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1 Introduction

Nuclear medicine is the branch of medicine that uses radioactive substances in
the diagnosis and treatment of disease. These radioactive substances consist of
a radionuclide (tracer), chemically bound to a biologically active molecule. Once
administered to the patient, the molecule concentrates at specific organs or cellular
receptors with a certain biological function. This allows nuclear medicine to image
the location and extent of a disease process in the body, based on the cellular and
physiologic function. The ability to visualize physiological function separates nu-
clear medicine imaging techniques from traditional anatomic imaging techniques,
such as Computed Tomography (CT). Nuclear medicine imaging techniques in-
clude scintigraphy, Single Photon Emission Computed Tomography (SPECT) and
Positron Emission Tomography (PET). Of these techniques, PET has the high-
est sensitivity [1, 2] and is the diagnostic imaging technique of choice for many
diseases. It is used predominantly in determining the presence and severity of can-
cers, neurological disorders and cardio-vascular diseases (CVD). When combined
with anatomic imaging, such as CT, PET provides the best available information
on tumor extent for many common cancers [3]. It is considered essential in the
management of many human cancers [4]. The role of PET in cancer diagnosis
includes the initial staging, early and late assessment of the therapeutic response,
follow-up and diagnosis of recurrence. PET is further increasingly being used in
radiotherapy planning and follow-up and in drug development in pre-clinical tri-
als in pharmacology. Finally, it is expected that PET will play a key role in the
clinical translation of novel concepts of molecular medicine, such as in cardiology
for monitoring of new therapies and identification of individuals at elevated risk
for development of heart failure or arrhythmia/sudden death [5].

For efficient therapy, it is essential that cancer is diagnosed at the earliest
possible stage, thereby increasing the chance of patient recovery. The ability of
the physician to diagnose disease at an early stage depends crucially on the quality
and accuracy of the PET image. The image quality is primarily determined by
the PET detector performance. Significant advances in PET detector performance
have recently been possible due to the introduction of fast and bright inorganic
scintillators for radiation detection (LYSO and LaBr3:Ce); the development of
compact, fast and high-gain solid-state photosensors for detecting the scintillation
light (silicon photomultipliers, SiPMs) and the ever-increasing computing power
at affordable cost, allowing advanced signal processing in reasonable time.

PET detectors require high detection efficiency, high count rate performance
and high spatial, energy and timing resolution. If the detection of a 511 keV gamma
photon can be timed with an accuracy well below 1 ns, time-of-flight (TOF) infor-
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mation (the difference of the arrival times of two 511 keV gamma photons from the
annihilation process) can be used during image reconstruction (a technique called
TOF-PET) to significantly increase the image quality in terms of signal-to-noise ra-
tio (SNR) [6–8]. In addition, it is desirable that the full 3D position-of-interaction
of the impinging 511 keV gamma photon is reconstructed, thus including infor-
mation about the depth-of-interaction (DOI) of the gamma photon in the PET
detector. This should all be achieved, while maintaining affordable detector costs.
Unfortunately, these performance parameters often impose conflicting design re-
quirements. For example, when increasing the detection efficiency by selecting a
larger sensitive detector volume, the spatial resolution will generally deteriorate
due to increased scattering of the gamma photons inside the detector material.
When optimizing the detector performance, this necessarily means that a trade-
off has to be made between the different performance parameters. This is especially
true for the requirement of affordable detector costs.

This work concentrates on the use of large continuous (monolithic) scintillation
crystals coupled to fast photosensor arrays for TOF-PET. For optimal spatial,
energy and timing resolution, we use bright and fast scintillation crystals, namely
LYSO and LaBr3:Ce. As photosensor arrays, a fast multianode PMT (MAPMT)
and a SiPM array are used. SiPMs are a new interesting class of semiconductor
photosensors that have a high gain (similar to PMTs) and are very fast. Compared
to PMTs, these devices are much more compact and essentially transparent to
511 keV gamma rays, allowing flexible readout geometries. Furthermore, they
are compatible with magnetic fields, which makes them possible candidates for
PET-MRI integrated systems.

Chapter 2 describes system aspects of PET and explains the requirements on
the detectors, mentioned above. Chapter 3 gives a detailed overview of PET
detector components and introduces the aforementioned monolithic scintillation
detector concept. In chapter 4, a statistical estimation method is presented to
determine the 3D position-of-interaction of gamma photons inside a monolithic
scintillation crystal coupled to a MAPMT. In addition, a method to calibrate and
correct for the arrival time variation with the position-of-interaction is introduced.
In chapter 5, the position estimation method of chapter 4 is used on thick (efficient)
crystals coupled to a MAPMT. The positioning performance is tested for varying
crystal thickness and at various excitation depths. The timing performance of
small 1 × 1 mm2 SiPM sensors is characterized in chapter 6, using a picosecond
laser pulser. The timing performance of 3 × 3 mm2 SiPM sensors coupled to fast
LaBr3:Ce crystals is presented in chapter 7. Chapter 8 contains positioning and
timing results of a monolithic LaBr3:Ce crystal coupled to a SiPM array.
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