic A 7 6 7 8
1.2 Set the objectives of the project B 2 1 2 3
1.3 Tasks definition C 4 3 4 5
2.1 Study of simulation flow D 5,16 4 5 7
2.2 Study of SImPET program E 5,16 4 5 7
2.3 Research about state of technology F 4 3 4 S
2.4 Market analysis G 4,16 3 4 6
3.1.1 GIB-UB shell scripts study H 9 7 9 11
3.1.2 Python classes and libraries study I 4,83 2 5 7
3.1.3 Files and data definition and J ) 3 5 7
organisation
3.2.1 Parameter files generation K 5 4 5 6
3.2.2 Simulation program L 30,33 27 30 35
3.2.3 Reconstruction program M | 32,83 30 33 35
4.1.1 Python libraries study 0 3 2 3 4
4.1.2 Windows design N 2,83 1 3 4
4.1.3 Buttons and widgets design P 3,6 1 4 S
4.2.1 GUI development Q 20 16 18 20
5.1 Evaluate the graphical interface R 3 2 3 4
5.2 Software improvements S 16 14 16 18
6.1 Project report T 60 50 60 70
6.2 Preparation of the oral presentation U 6 S 6 8
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6.3 Schedule; GANTT diagram
To control and schedule the different tasks for this project over time, a GANTT diagram has been created, seen in Figure 34.

Enero Febrero Marzo Abril Mayo Junio
Activity s EH | 2 3 4 5 g
Selection of project topic
Set the objectives of the project

'
@

o
=1

12 13 14 15 16 17 18 19 20 21 22 23 24

Tasks definition
O
Study of simulation flow
Study of SIimPET program
Research about the state of technology
Market analysis
(N
v Back-end design —
GIB-UB shell scripts study
Python classes and libraries study
Files and data definition and crganis...
Parameter files generation
Simulation program
Reconstruction program
" - N
 Front-end design _
Python libraries study
Windows design
Buttons and widgets design
 Front-end development —
GUI development
E——
Evaluate the graphical interface
Software improvements
(R
Project report
Preparation of the oral presentation

Figure 34. GANTT diagram (Own source).
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7. Technical viability

In this part a technical viability study will be performed by using the SWOT analysis technique, a
diagram where the strengths, weaknesses, opportunities, and threats of the project are listed.
This provides a general idea of the feasibility of the project and have an idea of the
inconveniences that may appear when developing the chosen solution. The SWOT diagram is
observed in Figure 35.

Strengths Weaknesses
e Uniqueness ¢ Remote work and
e Experiencie in programming programming
e Time limitation
language Va
* Worked with simulation data \\/ * Poor experience in software
before S A programming
e Similar program available
AN
Opportunities 0 ! T Threats
. . e Uncertainty in the product
* Possible targets in market orofitabiliy

* No identical solution available .
e |imited resources

Figure 35. SWOT diagram to study technical viability (Own source).

In relation to the strengths of the project, the most important is the previous experience both with
the programming language chosen, Python, and with SPECT simulated data. This reduces the
time required to develop the project, as there is no need to learn a new programming language
Also, the DaTscan simulation and reconstruction was used in a lecture in the Biomedical
Engineering degree in University of Barcelona, so the flow, programs, inputs, and outputs of the
process are known. Besides, there is SImPET, and the code is available, so this is also an
important strength for the project, as having a base of a program on which to resort when
encountering a problem is beneficial to reduce time.

As far as the opportunities of the product are concerned, there are possible targets in the
market to direct the results of the project, as it is a new solution which does not have an identical
product available.
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As for weaknesses, the three main aspects considered are the remote working and
programming, time limitation and poor experience on software programming. Remote working
and programming are a drawback with respect to the project slowdown, as there is a dependence
on the power of the internet connection, and it has not a graphical interface to visualize the
results of the code execution. However, it permits to work on Linux in every computer without this
computer system. Also, time limitation is a fact to consider, as this program is a Final Degree
project, so it has strict time limits. Finally, not having developed a software before may cause
problems to be encountered more easily. But, as there is a lot of free available documentation of
the chosen libraries, they could be solved.

Finally, regarding the threats of the project, the uncertainty of the product profitability is
considered, as the usage of the project results by the sectors to which it is directed is unknown.
But considering the uniqueness of the project, and its utility in the research field, there is hope
that it happens to be a useful tool for investigation.
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8. Economic viability

The aim of this section is to study the required costs with respect to the execution of the project.
The materials, services and personnel costs are included into this study.

Regarding the materials, the Brain CT and the Alderson striatal brain phantom have been
considered, as the activity and attenuation objects used to test the software are obtained from a
CT scan. Moreover, personal materials like the computer used to develop the project are
considered. Table 4 shows the costs of the above-mentioned.

Table 4. Materials cost of the project.

Material Unit price (€) Units Total (€)

Brain CT 210,00€ 1 210,00€

Striatal brain Phantom ~1000,00€ 1 1000,00€
(Alderson)

Lenovo Yoga 530 -14 IKB (i7) 1.099,00€ 1 1.099,00€

Total 2.309,00€

Also, a consideration of all software tools and licenses used in this project is done. In the list, the
software packages used, Anaconda support platform and Office 365 license appear. The costs
regarding the mentioned services are collected in Table 5.

Table 5. Services cost of the project.

Services Unit price (€) Units Total (€)
Anaconda spyder Free software (0€) 1 0€
SFTP drive Free software (0€) 1 0€
SimSET Free source (0€) 1 0€
STIR Free software (0€) 1 0€
Office 365 license 5,60€/month 6 33,60€
Total 33,60€

With respect to the personnel cost, both the tutor and student have been considered. The salary
data is retrieved from the Glassdoor web [50], searching for the mid salaries of a junior engineer
and of a senior one.

Table 6. Personnel cost of the project

Personnel Salary Hours Total (€)
Biomedical engineer 30€/h. 80 2.400,00€
Junior biomedical engineer 9,375€/h. 300 2.812,50€
Total 5.212,50€
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So, the final budget to develop the project is the following seen in Table 7. The final cost would be
of 7555,10€

Table 7. Complete cost of the project

Price (€)

Material cost 2.309,00€
Services cost 33,60€

Personnel cost 5.212,50€

Total 7555,10€

The distribution of the cost of the project is seen in a pie chart, dividing the costs in services,
material, and personnel (Figure 36).

Cost distribution of the project

I Material cost
W Services cost

I Personnel cost Services cost

Material cost

Personnel cost

Figure 36. Pie chart showing the cost distribution of the project (Own source)
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9. Legislation and regulation

As this software does not imply the use of medical data from patients or subjects, the legislation
and regulation for medical devices does not apply. However, some regulations have been
considered to ensure the software has a reliable legal background.

This project is directed to research groups and companies to validate acquisition, reconstruction,
and quantitative protocols and methods, being also useful to characterize different SPECT
cameras. To do that, phantom or even patient activity and attenuation objects may be used. As
the project is also used for research, data protection and privacy regulation must be
considered. Personal data collected and used for research is covered by the UK General Data
Protection Regulation (GDPR) and the Data Protection Act 2018 (DPA). Also, the code of integrity
in research of the University of Barcelona should be considered, as this project is being
developed in the Biomedical Imaging Group (GIB-UB) of this University.

Moreover, it is key to mark that this project is an adaption from SimPET open-source code to be
able to generate SPECT data. Also, it uses SImSET and STIR software packages, so a
consideration of intellectual property rights must be done. All packages used in this project are
open-source software, so their license guarantee their use, study, change and distribution. Each
of the three software have a concrete license, therefore a brief study will be made to know what
has to be taken into consideration to carry out this project.

SimPET and SimSET have a GNU GPLv3 license (General Public Use General Public License
version 3). This license guarantees the user to execute, study, share and modify the software. In
addition, GPL uses copyleft mechanism, meaning that any derivative software based on the
licensed one must also be licensed under GPL, ensuring that rights to access, modify and
distribute the source code are maintained [51]. Also, a mention of the use of such software for
crediting purposes should be made.

On the other hand, STIR has an Apache 2.0 license, which is a permissive license but with more
conditions than the previous. The permissions to use guarantee users a license to use the
software either for commercial or non-commercial use. With respect to the source code
modification, derivatives from it are not required to be distributed under Apache 2.0 license, so
the combination of the source software with other programmes may be under different terms.
Finally, regarding the copyright, the license mentions that ‘the work of authorship, whether in
Source or Object form, made available under the License, as indicated by a copyright notice that
is included in or attached to the work” [52]

As the final product is intended to be integrated with SImPET platforms, a collaboration
agreement would maybe be needed, as the initial software idea is of their own.
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10. Conclusions and future work

The aim of this project was to develop a Monte Carlo simulation software for the generation of
realistic SPECT data. Therefore, three main objectives were set: to generate a program that
would define two classes (the simulation class and the reconstruction class), and then to integrate
them in a graphical interface that would allow the user to choose the main files and display the
result.

Looking at the final product, it can be concluded that the three main objectives of the project have
been achieved, since a functional graphic interface has been developed that integrates the
simulation and reconstruction programmes and allows the visualisation of the results generated
based on the inputs chosen by the user.

Even so, there is still some work to do before the application could be used by other users. In the
first place, the construction of a web to be able to use the product online should be made, making
the software cross-platform as it could be used in all systems. The aforementioned involves
obtaining a web domain and building a database to store the results generated. If the final project
could be integrated with SImPET platform, the generation of activity and attenuation would be
possible.

As other future lines of work, it would also be convenient, on the one hand, to introduce the
images generated in a quantification software and compare them with the theoretical values,
Moreover, consideration of other SPECT scanners should be made, as the parameters used in
this project were obtained from the available file from GIB-UB group.

Finally, it is key to conclude that even if the main focus of this project was the simulation of
DaTscan SPECT data because of the absence of standardization among its quantitative
methodology, the final result of this project could be used to simulate other nuclear imaging
SPECT scans like cardiac SPECT, ictal and interictal images for epilepsy, etc. This way, a
validation of the processing software could be made with other type of SPECT studies.
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ANNEX 1 SimSET package

A1.1 SimSET

SimSET program is a software package designed to perform Monte Carlo simulations for
emission tomography imaging, simulating photon generation and transport through attenuators. It
includes four modules, each one with its respective file defining the specific parameters.

e Collimator module - Configurated with file col.rec

e Detector module - Configurated with file det.rec

e Binning module -> Configurated with file bin.rec

e Photon History Generator (PHG) module = Configurated with file phg.rec

The general overview of the program is the one seen in Figure A1, where a diagram showing the
interaction between modules is observed.

Third-party Parameter files|

Phantom File Data Tables

l

Object
Editor

Photon
History
Generator
(PHG)

Activity Object

Attenuation Object

Figure A1. Block diagram illustrating the fit between the different modules of SimSET package.

To install SIMSET, you can visit their repository (Link: https://depts.washington.edu/simset/ ).
Refer to SImSET user and installation manual to find detailed information about how to install and
the program.

A1.2 SImMSET modules

As aforementioned, SIimSET has four modules to generate de emission tomography simulated
data, which will be now explained. All this information is retrieved from their webpage,
corresponding to Ref. 39.
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A1.2.1 Photon History Generator (PHG) module

Description of the module

The Photon History Generator (PHG) is a software application designed to perform Monte-Carlo
simulations of photon creation and transport through heterogeneous attenuators for both SPECT
and PET.

In Figure A2, a diagram showing PHG inputs and outputs is shown.

SIMULATION
OPTIONS

DISTRIEUTION

ATTENUATION
DISTRIEUTION

PHOTON
HISTORY
GENERATOR

SIMULATION
SUMMARY

EINNED
DATA

STATISTICAL

SUMMARY PHOTON

HISTORY
LIST

PRODUCTIVITY
TAELE

Figure A2. PHG inputs and outputs.

From the activity object and the specified Tracking Photons
number of photons (specified in the Generate Decay

phg.rec file with  num_to_simulate SPECT
parameter), the number of decays to

Produce Photon(s)

generate for each voxel is computed. The per | FrotsctToTorget culinaer
i 4 H . nd

photon tracking algorithm is seen in 2 Fhoton i

Flgure A3 I Force Scatter & Project: "Forced Detection” I S

As itis seen, the deCay is generated, and ’ Track Until Interaction or Escape

X

photons are produced. Then, the photons Escaped & Detecteq | Eccaped & Discarded ¢
are projected to the target cylinder within
a user-specified acceptance angle. The

Interact

photons that reach the cylinder will be i
passed to the collimator/detected/binning seetter Angle
modules and included in the history file. Bin Fhoton

Figure A3. Control flow for tracking photons in PHG module
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Configuation of the PHG module

The module uses a parameter file to define de simulation options, define the target cylinder, and
activity and attenuation maps in ascii text file. Therefore, the entries syntax is in the following

DATA_TYPE

Monte Carlo simulation software for realistic SPECT studies
Cristina Martin Barcelo

parameter_name = value

In the following table, the parameters considered to configure PHG module in this project is seen.

All parameters are fitted in phg.rec file.

Table A1. Considered parameters to configure PHG module

DATA TYPE | PARAMETER NAME | VALUE
RUNTIME OPTIONS

INT num_to_simulate 50.000.000
REAL length_of_scan 100
BOOL simulate_SPECT True
REAL minimum_energy 100.0 keV
REAL photon_energy 140.0 keV
BOOL simulate_stratification False
BOOL simulate_forced_detection False
BOOL adjust_for_positron_range False
BOOL adjust_for_collinearity False
REAL weight_window_ratio 1.0
BOOL point_source_voxels True

INT random_seed 0
BOOL model_coherent_scatter False
BOOL model_coherent_scatter_in_obj False

INT num_slices 32

TARGET CYLINDER INFORMATION
REAL target_zMin 0.0
REAL target_zMax 16.0
REAL radius 13.0
COHERENT ANGULAR DISTRIBUTION FILES

STR coherent_scatter_table

STR activity_indexes

STR activity_table

STR activity_index_trans

STR activity_image

STR attenuation_indexes

STR attenuation_table

STR attenuation_index_trans

STR attenuation_image

STR productivity_input_table

STR productivity_output_table

STR forced_detection_table

STR collimator_params_file

STR detector_params_file

STR bin_params_file

STR history_file
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For the coherent angular distribution files, the value must be the path of the specific file. Note that
the files own from SImSET are marked with bold letter.

A1.2.2 Collimator module

Description of the module

For UNC SPECT simulations, the collimator is modelled using a geometric transfer function and three
types of hole geometries are available: parallel hole, fan beam and cone beam. or parallel hole collimation
the hole is a right circular cylinder perpendicular to the collimator face; for fan-beam the holes are tapered,
slanted transaxially to focus on a focal line; for cone-beam the holes are tapered, slanted both axially and
transaxially to focus on a focal point (Figure A4)

Cross sections through collimator holes
& fan-beam hole focuses 1o a

4 point on the focal line that isat the
hole _radivs
Cross section through - same transaxial level as the hole
paralle] collimator holes
{or axial cross section throvgh
fan-heam collimator holes)
Front face of collimator —.'I |
Back face nrco]lunatnr/'
Crosz secton through
cone-beam collimator holes Incone beam,all holes focus
{or transaxial cross sec tion throvgh on a gsingle point
fan-beam collimator holes)
=778 hole_redius
i i Septa |
[ Front face of cOlmatny =—
Focal point Back face of collimator —s-|

Figure A4. Fan- beam and Cone-beam collimation in UNC SPECT simulation

A hexagonal design is used to simulate the collimator holes. The holes do not correspond to fixed places
because the collimator response is computed as though the pattern were moved randomly over the
collimator face. The user-specified hole radius and septal thickness determine the density of the holes.
The probability that a photon will travel through a hole without striking the collimator is computed for each
photon. Photons whose weights are multiplied by this probability and for which this probability is non-zero
are accepted.

Effective front face of collimator
[greatly magnified !

2eptal_thickness

Figure AS. Front face of collimator in a UNC SPECT simulation
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Configuration of collimator module
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In the following table, the parameters considered to configure collimator module in this project is
seen. All parameters are fitted in col.rec file.

Table A2. Considered parameters to configure collimator module

DATA TYPE PARAMETER NAME VALUE DESCRIPTION

ENUM hole_geometry parallel Parallel holes, fan, or cone beam
ENUM collimator_type unc_spect Type of collimator

INT focal_length 0.0 Non-zero if fan or cone beam
BOOL radius_of_rotation 13.00 Inside radius of collimator rotation
REAL thickness 4.8 Desired depth of collimator
REAL hole_radius 0.0866 Hole radius
REAL septal_thickness 0.02 Half the desired distance between holes
REAL min_z 0.0 Desired minimum axial extent of the collimator
REAL max_z 16.0 Desired maximum axial extent of the collimator
REAL start_angle 0.0 First rotation angle
REAL stop_angle 360.0 Last rotation angle

INT UM Views 120 Number of discrete sampling positions

between start and stop angles
STR history_file “ History file, if empty, no history file

A1.2.3 Detector module

Description of the module

The Detector module receives photons either directly from the PHG module or from the
Collimator module. It tracks photons through the specified detector, recording the interactions
within the detector for each photon. The interactions are used to compute a detected location and
total energy deposited. Detected Photon Data is passed from the detector module to either the
binning module or the history file module depending on the options specified in the PHG
Parameter File.

The detector modelled in this project is a simple SPECT.
Configuration of detector module

In the following table, the parameters considered to configure detector module in this project is
seen. All parameters are fitted in det.rec file.

Table A3. Considered parameters to configure detector module

DATA TYPE PARAMETER NAME VALUE DESCRIPTION
INT detector_type 2 Simple SPECT
REAL energy_resolution_percentage 10 Energy resoluti%r:/\?:”t\;)e detector (% of
REAL reference_energy_keV 140 Reference energy
STR history file “ History file, if empty, no history file
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A1.2.3 Binning module

Description of the module

The Binning Module is used to process photon and detection records. It can be used during the
simulation as each record is accepted (on-the-fly), or it can be used after the simulation via
processing a standard history file. It "bins" data into multi-dimensional histograms. The binning
module will create histograms based on several different parameters which are described below.

Configuration of binning module

In the following table, the parameters considered to configure detector module in this project is
seen. All parameters are fitted in bin.rec file.

Table A4. Considered parameters to configure binning module

DATA TYPE PARAMETER NAME VALUE DESCRIPTION
INT scatter_param 1 Simulation with primary +
- scatter photons
; As scatter paramis 1,
INT min_$ 0 needs to be setto 0
INT max s 9 Number of scatter bins
INT num_aa_bins 120 Number of views
INT num_z_bins 32 Number of slices
. Minimum value for z
REAL min-2 00 binning
REAL max z 16.0 Maximum value for z
- ] binning
INT num td bins 128 Required number of
- - transaxial distance bins
REAL min_td 28.3136 Minimum value of
transaxial distance
REAL max_td 28.3136 Maxmgm \(alue of
transaxial distance
INT num_e1_bins 1 Binning by photon energy
INT num e2 bins 1 Ignored for SPECT
REAL min_e 120.0 Minimum energy
REAL max_e 250.0 Maximum energy
INT weight_image_type 2 4-bytes
INT count_image_type 2 4-bytes
BOOL add_to_existing_img false Write into existing
simulation
STR weight_image_path rec.weight Path to weight image
STR weight_squared_image_path rec.weight2 Path to iSr?l:Z:ee weight
STR history_file “a History file, if empty, no
_ history file

57



III UNIVERSITAToe Monte Carlo simulation software for realistic SPECT studies
i+ BARCELONA Cristina Martin Barcelo

ANNEX 2 STIR package

A2.1 STIR

STIR is an open-source library written in C++ that facilitates the reconstruction and processing of
emission tomographic data. It offers various algorithms and scanner geometries, and it is
designed to be compatible with different programming platforms. The license of STIR is under
Apache 2.0 regulation and some parts under the PARAPET license, as it was initially developed
as a part of this project.

To install STIR, you can visit their website (Link: https://stir.sourceforge.net/ ) and register. Once
downloaded, STIR directory and subdirectories will be found where you extract the file. Refer to
STIR user manual to find detailed information about the compilation of the program.

A2.1 SPECT reconstruction

To perform a SPECT reconstruction using STIR two files must be created: an interfile and an
algorithm parameter file. In the interfile, the stir sinogram and other variables like the start angle,
the matrix size, the radius of the scanner, the type of data, etc. must be specified (An example is
seen in Figure A6).

IINTERFILE :=

limaging modality := nucmed

name of data file :=/NFSROOT/kerrighed/home/biofisica/simCris/Patients/P1/Results/stir_sinogram.s
lversion of keys := 3.1

IGENERAL DATA :=

IGENERAL IMAGE DATA :=

Itype of data := Tomographic

patient rotation := prone

patient orientation := feet_in
imagedata byte order := LITTLEENDIAN
ISPECT STUDY (General) :=

'number format := float

Inumber of bytes per pixel := 4
'number of projections := 120
lextent of rotation := 360

process status := acquired

ISPECT STUDY (acquired data):=
!direction of rotation := CW

start angle := 0.9

Radius := 65

Imatrix size [1] :=128

lscaling factor (mm/pixel) [1] := 3.32
Imatrix size [2] := 32
lscaling factor (mm/pixel) [2] :
IEND OF INTERFILE :=

6.64

Figure A6. Example of a STIR interfile for a SPECT reconstruction.

On the other hand, a parameter file for the reconstruction algorithm must be written in interfile-like
syntax, specifying the inputs and output files, the matrix used, and specific reconstruction
parameters for each algorithm. An example of file for each algorithm considered in the project is
seen: In Figure A7, the file for a FBP2D filter, in Figure A8, for FBP3D filter, in Figure A9, for
OSEM2D algorithm and in Figure A10 for OSEM3D algorithm.
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fbp2dparameters := :=

input file := /NFSROOT/kerrighed/home/biofisica/simCris/Patients/P1/Results/stir_sinogram.hs
output filename prefix := /NFSROOT/kerrighed/home/biofisica/simCris/Patients/P1/Results/recons_FBP2D

zoom := ©.5
xy output image size (in pixels) := 128
alpha parameter for ramp filter := 1

cut-off for ramp filter (in cycles) := 0.5

Back Projector type:= matrix

Back Projector Using Matrix Parameters :=

Matrix type := SPECT UB

Projection Matrix By Bin SPECT UB Parameters:=psf type:= Geometrical
attenuation type := No

mask type := Cylinder

keep all views in cache := @

End Projection Matrix By Bin SPECT UB Parameters:=

End Back Projector Using Matrix Parameters :=

end:=

Figure A7. Example of STIR file to apply a FBP2D reconstruction

fbp3drpparameters :=

input file := /NFSROOT/kerrighed/home/biofisica/simCris/Patients/P1/Results/stir_sinogram.hs
output filename prefix := /NFSROOT/kerrighed/home/biofisica/simCris/STIR 3.1/install/bin/FBP3DRP
5335555 output image parameterszoom := 1

; defaults to cover whole FOV

xy output image size (in pixels) := 180

maximum absolute segment number to process := 2

5335555 parameters for initial imagenum segments to combine with ssrb := -1

alpha parameter for ramp filter := 1
cut-off for ramp filter (in cycles) := 0.4

alpha parameter for colsher filter in axial direction :=1

cut-off for colsher filter in axial direction (in cycles) := @.5
alpha parameter for colsher filter in planar direction := 1

cut-off for colsher filter in planar direction (in cycles) := 0.5
stretch factor for colsher filter definition in axial direction := 2
stretch factor for colsher filter definition in planar direction := 2
transaxial extension for fft := 1

axial extension for fft :=1

save intermediate images := @

display level := @

end :=

Figure A8. Example of STIR file to apply a FBP3D reconstruction
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OSMAPOSLParameters :=

objective function type:= PoissonlLoglikelihoodWithLinearModelForMeanAndProjData
PoissonlLoglikelihoodWithLinearModelForMeanAndProjData Parameters:=

input file := /NFSROOT/kerrighed/home/biofisica/simCris/Patients/P1/Results/stir_sinogram.hs
projector pair type := Matrix

Projector Pair Using Matrix Parameters :=
Matrix type := SPECT UB

Projection Matrix By Bin SPECT UB Parameters:=
minimum weight:= @.001

maximum number of sigmas:= 2.0

spatial resolution PSF:= ©.00001

psf type:= 2D

collimator slope := 8.8163

collimator sigma @(cm) := 0.1466

attenuation type := Simple

keep all views in cache:=1

End Projection Matrix By Bin SPECT UB Parameters:=

End Projector Pair Using Matrix Parameters :=

end PoissonlLoglikelihoodWithLinearModelForMeanAndProjData Parameters:=
number of subsets:= 8

number of subiterations:= 10

Save estimates at subiteration intervals:= 1@

END :=

Figure A9. Example of STIR file to apply a OSEM2D reconstruction

OSMAPOSLParameters :=

objective function type:= PoissonlLoglikelihoodWithLinearModelForMeanAndProjData
PoissonLoglLikelihoodWithLinearModelForMeanAndProjData Parameters:=

input file := /MFSROOT/kerrighed/home/biofisica/simCris/Patients/P1/Results/stir_sinogram.hs
projector pair type := Matrix

Projector Pair Using Matrix Parameters :=
Matrix type := SPECT UB

Projection Matrix By Bin SPECT UB Parameters:=
minimum weight:= @.881
maximum number of sigmas:
spatial resolution PSF:=
psf type:= 3D

collimator slope := ©.08163
collimator sigma @(cm) := ©.1466
attenuation type := Simple

keep all views in cache:=1

= 2.0
0.00001

End Projection Matrix By Bin SPECT UB Parameters:=

End Projector Pair Using Matrix Parameters :=

end PoissonloglLikelihoodWithLinearModelForMeanAndProjData Parameters:=
number of subsets:= 8

number of subiterations:= 10

Save estimates at subiteration intervals:= 10

END :=

Figure A10. Example of STIR file to apply a OSEM3D reconstruction
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ANNEX 3 Installation and User guide

=
I

SPECTSIim is an open-source software to perform Monte Carlo simulations to generate SPECT
data. It uses SImSET package to perform simulations and STIR package to reconstruct the
resulting simulated data.

By now, the project is not completely finished, as some other modules would like to be
implemented. However, to try its advances and be able to perform some modifications an
installation guide and user guide have been developed.

At the moment, the project only works with Linux/Unix/Ubuntu systems.

DEPENDENCIES NEEDED

As SPECTSim uses external software packages, they need to be correctly installed.

1. Install SimSET

To install SImSET, follow the instructions available at:
https://depts.washington.edu/simset/old_websites/html.2.9.1/installation_guide/installation_gu
ide_index.html

Version used in this project is 2.6.2.5 but is also compatible with other versions.

2. Install STIR

To install STIR, follow the instructions available at:
https://stir.sourceforge.net/wiki/index.php/Installing_STIR_with_CMake
Version used in this project is 3.1 but other versions should work.

Install both SImSET and STIR packages in the folder the SPECTSim repository
is going to be cloned
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INSTALLATION

1) Clone SPECTSim repository

The project is available on a GitHub repository. Clone it in the directory is preferred to work.

a) Open the Ubuntu terminal

b) Move

c) Make sure an Ubuntu Git installation exists, if not, type in the console:
sudo apt install git

d) When git installed, type in the console
git clone https://github.com/crmartinb/SPECTSim.git

2) Folders organisation

functions To run SPECTSim correctly, the selected
Patients directory must have the folders organised like
simset seen in the next figure. SIMSET and STIR3.1
STIR 3.1 folders correspond to the ones created when
E] config installing each package. Functions folder is
El params the one with the functions of the SPECTSim
El scanner software, the main skeleton of the program.
| SPECTSim.py Patients’ directory is the one where all data

(3 spECTSimGULey and results stored for each study generated.

3) Creating Patients folder

To function, SPECTSim needs a patient’s folder where the data and results from each case. In
the following figure, the organisation of data that must be followed is shown. The “Patients”
directory must be named like this, the
environment patient directory name may 1 1
be changed, “Data” and “Results” folder o B e e
must also be named after these.

.REC SimSET files

—
Data Activity and attenuation objects
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USER MANUAL
1) Specify simulation options

Change the wanted parameters to change
simulation options. Change the parameter
‘input_dir’ to the name of your patient folder.
Preferrable only edit the number of photons to
simulate, the scan duration and the energy of
the photons.

2) Running SPECTSim

To run SPECTSim program you have two options:
run it executing a python code specifying the files
and parameters or by using the software.

7 SPECTSim

SIMULATION
The software looks like seen in the picture.
As it may be seen, all the buttons specified e
Select activity map SIMULATE

in previous section appear. In the top, there Select attaramtion map
are the buttons to control the simulation flow, Select scanner file

and in the bottom the buttons to control the

reconstruction flow appear. RECONSTRUCTION
Select simulation file
RECONSTRUCT
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In the simulation pop-up window showing the results of the Monte Carlo simulation for the input
parameters is seen. Top left, the y view from the sinogram is seen, observing both the real and
scatter sinograms, top right, the x view from the sinogram is visualised. Left bottom, the
projections (z view) are seen. At each side of the three images, the slider to control the slice
shown is also seen.

7 SIMULATION = (u] X

y view from sinogram x view from sinogram

Z view, projections
Slices

X=66 Y=16 Z=113

Then, when the “Reconstruction” option is chosen, and the simulation file selected (must the
output from the simulation process called simset_sinogram.hdr), the list to choose the
reconstruction algorithm appears

RECONSTRUCTION

Select simulation file

RECONSTRUCT |
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When reconstruction algorithm selected, you have to enter the desired reconstruction parameters
for the algorithm. The parameters are For FBP2D and FBP3D: Cut off for ramp filter and or
OSEM2D and OSEM3D: Number of subsets and number of iterations

Select simulation file
Select simulation file
RECONSTRUCT
T RECONSTRUCT OSEM20 -

Introduce number of subsets 8
Introduce cut-off frequency for Butterworth filter 0.4
Introduce number of iterations 64

In the reconstruction pop-up window showing results for the chosen reconstruction algorithm and
specific views. The organisation of the displayed image is top left—coronal view, top right—sagittal
view, and left bottom—axial view, following the CSA display. At each side of the images, the slider
to control the slice shown is seen.

# RECONSTRUCTION = (m] X

y view from reconstructed image x view from reconstructed image
Coronal view Sagital view

z view from reconstructed image
Axial view

Slices

X=70 Y=68 Z=24

s B
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To run the simulation and reconstruction processes through a python file, it must be generated in
the working directory (the main one) following the structure presented below.

import SPECTSim
from os.path import join
import os

cd=0s.getcwd()

params_file=join(cd, "params.yml")
scanner_file=join(cd,"scanner.yml™)
act_map=join(cd, "Patients"”, "P1", "act")
att_map=join(cd, "Patients"”, "P1", "att")

recons_type="0SEM2D"

# flux control, if recons type is FBP, subsets and iterations will be written as @
# the same for OSEM filters, the cut off frequency will be written as @
if recons_type == "FBP2D" or recons_type == "FBP3D"
cutoff = 0.4
num_subsets = @
num_iterations = @
elif recons_type == "OSEM2D" or recons_type == "0OSEM3D":
cutoff = @
num_subsets = 8
num_iterations = 1@

simu = SPECTSim.SimSPECT(params _file, scanner file, act map, att map, recons_type, cutoff, num_subsets, num iterations)
simu.run_simu()

recons = SPECTSim.SimSPECT(params_file, scanner_file, act_map, att_map, recons_type, cutoff, num_subsets, num_iterations]
recons.run_recons()

Then, type in the terminal the following command:

python name python file.py

Where name_python_file file is the name under the file is saved.

You will find the results in the Results directory generated
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