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ABSTRACT

In the last decennaries, brain PET imaging has become highly demanding for better diagnosis
and disease pattern studies in brain cancer and mental disorders management. The
performance of a PET system majorly described by its image spatial resolution, system
sensitivity, and image quality where each one of them depends on their own factors optimized
during the design and effectuation process. The purpose of this research is to design and
simulate high-performance brain PET scanner employing cerium doped alkaline earth
scintillating crystals introduced as optional class of detectors in the field. The system is
designed and implemented using GATE and the performance is evaluated following NEMA
NU4-2008 standard. The simulated scanner system has a cylindrical geometry with maximum
and minimum inner radius of 320 mm and 280 mm, respectively. The cylinder is segmented
into 58 heads and 1 x 1 x 10 mm?® voxels with a total of 435,000 voxels with the scanner is
simulated with three new materials, namely strontium hafnate (SHO), lutetium hafnate
(LHO), and barium hafnate (BHO), and with lutetium Oxyorthosilicate (LSO) for
comparison. The system performance with SHO, LHO, BHO, LSO has a quite close a mean
spatial resolution measured axially at FWHM 1.13 mm, and 1.18, 1.10, 1.11, 1.12 for
respective scintillators in mm, absolute sensitivity of 5.13%, 8.34%, 6.51%, 5.83%
respectively, and the system has a scatter fraction of 13.2%, 13.19%, 13.19%, and 13.19% for
SHO, LHO, BHO, LSO respectively and a mean scatter fraction of 13.2%. The results depicts
that the suggested scintillators can be considered as promising detectors classes for high-

performance brain PET imaging and other radiation detection applications.

Keywords: PET; brain cancer; Scintillator; GATE



OZET

Son on yilda, beyin PET goriintiileme beyin kanseri ve zihinsel bozukluklar yonetiminde daha
1yi tan1 ve hastalik paterni ¢alismalari i¢in oldukga zorlayict hale geldi. Bir goriintii sisteminin
uzamsal ¢Oziiniirliigl, sistem hassasiyeti ve her birinin tasarim ve etkilenme sirecinde
optimize edilmis kendi faktorlerine bagl oldugu goriintii kalitesi ile tanimlanan bir PET
sisteminin performansi. Bu arastirmanin amaci, alanda istege bagli dedektor sinifi olarak
tanitilan seryum katkili alkali toprak parildayan kristalleri kullanan yiiksek performansli beyin
PET tarayicisini tasarlamak ve simiile etmektir. Sistem GATE kullanilarak tasarlanmis ve
uygulanmistir  ve performans NEMA  NU4-2008 standardina uygun olarak
degerlendirilmektedir. Simiile edilmis tarayicit sistemi, sirasiyla 320 mm ve 280 mm
maksimum ve minimum i¢ yarigapina sahip silindirik bir geometriye sahiptir. Silindir 58
basliga ve 1 x 1 x 10 mm3 voksele ayrilmistir, tarayicida toplam 435.000 voksel varken,
stronsiyum hafinat (SHO), lutetium hafnat (LHO) ve baryum hafinat (BHO) olmak (izere (¢
yeni malzeme ile simiile edilmistir. ve karsilastirma icin lutetium Oxyorthosilicate (LSO) ile.
SHO, LHO, BHO, LSO sistem performansi, mm cinsinden ilgili sintilatorler i¢in eksenel
olarak FWHM 1.13 mm ve 1.18, 1.10, 1.11, 1.12'de olgllen ortalama bir uzamsal
¢Oziiniirliige,% 5.13,% 8.34, 6.51 mutlak hassasiyete sahiptir Sirasiyla% 5.83 ve sistem SHO,
LHO, BHO, LSO ig¢in sirastyla%13.2, 13.19% 13.19,% 6.63 ve% 13.27 dagilim oranina ve%
13.2 ortalama dagilim dagilimina sahiptir. Sonuclar, Onerilen sintilatorlerin ylksek
performansh beyin PET goriintiileme ve diger radyasyon saptama uygulamalar1 i¢in timit

verici dedektor siniflari olarak degerlendirilebilecegini gostermektedir.

Anahtar Kelimeler: PET; beyin kanseri; scintillator; KAPI
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CHAPTER 1
INTRODUCTION

Demands for high-performance diagnostic systems and techniques have increased in brain
cancer and other mental diseases pattern studies. This happens due to growth in complications
and consequences encountered from cancer and mental disorder severity. Among the most
important medical imaging modalities required for functioning in clinical researches, positron
emission tomography (PET) is at the top of the list (Vanquero and Kinahan, 2015). The
operating principle based on the annihilation of positrons pair detected by a special detector to
localize the dispersion of the radionuclide activity emitted from the patient (Sweet, 1951).
During the last decennia, PET has become highly utilized in the medical field due to its ability

to trace molecular activity and reveal the metabolic process of tissues.

Various research works aimed at developing a better performing brain PET scanners are on-
going and these researches are being motivated by an increasing interest in functional images
to aid early detection of brain tumors and other diseases (Vandenberghe et al., 2016). Among
the deciding factors for PET performance is the detector element implemented which is
characterized by quantum efficiency, stopping power, energy resolution, cost, timing
resolution, and light yield (Venkataramani et al., 2003).

The most frequently employed detector elements used in the PET system are scintillating
materials which have the property of emitting light when exposed to radiation in a process
taking nanoseconds. The produced light wavelength ranges from visible light to UV spectrum
suitable for processing the data in the photodetectors converting to an electrical signal (Melcher,
2000). The older scintillator is sodium iodide with thallium dopant (Nal (Tl)), disclosed to the
world by Hofstadter in 1948 (Hofstadter, 1948). Due to its good light yield, it becomes known
scintillator in the field of radiation, even if it has some pitfalls like poor detection for energy
above 200Kev (Melcher, 2000).

The low detection efficiency at the expressed energy is mainly due to Nal (TI) has low density.
Among the scintillation materials currently in the field, Lutetium Oxyorthosilicate (LSO) is the
well realized and mostly selected material for PET along with the Lutetium yttrium

Oxyorthosilicate (LY SO) as the frequently implemented scintillation material (Nassalski et al.,
1



2007). Radiation monitoring device incorporated in 2005 and United States Patent Application
Publication (USPAP) in 2003 presented a report on class of Optical transparent Ceramic
(TOC’s) scintillators including cerium doped alkaline earth hafnates, which characterize them
as better scintillation property and performance in light yield, stopping power, and quantum
efficiency (Venkataramani et al., 2003). For this study, we hypothesize the above scintillators
perform better than conventional crystals in our proposed brain PET scanner. It is also reported
that these materials have the required physical properties that make them fit and to be

considered as good scintillating crystals (Van Loef et al., 2007).

Currently, Silicon photomultipliers (SiPMT’s) are emerging as the new classes of
photodetectors with great potential for implementation in PET design, for their high gain,
working at small bias voltage, better quantum vyield, comparatively reduced cost, and
noninterference to a magnetic field (Herbert et al., 2007). Due to their performance, SiPMT’s
photodetectors with quadrant readout techniques are selected for this particular study. Body
organ-specific PET designs appreciated in providing better quality image required for the
clinical and research area mainly due to their small field view. Unfortunately, most of the PET
available commercially are whole-body scanners and only some of them produced to address
specific body parts (Watanabe et al, 2002).

This research presents a high-performance brain PET scanner implementing pixelated cerium
doped alkaline earth hafnates scintillators. The brain PET scanner design and simulation are
accomplished via Geant4 Application for Tomographic Emission (GATE) software. The
national electrical manufacturing association (NEMA) provides different guidelines for testing
and evaluating the performance of PET designs in terms of their sensitivity, image spatial
resolution, system scatter fraction and other parameters. In this study NEMA 2008 standards

performance evaluation for small animal PET is employed to examine its performance.

1.1 Problem Statements

e According to US cancer society report on brain tumors, mental disorders and related
complications shows the severity level for the area has reached as the 10th leading
contributor of death requiring focus by researchers and scholar to conduct an extended
study in early detection and management (Brain Tumor, 2019).

2



e Human brain study needs a brain imaging system capable of providing superior
performance which is not addressed by whole-body PET’s.

e The demand for a scintillator having inclusive property showing high efficiency, good
stopping power, high light output and short response time has been a problem for
implementing a super performance brain PET imaging.

1.2 Goal and Obijectives

1.2.1 General objective

e To implement high performance brain PET scanners employing highly pixelated
scintillators made of TOC’s scintillator using GATE software and evaluate the system

performance following NEMA 2008 testing criterion.

1.2.2 Specific objectives

The specific objectives of this particular study are to:
e Design and simulate a high-performance TOC’s scintillators based brain PET.
e Simulate a superior-sensitive brain PET and show the contribution it can make for the
clinical and basic researches in the field.
e Evaluate the system performance using GATE simulation following NEMA NU4-2008

PET performance testing guideline.

1.3 Significance of the Study

e The implemented high-performance brain PET scanners play a major role for early
detection and better prognosis of brain-related disorders and tumors.

e Open TOC'’s scintillators as a new category of PET scanner photon detectors and can
be implemented for high-performance PET imaging systems.

e Shows Cerium doped alkaline earth hafnates scintillators as a potential and promising
detector material for application in nuclear medicine and related studies involving the
requirement of PET technology.

e The results obtained from this study can be a contributor to brain imaging research and

used as a baseline for future researches and studies.



1.4 Scope and Limitation of the Study

e The test performed following the NEMA 2008 standard to show the applicability of the
new class of scintillation material to design better performance brain PET scanner
system. However, the research did not cover all the parameters listed in the guideline
but approximated.

e The specification and design implemented are limited to computer simulation.

Consequently, extended evaluations for practical implementation are needed.

1.5 QOutline of the Thesis Work

The thesis work starts with chapter one by introducing the basics of PET imaging and required
instrumentation component selected as part of the design. The chapter also incorporates
problems motivated the researcher to conduct the study, objectives to be achieved, the
significance of the study, scopes, and limitations. Whereas chapter two delivers a literature
review and PET imaging principle extended to the state of the art. The succeeding chapter three
explains about cerium doped alkaline earth hafnium oxide scintillators. In chapter four, system
design, specification and simulation were discussed. Chapter five focused on results and
discussion. Finally, the conclusion and recommendations of the research are presented in the

last chapter.



CHAPTER 2
LITERATURE REVIEW

2.1 Principles of PET Imaging in Nuclear Medicine

PET imaging technique involves precise detection and localization of annihilation events
occurring post beta plus decay from radionuclide labeled radio-pharmaceutics Figure 2.1. It
applies necessary electronic signal and image-processing methods after the annihilation output
gamma ray detected by a photodetector and converted into a suitable electrical signal via an
appropriate device. The coincidences are sorted into a sinogram or projection data, which holds
information about the annihilation event. These data’s are further processed by image
reconstruction algorithms to reconstruct the image in a tomographic manner (Mikhaylova,
2014). Radionuclide-labeled biochemical known as radiotracers because they trace the location
where there are higher rates of absorption and consumption of the compound labeled with

radionuclide source.

detectors

coincidence
electronics

tracer

image
reconstriction

=

Bt

511 kev' “efectron

positron & 7511 kev

e

P00 5k S
i v N

nucleus

Figure 2.1: PET imaging process schematic representation (Bioimaging, 2014)

Most of the time in PET imaging 1°0, *C, 22Na and ®F labeled glucose radiotracers are applied
for an imaging application. This is due to cancer cells utilize more glucose than the normal
tissue cells (Jie Zheng, 2012). By injecting radionuclide labeled glucose, we can trace the
distribution of glucose metabolism in the area through measuring the annihilation output
gamma rays along with their geometrical relation. According to the pair production radiation

tissue interaction process the annihilation of a positron from beta plus decay result into two
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photons along a 180-degree path back to back to each other Figure 2.2, this contributes for
localization of the annihilation event and utilized in PET imaging.

rng of photon

Yo!c‘-:'us

annihilation

Figure 2.2: Schematic representation of the principle behind PET showing the positron decay
and annihilation which produces two 511 Kev gammas (Miller et. al., 2008)

These photons are emitted at 511Kev of energy and categorical falls in the gamma-ray range of
the electromagnetic spectrum. Their high-energy spectrum made them detectable outside the
body without being absorbed by body tissue. Particularly, the localization of positron
annihilation point is achieved through detecting these photons simultaneously thru

photodetectors placed facing each other (Cherry et al., 2012).

2.1.1 Radiopharmaceuticals labeled with positron emitters
Nuclear medicine applications are interested in positron emitting decay processes due to the
directional relationship and single nucleus emitting pair of photons. Some of the radionuclide

isotopes frequently used in nuclear medicine are presented in Table 2.1.



Table 2.1: Property of radionuclides commonly applied for nuclear medicine imaging
application (Cherry and Dahlbom, 2004).

Radionuclide Emax (Mev) Half-life (min) Mean positron range

in water (mm)

e\ 1.20 32 1.4
e 0.961 5.33 11
18F 0.63 0.663 1.0
50 1.73 0.1-0.3 1.5
%8Ga 1.89 3900 1.7
8Rb 2.60,3.38 1900 1.7

The above-mentioned radionuclides positron emitters can be labeled with atoms using the same
elements containing compounds found at ground state which has biological importance. The
result is radiolabeled biochemical compounds with the same property as the unlabeled one.
Through the above-mentioned technique, several numbers of radionuclide labeled compound
have been prepared for medical application (Cherry et al., 2012). Radionuclides applied in
imaging application with a short half-life are produced via in house cyclotrons, unlike 18F
having extended half-life compared with the above presented it can be used a few miles away

from the production site.

The above-mentioned premises leads to a conclusion to have a cyclotron facility near the
medical site. Most frequently applied radio pharmaceutics is glucose, FluoroDeoxyGlucose
(FDG). Since glucose is a biochemical consumable by cells used as currency to prepare
Adenosine triphosphate, (ATP) and distribution show the metabolic activity of the tissue. This
gives good opportunity to detect diseases changing the normal energy consumption rate of the
cell. Some of the diseases are epilepsy, neurodegenerative diseases, coronary artery, and cancer

cell metastases.

Several radiopharmaceuticals exist with approval for medical and related study applications.
Every radio-pharmaceutics has a specific aim in measuring its target process and the relation
between the measured value and the applied radio-pharmaceutics is clear. A medical imaging

system is implemented with the administered radio-pharmaceutics to localize their distribution

7



in the body. The imaging system depicts the rate of consumption of the tissue, which gives
very important information in characterizing the tissue. This achieved by taking several images

in time function (Cherry et al., 2012).

2.1.2 Photon simultaneous detection

Simultaneous detection of photon produced as a product of annihilation from Positronium
(positron-electron pair) is the underlying process of PET imaging. The resting mass of the
positron and electron pair undergoes annihilation in producing a pair of photon aligned back-
to-back 180 degrees. The emitted photon comprises equal energy of 511Kev. The photons
displace few mm from the point of annihilation based on the energy and range of positron
(Cherry et al, 2012). Through a technique of simultaneous recording the annihilated photons,
PET is capable of locating the place where the process has occurred along the line of faced pair

of detectors. In the process, there is no need for collimation.

The above process is known as coincidence detection. The ability of PET to localize the
annihilation point could not be achieved without photons having enough energy to escape from
the body and having a geometrical line of annihilation. Technically, the approach implemented
in locating the annihilation point through the line joining detectors geometry is called electronic
collimation (Cherry and Dahlbom, 2004). The recorded coincidences shown at Figure 2.3 are
processed via coincidence logic. In PET imaging the logic for coincidence is implemented with

electronics scheme of “time-stamp” for each event recorded.
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Figure 2.3: Coincidence logic circuit



The time-stamp concept is achieved in one or two nanoseconds (ns). The coincidence analyzer
compares the time stamp of every event synchronically with the opposite side detector. To
regard detected event as coincidence, it should be within the specified timing windows usually
between 6 to 12 ns (Cherry et al., 2012). In relation to annihilation process, the obtained image
can gate blurred due to non-collinearity defined priory as a slight deviation of photon path from
180 degree and displacement traversed by positron to find electron and annihilated to pair of
photons (Cherry and Dahlbom, 2004). Positron range is the displacement from point of
emission to annihilation point Figure 2.4. Even if it is not practical scholars suggest magnetic
field can reduce positron range and enhance image resolution, the impracticality a rise from

PET system sophistication.
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Figure 2. 4: Schematics of positron range and non-collinearity (Rahmim, 2006)

2.1.3 Time of flight

To locate the point of annihilation with a known amount of uncertainty some PET scholar
suggested a technique called time of flight. It applies the time difference between coincidences
recorded. This method assists image reconstruction without the computational algorithm. Time
of flight Figure 2.5 assume given that time of arrival At, it is possible to find the annihilation

point Ad with respective to detectors mid-point given by:
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Figure 2. 5: Time flight versus conventional projection (cherry et al., 2012)

Where C is the speed of light in vacuum 3x108 m/s. With the current PET imaging technology
time of flight, the method remains theoretical. For example, to achieve 1-cm resolution, we
need a detector with a time resolution of 66 picoseconds. As a matter of fact these days we do
not have such scintillator suitable for the time of flight PET imaging consequently, it makes the

technique impractical (Cherry et al., 2012).

2.1.4 Annihilation coincidence event types

The recorder logic for coincidence results in annihilation detection output whenever a pair of
coincidence arrival within the specified timing window. The coincidence events detected by the
logic can be categorized into three main groups Figure 2.6. A coincidence event is labeled as
true if the promptly detected pair of photons are from the same annihilation point between the
detectors. True coincidence measures the system sensitivity in PET imaging. The coincidence
detected on two different detectors within the viable time window accidentally but, the photons
detected are from unrelated annihilation point we call such situation random/accidental
coincidence event. These coincidences contributing to lowering image resolution and
measurement accuracy. In case one of the photons taking a path from the annihilation point
may gate interaction with tissue and deviate from the theoretical 180-degree alignment recorded

as scattered coincidence, given that the time windows is maintained.
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Figure 2.6: Schematics of coincidence event types (Cherry et al., 2012)

The scattering event can also arise from the interaction between the photon and scanner
components outside the body (Cherry et al., 2012). The scatter coincidence represents the
Compton scattering mode of photon particle interaction. It results in the scattered photon to
lower in energy than the other traveling without interaction. Category of coincidence events
also includes multiple or triple events. Triple coincidence arises during the detector records
three events from two annihilation locations. For typical PET systems, the ratio of random to
true coincidence event ranges from 0.1 to 0.2, scatter to a true event in brain imaging span from
0.2 to 0.5 and 0.4-2 for abdominal imaging (Cherry et al., 2012). Except for the true/ prompt
coincidence the rest arise from scattering and unrelated annihilation process considered as a

source of noise and image blurring (Bailey et al., 2005).

2.2 Data Acquisition in PET

2.2.1 Two and three dimensional data acquisition

In a PET imaging system, we may employ two modes of data acquisition methods (Cherry et
al., 2012). Data can be acquired based on the implemented scanner and detector components,
in two-dimension and three-dimensional setup. In two dimensional mode, the detectors are
collimated axially or septa will be introduced between the detecting elements of a system
component Figure 2.7. The septa efficiently intercept annihilation photons from scattered
photons not to reach the detector surface. Not only contribute through the rejection of scattered
photons but also random event by lowering the single—channeling recording amount. Which
contribute to minimizing the dead time of the detector component and good signal to noise ratio
(SNR).

11
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Figure 2.7: Schematics of 2D and 3D data acquisition (Terry and David, 2017)

To obtain photons from all possible line of response in a 3D mode of acquisition the septa
placed within the detector ring are retracted. Such mode significantly improve the system

sensitivity at the same time lead to elevated scattered and single-counting amount.

2.2.2 Coincidence data content

PET system can implement three forms of data organizing from the coincidence event detected
by the system. List mode, frame and gate mode data sorting from the coincidence can be used.
Starting from the later one, in gate method data collected synchronically with pulse or
respiratory cycle. During the frame approach, it digitizes the position signal and moves in
mapping the X-y points to image matrix. Acquiring image data will be altered followed by pixel
value storage on a computer after a pre-allocated time elapse optionally after pre-settled counts.
The naming frame implies to the single image data is acquired in frame series. It is important
to allocate the size of the image matrix before beginning the acquisition. In list mode technique,
which involves discretization and digitization of information regarding the coincidence event
energy, time and location information. According to the designer choice, more information can
be included in the list mode format. Comparatively this technique allows ease of acquisition at

the same time it is not efficient in memory management for a typical PET system.

2.3 Photo Multiplier Tubes (PMTys)

Most of the PET available in the market utilize PMTs as a device to amplify the photons and
produce an electrical current in relation to the amount of detected coincidence event (Cherry

and Dahlbom, 2004). Figure 2.8 shows the schematics representation of the PMTSs principle.
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Figure 2 8: Schematics of PMT principle with scintillator coupling (Stanford, 2018)

Scintillator emits light and is directed to the PMT across a glass window which intended to
excite the photocathode in turn. Energy deposition allows ease electron ejection as the cathode
is thinly layered tailored for this task. The probability of ejecting an electron from the cathode
material surface is known as quantum efficiency is in the range of 15% to 25% for scintillators
(Knoll, 1999). The liberated electron accelerates toward the electrode by applying high voltage.
The dynode or electrode is covered by suitable material ready for emitting electrons.

For single electron, 3 to 4 more electrons will be emitted from the surface of dynode. The
process repeats throughout the PMT and ends up in hanoseconds with at least 106 of electron
for a single one. Passing the amplification course the system has an adequate amount of electron
to be processed. These devices exist in bulk with different size and shape. Most of them are

characterized by limited quantum efficiencies and relatively higher cost.

2.4 Silicon Photo Multipliers (SiPM’s)

SiPMs are promising photodetectors coupled with scintillators possibly in PET imaging
(Herberta et al., 2007). It is known from their property semiconductors electrical property can
be modified through doping external impurity. This possibility contributes to the process of
photo detection and application in PET imaging. The process Figure 2.9 of detection and
amplification of detected photon relies on the liberation of an electron as the silicon lattice

encounter electron collision with sufficient energy.
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Figure 2.9: Photodiode process represented in schematics (Cherry and Dahlbom, 2004)

The potential difference applied externally allow drifting of an electron to the anode side while
a hole the vacant move to the negative end of the cathode side. In the process, it creates a
measurable amount of electrical current. SIPM’s are characterized by a higher probability of
electron liberation up to 60% to 80% (Herberta et al., 2007). On the other hand, they are
criticized with their reduced internal gain. It produces only a single electron-hole pair per
photon detected from the scintillator. Due to their poor internal gain, the produced signal has a
lower strength than the counter PMTSs. Even though they have weak signal they pose quick rise
time, elevated gain in the range of 105 to 107 depending on the biased voltage, reduced noise,
excellent energy resolution and immunity for magnetic field allowing hybrid imaging system

implementation.

2.5 Avalanche Photodiode (APD)

There are an additional class of photodiodes with slight manipulation over their operation. They
are operated at a higher voltage and through carefully selected operating temperature. These
photodiodes are known for avalanche effect occurring due to the high operating voltage taking
their character named as Avalanche photodiode. The voltage applied is intended for providing
electrons with sufficient energy to liberate more electrons. In this class of photodiodes the gain
depends on the potential difference and administered temperature. They are characterized by
their enhanced SNR relative to solid state ones. APD’s have gain ranging 102 to 103 and
quantum efficiency in the same range as SiPMs. They are criticized for careful operation

procedure requirement and bias voltage administration.
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2.6 Image Reconstruction in PET

Point of annihilation is defined by drawing a line connecting the two detector elements. The
line is known as Line of Response (LOR). The annihilation point is along the LOR. The other
important term is projection, which is the accumulation of LOR recorded by the detector
element with specific orientation angle. The two-dimensional sets of projection give sinogram

Figure 2.10 of the image to be reconstructed.
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Figure 2.10: Schematics representing sinogram formation. (A) line of responses (B)

projections (C) formed sinogram (D) reconstructed image (Frederic et al., 2002)

The recorded coincidence are accumulated as sinogram before the image is reconstructed by
the appropriate image reconstruction. Practically, it feasible to develop 3D radionuclide activity
distribution by cascading the 2D developed slices of tomographic images. In the next section
of this discussion, we will see image reconstructions algorithms. They are classified as the

analytical and iterative method.

2.6.1 Analytical methods

2.6.1.1 Filtered back projections

In 1967 Riddle and Bracewell presented image reconstruction approach known as filtered back-
projection (FBP) analytical in nature involving filtering in the frequency domain. The FBP is
widely used due to low processing time and fast reconstruction because it does not require

iteration to be performed.
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Figure 2.11: Basics of filtered back projection Fourier slice theorem. Fourier transform (left)
and profile from 2D Fourier space (right) (Cherry et al., 2012).

The FBP is summarized as follows. Obtain projections in N different angles, compute 1D
Fourier transform based on central slice theorem (CST) this provide us the 2D Fourier transform
of the object in k-space. In the next step filter the projections in the k-space with a low pass
filter (Shepp-Logan, Hann, Hamming, etc.). Compute inverse Fourier transform to have filtered
projection profiles and finally, apply a conventional back projection Figure 2.12 to obtain the

approximation of the radiopharmaceutical distribution in the body.
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Figure 2.12: Illustration of simple back projection. (A) Projection profile at different angles,

(B) simple back projection operation of intensity profiles. (Cherry, 2016).

NB: Many angles has to be included to have better approximation to point from different angle
projection profiles.
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2.6.1.2 Direct Fourier transform

The theorem of projections as shown on Figure 2.11, also called CST facilitates the process.
Stated as, performing the Fourier transform on the projections of a 2D object along certain
orientation, is the same as having the objects frequency value along with the origin in the same
orientation. At the beginning calculate one-dimensional Fourier transform of the projections
data. Keep the process by placing the filtered projections in a polar grid. Each projection in its
corresponding angle. Then resample these in a Cartesian grid with interpolation (linear, nearest,
splines, etc.). Finally, calculate the two-dimensional inverse Fourier transform, and obtain the

reconstructed image.

2.6.2 Iterative image reconstruction

IIR approach achieved a high desire for image reconstruction because of their amenability, and
realistic models of systems. They are able to show the appropriate mapping of sources to the
recording eventually, contributing to creating high-quality images (Tohme and Qi, 2009). These
methods are expensive in terms of computation cost, due to this it takes longer to be applied
extensively in the tomographic reconstruction area until computation power of the computer
has been improved through different performance-enhancing approaches. The basics behind
IR technique Figure 2.13 is the true measurement can be achieved through iterative

approximations.
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Figure 2.13: Schematic representation of iterative image reconstruction basics (Cherry, 2016)

Usual the initial approximation is taken to be a blank image. Then the recorded projections will
be forward projected in a contrary to back projection task. The forward projection is
17



accomplished by integrating the value across the projections. Then compare with the sinogram
acquired during the imaging process. By setting a certain threshold deviation level keep

comparing and updating till the error minimized to the pre-settled threshold value.

2.6.2.1 Maximum Likelihood Expectation maximization (MLEM)

These techniques follow the iterative approach to reconstruct the image from the recorded
projection data. It implements a statistical approach to the approximate distribution of the
source. The statistical estimation based on the maximum likelihood principle. In the process, it
takes in to account the impact of counting stat. They are known for labeling a greater weight to
high-count and reduced weight for low-count, the name was also given from this approach

ML_EM. The reconstruction process is given by
I(w) = z N(u,w) P(w)
u

Where I(w) is measured intensity in the w™" projection, P(w) activity in the w™" pixel, N (u, w)
probability of activity emanated from u™ pixel will be detected in w™" projection. This approach
is applied to find solution for inadequate information problems. Even if this technique has firm
convergence and predictability it is criticized for noisy output and poor convergence rate. Once

the matrix of Ny, determined the (t+1)* iteration of the EM can be given as:

RO P(w)
PE+ D) =5 N uw” ZN” Y SN G w) P D)

Where t is the iteration and };; N (I, w) P(t, 1) is the accumulation of image pixels computed
before the process is implemented.

2.6.2.2 Ordered Subset Expectation Maximization (OSEM)

It is shown that ML_EM has expensive computing power (Tong et al., 2010). OSEM is
suggested to solve this problem. It implements subsets for updating the image with a full set of
information. This approach follows dividing projections with subsets classes of non-
overlapping. From all of the classes of subsets, projections are integrated into the single subset
by projecting back. In every sub-iteration update is applied to the image. There is another class
of OSEM implementing list mode data format LM_OSEM. Literature suggest LM_OSEM as
better than existing image reconstruction algorithm by applying fuzzy PROMETHEE (Ozsahin
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et al., 2018). It implements detected event instead of detector bins for recursive updating
method. Because of the enormous amount of pixel found in the imaging system FOV which
contributing to detected coincidence event the algorithm takes longer time to converge
(Kolstein et al., 2013; Uzun et al., 2014).

2.7 Related Works

In this chapter, we will try to review the works related to our topic. The inception of PET
technology evolution dates backs to 60 years from now including radionuclide labeled
biochemical preparation. The advancement leads to rising of innovative brain PET scanners.
The following literature review presents articles in chronologically order from the older one to
recent studies in the area. It has confirmed that researchers in the field had made progress in
brain PET imaging by implementing different geometry and scintillating materials.

Freifelder et al., (1994) among famous researchers in brain PET imaging presented HEAD
PENN-PET design. The team aimed at achieving super sensitive and high spatial resolution
scanner for clinical and research applications in neurophysiology. The presented study
implemented 3D imaging by utilizing a Nal (T1) detector. The system has 25.6 cm field of view.
The spatial resolution measured from ramp impulse response presented 3.7 mm full-width half
maximum (FWHM) in the both transverse and axial direction. The evaluated sensitivity of the

system is about 50 kcps/pCi/cc/axial-cm peak.

Watanabe et al., (2002) one of the researchers in the field presented a study performed to
improve the resolution of brain PET. The system characterized by 8x4 mm array of bismuth
germanate (BGO), 2.88x6.55x30mm3 detector element, and 330mmx160mm scanner field of
view. The reported was performance 2.9mm spatial resolution in the transverse and axial
direction and two-dimensional sensitivity measure of 6.4Kcps/KBg/ml. Watanabe tells us the
system has been commissioned for clinical implementation after passing through pre-clinical

trial.
Wienhard et al., (2002) studied brain PET through designing octagonal shaped eight panels

arranged in 35cm inner diameter and 25.2 cm height cylinder. The detector element

dimensioned to be 2.1 x 2.1 x 7.5 mm3 implemented via LSO scintillating crystals. The system
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characterized by 4.3% absolute sensitivity and less than 2.8 mm spatial resolution measured at
FWHM for 10mm sliding from central FOV and 2.4 mm at the central field of view (CFOV).

S. Karp et al., (2003) has developed G-PET for brain imaging with the same scanner as HEAD
Penn-PET with an improved bore size of 42 outer and 30.0 cm inner cylinder and height of 25.6
cm geometry. The presented study implemented GSO (gadolinium Oxyorthosilicate) as a
detector. The selected block size is 4x4x10 mm3. Applying the NEMA testing standard the
developed system achieved 4.0 and 5.0mm spatial resolution in the transverse and axial
direction at FWHM respectively. Using their own source and phantom geometry the study
finding depicts that absolute sensitivity is 4.79 cps/KBq at 39% of scatter fraction.

S’eguinota et al., (2004) from European nuclear research institute presented high-performance
cerebral PET scanner with cylindrical geometry of inner diameter of 35 cm and an outer
diameter of 38 cm implemented and tested for performance following appropriate guideline and
procedures. S eguinota selected LSO and LaBr3 as detector element and resulted in a spatial
resolution measured at the CFOV of 1.85 mm and 1.59 mm in Transverse direction and 5.78
mm and 3.43 for LSO and LaBr3 in axial direction respectively. The performance test shows
good performance and possible implementation for clinical trial and research projects.

Mikhaylova et al., (2014) studied seamless PET design based on voxelized design
implementing CdTe semiconductor detecting element. The study aims to crack the PET
shortcoming by employing a 1x1x2 mm3 detector size. The developed PET has a sensitivity of
21 cps/KBq at 0.73 and 14 cps/KBq at 3.95% scatter fraction based on the NEMA NU 2-2001
guideline. The team concluded that voxel-based design shows superior performance over the

existing PET designs.

Gong et al., (2016) implemented a crystal size of 2.5 x 2.5 x 20 mm3; with an axial gap of
2.5mm and axial field of view 190 mm. The research team presented high sensitivity for full
helmet design approximated to 4.2 fold from cylindrical PET. The scatter fraction comparison
show helmet design 31.2% scatter fraction using GATE simulation software. The article claims
the image resolution significant improvement due to elevated sensitivity by including the depth

of interaction and time of flight approach to localize the point of annihilation.
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So far we have surfed progress made by researchers in tackling the quest for high-performance
brain PET scanner through different geometries and scintillators, they lack in solving the
problem by producing high resolution and developing a super sensitive system through

manipulating geometries and implementing high pixelated new detector elements.

2.8 State of the Art

Present day introduced brain PET scanners employ a cylindrical geometry and scintillation
crystal for coincidence photon detection. Recently, Watanabe et al., 2017, reported a high-
performance brain PET scanner employed using the cylindrical scanner of 330mm trans-axial
FOV and 201.9mm axial FOV through a fine segmentation of detector elements down to 1.2mm
and implemented using LY SO scintillator. The system has a total of 655 360 crystal elements,
168 rings of a detector having a 1.2mm pitch, and an 8x8 array of photon recorder. The
performance reported depicts that the system has 1mm spatial resolution measured at FWHM
transversally and sensitivity of 21.4 cps/kBq tested using 18F line source. The image was
reconstructed via one of IIR approach, list-mode dynamic RAMLA (LM-DRAMA) algorithm.
Scintillators based PET also has been employed for Breast specific imaging system with
excellent performance (Musa, Ozsahin and Ozsahin, 2018).

Some research teams are trying to crack PET imaging performance by implementing
semiconductor detectors. Among them, Morimoto et al., 2011, came up with PET implemented
via CdTe semiconductor detector dedicated to brain and neck region imaging. They have
presented the system to possess an energy resolution of 4.1% at FWHM and timing resolution
of 6ns. The performance test follows NEMA 1994 and the team claim that they have achieved
2.3mm spatial resolution at FWHM and 25.9 cps/KBq system sensitivity. The implemented
system has 39% scatter fraction at 350-540KeV and 23% at 450-540KeV energy window.
Currently solid state detectors are not only employed in PET but also in small animal SPECT
system. Solid state detector like Csl: T1 and reporting encouraging results by literature (Uzun-
Ozsahin et al., 2016; Ozsahin et al., 2017).

In spite of most current systems employ conventional coincidence localization approach there
are researches ongoing to implement TOF technique. The current state of brain PET imaging
technology not bound in improving PET only it aims in hybrid imaging to have a system of

multimodal scanners like PET/MRI and PET/CT for better diagnosis and disease management.
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Researchers has evaluated nuclear medicine devices in their respective performance parameters

PET, SPECT and hybrid systems and found out to be operating quite well (Ozsahin et al., 2017).

2.9 Photodetectors

Materials with a sensitive property upon exposure to high energy radiation are used in the
application for characterization and sensing in PET imaging. As the radiation is intercepted by
the materials surface their special response is used in picking up radiations. The most common
photodetectors used in medical and high-energy physics application are scintillators,
semiconductors, and gas-filled detectors. The application spectrum range from photons position
and time measurement to photons interaction count. Some of the photodetectors are discussed

below.

2.9.1 Solid-state detectors

Field of medical imaging is progressing so far by introducing new techniques and classes of
detectors. Solid-state detectors family introduced in medical imaging as an alternative to
scintillators. They are characterized by their excellent energy resolution. Because of their
natural energy resolution, they are hunted for industrial and medical imaging applications. Even
though they have interesting energy, resolution for application in medical imaging their spatial
resolution efficiency found to be at the same level as scintillators can achieve. This happens
because resolution mainly relies on the physical geometry of the detector. The way they detect
a photon is a result of ionizing radiation absorption and in turn, the absorbed energy creates
electrons movement toward conduction band leaving electron-hole at the valance band. The
amount of electron-hole pair gate bigger as energy absorption still exists. To preserve the charge
and alter recombination it needs an application of electrical potential difference through
electrodes (Knoll, 2010). Finally, an electric signal will be generated for processing by the
interfaced electronics. According to literature cadmium telluride and thallium bromide are
among the most suitable material for high sensitivity and pronounced spatial resolution
implementation (Ozsahin et al., 2019). The most applicable solid-state detectors are presented
below Table 2.2 with their property and comparison between the scintillator and solid-state
detector. They are used in different nuclear medicine system design including Compton
cameras and breast imaging PET systems providing excellent resolution and performance
(Calderon et al., 2011; Ozsahin and Unlu, 2014).
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Table 2.2: Common semiconductor detectors and respective property (Knoll, 2010)

Property Si Ge CdTe czT
Atomics number 14 32 48/52 48/30/52
Density (g/cmq) 2.33 5.33 5.85 5.81
Band Gap at 300 KeV 1.12 0.663 1.44 1.6
Energy Resolution at 0.1-0.3 0.1-0.3 1 2-6
511Kev

Electron mobility (cm?/vs) 1400 3900 1100 1000
Hole mobility cm?/vs 450 1900 100 50

In comparison with scintillators, they are good at energy resolution, while scintillators have bad
energy resolution comparative to semiconductors. They have a low atomic number,
characterized by low quantum efficiency and pronounced cost. Comparatively, scintillators are
cheap, exhibits good quantum efficiency and superior stopping power, as a result, their larger

atomic number and density.

2.9.2 Gas filled detectors

Gas-filled based detectors operate by the principle of ionizing the gas molecules and measuring
the current flow. They are among the oldest detectors in nuclear medicine application. During
the gas molecules exposed to ionizing radiation, it gate interacted with gas molecule ionizing
them in the process. The produced electron-ion pair will be in thermal random motion. Figure

2.18 show the schematic representation of the ionization chamber.
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Figure 2.14: Schematic representation of ionization chamber (Radiologykey, 2016)

The randomly moving electron-ion pair may undergo charge transfer and recombination

collision unless we apply the external electric field. Finally, the ionization current is measured
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to characterize the radiation. To alleviate possible chemical reaction non-reactive gases are
selected. So far, we have discussed the ionization chamber. We have two more types of gas-
filled type detectors. The proportional counter is among one of the gases filled mode detector,
operating with the same principle as ionization chamber differing in the strength of electric field

applied.

Proportional counters use principles of gas multiplication to provide sufficient voltage by
folding the number of ions produced. The introduction of the stronger molecule leads to larger
Kinetic energy in turn ionizing the rest of ions. It creates low mobility to the other side of the
ions. According to scholars, proportional counters are known for their low efficiency (Kamal,
2014). The rest of the gas-filled detector is a Geiger Muller detector which operates at the
elevated electric field from proportional counters. Geiger Muller detector is characterized by
easy operability and low-cost availability. They have longer dead time mentioned as a pitfall of
these detectors.

2.9.3 Inorganic scintillators

The last half-century brings inorganic scintillators to nuclear physics studies and made a
significant move in advancing their operation and application (Weber, 2002). Scintillators
introduction to the nuclear physics research field realized as serendipity since then demand for
scintillators has increased for the clinical and research applications (Lecoqg, 2016). Mainly they
are applied for the detection of ionizing radiations (Princeton, 1982). Scintillators can be
organic or inorganic and available in liquid, gas, and solid state (Melcher, 2000). The main
concern of this paper is inorganic scintillator specifically cerium doped alkaline earth hafnates.
Scintillators emerged as important detector passing through a historical timeline which can be
categorized into three phases (Weber, 2002). From the beginning of the discovery, CaWwO4
implemented after the x-ray introduction to the world (Edison, 1896). Uranyl salt utilized by
Becquerel during the radioactivity discovery, and Crookes used ZnS in counting and detection
of radioactivity near the end of this phase Rutherford applied ZnS for alpha particles study and
proved their encouraging nature for high energy physics research (Rutherford et al., 1930).
Later through the discovery of PMT’s scientist show their feasibility in PET imaging (Weber,
2002). The timeline for scintillator material discoveries presented in Figure 2.19 below

discovery beginning after the discovery of the x-ray by Roentgen.
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Figure 2.15: Inorganic scintillators discovery timeline (Weber, 2002)

In the second phase succeeding naphthalene discovery, Hofstadter has developed Nal (TI)
scintillator. The coming few years, alkali halide based scintillators studied and presented to the
medical and research field. The third phase which is the last 20 years show us real growth and
demand for research areas and industrial applications. Describing the chronological order of
discoveries and studies, currently, we have an enormous amount of inorganic scintillators for
different applications including ceramics, crystals, glasses, halides, and oxides (Knoll, 2000).
Best scintillators are characterized by scintillation wavelength matching photoconductivity,
adequate light yield, higher density giving better radiation stopping power, nice energy
resolution contributing to a good resolution, shorter decay contributing for better time
resolution and possible time of flight localization of activity, and availability of material and

cost of implementation.

2.9.4 Operating principle of scintillation materials

A scintillator is a collective name given for materials giving off light in the range of visible
light or UV spectrum following ionizing radiation exposure. Most of the scintillation materials

implemented in medical imaging are inorganic ones.
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The crystal lattice is the defining factor for a mode of scintillation, where specific energy band
permitted to be occupied by electrons (Knoll, 1999). Electrons elevated to the conduction band
leaving a gap at the valance band through the process electron returning back to the valence
band result in photon release but not adequate. Width of the band gap contributes to the
wavelength of the emanated photon to fall in the visible/UV spectrum (Knoll, 1999). Figure
2.20 shows the scintillation process for pure and activated scintillating materials, where

impurity introduction to the crystal activates the crystal for better emission.

Pure crystalline Conduction band
Conduction band

Band Gap Band Gap Activator excited state

Activator ground state

Radiation Pure crystalline ground state
Valance band o g

A} Pure crystalline B) Activated crystalline scintillator

Figure 2.16: Energy band structure of an inorganic scintillator

To modify the band gap and energy structure in the scintillation crystals impurities are
introduced. The overall process of scintillation categorized into three steps (Lempicki et al.
1993). At the beginning the incident radiation energy is absorbed and translated to thermally
active electrons and holes, part of electrons and holes transferred to the center of luminescence
and finally illuminate photon.

lonizing radiation results in creating a charged particle to travel across the crystal material
causing enormous electron holes. The activator site will be filled by drifting positive holes
ionization. Due to this, electrons settled free to move across the material and keep doing this
until they find an activation location that is ionized. The electrons jump to impurity location,
forming impurity within the exciting status. With a possibility of an emitting photon the de-
excitation, happen so quickly. Purpose of activating impurity is to shift the emitted photons in
the visible light range. According to scholars half-life for typical activator ranges from 7-10s.

Due to this duration of light output is decided by the half-life of the activator.

26



2.9.5 Scintillation efficiency

The scintillation efficiency is the ability of a scintillating material to convert the absorbed y

energy to photons. Table 2.3 presents ideal scintillators property.

Table 2.3: Ideal scintillator properties (Melcher, 2000)

Property

Description

High density

High light output

High atomic number

Short decay time

Good energy resolution

Emission wavelength in UV/Visible range
Transparent emission wave length

Index of refraction

Radiation hard
Non-hygroscopic

Rugged

High stopping power

More crystals per photodetector

Higher rate of detection

Good coincidence timing

Clear identification of energy events
Match photomultiplier tube

Unimpeded light travel across the crystal
Good light
photomultiplier

emission from crystal

Stable performance
Packaging simplification

Smaller crystal fabrication

to

Economic growth process Economic production good cost management

According to the table above several combinations of properties are required to be ideal
scintillating material for high-energy physics studies and applications. Universally materials
having a high atomic number and high density are demanding due to their pronounced stopping
power and making the process to utilize lower amount scintillating material by volume (Weber,
2002). A scintillator needs to have a high atomic and higher mass to volume ratio to have better
high-energy radiation detection. It is known that at the energy level of 511Kev the dominating
interaction modes are Compton and photoelectric, requiring higher atomic number and good
stopping power by the scintillating material. To have good timing of coincidences, which
means having a brief photons pulse we need our scintillator to have shorter decay time. This
improves our counting rate ability. The other quality we require is to have a high light output
by the scintillating material. This makes arrangement of multi-crystal for a single photodetector

lead to economical design and implementation. While selecting a detector for PET application
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having a narrow difference in energy detecting scintillator make us able to see all energy events
in the process.

Since we are interfacing the scintillation output to photo-detectors, we require a material applied
for scintillation to hold a refractive index around 1.5. For not impeding the light traveling
process in the scintillator, we need the scintillator to have radiation hardness property. Some
scintillators absorb water from the environment they reside, known as hygroscopic property
(Melcher, 2000). For simplicity in packing, we need the material to be non-hygroscopic. The
ruggedness of scintillators required in assisting to produce small-sized scintillators easily.

The scintillation efficiency is presented by a product of three entities. According to (Lempicki
et al. 1993), the overall efficiency o is given by:

¢ =pBSQ

Where:

B: conversion ef ficiency, S: transfer ef ficiency the energy held by electrons and

Q: quantum ef ficiecny of the scintillator

Scholar’s demonstrated 3 is achievable from physical properties of the scintillator (Robbins,
1980). Quantum efficiency is measured by direct excitation under UV. There is no established
model to calculate the transfer efficiency S and this is the current challenge and researchers are
working to develop a model. Efficiency of well know scintillating material at room temperature

presented in Table 2.4
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Table 2.4: Scintillating materials efficiency (Weber, 2002)

Property Density Decay time  Photon/Mev  Wavelength  Efficiency
(9/cm3) (ns) (nm) (%)
Csl 451 980 2,000 315 0.8
Nal(TI) 3.67 230 38,000 415 11.3
Csl (TI) 451 980 65,000 540 13.7
LSO: Ce 7.4 40 25,000 420 7.4
CaF2: Eu 3.18 950 24,000 435 6.8
RbGd:Br7: Ce 4.8 45 56,000 410 16.9
Gd202S: Th 7.34 600 70,000 545 16.0
LaOBr: Th 6.17 425 67,000 425 19.5
CdWO, 7.9 480 15,000 480 3.6
Bi>Ge3O1. 7.13 300 8,200 480 2.1

From the table above activated materials depicts higher efficiency comparative to self-activated
ones, this is due to Q goes low as a result of thermal quenching at 250c room temperature
(Weber, 2002). Cost of scintillating material per cubic meter is the decisive factor for affordable
medical imaging modality design and implementation (Melcher, 2000). The cost includes the
material cost in raw and the cost of production. As mentioned before inorganic detectors include

ceramics and glass, known for their low-cost availability and mass production (Weber, 2002).

To this day in the progress of scintillator material development and advancement, no material
found to be superior and fitting for every application in the research area (Derenzo et al., 1990).
But, prevailing new scintillator and testing it is possible to simulate numerically and

characterize them.
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CHAPTER 3
CERIUM DOPED ALKALINE EARTH HAFNATE SCINTILLATORS

3.1 Cerium Doped Alkaline Earth Hafnium Oxide Scintillators

USPAP in 2003, presented cerium doped alkaline earth hafnate scintillators with potential for
PET imaging and high energy physics applications. These new scintillators characterized by
elevated stopping power, non-hygroscopic and relatively good light output (Venkataramani et
al., 2003). Where these properties are desired for PET detector implementation. Not only this,
they have fast decay time made them an area of interest for high-performance PET imaging
system design (Edgar V.et al., 2007). Namely, they are cerium doped strontium hafnate
(SrHfo3: Ce), cerium doped lutetium hafnate (Lu2Hf207: Ce), and cerium-doped barium
hafnate (BaHfO3: Ce). They are also known as optical transparent ceramic scintillators
(TOC’s). The above-presented composition of materials contains cerium and hafnate with
alkaline earth metals. They can be generalized with a formula AHfO: Ce, where the A denotes
alkaline earth metal to be Sr, Ba, and Lu. The suggested atomic ratio A: Hf is 0.9:1 to 1.1:1.
The dopant extent should be 0.005 in percent (Venkataramani et al., 2003).

3.2 Properties

Light emission wavelength range is among the important features of scintillators. This is
required for interfacing their output to light amplifying devices, such as PMTs. The cerium
doped alkaline earth based scintillators have emission range from 350 nm to 500 nm. Which
comply with several PMT’s operating wavelength range. To achieve this property we have to

keep the composition ratio mentioned previously.

The light yield measured from BaHfO3:Ce is about 28,000 photons/MeV compared with BGO
it 3 and half times better, where the light yield from SrHfO3: Ce recorded to be 45,000
photons/MeV which 5 folds from BGO, Lu2Hf207 yields the same grade as BGO during the
test under x-ray (Michael, 2009). The decay time found to be 10-20ns (Michael, 2009). Figure
3.1.show the wavelength versus intensity of the light output plot to demonstrate scintillators
property along with their specific refractive index showing Lu2Hf207 with higher transparency

but lowered light intensity output.
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Figure 3.1: TOC’s scintillators light output and emission wavelength range relative with

BGO (Michael, 2009)

Their optical property is approximately isotropic lead us to have fully optical transparent
ceramic (TOC’s) scintillators, in turn, provides us a chance to create cheap and monocrystalline
growth. From the above presented properties, we can take inference that these material are
unique to demonstrate high density and relatively adequate light output, quick decay time and
possibly taken us promising material for researches in nuclear physics and medical imaging
application (Michael, 2009).

The research team who had claimed patent from USPAP described that the scintillation property
of TOC’s showed that they pose relatively high light output and shorter decay time.
Additionally these materials because of their elevated density they demonstrated better-
stopping power. Table 3.1.shows the relative property comparison between the existing

scintillators and newly suggested TOC’s scintillators.

31



Table 3.1: Cerium doped alkaline earth scintillators and exiting ones property
(Venkataramani et al., 2003)

Property Nal(Tl) BGO Gd:SiOs: LuzSiOs: TOC’s
Ce3+ Ce3+

Density(g/cm?®) 3.7 7.1 6.7 7.4 7.7-8.4

Attenuation coefficient ~ 0.37 0.95 0.70 0.89 0.85-0.95

at 511Kev (cm™)

Relative light output (%) 100 7-12 30 30 20-30

Decay time (ns) 230 300 40 40 10-45

Michael J. Furey, 2009 from Brookhaven reported a study on TOC’s focusing on StHfO3: Ce
morphology and optical properties. The study result shows it is possible to have transparent
scintillator with a stoichiometric ratio of Sr. Hf ~1 and reasonably higher light output
comparatively. Michael concluded that the possible implementation of these materials in PET
imaging to be used as detectors. Van Loef et al., 2007, known for studying ceramic-based
scintillators presented a paper on cerium doped strontium hafnates at the microstructure in

transparency and radioluminescence.

Their findings show that the light output and physical properties are promising for medical
imaging application and their scintillation properties are excellent comparatively to BGO.
Beyond their scintillation property, the research team presented producing in huge quantity
possible with a reduced cost they will be suitable to apply in nuclear medicine and considered
an area of interest for PET and CT imaging. Van Loef and his research team at the same year
reported that the scintillation property characterizing SrHfO3: Ce3+ and BaHfO3: Ce3+
scintillators emission wavelength comply with photodetectors without phase shifters
application and inscribed in the study to be in the range from 410nm to 400nm. The decay time
for the respective scintillators is reported to be 42ns and 25ns. The presented time resolution

was 276ps measured at full width half maximum.

As we have discussed in the last chapter about the scintillators used in PET imaging are
interested in the above-mentioned scintillators property and based on the literature review on
TOC’s scintillators, it is confirmed and we would like to propose these scintillators as promising

detectors for application in medical imaging like PET and high energy physics.
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3.3 TOC’s Preparation

Production of the cerium doped alkaline earth hafnium oxide scintillators has three steps and
extension for light transparency improvement. The first and the basic is preparing or affording
the composition compounds. Then mixing with the appropriate ratio and firing under a certain
temperature for a while. To achieve better light transparent scintillators extended powder
pressing at elevated temperature is performed under isostatic condition. This helps in producing
a polycrystalline with improved light transparency. The above-presented procedure makes us
able to have cerium doped polycrystalline hafnates scintillating material. The alkaline earth
metals are associated with oxygen instead of element-element relation. Where these materials
are responsive to gamma-ray interaction result in improved light yield, fast decay time and

appreciated stopping power (Venkataramani et al., 2003).
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CHAPTER 4
SYSTEM DESIGN, SPECIFICATION AND SIMULATION

4.1 System Design and Specification

The brain PET designed and simulated in this thesis work mainly focus on implementing a
novel class of scintillating material and show their applicability in high-performance brain PET
imaging. In this study, the GATE simulation environment is used to appraise the performance
of the specified brain PET scanner. The implemented TOC’s scintillator has high stopping
power and good conversion efficiency relative to existing inorganic scintillation crystals (Table
3.1). The system specified in this paper implement high pixelation in the crystals down to
1x1x10 mm3. The scanner also incorporates measurement in DOI due to crystals small voxel
size. The system designed is flexible to be implemented for different scanner geometry for the

whole body as well as to other organ-specific PET systems.

The simulated scanner system has a cylindrical PET with the geometry of a maximum radius
of 320 mm and minimum inner radius of 280 mm. The cylinder is segmented into 58 heads of
size 30 mm x 30 mm x 250 mm in X, y, z Cartesian coordinate respectively and within the head
we have modules of size 10 mm x 30 mm x 250 mm in X, y, z respectively. Where the system
has a total of 435,000 voxels dedicated to recording coincidences photon. System specification
of the scanner is summarized in the form of a Table (Table 4.1) and schematically depicted in

the figure below Fig 4.1.

Table 4.1: System geometry specification

System geometry Specification

Crystal LHO, BHO, SHO, LSO
Number of head 58

Module l1cmx3cmx25cm
Voxel 10 mm x Imm x 1 mm

NB: - LHO: cerium doped lutetium hafnate (Lu,Hf>O7: Ce), BHO: cerium doped barium
hafnate (BaHfO3: Ce) SHO: cerium doped strontium hafnate (SrHfOs: Ce).

34



Figure 4.1: Schematics of the module (left) and cylindrical geometry of simulated scanner
(right)

4.1.1 Monte Carlo simulation

Monte Carlo simulation involves enormous subsets of mathematical techniques implemented
iteratively on random classes of samples. It mainly relies on the random way of problem-solving
and allows testing of theoretical and practical systems. The simulation and analysis are
accomplished by building a model and testing every possible scenario. Emission tomography
uses the Monte Carlo simulation method in designing effective medical imaging systems, by
applying reconstruction methods (sin et al., 2017), test scatters correction approaches and
through enhancing scanning protocols. Even if Monte Carlo simulation applied in PET has
slight pitfalls invalidation and accuracy, it appreciated for simplicity of implementation (GATE,
2016). Monte Carlo can be implemented in different programming tools including Microsoft
Excel application, C, C++, Matlab, and other scripting languages. GATE is expatiated in the
succeeding section where it is one of the C++ based Monte Carlo approach.

4.1.2 GATE

GATE is a validated simulation environment for nuclear medicine applications (Jan et al.,
2004). The unique characteristics of GATE are its ability to manage phenomena’s which are
dependent on time (Staelens et al., 2003). GATE allows the ability to transform conceptual
time-dependent activities into a model and simulate the phenomena, find out how entities
interact and provide a realistic output. Accomplished through relating the source kinetics with
the developed geometry of the system. The simulation environment is specifically tailored for
nuclear medicine applications like human and small animal PET and SPECT systems.
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The flexibility of the GATE allows the recursive implementation of GEANT4 libraries for a
different scenario of simulation phenomena’s in nuclear medicine. It allows different layers
according to your level of knowledge. It extends from the application layer to a developer layer
including a user layer being in the middle. The developer layer includes a core layer within it.
The core layer of the GATE has different sub-layers incorporated along with it. Which allow
from geometry development to physics entity interactions model definition and others. At the
user level, the user is capable of running simulation with interactive scripts from constructing

geometry to the end of running the full system model.

The designed system typically has a ring composed of modules constructed with blocks of
segmented crystals. The scanner electronics component response is simulated in the “digitizer”
of GATE element. To simplify the implementation of GATE to researcher and studies it
incorporates benchmarks for simulation specific models and it includes examples of how to
start with a simulation. The output information gathered from the GATE can also be compared

with real data for validation purpose.

4.2 Performance Evaluation Parameters

Different standards for testing PET scanners system performance has been developed by
NEMA. Which include the standard for WB PET and rat/mouse PET systems. To do the system
performance evaluation, we have approximated the small animal PET system to apply in brain
PET imaging system performance testing. In this particular research, in order to estimate the
performance of the scanning systems, we followed the NEMA NU4-2008 standard procedure
(NEMA, 2008). The data was collected following the standard and the image reconstructed via
3D direct Fourier method. During the entire procedure, the energy window was 350 — 650Kev,

and a timing window of 10ns is set.

4.2.1 Sensitivity

The power of detecting coincidences in the FOV of the imaging system is described as the
Sensitivity of the device under performance evaluation. The major contributors to the sensitivity
of the system are the applied detecting element stopping power and the designed geometry of

the imaging system. Sensitivity is reported as count per second per micro curie (cps/pci) or
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count per second per kilo Becquerel (cps/KBq). Equation (4.1) show relation among parameters
of PET system design.

_ A% expl - uth3. 75104

dmrt2

4.1

Where A is the area observed by a point source, €, detector element efficiency, y, is the linear
attenuation at 511Kev gamma photon of the detector material and t thickness of the detector
finally, r is the ring radius. From equation (4.1) we can infer that system with a higher value of
A which means having higher FOV in the axial direction and reduced radius of the ring can
have greater power of detecting coincidence. According to NEMA testing standard the slice
sensitivity if given by equation (4.2):

Si = (m_m") 4.2
Acal

Where Rjis the acquired count of the total at the specific and Rui is the background counting
and Aca is the applied source activity for the testing procedure. Siis the computed slice
sensitivity. The sensitivity of the PET scanner is expected to be higher in the center of the FOV.
Relative sensitivity of the system can be computed using equation (4.3).

5(4,1) = (——) x100 43

0.9060

Where the number 0.9060 show the branching ratio of Na22. From now we can compute the
total sensitivity by integrating the slice-based sensitivity of the system. The phantom and source
applied in spatial resolution phantom are used in sensitivity test as shown in Figure 4.1. In the
case of the simulation, the background count is taken to be none because we are running

simulation in a computer program with no residual activity.
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Figure 4.2: Sensitivity testing phantom acrylic cube

4.2.2 Spatial resolution

It is defined as the system’s ability to differentiate points in the image. The evaluation for spatial
resolution is computed from the reconstructed image of the point source. It shows the
characteristics of images point spread function width measured at FWHM or full-width tenth
maximum (FWTM). These measurements are performed in axial, radial, and transverse
direction on a slice of the transversal plane. It is recommended to take a spatial resolution in
the axial direction. The phantom applied for spatial resolution incorporate a point source of
Na22 size not exceeding 0.3mm diameter to be measured at the CFOV with activity measured
to be 24.5KBq imbedded in plexiglass acrylic cube of 10 x 10 x10mm3 size Figure 4.1. The
minimum of amount prompt counts to be detected for spatial resolution is about 10° as
recommended by NEMA NU4-2008 standard. To reconstruct the image we have implemented

inherently 3D direct Fourier based algorithm with 0.5mm slice thickness.

4.2.3 Scatter fraction

Miss location of coincidence event can encounter as a result of scattering effect. The sensitivity
toward scattered radiation depends on the implemented design of the scanner. SF fraction test
is performed to identify the designed PET system sensitivity for scattered photon radiation. This
characterization of the system is done at minimized counting rate aiming in reducing the effect
of pileup, dead-time and random event. The mathematical computation is accomplished
according to the equation given below.
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Where Cr+s, 1, is the scatter counting, ith depicting the slice number and where j* show
acquisition. Ctot is the total counting from the scattered and true counts. In this thesis work, we
have applied the NEMA NU4-2008 scatter fraction test procedure. According to the guide, a
cylindrical phantom of polyethylene Figure 4.3 with a dimension of 70 £0.5mm in length and
25+/-0.5 mm in diameter is implemented. The testing document order a cylinder to have 3.2mm
in diameter opening at a 10mm radial location and aligned in parallel to the d central axis. A 60

mm longer line source fitting the opening created previously is implemented.

3.2mm

70mm

Figure 4.3: Phantom geometry for Scatter Fraction testing

The inserted line source is labeled with a certain amount of radioactivity fitted in the opening.
As recommended by the testing document the selected activity has to be lowered to reduce the
amount of random coincidence in limited record relative to the true coincidence. The testing
phantom is located at the CFOV aligned in parallel to the z-axis. With the minimum
recommended source activity we should have to record as much as 500,000 events. The

implemented source type was to be F.
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4.2.4 Image quality

Image quality test is accomplished by implementing a phantom of poly-methyl-meth-acrylate
having fillable five rods of size Imm to 5mm. Rods and main body parts are filled using éF
type radionuclide with 3.7MBq source activity. The phantom has a cold top section with a pair
of chambers, where one with air and the other filled with water which able to create the cold
section of the phantom Figure 4.4. Based on the implemented NEMA standard it requires about
10 million events to be recorded to reconstruct the image and evaluate image quality. Without
any correction being implemented fully 3D direct Fourier reconstruction algorithm with 0.5mm

slice thickness was implemented to recover the image.

Figure 4.4: NEMA NU4-2008 Image quality phantom from Paraview
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CHAPTER 5
RESULTS and DISCUSSION

5.1 Results

5.1.1 Sensitivity

The sensitivity test follow NEMA 2008 criterion and presents system ability to collect gamma
ray at the selected energy window, specified source activity, and pre-settled timing window.
Figure 5.1 presents sensitivity of the system for the suggested scintillating crystals, Figure 5.2
depicts sensitivity measured at CFOV presented in cps/KBq, and Figure 5.3 shows sensitivity
profile across the axial FOV.

ABSOLUTE SENSITIVITY (%)
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Figure 5.1: System absolute sensitivity for each implemented scintillating crystal
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Figure 5. 3: Sensitivity profile across the axial FOV

5.1.2 Spatial resolution

Axial measurement of spatial resolution test result is depicted under Figure 5.4 presents 2D
slice of point source image located at CFOV and its mean axial line profile for the suggested
found to measure 1.13mm. Table 5.1 shows the achieved spatial resolutions for the suggested
scintillators and LSO.
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Figure 5.4: Point source image positioned at CFOV (left) and line profile taken axially (right)

Table 5.1: Spatial resolution result

Scintillators Axial spatial resolution (mm) FWHM
BHO 1.11
LHO 1.10
LSO 1.12
SHO 1.18

5.1.3 Scatter fraction

The mean system scatter fraction is 13.2% and which quiet better than most of scanners
comparatively. Figure 5.5 presented the scatter fraction of the system, with different

scintillating crystals.
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Figure 5. 5: Scatter fraction result of the system tested with different scintillators

5.1.4 Image quality

Figure 5.6A below present’s image quality phantom reconstructed image and Figure 5.6B
presents the result obtained after processing the simulation coincidence output via direct Fourier

transform fully 3D reconstruction algorithm implemented in Matlab.
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Figure 5.6: NEMA image quality phantom a) Image of the NEMA image quality phantom

and b) Corresponding line profile.

5.2 Discussion

The spatial resolution test was taken axially and the mean spatial resolution for the suggested
scintillators measured at FWHM of the energy found out to be (1.13mm). The measured spatial
resolution is found to be promising and even better than commercially available brain PET
scanners. Besides, there is no important difference in spatial resolution among three of the
scintillator materials employed in the research. This is theoretically proved to be right,
according to works of literature the spatial resolution of the system mainly depends on the size
of detector (Ri), positron range (Rp), non-collinearity deviation (Ra) and the image
reconstruction process (Kr). Since our system with different scintillating materials has the same
Ri, Rp, Ra and Kr parameters applying it is not unexpected to have the close spatial resolution
for the system since we have collected enough prompt events. The system spatial resolution is
presented by in comparison with literature in the field who has implemented the same procedure
to test their system performance excluding JPET-D4 system followed a scatter fraction

correction procedure.
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Table 5. 2: Illustrative comparison of spatial resolution test result for implemented system

and existing scanner

Brain PET scanners Spatial resolution (mm) References

NEU PET Axial=1.13 e
MB-PET Axial =1.03to 2.05, trans-axial=1.01-1.28  Musaetal., 2018
ECAT HRRT Axial =<2.4 Jong et al., 2007
HRRT-D Axial=2.5-3.4, trans axial=2.3-3.2 Knoess et al., 2002
JPET-D4 Axial =<3 Yoshida et al., 2006
WAT-PET Axial=1.0 Watanabe et al., 2017

From the comparison Table (5.2) the achieved resolution level is outstanding and pioneer in the
field to implement these materials and present such a valuable result. Furthermore, we are
capable to present a novel category of scintillating material with considerable absolute
sensitivity ranging from 5.13-8.23% and provided that they have proved as promising
scintillators for brain PET imaging. From the comparison plot Figure (5.7) we can see that the

suggested material can be implemented in high-performance PET scanner designs.
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Figure 5.7: Comparative sensitivity presentation of the system

Most of the system mentioned for comparison above has implemented the same procedure and
guideline. We presented our system sensitivity represented with the best one 8.23% indicative
to be encouraging for high-performance PET scanner implementation. Not only the resolution
and sensitivity alone interesting about the result obtained but also the scatter fraction (13.2%)

of the system tested following the NEMA NU4-2008 criterion showed to contribute for a good
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quality image with a stronger SNR. Table 5.3 present comparative description of system scatter
fraction. We have presented system scatter fraction comparative to other system implementing

the same standard.

Table 5.3: Comparative presentation of system scatter fraction

Brain PET scanners Scatter fraction % Energy window Kev
HRRT ECAT PET 52.9 250-650
G-PET 39 410-665
MB-PET 48 350-650
NEU PET 13.2 350-650

The image quality evaluation of the system revealed systems ability to resolve the 1mm
diameter source within the phantom region. From the image quality profiles we can infer that
clear and crisp resolution of different sized rods, hot region and cold region and the uniform
region with slight spike noise but quite encouraging. The research problem mentioned at the
beginning of the study stated that the quest for finding a scintillating crystal with optimum
property for PET imaging which should have good light output, shorter decay time, better-
stopping power, and emission of visible light that can be addressed by the suggested
scintillators. Beyond that demand for having a high-performance brain-specific PET scanner
problem can also be addressed via the implemented brain PET system. The Overall results
presented in this thesis occupied valuable position comparative to literatures and find out to
contribute for the field too.

In the real clinical essence, the results and the study has implication mainly for four things. The
first one is to have such high-performance PET can contribute to better cancer diagnosis and
mental disorder management. The second one is the study has introduced a new class of
scintillating materials for PET application and possibly for other high energy physics studies.
Thirdly, since scintillators are cheaper than other detectors we are able to have affordable cost
PET scanners to be accessible by the public. Finally, the study has a valuable contribution to
the knowledge of the field.
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This study has some limitations like any other scientific researches. The study is accomplished
using the Monte Carlo algorithm implemented in GATE simulation it has limitation in real-
world testing. The test we performed do not cover all procedures mentioned at the NEMANU-
4 guideline but approximated to show the applicability of the new class of scintillation material

to design a brain PET scanner system.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The purpose of this study was to address the problem related with the demand for high
performance brain PET scanner by implementing the TOC scintillators. It majorly aims to
design and simulate highly pixelated cerium doped alkaline earth hafnates scintillators based
high-performance brain PET scanner using GATE software and evaluate the system
performance following NEMA 2008 testing criterion. The study had followed standard PET
performance testing developed by NEMA small animal PET testing procedure implementing it

through GATE nuclear medicine scanners simulation software.

The results and elaborations presented in this thesis are based on Gate Monte Carlo model for
a PET scanner implemented by a newly suggested pixelated scintillating materials LHO, SHO,
and BHO. Specific technical PET geometry has been implemented along with the scintillators
where the theoretical background obtained from scientific articles. The overall performance test
evaluated includes spatial resolution, system scatter fraction, system sensitivity and quality of
image test by applying NEMA NU4-2008 standard. The result obtained so far 1.13mm mean
axial spatial resolution, 60cps/KBg mean system sensitivity, 13.2% scatter fraction and image
quality resolving down to 1 mm rods shows a great promise for high-performance PET scanner
design through the suggested scintillators, clinically contributing to play a major role in better
diagnosis and mental health problems management. Beyond the mentioned benefits this paper

has crucial contribution to the field and able to be used as input for future studies.

6.2 Recommendations

For future studies extended design and techniques can be employed to improve system
performance. We also recommend testing the suggested scintillators in real commercial PET
scanners with minimal bridging the computer simulation to a real one. Eventually, we call for

and encourage implementing the scintillators for other PET geometries.
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