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Résumé 

 
 

La tomographie par émission de positons (TEP) a émergé comme une technique non invasive d'imagerie 
moléculaire de pointe pour l'évaluation qualitative et quantitative de processus biochimiques dans les domaines 
clinique et préclinique. La TEP est basée sur le principe de détection en coïncidence de photons d’annihilations 
émis par un objet contenant des molécules biologiques marquées par un traceur radioactif afin de reconstruire 
une image représentant la distribution spatiale tridimensionnelle in vivo de ce dernier. L'importance de la TEP 
pour l'imagerie préclinique a pris un essor considérable au cours de la dernière décennie en raison des capacités 
de cette technique pour l'étude de la physiologie et des fonctions biologiques associées à divers maladies 
humaines moyennant un modèle animal. Les scanners TEP dédiés pour l’imagerie clinique ne sont pas 
appropriés pour l'imagerie du petit animal, car ils ne fournissent pas la haute résolution et la sensibilité requise 
pour les études réalisées sur des animaux de laboratoire. Ceci a conduit à la conception et au développement de 
divers prototypes et de systèmes commerciaux dédiés à l'imagerie TEP du petit animal. 
 
La qualité d’image et la précision quantitative obtenues en imagerie TEP dépend largement des performances 
intrinsèques du scanner TEP des conditions dans lesquelles la mesure s’effectue (protocoles d’acquisition et de 
reconstruction). Ainsi, tout nouveau système doit subir des tests et une caractérisation de ses spécifications 
techniques qui serviront par la suite à contrôler la stabilité dans le temps moyennant des programme de contrôle 
et d’assurance de qualités appropriés. Il est donc vivement recommandé de caractériser les performances 
techniques de tout système d’imagerie médicale avant de l’exploiter dans un environnement clinique ou de 
recherche. 
 
Dans cette thèse, les paramètres caractérisant la performance globale de deux différents scanners TEP 
préclinique, à savoir le X-PET™ et le LabPET-8™ (Gamma Medica Ideas, Inc), représentant le composant TEP 
de la plateforme tri-modale Triumph™, ont été évalués selon le standard NEMA NU 4-2008. A cet effet, des 
fantômes spécifiques ont été développés selon les normes NEMA NU 4-2008. Le X-PET™ est un scanner dédié 
pour le petit animal utilisant le BGO (pas de radioactivité intrinsèque) comme scintillateur et des tubes 
photomultiplicateurs traditionnels pour la lecture et conversion de signal. Le LabPET-8™ est un scanner 
entièrement numérique utilisant des photodiodes à avalanche (APDs) et un assemblage (sandwich) de cristaux à 
scintillation de composé de LGSO et LYSO qui sont intrinsèquement radioactifs. Les résultats indiquent que les 
deux scanners ont une bonne résolution spatiale à travers le champ de vue. Cependant, la résolution spatiale du 
LabPET-8™ est meilleure et plus uniforme à travers le champ de vue comparé au X-PET™. Les deux scanners 
ont une haute sensibilité. Les mesures des taux de comptage indiquent que les deux scanners sont bien adaptés 
pour l'imagerie de rongeurs en utilisant des faibles concentrations de d’activité. Les fractions de rayonnement 
diffusé mesurées pour les fantômes souris et rat sont relativement faibles. Toutefois, les fractions de 
rayonnement diffusé sont plus élevées pour le LabPET-8™ comparé au X-PET™. Les résultats des analyses de 
qualité d'image indiquent que l'uniformité de l'image ainsi que les coefficients de recouvrement sont 
raisonnables. Cependant, ces résultats peuvent encore être améliorés par l'application de procédures appropriées 
incluant la correction d'atténuation basée sur la tomodensitométrie (TDM), la correction du rayonnement diffusé 
et de l’effet de volume partiel. Les résultats obtenus sur fantômes ainsi que les études de rongeurs, en termes de 
qualité d'image, montrent clairement que les deux scanners sont capable de générer des images de bonne qualité 
adaptés aux exigences de l’imagerie moléculaire. La performance globale montre que le X-PET ™ et LabPET-
8™ scanners sont adaptés à l'imagerie préclinique. Ce denier peut effectivement être considéré comme l'une des 
technologies TEP pour le petit animal les plus avancées disponibles aujourd'hui. Nos résultats suggèrent 
également que les normes NEMA NU 4-2008 doivent subir quelques modifications afin de tenir compte de la 
configuration des systèmes à géométrie non conventionnelle, comme le LabPET-8™ scanner, ainsi que la 
capacité des techniques de reconstruction itérative à modéliser ces géométries complexes afin d’améliorer la 
résolution spatiale. La capacité du scanner TEP animal à suivre des débits de comptage élevés correspondant à 
une activité dans le champ de vue supérieure à 3.7 MBq recommandée pour le fantôme qualité d'image, devrait 
également être envisagée. 
 
La qualité et la précision quantitative des images TEP sont dégradées par de nombreux facteurs physiques tels 
que l'atténuation des photons, la détection des photons diffusés et la résolution spatiale limitée du système 
d'imagerie. L’impact de ces facteurs doit être évalué et une correction adéquate appliquée pour assurer une 
quantification précise des images TEP. Ces méthodes sont largement validées et utilisées sur les systèmes 
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cliniques, cependant, elles doivent encore être examinées minutieusement pour les scanners à champ de vue 
réduit tels que ceux conçus pour l'imagerie du petit animal. Dans cette thèse, une méthode de correction 
d’atténuation dépendante de la  tension du tube à rayons X du TEP/TDM (Triumph FLEX™) préclinique a été 
proposée. Cette dernière a été validée en utilisant des études expérimentales sur fantômes et des données réelles 
de rongeurs. Il a été observé que la correction d'atténuation, souvent négligée pour l’imagerie du petit animale, 
est d'une importance primordiale en imagerie TEP préclinique. La pente des courbes de conversion d'énergie 
pour les nombres CT supérieurs à HU 0 augmente avec l’augmentation de la tension du tube. En outre, des 
coefficients de corrélation élevés ont été obtenus pour la forme quadratique de la conversion d’énergie par 
rapport à la méthode bilinéaire classique. 
 
Un nouveau  fantôme de forme conique a été conçu et fabriqué pour l'évaluation de paramètres caractérisant les 
performances du scanner TEP dépendants de la taille de l'objet comme la fraction du rayonnement diffusé (SF) et 
le « noise equivalent count rate » (NECR). Ainsi, les caractéristiques deux scanners dédiés à l’imagerie du petit 
animal (LabPET-8™ et X-PET™) ont été étudiées en utilisant ce fantôme en termes de fraction du rayonnement 
diffusé et d'analyse de taux de comptage. Un fantôme unique permet d'évaluer l'effet de trois facteurs, à savoir le 
déplacement radial, le seuil bas de l'énergie, et la taille de l'objet sur la SF et le NECR pour différentes tailles de 
souris, rats et petits lapins utilisés comme spécimens en rechercher biomédicale. Ceci rend le fantôme conique 
adapté à l'évaluation de la variation de paramètres tels que la SF et le NECR en fonction de la taille de l'objet en 
imagerie TEP préclinique. 
 
De nos jours, pour rentabiliser l’utilisation et réduire le temps d’acquisition des scanners PET précliniques pour 
des études impliquant un nombre important de sujets, plusieurs rongeurs placées dans différentes positions 
radiales et/ou axiales dans le champ de vue sont scannés simultanément.  
Cependant, avec l'augmentation du nombre de rongeurs dans le champ de vue, les effets combinés de 
l’atténuation et de la diffusion Compton sont accentués, ce qui a pour conséquence la détérioration de la qualité 
des images TEP et l’augmentation du biais dans la quantification. Ainsi la quantité et la distribution spatiale du 
diffusé Compton  pour un scanner TEP préclinique a été caractérisé et corrigé dans différentes situations 
(imagerie d’un seul sujet ou imagerie simultanée de plusieurs sujets). 
 
La correction du rayonnement diffusé Compton moyennant la technique de simulation de diffusion simple a 
montrée une bonne concordance avec les simulations de Monte Carlo. La correction du rayonnement diffusé et 
de l'atténuation améliore le contraste des images TEP ainsi que la précision de la quantification. Ainsi, il s’avère 
que, contrairement aux arguments présentés dans la littérature, la correction d'atténuation est nécessaire pour un 
ou plusieurs rongeurs (tout spécimen confondu) alors que la correction du rayonnement diffusé est nécessaire 
seulement pour les rats dans le cas de scans séparés et pour les rats et souris scannés simultanément. 
 
Cette thèse implique une approche interdisciplinaire incluant l'instrumentation biomédicale, la physique des 
radiations, le traitement et l’analyse des images ainsi que les algorithmes associés aux applications dédiées à 
l'imagerie moléculaire en TEP préclinique, ce qui justifie la qualification d'une thèse interdisciplinaire. 
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Summary 
 
 
 
Positron emission tomography (PET) has emerged as a remarkable molecular imaging technology for qualitative 
assessment and quantitative measurement of biochemical processes in vivo in the clinical and preclinical 
domains non-invasively. PET detects annihilation photons which are emitted from a subject following injection 
of radiotracer–labelled compounds to enable the reconstruction of the 3-dimensional spatial distribution of the 
underlying radiotracer within the body. The importance of PET in preclinical imaging has increased significantly 
during the last decade owing to its capabilities for studying physiological and biological functions in living small 
animal models of human disease. Clinical PET scanners are not considered suitable for small-animal imaging 
since they do not provide the high resolution and sensitivity required for small laboratory animal studies. This 
has lead to the design and development of various prototype and commercial scanners dedicated for small-
animal PET imaging. 
 
Optimum image quality and quantitative accuracy in PET depends largely on the intrinsic performance 
parameters of the scanner and the conditions under which the measurement is performed (acquisition and 
reconstruction protocols). As such, any new system must undergo testing and characterization of its technical 
specifications that will eventually control its stability in time by means of dedicated quality assurance and 
quality control programs. It is therefore strongly recommended to characterize the technical performance of any 
medical imaging system prior to use in a clinical or research environment. 
 
In this dissertation, the performance characteristics of two state-of-art preclinical PET scanners, namely X-
PET™ and LabPET-8™, used as subsystems for the Triumph™ trimodality (PET/SPECT/CT) platform, were 
assessed according to NEMA NU 4-2008 standards. Specific phantoms were developed for this purpose adhering 
to NEMA NU 4-2008 specifications. The X-PET™ is a BGO detector-based small animal PET scanner using 
conventional photomultiplier tubes whereas the LabPET™-8 is an avalanche photodiode (APD)-based digital 
PET scanner using a phoswich design (sandwich–like) consisting of two intrinsically radioactive scintillation 
crystals, namely LGSO and LYSO. The results indicate that both scanners have a good spatial resolution across 
the field-of–view (FOV). However, the LabPET™-8 scanner has a higher and more uniform spatial resolution 
across the FOV than the X-PET™ scanner. Both scanners have comparable sensitivity. The count rate 
performance measurements indicate that both the scanner is well suited for imaging rodents using low activity 
concentrations. The scatter fractions measured for the mouse- and rat-sized phantoms are relatively small. 
However, the scatter fractions for the LabPET™-8 are higher compared to the X-PET™ scanner. The image 
quality phantom results indicate that the image uniformity and recovery coefficients are reasonable. However, 
these values can still be improved by applying appropriate data correction procedures including CT-based 
attenuation, and scatter and partial volume corrections. Imaging studies of the image quality phantom and 
rodents clearly demonstrate good imaging capabilities. The overall performance evaluation shows that the X-
PET™ and LabPET-8™ scanners are suitable for preclinical imaging-based research, the latter could be 
considered as one of the most technologically advanced dedicated small-animal PET scanners available today. 
Our results also suggests that the NEMA NU 4-2008 standards should consider the analysis of spatial resolution 
for systems with unconventional geometries such as the LabPET™-8 scanner apart from simple ring type 
geometry systems like X-PET™ scanner since the former were designed to operate with statistical reconstruction 
techniques with accurate system modeling to enhance the resolution. In addition, the capability of the small-
animal PET scanner to follow high count rates at activity levels higher than recommended values (3.7 MBq for 
the image quality phantom) should also be considered. 
 
The image quality and quantitative accuracy of PET images are degraded by many physical factors such as 
photon attenuation, the detection of scattered photons and the finite spatial resolution of the imaging system and 
associated partial volume effect. The impact of these degrading factors should be evaluated and appropriate 
correction techniques used to achieve accurate PET quantification. These methods are usually validated and 
widely used on clinical PET systems; however; they still need to be thoroughly investigated on dedicated high 
resolution small field-of-view PET scanners, such as those used for small-animal imaging. In this dissertation, 
the tube voltage dependent CT-based attenuation correction (CTAC) procedure was implemented and evaluated 
on the FLEX Triumph™ preclinical PET/CT system. Experimental phantom and preclinical PET studies were 
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successfully corrected for photon attenuation using the implemented procedure. Contrary to arguments reported 
in the literature regarding the relevance of attenuation correction in small animal imaging, it was observed that 
attenuation correction is of prime importance in preclinical PET imaging. The slope of the energy-mapping 
curves for CT numbers greater than 0 HU increases with increasing tube voltage. In addition, higher correlation 
coefficients were obtained for the quadratic energy-mapping method compared to the bilinear energy-mapping 
method. 
 
A novel cone-shaped phantom was designed and fabricated for assessment of object size-dependent scatter 
fraction (SF) and noise equivalent count rate (NECR) for small animal PET scanners. The characteristics of the 
LabPET™-8 and X-PET™ small animal PET scanners were studied using this phantom in terms of SF and count 
rate analysis. A single cone-shaped phantom enables the assessment of the effect of three factors, namely radial 
offset, energy threshold and object size on the SF and NECR for various sizes of mice, rats and small rabbits. 
This makes the cone-shaped phantom suitable for evaluation of object size-dependent SF and NECR for 
preclinical PET imaging. 
 
Nowadays, to increase the throughput for small-animal PET studies, multiple rodents are being scanned 
simultaneously at different radial offsets in the scanner’s FOV. However, with increasing the number of subjects 
in the scanner’s FOV, photon attenuated will be amplified and a larger proportion of scattered photons will be 
detected which will deteriorate PET image quality and quantitative analysis. Therefore, the magnitude and 
distribution of the scatter component of small-animal PET imaging was first characterized and the corrected 
when imaging single and multiple subjects simultaneously. Scatter correction using the single scatter simulation 
technique has shown good agreement with Monte Carlo simulations. Therefore, the correction for photon 
attenuation and scatter improves PET image contrast and quantification. It was concluded that for accurate PET 
quantification, attenuation correction is required for single as well multiple mouse and rat studies whereas scatter 
correction is required for single rats, as well as multiple mice and rat studies. 
 
This dissertation engages an interdisciplinary approach involving biomedical instrumentation, medical physics 
and computational models and algorithms for molecular imaging based research using dedicated small-animal 
PET instrumentation, justifying its categorisation as an interdisciplinary dissertation. 
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1.1 Introduction 
 
Molecular imaging is playing a crucial role in biomedical research to study, visualize and quantify 
biochemical processes in humans and animal models at the molecular level in vivo. Molecular imaging 
is employed in a wide variety of applications requiring imaging of specific molecular targets in living 
subjects, the application of externally labelled targeted or a reporter agents that capture specific 
molecular targets or cellular processes, the use of labelled or even natural compounds to study 
particular pathways, etc. Molecular imaging techniques are used to depict pathological changes early, 
thus enabling better patient management. For example, specific molecular probes can detect the onset 
of cancer before anatomical changes are detectable. Disease treatment monitoring for any particular 
therapy can be assessed using molecular imaging. The development of new drugs is costly and time-
consuming. Molecular imaging plays an important role in accelerating drug discovery and reduces 
overall development costs. Imaging studies can be performed on animal models of human disease 
using a wide range of molecular imaging probes. New targets for drugs can be discovered by imaging 
biomarkers specific to disease. In clinical trials, the efficacy of new drugs can be evaluated more 
quickly through imaging biomarkers rather than histological analysis of tumour samples. 

 

 
 

Figure 1.1. The development and applications of various imaging technologies used in for clinical and 
preclinical biomedical research. Macroscopic imaging technologies are shown above the timeline. Microscopic 
and other intravital optical techniques are shown below the timeline. Also shown are surface-weighted, whole-
mouse, two-dimensional techniques (macroscopic reflectance row); tomographic three-dimensional techniques, 
often in combination with other anatomical modalities (tomography row); and intravital microscopy techniques 
(microscopy row). The timeline is approximate and is not to scale. BLI, bioluminescence imaging; CT, 
computed tomography; DOT, diffuse optical tomography; FMT, fluorescence-mediated tomography; FPT, 
fluorescence protein tomography; FRI, fluorescence reflectance imaging; HR-FRI, high-resolution FRI; LN-
MRI, lymphotropic nanoparticle-enhanced MRI; MPM, multiphoton microscopy; MRI, magnetic resonance 
imaging; MSCT, multislice CT; OCT, optical coherence tomography; OFDI, optical frequency-domain imaging; 
PET, positron-emission tomography. Reproduced with permission from [1].  
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Molecular imaging techniques cover the electromagnetic spectrum from ultrasonic to gamma ray 
and x-ray frequencies. Within this spectrum, magnetic resonance imaging (MRI), optical imaging and 
nuclear imaging techniques such as positron emission tomography (PET), and single-photon emission 
computed tomography (SPECT) are emerging as widely used molecular imaging techniques. Currently 
available medical imaging modalities can be classified in two broad categories: structural (anatomic) 
and functional (physiologic) imaging. Ultrasound (US), bioluminescence imaging, x-ray computed 
tomography (CT); MRI provide detailed structural information, whereas SPECT and PET, 
fluorescence reflectance imaging, fluorescence-mediated tomography (FMT), and optical imaging, 
provide the biological functional information about the subjects being imaged [2-4]. State-of-the-art 
development of molecular imaging techniques is demonstrated in figure 1.1 [1].  

 
These modalities are used standalone or in combination with each other, thus enabling 

multimodality imaging during a single session [5-8]. Figure 1.2 depicts grossly the extent of each 
imaging modality based on its widespread use. 

 

 
 
Figure 1.2. Extent, over the imaging applications, of the most popular imaging modalities based on their 
widespread use. 
 
 
1.2 Molecular imaging modalities 
 
1.2.1 Optical Imaging 
 
Optical imaging deals with detecting the transmitted light passing through biological tissues. Photon 
transport in biological tissue is severely affected by the processes of absorption and scattering. 
Absorption takes place when the energy associated with the photon frequency matches an energy 
transition state within the biological tissue. This leads to reduction of the total photon energy. 
Scattering occurs when light is incident upon the atoms of the tissue leading light to deviate from its 
original path. The propagation of light through biological tissue experiences both absorption and 
scattering simultaneously. Absorption and scattering depends on the wavelength and depth of 
penetration in the living tissues. For preclinical in vivo molecular imaging, optical imaging 
technologies such as diffuse optical tomography (DOT), near-infrared fluorescence imaging, 
fluorescence protein imaging and bioluminescence imaging (BLI) are emerging as powerful tools for 
measuring dynamic metabolic processes. The two popular optical imaging modalities 
(bioluminescence and fluorescence) involve the detection of light signatures emitted from living 
animals at visible or near-infrared wavelengths by a sensitive charge-coupled device (CCD) camera. 
Bioluminescence imaging detects very low levels of light generated due to catalysis of luciferin 
substrates by luciferase enzymes and has high sensitivity and low noise. On the other hand, 
fluorescence imaging often have high background due to auto-fluorescence and absorption of light 
signals generated by the excited fluorophores and is less sensitive [9]. The spatial resolution of both 
modalities is 2–5 mm. 
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1.2.2 Ultrasound Imaging 
 
Ultrasound imaging uses high-frequency sound waves to view soft tissues such as muscles and internal 
organs. Because ultrasound images are captured in real-time, they can show movement of the body's 
internal organs as well as blood flowing through blood vessels. In an ultrasound exam, a hand-held 
transducer is placed against the skin. The transducer sends out high frequency sound waves that reflect 
off of body structures. The returning sound waves, or echoes, are displayed as an image on a monitor. 
The image is based on the frequency and strength (amplitude) of the sound signal and the time it takes 
to return from the patient to the transducer. Over the last decade, developments in molecular biology 
and contrast agents made it possible to use of ultrasound to study changes in the expression of 
molecular markers on the vascular endothelium and other intravascular targets. Ultrasound systems are 
low cost, portable (and becoming even more so with shrinking electronic components), and safe for 
both the user and the patient over repeated use because of the lack of ionizing radiation. Although 
molecular imaging using ultrasonic radiation has made significant advancement over the last decade, 
this technology still suffers from many challenges such as high background noise from circulating 
agents, limited field-of-view and mediocre quantitative performance. These issues still need to be 
overcome before the full diagnostic potential of this technique can be exploited [10]. 
 
1.2.3 MRI Imaging 
 
MRI is a highly powerful imaging modality which uses a high strength magnetic field and 
radiofrequency (RF) energy to visualize the in-vivo structure, soft tissue morphology of the living 
organisms. MRI is based on the principles developed for nuclear magnetic resonance, a spectroscopic 
technique used to obtain microscopic chemical and physical information about molecules. MRI is a 
technique most frequently relying on the relaxation properties of magnetically excited hydrogen 
nucleus in water because of its large presence in organic molecules and its particular characteristics. 
Weak radio waves are produced due to changes in dipolar movement of the hydrogen atoms present in 
the imaged subjects in a strong magnetic field. These radio waves as signals are acquired and 
amplified by the magnetic resonance system. Various image processing algorithms are used to 
reconstruct the images and to produce quantitative results. Angular momentum results from the 
constant motion and spin of nuclear particles about their axes such as protons and neutrons. Net 
angular momentum is zero for atoms having equal number of protons and neutrons, whereas atoms 
with an unequal number have a certain spin angular momentum. The sensitivity of MRI is low and 
dependent on the volume of the sample and the magnitude of the oscillating RF field, the static 
magnetic field strength, the bandwidth of acquisition, the effective resistance of the RF coil and the 
number of acquisitions. The spatial resolution of MRI is high, in the order of sub-millimetre, and is not 
limited by excitation wavelength or the diffraction limit of photons [11]. 
 
1.2.4 Nuclear Imaging 
 
In nuclear imaging, relevant information is derived from observing the biodistribution of a 
radiopharmaceutical administered to the subject under study. By incorporating a radionuclide into the 
pharmaceutical, measurements of the biodistribution of this radiopharmaceutical can be made by 
measuring the amount emitted radioactivity using dedicated instruments such as gamma cameras, 
SPECT and PET scanners. Nuclear medicine imaging enables to study body’s biochemistry, the 
particular aspects of which depend upon the choice of the radiopharmaceutical. This is in contrast to 
other commonly used imaging procedures whose main strengths are to show the anatomy. Detection 
of gamma-rays is achieved through specific instrumentation, which consists of an array of scintillation 
crystals to convert gamma-ray energy into visible light, suitable light sensors, readout electronics, and 
image processing units. Both PET and SPECT have been used for molecular imaging during many 
years because of their excellent sensitivity, availability and specificity of probes, suitable FOV ranging 
from centimetres to sub-metre scales. However, both PET and SPECT suffer from low spatial 
resolution because of the difficulty of determining the exact origin of emission in tissues. SPECT 
detects gamma photons using a gamma camera which is step-rotated around the subject and forms an 
image using various analytic or iterative reconstruction procedures. The gamma camera consists of a 
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collimator, detector crystals and PMTs. The collimator is a pattern of holes in a gamma-ray-absorbing 
material such as lead or tungsten, which ensures that all detected photons have propagated along 
parallel paths so that the origin of emission can be distinguished. Thallium-activated sodium iodide 
(NaI (TI)) detector crystals are generally used in SPECT gamma cameras to convert high-energy 
photons to visible light. However, nowadays semiconductor-based detectors such as cadmium-zinc-
telluride (CZT) are used to increase both the sensitivity and spatial resolution. The spatial resolution of 
SPECT is affected by the geometric resolution degradation of the collimation, although SPECT does 
not rely on paired photon annihilation, and therefore does not suffer from acollinearity. Since 
collimators are required for SPECT, the detectors consist of plane blocks called heads that rotate 
around the subject being imaged to capture photons from all angles. To improve system sensitivity and 
decrease the acquisition time, multiple heads are used in SPECT imaging.  

 
In recent years, PET became an integral non-invasive molecular imaging modality in biomedical 

and biological imaging research because PET can demonstrate pathologic changes in living tissues 
before they are seen on other imaging modalities [12]. PET imaging provides safe, effective and 
painless investigation of molecular pathways to provide valuable information in clinical diagnosis, 
evaluation of response to therapy, diagnosis of cardiovascular disease, evaluation of neurodegenerative 
diseases such as Alzheimer disease, Parkinson disease, dementia, epilepsy and many other diseases. In 
PET, a positron-emitting radionuclide labelled with a specific chemical compound is administered to 
the patient, which then emits radiation that will be detected by the PET detectors. More details about 
PET imaging instrumentation are provided in chapter 2. 
 
    PET is now a well established imaging modality which has gained widespread clinical acceptance. 
Moreover, the role of PET in preclinical research has increased manifold during the last decade owing 
to the capabilities of this technique for studying cellular and molecular processes associated with 
disease in living small animal models of disease [13]. Small-animal PET imaging allows repeated, 
longitudinal, and non-invasive study of small animals and the use of the same animal as its own 
control in various experiments. However, PET bears intrinsically many limitations such as the low 
spatial resolution, low signal to noise ratio (SNR) and low image contrast. This can be improved 
through combination with anatomical imaging modalities such as CT or MRI, which have much better 
spatial resolution, faster scan times, and good tissue contrast compared to PET. Enormous interest has 
been reflected during the last decade in the use of multimodality imaging technologies. Many such 
studies have demonstrated the uniqueness and importance of multimodality imaging for diagnosis and 
further treatment of different diseases and molecular abnormalities along-with better understanding of 
physiological and biological processes of living organisms. The concept of multimodality imaging in 
which two or more imaging modalities such as PET-CT, PET-MRI, PET-SPECT-CT, and PET-MRI-
CT are integrated on single platforms, has emerged as a novel approach to overcome the limitations of 
single imaging modalities. For instance, in oncologic applications, anatomic imaging is often used to 
distinguish the site of localized radiopharmaceutical either in disease (e.g. in the primary tumour, 
lymphatic system, or metastatic site) or in benign physiological process (e.g. in the gastrointestinal 
tract, urinary system, or in sites of inflammation) [7]. In addition, CT or MRI-derived subject-specific 
anatomical maps can be utilised to correct or compensate for image degrading factors in PET.  
 
    Initially, multimodality imaging was accomplished using software-based image registration and 
fusion to match anatomic (CT and MR imaging) and functional (SPECT and PET) information in 
clinical and research settings. Accomplishment of registration-based multimodality imaging is another 
alternative especially when different modalities are involved. For instance, the high specificity of PET 
and SPECT imaging probes may lead to insufficient information in metabolic images for co-
registration with the anatomic data. This led to integration of multimodality imaging using combined 
hardware approaches following the pioneering work of Hasegawa and colleagues (University of 
California, San Francisco) in the 1990s which resulted in the development of dedicated SPECT-CT 
[14]. Afterwards, Townsend and co-workers (University of Pittsburgh) in 1998 pioneered the 
successful work of imaging PET and CT data sequentially using the integrated PET-CT approach for 
correlated functional and structural imaging [15]. Following the success and wide clinical adoption of 
PET-CT scanners, commercial integrated SPECT-CT have also been developed and put into clinical 
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practice by the major vendors. The superior diagnostic quality and the shorter acquisition time 
achieved by these CT scanners offer significant advantages. Most SPECT-CT systems incorporate a 
dual-headed SPECT camera coupled to a multi-slice (2, 6, 16 or 64 slice) diagnostic CT scanner 
whereas current PET/CT systems incorporate a full-ring PET scanner equipped with dedicated 
detectors allowing either 2D/3D or only 3D PET imaging and a CT scanner having up to 128-slice 
capability. Despite the success and popularity of PET-CT and more recently of SPECT-CT, there are 
some shortcomings in the use of CT as the combined anatomical imaging modality. Firstly, CT adds 
radiation dose to the overall examination, particularly if used in a full diagnostic role with contrast 
enhancement. Second, CT provides relatively poor soft tissue contrast in the absence of oral and 
intravenous iodinated contrast, particularly if low dose acquisition protocols are utilized to minimize 
radiation exposure. These two theoretical limitations do not apply to MRI, which does not involve 
ionizing radiation and provides soft tissue imaging with high spatial resolution and superior contrast 
compared to CT. MRI can also provide more advanced ‘functional’ imaging techniques such as 
perfusion and diffusion imaging as well as spectroscopy, which may be additive to functional 
information obtained by PET. Furthermore, the high sensitivity of PET may also complement the poor 
signal strength inherent in current functional MRI. The combination of PET and MRI into a single 
scanner may therefore be the pioneer hybrid imaging modality, combining the metabolic and 
molecular information of PET with the excellent anatomical detail of MRI, while offering new 
potential applications with respect to functional MRI technology. There have been several recent 
publications on the value of fused or co-registered PET-MR images in preclinical and clinical practice 
[16]. There are, however, a number of technical problems that need to be overcome before a clinical 
hybrid PET-MR scanner can become a reality. Both MRI and PET have the potential to affect each 
other’s performance in their current form. One of the main problems is that photomultiplier tubes, a 
fundamental component of current PET detectors, will not function in a ‘magnet’ as the high magnetic 
field causes electrons to deviate from their original trajectory, resulting in loss of gain [17]. Early in 
this history of hybrid PET-MRI, a small prototype PET-MRI scanner has been developed using long 
optical fibres to transport light from the detector to photomultiplier tubes situated in a low field region. 
The potential of using novel readout technologies insensitive to magnetic fields, including avalanche 
photodiodes (APDs) and Silicon PMTs (SiPMs) has and is still being explored for further 
development. APD-based technology has been successfully implemented by one vendor of small-
animal PET scanners [18] and used as building block in many preclinical and clinical PET/MR 
systems [19]. 
  

Clinical whole-body PET scanners are not appropriate for the purpose of scanning laboratory 
animals since they do not provide the high resolution and sensitivity required for small animal studies 
[20]. This resulted in the design and development of various prototypes and commercial devices 
dedicated for small animal PET imaging. Optimal image quality and quantitative accuracy depends on 
the performance characteristics of each specific PET scanner. In addition, the selection and acceptance 
of any new system mainly depends on its technical specifications. Accurate quantification in PET 
imaging suffers from many physical degrading factors such as the attenuation of photons, the detection 
of scattered photons and the finite spatial resolution of the imaging system. These degrading factors 
should be evaluated and corrected to achieve accurate quantification in PET imaging. Such correction 
methods are widely used and validated on clinical systems; however, they still need to be thoroughly 
investigated on dedicated high resolution, small field-of-view scanners such as those used for small-
animal imaging.  
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1.3 Outline of the thesis 
 
1. Chapter 1 introduces the subject matter whereas Chapter 2 summarizes the trends and recent 

advances in PET instrumentation and quantification with special emphasis on small-animal 
imaging applications. 

 
2. It is highly desirable to assess the PET system performance characteristics before using it for 

imaging. Chapters 3 and 4 report on a comprehensive evaluation of the performance 
characteristics of two preclinical PET scanners, namely the X-PETTM and LabPET-8™ used as 
PET subsystems on the FLEX Triumph™ trimodality preclinical imaging platform. Specific 
phantoms for this purpose were developed adhering to NEMA NU 4-2008 standards. Performance 
characteristics such as spatial resolution, scatter fraction, count rate measurements, sensitivity and 
image quality characteristics were assessed. 

 
3. Chapter 5 presents the development and evaluation of CT-based attenuation correction (CTAC) in 

preclinical PET imaging, implementation of tube-voltage dependent CTAC procedure on the 
FLEX Triumph™ preclinical PET/CT and assessment of the quantitative performance of both 
bilinear and quadratic energy-mapping methods for attenuation correction of PET images. 

 
4. In chapter 6, a novel cone-shaped phantom was designed and fabricated for assessment of object 

size-dependent scatter fraction and noise equivalent count rate for small animal PET scanners. The 
scatter distribution characteristics of the LabPET™-8 and X-PET™ small animal PET scanners 
were studied using this phantom in terms of scatter fraction and count rate analysis. 

 
5. To increase the throughput of small-animal PET scanners, multiple rodents are being scanned 

simultaneously at different radial offsets in the scanner’s field-of-view. Chapter 7 reports on the 
characterization and correction of the scatter component in small-animal PET imaging when 
imaging single and multiple subjects simultaneously. 

 
6. Chapter 8 concludes this work and discusses future perspectives in this field along with possible 

scenarios on how this work should be continued. 
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Early investigations reporting on the use of positron-emitting radionuclides for medical applications 
can be traced back to brain scanning experiments conducted in the pioneering work of Brownell, 
Sweet, and colleagues at Massachusetts General Hospital who devised the first apparatus based on 
coincidence detection to localize brain tumours [21-23]. Likewise, most of the first human PET 
prototypes were developed specifically for functional brain imaging [24-26]. The advent of higher 
computational power, innovations in detector technology and specific radiotracers along with the 
combined effort of interdisciplinary research groups has led to the emergence of state-of-the-art PET 
technology and its acceptance as a clinical tool. 
 
2.1 Basic PET physics and instrumentation 
 
PET imaging involves the detection of two 511-kiloelectron volt (keV) annihilation photons generated 
as a by-product of positron decay by unstable neutron-deficient radionuclides as shown in figure 2.1. 
These annihilation photons are detected using dedicated PET scanners by means of scintillation 
detectors arranged in geometric shapes that approximate a circle in 2D and a cylinder in 3D 
surrounding the patients [12]. The scintillation crystal is one of the vital components of PET scanners 
[24]. The ideal characteristics of scintillation crystals are high light yield, fast rise and decay times, 
high stopping power and good energy resolution, linearity of response with energy, low cost, 
availability, moisture resistance, and ductility [25]. Some of the commonly used scintillation detectors 
in PET are Bismuth Germanate (BGO), Lutetium Orthosilicate (LSO), Lutetium-Yttrium-
oxyorthosilicate (LYSO) and Lutetium-Gadolinium-oxyorthosilicate (LGSO). The characteristics of 
various scintillation detectors for PET imaging are shown in Table 2.1. 
 

 
 

Figure 2.1. Representation of positron emission and annihilation processes and coincidence detection of 
resulting annihilation photons emitted back to back, each having an energy of 511 keV. 
 

The detection of two annihilation photons simultaneously within a short time interval (coincidence 
timing window) leads to a coincidence event, generated based on the energy deposited by the photons 
in the scintillating detectors. These events are termed as prompt events. However, the accidental 
detection of two photons from uncorrelated positron annihilations gives rise to random events. There 
is possibility that one or both photons from a single positron annihilation detected within the 
coincidence timing window may have undergone a Compton interaction. These events are deflected 
from their actual direction and are termed scattered events. The different types of coincidence events 
recorded by a PET scanner are shown in figure 2.2. 

The detected coincidence events are reconstructed to estimate the spatial distribution of positron 
emissions [27]. When two annihilation photons are detected simultaneously within a predefined 
coincidence timing window, it is assumed that a positron was emitted somewhere on the line that 
connects the two opposite detectors involved. The line connecting the two detectors is termed a line-
of-response (LOR) [28]. PET data can be acquired either in 2-dimensional (2D) mode or 3-
dimensional (3D) mode. In 2D mode a physical material usually consisting of tungsten (called septa) 
is placed between adjacent rings of the PET scanner typically consisting of several rings. Those LORs 



 
Chapter 2 
 

10 
 

formed within the same ring are referred to as direct planes. This limits the acquisition angle for each 
detector reducing the total number of acquired events. At the same time this reduces random and 
scattered events. To increase the sensitivity of PET scanners, the data are acquired without septa, thus 
enabling the detectors to acquire the data from all directions. In this case, direct LORs as well as LORs 
in adjacent rings (cross planes) are also recorded. This type of data acquisition is referred to as fully 
3D PET imaging. 

Table 2.1. Characteristics of scintillation crystals used in current PET scanners. 

Scintillator BGO LSO GSO LGSO LYSO 

 

Formula Bi4Ge3O12 Lu2SiO5:Ce Gd2SiO5:Ce LuGdSiO5:Ce LuYSiO5:Ce 

Density (g/cc) 7.13 7.4 6.71 5.3 7.19 

Effective Z 75 66 60 61-65 60 

 

Principal decay 

time (ns) 

300 42 60 40 40 

Peak wavelength 

(nm) 

480 420 440 420 420 

Refractive Index 2.15 1.82 1.95 1.8 1.81 

Light Output 

(PMT)* 

15 75 20 38 75 

Light Output 

(APD)* 

30 85 40 55 85 

Attenuation length 

(mm)$ 

10.4 11.5 14.2 11.6 11.2 

Hygroscopic No No No No No 

   * Relative to NaI(Tl) 

  $@ 511 keV  

 

 

 

 



 
                              Trends in PET instrumentation and quantification 

11 
 

 
 

Figure 2.2. Different types of coincident events in PET shown on a single detector ring. 
 

A typical whole-body PET scanner collects several million coincidence events. From these 
coincidence events, the spatial distribution of the underlying radiotracer is recovered by applying 
appropriate image reconstruction algorithms including analytic (e.g. filtered backprojection) [29-33] 
and iterative (e.g. maximum-likelihood expectation maximization) [34-38] to produce tomographic 
images. The reconstruction algorithm used in PET imaging significantly affects the achieved spatial 
resolution, image quality and quantitative accuracy. It has been shown that iterative algorithms 
provide better image quality with better noise properties compared to conventional analytic methods 
[39]. The radioactivity is usually labelled with naturally available biological compounds such as 
carbon, hydrogen, nitrogen and oxygen. Commonly used radionuclides in PET imaging are 
summarised in Table 2.2. 

Table 2.2. Commonly used positron-emitting radionuclides and their physical characteristics. 

Radionuclide !+ energy 
(MeV) 

!+ range 
(mm) 

Half-life 
(minutes) 

18F 0.64 0.6 109.8 
15O 1.7 2.5 2.03 
11C 0.96 1.1 20.3 
13N 1.19 1.32 9.96 

68Ga 1.9 2.9 68 
82Rb 3.35 4.29 1.25 
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2.2 Historical development of small-animal PET instrumentation 
 
The design and geometry of PET scanners depends on the application it is intended for. The initial use 
of PET imaging started with clinical applications. Since clinical PET scanners do not provide the high 
spatial resolution and high sensitivity required for imaging sub-millimetre level small structures of 
rodents, dedicated PET instrumentation was developed to study animal models of various human 
diseases. To achieve this, scanners should have higher spatial resolution detectors and provide finer 
spatial sampling along with high sensitivity. For instance, the spatial resolution of a state-of-the-art 
human PET system is usually in the range of 4–6 mm while the required resolution for small-animal 
PET is usually in the range of 1-2 mm FWHM [40]. This led to the design and development of various 
dedicated small-animal PET scanners. By the mid-1990’s, the first small animal PET systems were 
designed for imaging animals. The earlier small animal PET systems based on BGO crystals were the 
SHR-2000 developed by Hamamatsu and the ECAT-713 developed by CTI PET Systems Inc. The 
Hamamatsu system consisted of BGO crystals having dimensions of 1.7!10!17 mm3 individually 
coupled with a position sensitive photomultiplier tube (PSPMT). Each PSPMT covered four rows of 
33 crystals. The ECAT-713 system had a block-detector design having detector crystals of size 
3.5!6.25!30 mm3 integrated to two dual anode photomultiplier tubes (PMTs). The axial FOV was 5.4 
cm. Thereafter, the first dedicated rodent PET scanner installed in Hammersmith hospital (London, 
UK) was developed in collaboration with CTI PET Systems, Inc. (Knoxville, TN). This dedicated 
scanner consisted of 16 blocks of BGO detectors arranged into a ring 11.5 cm in diameter with a 5-cm 
axial field-of-view. The individual scintillation crystal had a size of 3.5!6.0!30 mm3. The measured 
spatial resolution at the scanner’s central FOV was 2.4 mm in the transverse plane and 4.6 mm along 
the axial direction. For an energy window of 250 to 750 keV, the absolute sensitivity of the scanner at 
the centre of the FOV was 4.3%. 
 
2.3 Advances in small-animal PET instrumentation 
 
Ever since the first small animal PET system surfaced, small animal PET scanners are in continuous 
development in terms of instrumentation, data acquisition and processing. New systems are designed 
and developed with higher sensitivity, spatial resolution, and higher count rate capabilities and in some 
cases made commercially available for molecular imaging-based preclinical research [41-45]. PET 
systems which are commercially available nowadays have unique design concepts and innovative 
instrumentation. The Siemens Inveon [46] is an upgraded version of the microPET Focus [47] having 
larger detectors and tapered light guides. It consists of a 1.5mm FWHM spatial resolution at central 
FOV with 10% sensitivity at 250 keV. The General Electric (GE healthcare) eXplore Vista optimises 
an LSO!GSO phoswich design [48] having a resolution of 1.6 mm at the central FOV with a 
sensitivity of 4% at 250 keV. The Philips MOSAIC, originally developed at the University of 
Pennsylvania, is composed of continuous blocks of 17,000 detectors attached to standard PMTs 
through an circinate diffuser [49]. The FLEX Triumph™ PET/CT platform uses a BGO crystal-based 
X-PET™ subsystem which uses photomultiplier quadrant-sharing (PQS) method to maximize the 
number of crystals per PMT that can be decoded, thus improving the spatial resolution. The sensitivity 
and light output are maximized by using 96% crystal-packing fraction and no light-guides. High yield 
pileup event recovery (HYPER) electronic processing technology is used to improve the count rate 
performance as shown in figure 2.3. Almost all commercially available small-animal PET systems use 
photomultiplier-based detector blocks, except the LabPET (Gamma Medica, Inc, Nortridge, CA), 
which uses semiconductor-based APD photodetectors. The design features of current commercially 
available small-animal PET systems are described in [13]. Figure 2.4 shows the APD-based PET 
subsystem (LabPET-8TM system) used as subsystem on the Triumph™ trimodality platform along with 
the digital acquisition board integrated with the detectors. 

The main focus of developments in small animal PET imaging is to increase the spatial resolution 
and sensitivity. The sensitivity of most current small animal PET scanners is in the range of 0.5–10% 
[46, 50-54] . These values can still be increased using different strategies such as increasing the solid 
angle coverage of PET systems which is currently less than 20% and designing high-efficiency 
detectors. 
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Figure 2.3. FLEX Triumph™ PET/SPECT/CT platform. The specific trapezoidal design of detectors and 
HYPER electronics are also shown [55]. 
 

 
 
Figure 2.4. APD-based PET subsystem (LabPET-8TM) of the Triumph™ trimodality system. The digital 
acquisition board integrated with the detectors are also shown. 
 

The spatial resolution of a small-animal PET scanner depends on factors such as the size of the 
detector crystal, positron range, and photon non-collinearity during annihilation [56]. The spatial 
resolution reported for state-of–art small-animal PET scanners is about 1 mm full width at half-
maximum [54]. 

New, fast response time and smaller scintillation detectors such as LGSO and LYSO are being 
explored and used. These detectors are used in combination to take advantage of their combined 
properties. The design of two-layer scintillation crystal arrays (phoswich design) allows the estimation 
of photon depth of interaction (DOI). Each layer is made of a different type of scintillation crystal 
(LYSO or LGSO) with a different light decay constant. Pulse-shape discrimination methods are used 
to determine which array layer was hit by an incoming photon [57, 58]. The conversion of scintillation 
light output into suitable signals for image formation is evolving from analogue to fully digital. The 
photodetectors are used to collect and convert the scintillation light obtained from the crystals into 
electronic pulses. These are then amplified and processed to estimate the incoming interaction 
location, total energy deposited, and arrival time of each incoming annihilation photon. In addition to 
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developments in traditional photomultiplier tubes, alternative MR-compatible photodetectors such as 
APDs and Silicon PMTs (SiPMTs) are being used in current small-animal PET systems [59-61]. 
 
2.4 Performance characterisation of PET scanners 
 
The widespread popularity and commercial availability of small animal PET scanners, led to the 
requirement for some standardized methods which can be used to assess the performance and compare 
various small-animal PET scanners. Such standardization allows to establish a baseline of system 
performance in typical imaging conditions, which can be used for further monitoring of the scanner 
[62, 63]. To overcome this requirement, the National Electrical Manufacturers Association (NEMA) 
published the NU 4–2008 standards for performance evaluation of dedicated small-animal PET 
scanners in 2008 [64]. NEMA NU4–2008 standards prescribe the measurements of various parameters 
such as spatial resolution, scatter fraction, count losses and random coincidence measurements, 
sensitivity and image quality characteristics. 

The spatial resolution of a scanner expresses its ability to distinguish between two close points after 
image reconstruction. The spatial resolution is usually characterized by the width of the reconstructed 
image point spread function (PSF) of compact radioactive sources. The width of the PSF is here 
defined by its full width at half-maximum amplitude (FWHM) and full width at tenth-maximum 
amplitude (FWTM). The sensitivity is defined as the ability of the scanner to detect positron 
annihilation events. The sensitivity of a PET system is expressed as the rate, in counts per second, that 
true coincidence events are detected for a given source strength at a given acquisition time. The 
absolute sensitivity is the fraction of positron annihilation events detected as true coincidence events. 

The count rate performance test is used to evaluate the scanner’s capability at different counting 
rate regimes. The different count rates including true, random, scatter and noise equivalent count rate 
and scatter fraction are estimated in this procedure. The natural radioactivity present in some 
scintillation materials is taken care off since this can generate additional true coincidences. Due to the 
various sizes of animals used in preclinical PET imaging, three different phantoms are proposed for 
typical size of mouse, rat and monkeys. These specific phantoms for mice and rats are shown in figure 
2.5. 
 

 
 
Figure 2.5. Rat and mouse-sized phantoms with line sources used for assessment of count rate performance in 
the NEMA NU4–2008 standards. 
 

Data are acquired after placing the phantoms at the centre of the FOV parallel to the Z-axis of the 
scanner. Subsequent acquisitions are recorded until the single event rate is equal to twice the intrinsic 
single event rate. For each prompt sinogram, all pixels located farther than 8 mm from the edge of the 
phantom are set to zero. The profile of each projection angle is shifted so that the maximum valued 
pixels were aligned with the central pixel of the sinogram. After alignment, a sum projection is 
calculated which results in a projection with a peak corresponding to the location of the line source. 
The average of the pixel values at ±7 mm from the centre of the sinogram are multiplied by the 
number of pixels between the edges of the 14 mm wide strip. The result is added to the counts outside 
the strip to provide the total number of scatter and random events. The remaining counts in the sum 
projection are considered true events and used in the calculation of the true event count rate by 
dividing the total events recorded with the respective acquisition time. 
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Figure 2.6. Procedure for calculation of true, random and scatter events. (a) Raw sinogram, (b) centred raw 
sinogram and (c) summed profile. 
 

The total number of prompt events in the sinogram including true, scattered and random events is 
calculated by summing up all pixel values in the sum projection (figure 2.6). Image quality 
characteristics are measured to produce images simulating those typically obtained in whole-body 
imaging studies of small animals with hot lesions, as well as uniform hot region containing cold areas. 
Image quality characteristics are assessed using a specially designed NEMA NU4–2008 image quality 
phantom shown in figure 2.7. The phantom is made up of polymethylmethacrylate (PMMA) with 
internal dimensions of 50 mm length and 30 mm diameter. The phantom consists of 3 compartments: a 
uniform region (to assess the uniformity and noise), 5 rods of different diameters (to assess spatial 
resolution) and 2 non-radioactive chambers (for evaluation of scatter and its correction). 

 

 
Figure 2.7. NEMA NU4–2008 standards image quality phantom consisting of three compartments. 

 
 
2.5 High throughput small-animal PET imaging 
 
The increasing number of experiments requiring the use of rodents in PET imaging studies has created 
a demand for more rodents to be scanned in the same time. In addition, preclinical small-animal PET 
studies with short-lived radiotracers can employ an inefficient use of imaging resources when only a 
few acquisitions are obtained from a single radiotracer synthesis. This warranted a need for new 
methods to scan a larger volume of mice and increase productivity as the field grows. One potential 

(a
) (b

) 

(c
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solution is to scan multiple rodents simultaneously in the scanner FOV. To achieve this goal, multiple 
rodents are being scanned simultaneously at different radial offsets in the scanner’s FOV [65, 66]. The 
increase of subjects with radioactivity distribution in the system FOV led to increased attenuation and 
scattering of photons which in turn deteriorates PET image quality and hampers accurate PET 
quantification. There is lack of literature reporting on the magnitude, spatial distribution and 
correction of the scatter component when imaging multiple rodents simultaneously. At present, these 
issues are at the stage of embryonic research and still need to be investigated further and validated. 
Figure 2.8 shows simultaneous multiple NEMA image quality phantoms and mice imaging using 
GATE model of the LabPET-8™ scanner. 
 

      
 
Figure 2.8. Illustration of simultaneous multiple (a) NEMA image quality phantoms and (b) mice imaging 
using GATE model of the LabPET-8™ scanner. 
 
2.6 Quantification in preclinical PET imaging 
 
The mapping of the activity concentrations measured in vivo in organs/tissues and the underlying 
functional or pharmacokinetic processes taking place in the region of interest can be estimated through 
accurate quantification of small-animal PET data [67]. Quantitative parameters such as statistical 
parametric maps, standardized uptake values (SUVs), regional glucose metabolism, regional cerebral 
blood flow, concentrations of receptors or other binding sites can be derived from PET images. The 
quantitative potential of PET imaging is degraded by many physical factors such as attenuation [68], 
scatter [69], partial volume [70], and motion [71]. These degrading factors must be corrected or 
compensated for to obtain accurate parameter estimates using small-animal PET imaging. These 
corrections can be achieved by using high resolution anatomical imaging modalities such as x-ray CT 
[72] or MRI [73]. These innovations led to the emergence of multi-modality imaging where combined 
modalities such as PET/CT and PET/MRI provide final outcomes which are superior that those 
produced by an individual modality alone [74]. Apart from physical factors, other specific factors 
related to small animal such as animal handling and preparation [75], administration of anaesthesia 
[76], and the amount of the injected radiotracer [77] need to be considered. 
 
 
2.6.1 Attenuation correction strategies 
 
Photon attenuation in small-animal PET is not considered as major as in clinical imaging situations. 
However, 5 cm of soft tissue, which corresponds to the approximate transverse size of a 250 g rat, may 
absorb 40% of 511 keV photons [78]. This demonstrates that attenuation correction (AC) is still 
potentially important for accurate estimation of tracer uptake in high-resolution preclinical PET 
imaging [79]. The information about attenuation properties of the object being scanned can be 
exploited to correct for photon attenuation. Various strategies were proposed for attenuation correction 
in PET [80]. Out of these, CT-based attenuation correction is one the well established techniques on 
combined PET/CT scanners because of the low statistical noise and high-quality anatomical 
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information, small crosstalk between PET annihilation photons and low energy x-rays, and higher 
throughput imaging sessions [81]. The principles of CT-based attenuation correction are shown in 
figure 2.9. Accurate and robust conversion of CT numbers derived from low-energy polyenergetic x-
ray spectra of a CT scanner to linear attenuation coefficients at 511 keV has become essential for 
accurate correction of the corresponding PET data [82]. Several strategies have been reported in the 
literature such as segmentation [81], scaling [83], hybrid (segmentation/scaling) [84], bilinear or 
piece-wise scaling [85] and dual-energy decomposition methods [86]. The bilinear conversion method 
assumes a linear relationship between CT numbers and linear attenuation coefficients of materials at 
511 keV with one slope for soft tissue regions (air-water segment) and another slope for bone regions 
(water–bone segment) [87]. 

CT numbers in the range -1000<HU<0 are assumed as representing regions of mixture of air and 
soft tissue whereas positive CT numbers (HU>0) represent regions with a mixture of soft tissue and 
bone. Other variants to the linear relationship were also proposed through the use of nonlinear 
regression such as quadratic polynomial mapping algorithms [88]. Although the bilinear conversion 
method remains the most widely used technique, the quadratic polynomial energy-mapping method is 
an appealing approach [88]. Energy-mapping methods are generally derived at a preset tube voltage 
and current. These methods are widely used and validated on clinical PET systems [89]; however, they 
still need to be thoroughly investigated on dedicated high resolution, small field-of-view scanners such 
as those used for small-animal imaging. 
 

 
 

Figure 2.9. Strategies for implementation of CT-based attenuation correction on combined PET/CT scanners. 
 
 
2.6.2 Scatter modelling and correction 
 
In PET, the scattering is caused primarily by Compton scatter. The probability of Compton scattering 
is given by the Klein-Nishina equation, which gives the differential scattering cross section d! d"  as 
a function of scattering angle ! : 
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where ! =E moc

2 , E is the energy of the incident photon, and re the classical radius of the electron. 
This equation was widely used in the derivation of appropriate scatter models for scatter correction in 
PET. Since all unscattered events have 511 keV before scattering, a=1 for first-order scatter. 
Therefore, the differential Compton scattering cross section relative to that for unscattered annihilation 
photons is represented by the differential scattering probability given as: 
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Scattered events decrease image contrast by misplacing events during the assignment of an event to 

a specific line of response, thus causing bias resulting in the overestimation of the actual activity 
concentration. The object scatter component is formed by annihilation photons which have interacted 
in the object by coherent or incoherent (primarily) scattering. Object scatter distribution is object-
dependent and depends on the size, depth, shape and density of the object. Photons that have 
interacted within detector blocks by Compton scattering (53% at 511 keV for BGO) or by Rayleigh 
scattering (6% at 511 keV for BGO) constitute the detector scatter. Detector scatter is dependent upon 
the energy threshold discriminators. The mixed scatter is caused by photons that are scattered in both 
the object and the detector blocks. Mixed scatter distibutions look like the projections of the object 
scatter convolved with the detector scatter distribution function. 

Various scatter-compensation techniques for PET have been proposed in the literature. They can be 
categorised into five main categories [69]: (i) hardware methods using septa or beam stoppers; (ii) 
multiple energy window based methods; (iii) convolution/deconvolution-based methods; (iv) methods 
based on direct estimation of scatter distribution; and (v) methods based on statistical reconstruction.  

Hardware-based approaches utilise the shift in the energy discrimination window towards the high 
energies to reduce scatter events in the acquisition window by either using septa or beam-stopper 
devices made of lead [90]. Multiple-energy-window methods use a sufficient number of windows 
below and above the photopeak window to estimate scattered counts [91]. Convolution/deconvolution-
based techniques are based on convolution or deconvolution estimates of the distribution of scatter 
from the standard photopeak coincidences events. Figure 2.10 shows the principle of model-based 
scatter correction, which is the most widely used approach on commercial PET scanners. In model-
based estimation of scatter distribution, the distribution of scattered events is estimated from the 
information in the emission data or from both the emission and the transmission data. In statistical 
reconstruction based methods, the scatter component is estimated during iterative reconstruction or 
can be generated using precomputed scatter estimators [92]. Though the magnitude of the scatter 
fraction has been widely studied and is well documented for clinical PET imaging, the characterization 
of the scatter component in small animal PET imaging has received little attention owing to the small 
scatter fraction. Nevertheless, SF estimates have been reported for various small animal PET scanners 
[69]. 

Depending on PET system characteristics and acquisition parameters, the typical range is 5% to 
21% for mice and 15% to 30% for rats [18, 46, 47, 93-97]. Although the origin of scatter for small-
animal imaging has not been fully evaluated, it has been reported that the scatter mainly originates in 
the gantry and other hardware components rather than from the animal itself [98]. Due to the small 
axial field-of-view of current small-animal PET scanners relative to the length of small-animals such 
as rats, the whole animal cannot be scanned at one time. Hence the small-animal is scanned in several 
axial positions to cover the whole length. This leads to the detection of scattered events from adjacent 
organs while imaging the target organ. This out-of-field of view scatter causes additional scatter and 
random coincidences. Monte Carlo simulation methods provide the ability to characterise the scatter 
originating from any source in the object being imaged, the physical components of the PET system 
and the environment. It also provides a powerful tool to separate scattered and unscattered events as 
well as to control and define the phantom geometry and source position accurately.  
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Figure 2.10. Schematic representation of model-based scatter correction methods. 
 

Various commonly used Monte Carlo simulation tools for PET imaging were described in the 
literature. This includes Eidolon [99], Geant4 application for emission tomography (GATE) [100], 
Simulation System for Emission Tomography (SimSET) [101] PET-SORTEO [102] and many others. 
Monte Carlo simulation techniques provide a useful tool to develop and assess the performance and 
accuracy of scatter correction techniques. 
 
2.6.3 Partial volume correction 
 
The limited spatial resolution and signal sampling in PET imaging leads to partial volume effect 
(PVE) [103]. PVE causes an incorrect measurement of values of radiotracer concentration in each 
voxel of the reconstructed image especially in those regions whose size is smaller than 2-3 times the 
spatial resolution of the PET scanner. PVE correction is especially important for dynamic quantitative 
studies, where aberrations in TACs due to PVE may cause bias in kinetic parameter estimation. 
Correction for these incorrect measurements is required in order to obtain accurate parameter 
estimates. Several methods were proposed for partial volume correction (PVC) in clinical PET 
imaging. The simpler PVC method uses recovery coefficients (RCs) [104, 105]. The correction is 
performed by multiplying the pixel intensity value in a specific region of interest (ROI) with a size-
dependent RC. Values of RC are predetermined by measurements on objects with known activity and 
known shape usually using physical phantom experiments. Deconvolution-based methods involve the 
use of the scanner’s PSF and do not require anatomic images [106]. Pixel-based methods use the 
anatomical information from CT or MR images to determine the spillover of activity between different 
regions. The PET image is segmented into different tissue types with the help of a high-resolution 
anatomical image (CT or MRI). Using the system point spread function (PSF) over the different tissue 
regions estimates the amount of events originating in one tissue detected in other tissues [107]. These 
methods generally work well for the brain where the images can be easily segmented into white 
matter, gray matter and cerebrospinal fluid. This is more problematic for whole body imaging. 
Recently, methods based on the multi-resolution approach were developed for whole body imaging. 
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These methods use the wavelet transform to incorporate the high resolution information of CT or MRI 
into low resolution PET images [108]. 
 

 

 
 
Figure 2.11. Images of 72-year-old woman with small cell lung carcinoma. A and B, Axial and coronal images 
of FDG-PET scan demonstrate focus of mildly increased uptake in right middle lobe. SUVmax was 1.39, which is 
less than threshold for malignancy. C, Axial chest CT image demonstrates that nodule measures 1.0 0.8 cm. D, 
corSUV was obtained by drawing ellipsoid or circular ROI (in black) with diameter of 0.8 cm (two voxels) 
larger than that of area of perceived increase in activity at plane of maximal FDG uptake, and drawing another 
ROI (in gray) with diameter of 0.8 cm larger than first ROI to determine background activity (activity per 
volume outside smaller ROI and inside larger ROI). corSUV was then obtained by determining activity in first 
smaller ROI corrected for background activity, dividing by lesion's size on CT and ratio of injected dose to body 
mass, and correcting for decay of 18F. corSUV of this lesion was 3.54, which exceeds threshold for malignancy. 
Horizontal line through nodule approximates profile in B.  Reprinted with kind permission of Springer Science 
and Business Media and permission from Hickeson et al. [109]. 
 

Various PVC strategies developed specifically for oncologic clinical imaging, such as the one 
shown in figure 2.11, have been reported. In this study, the SUVmax semi-quantitative index of a small 
lesion in a patient presenting with small cell lung carcinoma was measured with and without 
correction for lesion size. It was reported that SUVmax of the lesion increased from 1.39 to 3.54 when 
the lesion was corrected for partial volume effect based on size measurement on the corresponding CT 
image (which was assumed to represent the true size of the lesion). This correction improved the 
differentiation between malignant and benign lesions. Some of these techniques were also exploited 
for small-animal PET imaging [110, 111]. Correction of partial volume effect in mouse heart PET 
imaging using the fit of 1D profile through the myocardium in gated PET images has been reported 
[110]. Partial volume correction in small animal PET imaging using continuous wavelet transform 
with adaptive filters was also reported [112]. PVC in the rat brain based on the geometric transfer 
matrix (GTM) method using anatomical regions drawn on a stereotaxic atlas was also investigated. In 
this method, partial volume effects are estimated in terms of activity retention in each region and spill-
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over between regions is calculated by convolving each region with a measured spatially invariant point 
spread function [113]. 
 
2.6.4 Automated quantification of small-animal PET data 
 
Automatic quantitative analysis of molecular PET data is important as it provides the tremendous 
potential to enhance the consistency among different interpreting observers and to reduce the 
variability in multicentre clinical trials. For instance, automatic quantification procedures have been 
shown to reduce manual intervention of observers when analyzing small-animal PET data [114]. 
These procedures involve the use of a tracer-specific small-animal probabilistic PET atlas [115] in 
correlation with an anatomical MRI template. One such technique was reported by Kesner et al. [114] 
to enable the analysis and quantification of small animal FDG PET data. In this procedure, radiotracer 
quantification in 22 predefined regions (e.g. whole body and other major organs) is calculated by 
registering (non-rigid registration) the animal PET image to a digital mouse phantom. It is foreseen 
that application and development of advanced anatomical models such as stylized and more realistic 
voxel-based mouse [115-117] and rat [118, 119] models designed from serial cryo-sections or 
dedicated high resolution small animal CT and MRI data will support and further boot current research 
on automatic quantification of small-animal PET data [120]. More recently, a methodology for 
automated atlas-guided analysis of small animal PET data through fully automated deformable 
registration to an anatomical mouse model was reported [121]. Figure 2.12 shows the mouse atlas 
utilised in the automatic quantification strategy of functional PET data. 
 

 
 
Figure 2.12. Spatially registered multimodality images for a coronal section through the Digimouse model. 
From left to right: X-ray CT, PET, cryosection, segmented atlas and overlay. Reprinted with permission from 
[121]. 
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Abstract 
 
The purpose of this work is to evaluate the performance characteristics of the preclinical X-PET™ 
subsystem of the FLEX Triumph™ PET/CT scanner based on the NEMA NU 04 – 2008 standards. 
Methods. The performance parameters evaluated include the spatial resolution, scatter fraction, count 
losses and random coincidences, sensitivity, and image quality characteristics. The PET detector array 
consists of 11,520 individual BGO crystals arranged in 48 rings and 180 blocks with an axial field-of-
view of 11.6 cm and a inner ring diameter of 16.5 cm. The spatial resolution was measured with a 
small 22Na point source (diameter 0.25mm) at different radial offsets from center. Sensitivity was 
calculated using the same source by stepping the source axially through the scanner’s axial field-of-
view (FOV). Scatter fraction and count rate performances were determined using a mouse and rat sized 
phantom with an 18F line source insert. The NEMA image quality phantom and rodents imaging were 
also performed to access the overall imaging capabilities of the scanner. Results. Tangential spatial 
resolution in terms of FWHM varied between 2.2 mm at the center of the FOV and 2.3 mm at a radial 
offset of 2.5 cm. The radial spatial resolution varied between 2.0 mm at the center to 4.4 mm at a 
radial offset of 2.3 cm. The peak system absolute sensitivity is 5.9 % at the centre of the FOV. The 
absolute system sensitivity is 0.67 cps/Bq whereas the relative total system sensitivity is 73.9%. The 
scatter fraction for the mouse-sized phantom is 7.9%, with a peak true count rate of 168 kcps at 0.3 
MBq/cc and a peak noise equivalent count rate (NECR) of 106 kcps at 0.17 MBq/cc. The rat-sized 
phantom had a scatter fraction of 21 %, with a peak true count rate of 93 kcps at 0.034 MBq/cc and a 
peak NECR of 49 kcps at 0.02 MBq/cc. Recovery coefficients for the image quality phantom ranged 
from 0.13 to 0.88. Conclusion. The performance of the X-PET™ scanner was fully characterized 
based on the NEMA NU 04 – 2008 standards. The overall performance demonstrates that the X-
PET™ system is suitable for preclinical research. 

!
Keywords: PET, preclinical imaging, performance evaluation, NEMA, rodents.!
!

 
3.1 INTRODUCTION 
 
Positron emission tomography (PET) has proven a valuable emerging molecular imaging modality to 
detect and quantify biochemical processes in vivo. However, as one technology leads to its own 
advancements, PET is now advancing towards application-specific instrumentation leading to the 
design of dedicated high resolution and high sensitivity clinical brain, prostate and breast scanners in 
addition to small-animal PET units for biomedical research. During the last two decades biomedical 
research has made substantial progress in the use of small-animal models for studying human disease 
(1). Molecular imaging using dedicated small-animal PET scanners is now well established in the field 
of drug development and experimental studies using animal models of various diseases (2). Following 
the development of the first dedicated rodent PET scanner in Hammersmith Hospital (London, UK) in 
collaboration with CTI PET Systems, Inc. (Knoxville, TN), various design concepts of preclinical PET 
scanners are continuously being investigated, developed and in some cases made commercially 
available through spin-off companies from university research (3-7). With the commercial 
introduction and widespread availability of preclinical PET systems, small-animal imaging is 
becoming readily accessible and increasingly popular (8). 

The FLEX Triumph™ PET/CT scanner (Gamma Medica-Ideas, Nortridge, CA) is the first 
dedicated trimodality preclinical platform (9). This scanner consists of the X-PET™ subsystem, a 
commercialized version of the rodent research PET (RRPET) scanner developed by the MD Anderson 
PET instrumentation group (10) and a micro CT subsystem. The FLEX system uses a compact solid-
state based SPECT detector and microCT sub-system and can be configured with either the X-PET™ 
(11) or the LabPET™ (12) as a PET sub-system. 

Both X-PET™ and CT are mounted on the same gantry platform allowing to image both 
functional and anatomical volumes without any motion of scanning volumes during the two imaging 
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procedures apart bed translation. The development of the X-PET™ subsystem was guided by key 
factors such lower cost, higher sensitivity and high spatial resolution (10). These factors are the 
driving force for the design and development of PET scanners dedicated for biomedical research. 
Usually, the acceptance of any new system is mainly determined by its technical specifications. 
Standardization of the assessment of system performance characteristics is thus highly desired (13, 
14). Recently, the National Electrical Manufacturers Association (NEMA) published its NU 4 – 2008 
standards for performance evaluation of small-animal PET scanners (15). This standard provides 
consistent and standardized procedures for measuring scanner performance parameters for small-
animal PET imaging. It also documents operational PET scanner performance as part of the quality 
assurance program. However, till now very few papers reported on the performance characterization of 
dedicated preclinical PET scanners using the NU 4 – 2008 standards (16-20). This work evaluates the 
overall performance characteristics of the X-PET™ subsystem of the FLEX Triumph™ preclinical 
PET/CT platform using the NEMA NU 4 – 2008 standards, including spatial resolution, scatter  
fraction, count losses and random coincidence measurements, sensitivity and image quality 
characteristics. The overall imaging capabilities of the scanner are also demonstrated through 
experimental phantom and rodent studies. 
 

3.2 MATERIALS AND METHODS 
A.  System description 
 
The FLEX Triumph™ PET/CT platform belongs to the latest generation preclinical PET/CT systems 
dedicated for rodents imaging. The X-PET™ subsystem is based on detector blocks arranged in 48 
rings having a 10 cm transaxial field-of-view (FOV) and 11.6 cm axial FOV. The PET detector array 
consists of 11,520 individual Bismuth Germanate (BGO) crystals arranged in 180 blocks. The 
dimension of each crystal is 2.32!2.32!9.4 mm3 in the axial, transaxial, and radial direction, 
respectively. This optimal design allows achieving unique properties such as low-cost, high-sensitivity 
and large axial field-of-view (AFOV) using an inexpensive crystal material arranged in a pixilated ring 
geometry. This scanner incorporates the photomultiplier (PMT)-quadrant-sharing (PQS) method 
which maximizes the number of crystals per PMT that can be decoded, thus improving the spatial 
resolution. The sensitivity and light output are maximized by using 96% crystal-packing fraction and 
no light-guides. High yield pileup event recovery (HYPER) electronic processing technology is used 
to improve count rate performance (21). The detector blocks are circularized by slightly grinding each 
block on the PMT side into a pentagon shape and having the two end-rows of crystals in each block 
tapered (10, 11). PET data are acquired using a 250–750 keV energy window and 12 ns timing 
window in list-mode format which can be binned into 3-dimensional (3D) sinograms corresponding to 
total and true events, respectively. The 3D sinograms can be further rebinned into 2D sinograms using 
either single-slice rebinning (SSRB) (22) or Fourier rebinning (FORE) (23) approaches. Images can be 
reconstructed using either 2D analytic filtered-backprojection or iterative methods, such as the ordered 
subsets- expectation maximization (OSEM) algorithm (24). The PET sub-system specifications are 
summarized in Table 3.1. 
 
B. Spatial resolution 
 
The spatial resolution of a PET scanner expresses its ability to distinguish between two small point 
sources. The spatial resolution is usually characterized by the width of the reconstructed point spread 
function (PSF) of compact radioactive point sources. The width of the PSF is here defined by its full 
width at half-maximum amplitude (FWHM) and full width at tenth-maximum amplitude (FWTM). In 
this study, spatial resolution was measured using 22Na point source having nominal size of 0.25 mm 
and a nominal activity of 1.11MBq embedded in an acrylic cube (10.0 mm extent on all sides). 
Measurements were acquired with the source located at the axial center of the FOV and at one-fourth 
of the axial FOV from the center at the following radial distances from the center: 5 mm, 10 mm, 15 
mm, and 25 mm. At least 105 prompt counts were acquired per measurement. The list-mode data 
acquired at each location were histogrammed into 3D sinograms following correction for random 
coincidences. Differences in detection efficiency were compensated using a self-normalization method 
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(25). 3D sinograms were rebinned to 2D sinograms using FORE with a maximum ring difference 
(MRD) of 47. Images were reconstructed using 2D FBP with no smoothing. FWHM and FWTM of 
the point source response function in all three directions (radial, tangential and axial) were determined 
according to NEMA NU 4 – 2008 standards (15). 
 

Table 3.1. Summary of PET subsystem technical specifications. 
 

Type Parameter Specification 

 
Detector 

 
 
 
 

Scanner 
 
 
 
 
 
 
 
 
 

Data organization 

 
Scintillator 

Crystal dimension 
No. of crystals 

 
No. of blocks 

No. of detector rings 
Crystals per ring 

Total no. of crystals 
Photomultipliers  

Transaxial field-of-view 
Detector ring inner diameter 

Axial field-of-view 
Timing window 

 
Number of sinograms 2D 
Number of sinograms 3D 

Sinogram size 
Sampling distance (mm) 

 

 
BGO 

2.32!2.32!9.4 mm3 
8!8 = 64 

 
180 
48 

240 
11,520 

210 (19 mm diameter) 
100 mm 
165 mm 
116mm 
12 ns 

 
95 

2304 
255!120 

0.4 

 
 
 
C. Scatter fraction, count losses and random coincidence measurements 
 
This procedure measures the relative system sensitivity to scattered radiation and the effects of system 
dead-time and the rate of random coincidence events at various levels of source activity. Scatter 
fraction and count rate performances (true, random, scatter and total event rates and the derived noise 
equivalent count rate) were measured using two phantoms simulating the geometries of a mouse and 
rat. Both phantoms, specifically fabricated in accordance to NEMA NU 4 – 2008 standards, are made 
of a solid, right circular cylinder composed of high density polyethylene (density 0.96±0.1 g/cm3). The 
mouse-sized phantom is 70±0.5 mm long and 25±0.5 mm in diameter. A cylindrical hole (3.2 mm 
diameter) is drilled parallel to the central axis at a radial distance of 10 mm. The rat-sized phantom has 
a diameter of 50±0.5 mm and a length of 150±0.5 mm with a cylindrical hole (3.2 mm diameter) 
drilled parallel to the central axis at a radial distance of 17.5 mm. The initial activity of 42 MBq for the 
mouse-sized phantom and 48 MBq for the rat-sized phantom was selected based on previous 
experiments where the count rate was plotted against activity. The phantoms were placed in the centre 
of the FOV parallel to the z-axis of the scanner. Sequential acquisitions were performed every 30 
minutes until the total activity decayed below 0.1 MBq so as to measure the coincidence rate at 
different activity levels. The duration of each acquisition varied from 180 to 600 sec to compensate for 
the decay of 18F, thus allowing the collection of over 500,000 prompt counts. Data were acquired and 
processed according to NEMA NU 4 – 2008 standards. Corrections for intrinsic radioactivity were not 
necessary since the system uses BGO as scintillation crystal (15). 
 

The total event rate RTOT,i,j for each acquisition j of each slice i is computed as: 
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     (1) 

where Tacq,j is the acquisition time.  
 

The true event rate Rt,i, for acquisition j, of slice i is computed as: 

    (2) 

 
The random event rate Rr,i,j for each acquisition j of slice i was computed as: 

    (3) 

 
The scattered event rate Rs,i,j for acquisition j of slice i was computed as: 

   (4) 
 

The scatter fraction for each acquisition j is computed using the following formula: 

     (5) 

 
The noise equivalent count rate RNEC,i,j for each acquisition of each slice i is computed as: 

     (6) 

 
The total system count rates are computed as the sum of above mentioned rates over all slices i. The 

scatter fraction, count losses and random coincidence analysis was implemented using an in-house 
developed program implemented in MATLAB 7.4 (Mathworks, Natick, MA). 
 
D. Sensitivity 
 
This procedure measures the sensitivity which is defined as the fraction of coincident annihilation 
photon pairs emitted from a source that are detected and counted by the scanner. The sensitivity was 
measured with the same 22Na point source used in the above described spatial resolution 
measurements. The source was positioned at the center of the scanner, both axially and transaxially. 
Counts were acquired at this location and at positions stepped axially with 5 mm covering the whole 
scanner’s axial FOV. The acquisition time was set to 1 sec for each measurement to ensure the 
collection of at least 100,000 true events with a random to true event rate ratio of less than 1%. A 
background true event rate was determined by acquiring a dataset (1 sec) in the absence of a 
radioactive source in the FOV. All data were analyzed according to NEMA NU 4 – 2008 standards 
(15). 
 

The sensitivity (counts per second per Bq) was calculated as follows: 

     (7) 

where Ri and RB, i are the source and background count rates for acquisition i, respectively, and Acal is 
the source activity.  
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The relative (percent) sensitivity for acquisition i is given by: 

     (8) 

where 0.9060 is the branching ratio of 22Na. 
 

The system sensitivity for mouse and rat phantoms was computed as follows: 
;    ;     ;           (9) 

 
The total system sensitivity was computed as follows:  

  ;      (10) 

 
In addition, the axial sensitivity profile was obtained by plotting the sensitivity, SA,i, for each slice. 
 
E. Image quality characteristics 
 
The purpose of this measurement is to produce images simulating those typically obtained in whole-
body imaging studies of small rodents with hot lesions, as well as uniform hot region containing cold 
areas. To assess overall image quality and accuracy of corrections, the NEMA NU-4 image-quality 
phantom was filled thoroughly with 5.3 MBq of 18F and scanned for 20 minutes. Acquisition started 
when the activity decreased to 3.7 MBq. This phantom was specifically fabricated in accordance to 
NEMA NU 4 – 2008 standards (15) and is made up of polymethylmethacrylate with internal 
dimensions of 50 mm length and 30 mm diameter. A CT scan was acquired for attenuation correction 
using the X-O™ CT subsystem of the FLEX Triumph™ PET/CT scanner with 75 kVp tube voltage 
and 300 !A tube current. The gantry rotated in continuous flying mode. A total of 512 projections 
were acquired in a full 360° scan with 2"2 binning and 1184"1120 projection matrix size. Images 
were reconstructed using a modified 3D cone-beam Feldkamp algorithm resulting in 0.17"0.17"0.17 
mm3 voxel size for a 512"512"512 image volume. CT images were further processed and used for 
attenuation correction of the corresponding PET data of the image quality phantom (26).The 
attenuation corrected PET sinograms were reconstructed using 2D-OSEM (4 iterations, 10 subsets) 
resulting after interpolation in a 256"256"256 image matrix with isotropic voxel size of 0.4"0.4"0.4 
mm3. A 22.5 mm diameter (75% of active diameter) by 10 mm long cylindrical volume of interest 
(VOI) was drawn over the center of the uniform region of the image quality phantom. The average 
activity concentration, maximum and minimum values in the VOI, and the percentage standard 
deviation (%STD) were calculated. The reconstructed image slices covering the central 10 mm length 
of the rods were averaged to obtain a single slice of lower statistical noise. Circular ROIs were drawn 
around each rod having diameters corresponding to twice the physical diameter of the rods. The mean 
and standard deviation of the recovery coefficient for each rod size was analyzed in accordance to 
NEMA NU 4 – 2008 standards (15) . The accuracy of attenuation correction was tested by drawing 
VOIs in the water- and air-filled cylindrical inserts. The diameter of the VOI was 4 mm and 
encompassed the central 7.5 mm in length in the axial direction. The ratio of the mean in each cold 
region to the mean of the hot uniform area was reported as spill-over ratio (SOR). 
 

The standard deviation of the recovery coefficients is calculated as follows: 
 

              (11) 
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3.3 RESULTS 
 
A. Spatial resolution 
 
The results of the radial, tangential and axial spatial resolution in terms of FWHM and FWTM (mm) 
are graphically presented in figure 3.1 as a function of radial and axial offsets. The measured data at 
the centre of the FOV of the scanner (Z=0 mm) and at one quarter of the axial FOV from the centre 
(Z=29 mm) were analysed, as suggested in the NEMA NU 4 - 2008 standards. The volumetric 
resolution in the CFOV was measured to be 12 µl. The volumetric resolution increased with increasing 
radial offset. The volumetric resolution at 1/4 of axial FOV was measured to be 14 µl. The radial 
FWHM varied between 2.0 mm in the CFOV and 2.3 mm at a radial offset of 25 mm whereas the axial 
FWHM ranged between 2.8 and 3.2 mm for the same radial offset. The tangential resolution is more or 
less constant over the whole transaxial FOV for all radial offsets. As expected, the depth of interaction 
effect causes a degradation of the radial resolution as the radial offset is increased. 
 
 
 

                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (a)                                        (b)  
 

Figure 3.1. Radial, tangential and axial spatial resolution as a function of radial offset reported in terms of 

FWHM (a) and FWTM (b). Data were measured at two axial positions: at the center of the AFOV and at ! from 

the center of AFOV. 

 

B. Scatter fraction, count losses and random coincidence measurements 
 
Figure 3.2 shows the counting rate performance of the scanner for the mouse- and rat-sized phantoms, 
respectively. The activity injected in each cylindrical phantom was divided by its corresponding 
volume. The volumes of the mouse and rat phantoms were 34.36 ml and 294.5 ml, respectively. More 
specifically the total, true, random, scatter and NEC rates are plotted as a function of the average 
effective activity concentration for both mouse- and rat-sized phantoms. The scatter fraction for the 

mouse-sized phantom was 7.9%, with a peak true count rate of 168 kcps at 0.3 MBq/cc and a peak 
NECR of 106 kcps at 0.17 MBq/cc. The rat phantom had a scatter fraction of 21% with a peak true 

count rate of 93 kcps at 0.034 MBq/cc and a peak NECR of 49 kcps at 0.019 MBq/cc. 
 
C. Sensitivity 
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In accordance with NEMA NU 4 – 2008 standards, the system sensitivity is the sum of the sensitivity 
calculated for each slice. The total sensitivity for the mouse length (central 7 cm AFOV) was 0.579 
cps/Bq whereas the total absolute sensitivity was 63.8%. The total sensitivity for the rat phantom (11.4 
cm AFOV) was 0.67 cps/Bq whereas the total absolute sensitivity was 73.9%. The system peak 
absolute sensitivity was 5.9%. The axial sensitivity profile obtained by plotting the absolute sensitivity 
SA for each slice number is shown in figure 3.3. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                        (a) 

 
(b) 

 
 

Figure 3.2. Count rate performance plots as a function of the average effective activity concentration of the line 

source for both a mouse-sized phantom (a) and a rat-sized phantom (b). 
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Figure 3.3. The axial absolute sensitivity profile along the z-axis of the PET scanner using a maximum ring 
difference of 47. 
 
D. Image quality characteristics 
 
The sinograms derived from the list-mode file were reconstructed using both 2D-FBP and 2D-OSEM 
reconstruction algorithms. The data sets were corrected for attenuation (26) but not for scatter which is 
under development. The mean, maximum and minimum activity concentration estimates and the 
percentage standard deviation (%STD) calculated from the drawn VOIs on the uniform section of the 
image quality phantom are summarized in Table 3.2.  
 
Table 3.2. Uniformity analysis results in terms of mean, maximum and minimum activity concentration values 
in a 22.5 mm diameter and 10 mm long cylindrical VOI. 
 

Reconstruction 
method 

Mean (kBq/ml) Maximum 
(kBq/ml) 

Minimum 
(kBq/ml) 

%STD 

 
2D-FBP 

 
2D-OSEM 

 

 
15.70 

 
15.10 

 
19.51 

 
19.20  

 
11.16  

 
11.20 

 
6.37% 

 
6.01% 

 
 
The recovery coefficient (RC) values for the different rods along with absolute standard deviation 
(%STD) are shown in figure 3.4. The spill-over ratios obtained for the water- and air-filled inserts of 
the image quality phantom are reported in Table 3.3 along with the percentage standard deviation. 
These values represent the contribution from spill-over and scattered events in the reconstructed image 
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of the phantom. Representative images of the NEMA image quality phantom are shown in figure 3.5, 
illustrating a transaxial view of the 5 rods, a coronal view of NEMA image quality phantom, a 
transaxial view of the uniform region of the phantom and a profile across the uniform area. The 
regions of interest defined for quantitative analysis are also shown.                     

 
Figure 3.4. Recovery coefficients and standard deviations for 5 rods of different size ranging between 1 and 5 

mm calculated using both 2D-FBP and 2D-OSEM reconstruction algorithms.  

 

 

 

 
Figure 3.5. Images of the NEMA NU-4 image quality phantom scanned during 20 min with 18F (3.7 MBq) 
showing a transverse plane corresponding to the 5-rod region with an ROI defined on each rod (A), a coronal 
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view (B), a transverse plane of the uniform region (C), and a line profile across the uniform area of the phantom 
(D). The defined ROIs for quantitative analysis are also shown. 
 

 

Table 3.3. Spill-over ratios (SORs) and standard deviations (%) for both 2D-FBP and 2D- OSEM reconstruction 
algorithms. 
 

 
2D-FBP 

 
2D-OSEM 

 
Region 

 SOR %STD SOR %STD 

Water-filled cylinder 0.05 11.0 0.09 8.2 

Air-filled cylinder 0.19 9.3 0.10 6.1 

 
 
3.4 DISCUSSION 
(
Characterization and performance evaluation is the first and foremost task of any PET scanner quality 
assurance program. In this work, the overall performance of the FLEX Triumph™ preclinical PET 
subsystem was assessed using the newly published NEMA NU 4 –2008 standards (15). These 
standards provide a common platform for measuring the performance of various scanners using 
specific protocols and guidelines. To the best of our knowledge, there is a lack of published reports on 
NEMA NU 4 –2008 based performance evaluation of the FLEX Triumph™ X-PET system. However, 
few articles documented the performance assessment of other preclinical PET scanners using these 
standards (16-20). 

Spatial resolution results demonstrate that the tangential resolution remains more or less constant 
over the whole transaxial FOV. Degradation of radial resolution is observed as function of radial 
offset. This can be attributed due to the depth of interaction effect which leads to larger transaxial 
parallax errors and hence causes a degradation of the radial resolution as the radial offset increases. 
The axial spatial resolution deterioration at large radial offsets when the 3D data are rebinned using 
SSRB results (data not shown) from the parallax effect owing to crystal penetration in the axial 
direction and the large setting of the MRD (maximum allowed of 2!Nrings-1 = 47), which is known to 
degrade spatial resolution (27). The axial spatial resolution can be improved by reducing the MRD at 
the cost of reduced sensitivity (28) and also by rebinning the data using FORE (Figure 1). However, 
the non-uniformity of spatial resolution can be recovered to a great extent by using fully 3D statistical 
iterative reconstruction algorithms through accurate modeling of PET scanner response (29, 30). The 
obtained results for radial and tangential resolutions are consistent with those reported for the RRPET 
by the MD Anderson PET instrumentation development group (31). Moreover, our FWHM values are 
larger than published results (17, 32). It should be noted that corrections for the size and shape of the 
source and non-collinearity of positron annihilation were not performed. The spatial resolution results 
of this system are worse than those reported for other small-animal PET designs having smaller crystal 
sizes (17, 32). 

The counting rate performance was studied in terms of the total, true, random, scatter and the 
noise equivalent count rates along with scatter fraction. Our results show that the X-PET™ has 
excellent count rate performance thanks to HYPER electronics. The system achieved a peak true count 
rate of 168 kcps at an average activity concentration of 0.3 MBq/cc and 93 kcps at an average activity 
concentration of 0.034 MBq/cc for mouse- and rat-sized phantoms, respectively. The peak NECR was 
106 kcps at an average activity concentration of 0.17 MBq/cc for a mouse-sized phantom and 49 kcps 
at an average activity concentration of 0.019 MBq/cc for a rat-sized phantom. The scatter fraction 
measured at low activity concentration for the mouse- and rat-sized phantoms was 7.9% and 21%, 
respectively. The NECR for the mouse-sized phantom is higher than the NECR for the rat-sized 
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phantom since there is less photon attenuation of the true count rate in addition to lower scatter and 
random count rates. As expected, the NECR for the mouse-sized phantom peaks at a higher activity 
concentration than the NECR for the rat-sized phantom since the true count rate decreases more 
rapidly than the random count rate as the object size increases (33). Our NECR values for the rat-sized 
phantom are lower than those reported by Baghaei et al. (31). The reasons for this discrepancy are 
mainly different PET scanner operational settings, the use of different phantoms (uniform cylinder 
compared to a line source in a uniform cylinder in our case) and more importantly our data were 
analyzed according to the new NEMA 04 - 2008 standards whereas theirs were taken directly from the 
hardware specifications. Saturation of count rate was observed at an activity concentration of 0.53 
MBq/cc for the mouse-sized phantom and at 0.073 MBq/cc for the rat-sized phantom owing to the 
high dead-time of the scanner. However, these activity concentrations are much higher than the 
activity concentration typically obtained in animal studies. The scatter fraction results are comparable 
with the results obtained for the Inveon™ scanner, namely 7.8% and 17.2% for a mouse- and rat-sized 
phantoms, respectively (17). 

The sensitivity of a PET scanner depends on various factors such as solid angle coverage, packing 
fraction, and scintillator efficiency for 511 keV photons (34). The system peak absolute sensitivity for 
an energy window of 250-750 keV and timing window of 12 ns is 5.9 % as compared to 9.32 % for 
the InveonTM scanner with energy window of 250-625 keV and timing window of 3.432 ns (17). The 
axial sensitivity profile shows a linear drop of sensitivity from the center to the edge of the FOV 
(Figure 3). The results of the NEMA image quality tests provide a common and standardized 
evaluation of the overall image quality achievable by a small-animal PET scanner. The mean VOI 
values in the uniform region obtained using 2D-OSEM reconstructions are slightly lower than those 
obtained using 2D-FBP. Similar trends were reported elsewhere (18). The RC values for 5 different 
rods ranged from 0.13 to 0.88 with percent standard deviations varying between 8% and 5.4% (figure 
4). These values are slightly lower than those reported (0.17 to 0.93) for the Inveon PET scanner (17). 
This is in part because our image quality data were not corrected for scatter. This is being addressed 
now through the implementation of appropriate CT-based scatter compensation techniques (35). 
Moreover, the lower spatial resolution of the system intrinsically results in considerable partial volume 
effect. Slightly higher RCs and lower percentage standard deviation values were obtained for 2D-
OSEM compared to 2D-FBP for all rods. SOR values of water and air-filled cylinders for 2D-OSEM 
are 0.09 and 0.10 with percent standard deviation of 8.2% and 6.1%, respectively, which are 
comparable to corresponding values reported for the MiniPET-II scanner (19). Slightly lower SOR and 
lower percentage standard deviation values were obtained for 2D-OSEM compared to 2D-FBP. 

Despite the fact that the FLEX Triumph™ X-PET scanner is capable of producing high-quality 
images suitable for molecular imaging research, the performance capabilities of the imaging system 
that determine the accuracy and precision to which the resulting signal may be measured still need to 
be improved through reconstruction using accurate statistical modeling and implementation of CT-
based PET quantitative correction procedures to compensate for the various image degrading factors 
including scatter and partial volume effect. 
 

3.5 CONCLUSION 
 
The performance of the X-PET™ subsystem of the FLEX Triumph™ PET/CT scanner has been fully 
characterized using the newly proposed NEMA NU 04 – 2008 standards. The results indicate that the 
scanner has a good spatial resolution across the FOV and a high sensitivity. The count rate 
performance measurements indicate that the scanner is well suited for imaging rodents using low 
activity concentrations. The scatter fractions measured for the mouse- and rat-sized phantoms are 
relatively small. The image quality phantom results indicate that the image uniformity and RC values 
are reasonable. However, these values can still be improved by applying appropriate data correction 
procedures including CT-based scatter and partial volume corrections. Imaging studies of the image 
quality phantom and rodents clearly demonstrate good imaging capabilities. The overall performance 
shows that the FLEX Triumph™ X-PET™ system is suitable for preclinical imaging-based research. 
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Abstract 
 
The objective of this study is to characterize the performance of the preclinical avalanche photodiode 
(APD)-based LabPET-8™ subsystem of the fully integrated trimodality PET/SPECT/CT Triumph™ 
scanner using the NEMA NU 04 – 2008 protocol. The characterized performance parameters include 
the spatial resolution, sensitivity, scatter fraction, counts rate performance, and image quality 
characteristics. The PET system is fully digital using APD-based detector modules with highly 
integrated electronics. The detector assembly consists of phoswich pairs of LYSO and LGSO crystals 
with dimensions of 2!2!14 mm3 having 7.5 cm axial and 10 cm transverse field-of-view (FOV). The 
spatial resolution and sensitivity were measured using a small 22Na point source at different positions 
in the scanner’s FOV. The scatter fraction and count rate characteristics were measured using a mouse- 
and rat-sized phantoms fitted with 18F line source. The overall imaging capabilities of the scanner were 
assessed using the NEMA image quality phantom and laboratory animal studies. The NEMA-based 
radial and tangential spatial resolution ranged from 1.7 mm at the center of the FOV to 2.59 mm at a 
radial offset of 2.5 cm and from 1.85 mm at the center of the FOV to 1.76 mm at a radial offset of 2.5 
cm, respectively. Iterative reconstruction improved the spatial resolution to 0.84 mm at the center of 
the FOV. The total absolute system sensitivity is 12.74% for an energy window of 250–650 keV. For 
the mouse-sized phantom, the peak noise equivalent count rate (NECR) is 183 kcps at 2.07 MBq/cc 
whereas the peak true count rate is 320 kcps at 2.5 MBq/cc with a scatter fraction of 19%. The rat-
sized phantom had a scatter fraction of 31%, with a peak NECR of 67 kcps at 0.23 MBq/cc and a peak 
true count rate of 186 kcps at 0.27 MBq/cc. The average activity concentration and percentage 
standard deviation (%STD) are 126.97 kBq/ml and 7%, respectively. The performance of the LabPET-
8TM scanner was characterized based on the NEMA NU 04 – 2008 standards. The all in all 
performance demonstrates that the LabPET-8TM system is able to produce very high quality and highly 
contrasted images in a reasonable time, and as such it is well suited for preclinical molecular imaging-
based research. 

!
Keywords: PET, instrumentation, small animals, performance evaluation, NEMA.!
!
4.1  INTRODUCTION 
 
Positron emission tomography (PET) has become an integral non-invasive molecular imaging 
modality in biomedical and biological imaging research (Phelps, 2000). PET is now a well established 
imaging modality which has gained widespread clinical acceptance. Moreover, the importance of PET 
for preclinical imaging has increased manifold during the last decade owing to the capabilities of this 
technique for studying cellular and molecular processes associated with disease in living small animal 
models of disease (Levin and Zaidi, 2007). Clinical whole-body PET scanners are not appropriate for 
this purpose since they do not provide the high resolution and sensitivity required for small laboratory 
animal studies (Stout and Zaidi, 2008). This has spurred the design and development of various 
prototypes dedicated for small animal PET imaging (Ziemons et al., 2005; Tai et al., 2003; Bloomfield 
et al., 1995; Lecomte et al., 1996; Cherry et al., 1997; Jeavons et al., 1999; Del Guerra et al., 1998; 
Surti et al., 2003; Rouze et al., 2004) following the pioneering work in Hammersmith Hospital 
(London, UK) in collaboration with CTI PET Systems, Inc. (Knoxville, TN) towards the design of the 
first rodent PET scanner. This work has resulted in the development of numerous research prototypes 
as well as several commercially available high-resolution preclinical PET systems (Schafers et al., 
2005; Tai et al., 2005; Wang et al., 2006; Huisman et al., 2007; Bao et al., 2009; Xie et al., 2005; 
Bergeron et al., 2009a; Prasad et al., 2010). 

The Triumph™ PET/SPECT/CT system (GE healthcare Technologies, Waukesha, WI) is a 
dedicated trimodality preclinical imaging platform. The scanner consists of the fully digital LabPET™ 
subsystem (Tetrault et al., 2008; Bergeron et al., 2009a), cadmium zinc telluride (CZT)-based 
detectors for the microSPECT subsystem and a high resolution microCT subsystem. All 3 subsystems 
are mounted on the same gantry offering the possibility to configure the multimodality platform in any 
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combination of the three subsystems. The LabPET™ is the first commercially available APD-based 
small animal PET scanner designed using parallel, fully digital signal processing of each detector 
channel (Fontaine et al., 2009). The scanner exhibits several innovative design features rendering it as 
a high resolution and high sensitive preclinical PET scanner for small animal imaging (Tetrault et al., 
2008; Bergeron et al., 2009a). As of today, three variants of the LabPETTM are available depending on 
the axial field-of-view (FOV), namely LabPET™-4 (3.75 cm axial FOV), LabPET™-8 (7.5 cm axial 
FOV) and LabPET™-12 (11.4 cm axial FOV) (Bergeron et al., 2009b). Following the widespread use 
and commercial availability of small animal PET scanners, the National Electrical Manufacturers 
Association (NEMA) published its NU 4 – 2008 standards (National Electrical Manufacturers 
Association, 2008), a consistent and standardized methodology for measuring scanner performance 
parameters for small-animal PET imaging. This work aims to characterize the performance of the 
LabPET-8™ subsystem of the Triumph™ preclinical multimodality platform using the NEMA NU 4 – 
2008 standards. This includes measurements of the spatial resolution, scatter fraction, count losses and 
random coincidence measurements, sensitivity and image quality characteristics. The overall imaging 
capabilities of the scanner and its suitability for high resolution molecular imaging are also 
demonstrated using dedicated phantom and rodent studies. 

 

4.2  MATERIALS AND METHODS 
!
A. System description 
 
The Triumph™ PET/SPECT/CT platform is a state-of-the-art preclinical system dedicated for rodents’ 
imaging. The LabPET-8™ subsystem is designed with quasi-individual crystal readout along with 
parallel digital architecture to achieve the high-performance required for high resolution small animal 
imaging. The detector array consists of 6144 crystals arranged in contiguous rings with a ring diameter 
of 16.2 cm and an axial FOV of 7.5 cm. The scintillation crystals are composed of an assembly of 
Lu0.4Gd1.6SiO5 (LGSO) and Lu1.9Y0.1SiO5 (LYSO) having dimensions of 2!2!14 mm3, which are 
optically coupled one after the other, creating phoswich pairs of detectors. This combination of two 
different crystal materials is useful for efficient determination of the depth of interaction through 
crystal identification by digital pulse shaping analysis. Four phoswich detectors are covered in a 
hermetic container made of kovar (an iron-nickel-cobalt alloy with density of 8.359 g/cm3) having 
outer dimensions of 10.3!4.7!18 mm3. Some important characteristics and features of the LabPET-
8™ are summarized in Table 4.1. Additional details about the LabPET-8™ design and architecture is 
given elsewhere (Tetrault et al., 2008; Fontaine et al., 2009). 

Unless otherwise stated, all PET studies are acquired using a 250–650 keV energy window and 22 
ns coincidence timing window. The list-mode data were binned into three-dimensional (3D) 
histograms or sinograms. These 3D sinograms were further rebinned to two-dimensional (2D) 
sinograms using single-slice rebinning (SSRB). Images were reconstructed using either 2D analytic 
filtered-backprojection or iterative maximum likelihood expectation maximization (MLEM) 
algorithms with 10 iterations for the latter. 

The physical response of the scanner is modelled during iterative reconstruction using an analytic 
model of the geometrical detector response function (Selivanov et al., 2000). The shift-varying 
analytic formulation is based on linear attenuation of photons in a detector array which is used in the 
derivation of the system matrix, thus allowing accurate modelling of the relationship between the 
image representation space and the space of projections. The model was incorporated within a 2D 
iterative MLEM reconstruction process using precomputed system response coefficients. The physical 
response of the scanner fully compensates for the missing data due to in-plane gaps between detector 
modules. The LabPET-8™ scanner provides the option of image reconstruction in high resolution 
mode using 0.25 mm pixel size instead of 0.5 mm used in normal mode.  

A direct data-based method is used for normalization. This is performed by rotating a 37 MBq of 
68Ga/68Ge rod source around the detectors. The acquisition time lasts about 8-10 hours depending on 
rod source activity. The acquired data were not corrected for attenuation or scatter and reconstructed 
without post-reconstruction smoothing. 
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B. Spatial resolution 
 
The spatial resolution was evaluated using a 22Na point source having dimensions of 0.25 mm and an 
activity of 1.11 MBq enclosed in an acrylic cube of 1 cm3 (Eckert & Ziegler Isotope Products, 
Valencia CA). Data were acquired at the center of the FOV (Z=0 mm) and one-fourth of the axial 
FOV (Z=18.8 mm) for radial offsets of 5 mm, 10 mm, 15 mm, and 25 mm. Each acquisition had more 
than 105 prompt counts. The variations in detector efficiency were compensated through normalization 
using a Ge68/Ga68 rod source. The SSRB sorted data were reconstructed using 2D FBP without 
smoothing. The spatial resolution in radial, tangential and axial directions was analyzed in terms of 
full width at half maximum (FWHM) and full width at tenth maximum (FWTM) according to NEMA 
NU 4 – 2008 standards. The scanner design is optimized for iterative reconstruction taking advantage 
of modeling the system response of the scanner to improve the spatial resolution and overall image 
quality (Selivanov et al., 2000). The spatial resolution was also calculated using 2-D MLEM iterative 
reconstruction with 10 iterations and span of 5. Both FBP and MLEM reconstructions were performed 
in high resolution mode. The volumetric resolution was computed as the product of the axial, radial 
and tangential resolutions. 
 

Table 4.1. Summary of the LabPET-8TM technical specifications. 
 

Parameter Specification 
 
Detector crystal material 
 
Crystal dimension 
 
No. of detector rings 
 
Crystals per ring 
 
Total no. of crystals 
 
Detector ring inner diameter 
 
Transaxial field-of-view 
 
Axial field-of-view 
 

 
Phoswich pair of LYSO and LGSO 

 
2.0!2.0!14 mm3 

 
32 

 
192 

 
6144 

 
162 mm 

 
100 mm 

 
75 mm 

 
 
C. Scatter fraction and counting rate measurements 
 
Scatter fraction and count rate performance were evaluated using specially designed mouse- and rat-
sized phantoms according to NEMA NU 4 – 2008 specifications. Both phantoms are made of a solid, 
circular cylinder composed of high density polyethylene (density 0.96±0.1 g/cm3). The mouse-sized 
phantom is 70±0.5 mm long and 25±0.5 mm in diameter whereas the rat-sized phantom has a diameter 
of 50±0.5 mm and length of 150±0.5 mm. A cylindrical hole (3.2 mm diameter) is bored parallel to the 
central axis at a radial offset of 10 mm and 17.5 mm for the mouse and rat phantom, respectively. The 
starting [18F] activity solution is 105 MBq for the mouse-sized phantom and 150 MBq for the rat-sized 
phantom. Data were acquired after placing the phantoms at the centre of the FOV parallel to the Z-axis 
of the scanner. Subsequent acquisitions were recorded until the single event rate was equal to twice the 
intrinsic single event rate. The duration of each acquisition ranged from 180 to 500 sec considering the 
decay of 18F, thus allowing the collection of more than 500,000 prompt counts. To evaluate intrinsic 
scanner counting rate, two acquisitions of 10 hours each were performed using the mouse and rat 
phantoms without any radioactivity. For all acquisitions, prompt sinograms without any corrections 
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were generated. Acquisition and processing of data followed strictly the NEMA NU 4 – 2008 
standards. In short, for each prompt sinogram, all pixels located farther than 8 mm from the edge of 
the phantom were set to zero. The profile of each projection angle was shifted so that the maximum 
valued pixels were aligned with the central pixel of the sinogram. After alignment, a sum projection 
was calculated which resulted in a projection with a peak corresponding to the location of the line 
source. The average of the pixel values at ±7 mm from the center of the sinogram were multiplied by 
the number of pixels between the edges of the 14 mm wide strip. The result was added to the counts 
outside the strip to provide the total number of scatter and random events. The remaining counts in the 
sum projection were considered true events and used in the calculation of the true event count rate by 
dividing with the respective acquisition time. The total number of prompt events in the sinogram, 
which includes true, scattered and random events, was calculated by summing up all the pixel values 
in the sum projection. 
 

The true event rate Rtrue for each acquisition was computed as: 
 

    (1) 

 
where Ctotal is the total number of counts in the sum projection, Crandom+scatter is the number of random 
plus scattered counts and Tacquisition is total acquisition time. 
 

The scattered event rate Rscatter for each acquisition was computed as: 
 

                                       (2) 
 
where Rtotal is the total event rate calculated as: 

 
 

The random event rate Rrandom for each acquisition was computed as: 
 

                                                                                               (4) 

 
The scatter fraction for each acquisition was computed using the following formula: 
 

     (5) 

 
The noise equivalent count rate (NECR) RNEC for each acquisition was computed as: 
 

     (6) 

     
The scatter fraction, count losses and random coincidence analysis was implemented using an in-house 
developed program implemented in MATLAB 7.4 (Mathworks, Natick, MA). 
 
D. Sensitivity 
 
The sensitivity was measured using the same 22Na point source used in the above described spatial 
resolution measurements. An acquisition was performed for 10,000 true events by centering the source 
in the scanner’s FOV. The acquisition time was noted and utilized for subsequent acquisitions at 
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positions stepped axially covering the whole scanner’s axial FOV. Also the background true event rate 
was measured by acquiring data in the absence of a radioactive source in the FOV. All data were 
analyzed according to NEMA NU 4 – 2008 standards. 
 

The sensitivity (counts per second per Bq or cps/Bq) was calculated as follows: 

     (7) 

where Ri and RB, i are the source and background count rates for acquisition i, respectively, and Acal is 
the actual point source activity.  
 

The relative (percent) sensitivity for acquisition i is given by: 

     (8) 

where 0.906 is the branching ratio of 22Na. 
 
The system sensitivity for the mouse and rat phantoms was computed as follows: 
 
 

;    ;     ;      (9) 

where central 7 cm and central 15 cm are the central axial FOVs of the scanner encompassing 7 cm 
and 15 cm of length corresponding to typical length of mouse and rat, respectively. 
 
 

The total system sensitivity was computed as follows:  
  ;      (10) 

 
The axial sensitivity profile was plotted using the sensitivity, SA,i, for each slice. 

 
E. Image quality characteristics 
 
Image quality characteristics were assessed using a specially designed NEMA NU 4 – 2008 image-
quality phantom. The phantom is made up of polymethylmethacrylate with internal dimensions of 50 
mm length and 30 mm diameter. The phantom consists of 3 compartments: a uniform region, 5 rods of 
different diameters and 2 non-radioactive chambers. The phantom was filled with 6.1 MBq of 18F. The 
acquisition started when the activity in the phantom was 3.7 MBq and lasted 20 minutes. 
Normalization and random corrections were applied to the acquired data before image reconstruction. 
The PET emission data were reconstructed using 2D-MLEM (10 iterations, span 63) resulting in a 
240!240!63 image matrix with voxel size of 0.25!0.25!1.17 mm3. A 22.5 mm diameter (75% of 
active diameter) by 10 mm depth cylindrical volume of interest (VOI) was drawn over the center of 
the uniform region of the image quality phantom. The average activity concentration, maximum and 
minimum values in the VOI, and the percentage standard deviation (%STD) were measured. The 
reconstructed image slices covering the central 10 mm length of the rods were averaged to obtain a 
single slice of lower noise. Circular ROIs were drawn on this image, around each rod and background, 
with diameters twice the physical diameter of the rods. The maximum values in each of these ROIs 
were measured. The transverse image pixel coordinates of the locations with the maximum ROI values 
were recorded and used to create line profiles along the rods in the axial direction. The standard 
deviation and mean value of a rod profile and background were calculated. These are referred to as 
SDline profile, averageline profile, SDbackground and averagebackground. Spill-over ratios (SOR) were calculated by 
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drawing VOIs (diameter 4 mm, 7.5 mm in length) on the water- and air-filled cylindrical chambers. 
The ratio of the mean counts in each cold region to the mean of the hot uniform area was reported as 
SOR.  

The standard deviation of the recovery coefficients was calculated as follows: 
 

     (11) 

 
F. Imaging study 
 
To access the overall system performance, the imaging capabilities of the scanner were assessed 
through additional imaging studies of rodents. A healthy wistar rat was injected intravenously with 30 
MBq of [18F]-FDG. PET images were acquired 45 minutes post-injection. The acquisition time was 19 
minutes for three bed positions. Similar reconstruction procedure was applied as for the phantom 
studies described above. 
 

4.5   RESULTS 
 
A. Spatial resolution 
 
The measured radial, tangential and axial spatial resolution in terms of FWHM and FWTM (mm) are 
plotted in Figure 4.1 for FBP reconstruction as recommended by the NEMA NU 4 – 2008 standards.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                                                                              (b) 
 
Figure 4.1. Radial, tangential and axial spatial resolution as a function of radial offset reported in terms of 
FWHM (A) and FWTM (B) using FBP reconstruction. Data were measured at two axial positions: at the center 
of the axial FOV and at ! from the center of axial FOV. 
 
 
The FWHM radial resolution ranged from 1.7 mm at the centre of the FOV to 2.59 mm at a radial 
offset of 25 mm whereas the FWTM ranged from 3.1 mm to 4.91 mm for the same radial offset. The 
axial resolution ranged from 2.41 mm at the centre FOV to 2.63 mm at a radial offset of 25 mm 
whereas the FWTM ranged from 4.4 mm to 4.79 mm for the same radial offset. The tangential 
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resolution was more or less constant for the radial offsets. The FWHM volumetric resolution at axial 
positions Z=0 and Z=18.8 mm is 7.5 mm3 and 8.3 mm3, respectively. 
 Figure 4.2 represents the MLEM reconstructed radial, tangential and axial spatial resolution in terms 
of FWHM and FWTM (mm). Iterative reconstruction with accurate statistical modeling of the 
system’s response function improved substantially the spatial resolution. The radial resolution ranged 
from 0.84 mm at the centre of the FOV to 1.14 mm at a radial offset of 25 mm whereas the FWTM 
ranged from 1.53 mm to 2.08 mm for the same radial offset. The axial resolution ranged from 1.55 
mm at the centre of the FOV to 1.53 mm at a radial offset of 25 mm whereas the FWTM ranged from 
2.83 mm to 2.81 mm for the same radial offset. The tangential resolution was almost constant for the 
radial offsets. The FWHM volumetric resolution at axial positions Z=0 and Z=18.8 mm positions is 
1.31 mm3 and 1.43 mm3, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       (b)  
 
Figure 4.2. Radial, tangential and axial spatial resolution as a function of radial offset reported in terms of 
FWHM (A) and FWTM (B) using MLEM reconstruction. Data were measured at two axial positions: at the 
center of the axial FOV and at ! from the center of axial FOV. 
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B. Scatter fraction, count losses and random coincidence measurements 
 
The count rate performance of the scanner for the mouse- and rat-sized phantoms is shown in Figure 
4.3. The total, true, random, scatter and NEC rates are plotted against the average effective activity 
concentration for both mouse- and rat-sized phantoms. For the mouse-sized phantom, the peak NECR 
is 183 kcps at 2.07 MBq/cc whereas the peak true count rate is 320 kcps at 2.50 MBq/cc with a scatter 
fraction of 19%. The rat-sized phantom produced a scatter fraction of 31 %, with a peak NECR of 67 
kcps at 0.23 MBq/cc and a peak true count rate of 186 kcps at 0.27 MBq/cc. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (a)  
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

              (b) 
 
Figure 4.3. Count rate performance plots as a function of the average effective activity concentration of the line 
source for both a mouse-sized phantom (A) and a rat-sized phantom (B). 
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C. Sensitivity 
 
The NEMA NU 4 – 2008 standards suggest calculating the system sensitivity as the sum of the 
sensitivity for each slice. The total sensitivity for the mouse and rat length is 0.16 cps/Bq whereas the 
total absolute sensitivity is 12.74%. The system peak absolute sensitivity is 1.33%. Figure 4.4 depicts 
the axial sensitivity profile plotted for the absolute sensitivity SA against each slice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4. The axial absolute sensitivity profile along the z-axis of the LabPET-8™ scanner. 
 

 
D. Image quality characteristics 
 
The mean, maximum and minimum activity concentration results and the percentage standard 
deviation are presented in Table 2. The recovery coefficients (RCs) and absolute standard deviation for 
the different rods are shown in Figure 4.5. The spill-over ratios and the percentage standard deviation 
obtained for the water- and air-filled inserts of the image quality phantom are reported in Table 3. 
Representative images of the NEMA image quality phantom are shown in Figure 4.6, illustrating a 
transaxial view of the 5 rods, a coronal view of NEMA image quality phantom, a transaxial view of 
the uniform region of the phantom and a profile across the uniform area. The regions of interest 
defined for quantitative analysis are also shown. 
 
 

Table 4.2. Uniformity analysis results obtained using MLEM reconstructions in terms of mean, maximum and 
minimum activity concentration values in the defined volume of interest (VOI). 

 

Mean (kBq/ml) Maximum 
(kBq/ml) 

Minimum 
(kBq/ml) 

%STD 

 
126.97 

 
156.35 

 

 
97.68 

 

 
7.0 % 
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Table 4.3. Spill-over ratios (SOR) and standard deviation (%). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Recovery coefficients and standard deviations for 5 rods of different size ranging between 1 and 5 
mm. 
 
 
E. Imaging study 
 
Figure 4.7 shows transverse, sagittal and coronal views of a wistar rat injected with [18F]-FDG 
acquired to test the PET/CT scanner capabilities for preclinical imaging. The major organs with high 
uptake of FDG are clearly visible and smaller structures such as the left myocardium and ventricle are 
clearly defined along the three planes. The much thinner right myocardium is also perceptible on the 
transaxial slices. The images illustrate the ability of the LabPET-8™ system to obtain good quality 
and high contrast images of living rodents and its capabilities to probe subtle molecular signals (low 
probe concentrations) deep within tissue with high spatial resolution and contrast, and thus provide 
quantitatively accurate probe spatial and temporal biodistribution data. 
 

Region SOR %STD 
 

Water-filled cylinder 
 

 
0.20 

 
16.0 

Air-filled cylinder 0.11 9.0 
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Figure 4.6. Images of the NEMA NU-4 image quality phantom showing a transverse plane 
corresponding to the rods region with ROIs defined on each rod (A), a transverse plane of the uniform 
region (B), a transverse plane of non-radioactive chambers (C), and a line profile across the uniform 
area of the phantom (D). The defined ROIs for quantitative analysis are also shown. 
 
 
4.5 DISCUSSION 
!
The overall performance of the LabPET-8™ subsystem of Triumph™ multimodality platform was 
evaluated according to NEMA NU 4 –2008 standards. Despite that the performance assessment of 
many small animal PET scanners developed in academic and corporate setting based on the NEMA 
NU 4 –2008 standards is documented in recent literature (Popota et al., 2009; Bao et al., 2009; Lage et 
al., 2009; Kis et al., 2009; Bahri et al., 2009; Kemp et al., 2009; Disselhorst et al., 2010; Prasad et al., 
2010), to the best of our knowledge, there is a lack of published scientific literature reporting on the 
performance characterization of the LabPET-8™ system using these standards. !
The FBP reconstructed spatial resolution shows that the tangential spatial resolution does not vary 
significantly throughout the transverse FOV. However, the radial resolution is degraded as the radial 
offset increases. Despite the two-layer scintillation crystal array or phoswich detector to allow coarse 
estimation of photon depth of interaction, there is a residual transverse parallax error. The 
deterioration of the axial spatial resolution at higher radial offsets is due to crystal penetration in the 
axial direction and known limitations of SSRB rebinning used on the LabPET-8™ scanner. In 
comparison to FBP reconstructed spatial resolution, the MLEM reconstructed spatial resolution which 
accurately models the physical response of the scanner in the system matrix clearly shows the 
improvement of the spatial resolution in all three directions. Also the non-uniformity in the FWHM 
values of FBP reconstructed spatial resolution has been recovered to a great extent when using MLEM 
iterative reconstruction and lower span. The spatial resolution results for radial and tangential 
resolutions are in good agreement with those published for the LabPET™ scanner by the University of 
Sherbrooke group (Bergeron et al., 2009a). The slight differences between our and previously 
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published results are due to the difference between acquisition and processing firmware used for 
generating those results (Tetrault et al., 2010), difference in data acquisition energy window (250-650 
keV in our case versus 375-650 keV used in the above referenced study) and maximum ring difference 
applied (31 in our case versus 15). It should also be noted that we neglected in our calculations the 
effects of the size and shape of the source and non-collinearity of positron annihilation. Fourier 
rebinning (FORE) should also replace SSRB to improve the axial spatial resolution of the system. 
 
 

 
 
Figure 4.7. Transverse (A), coronal (B) and sagittal (B) representative views of a wistar rat injected with [18F]-
FDG scanned on the LabPET-8™ scanner. 
 
 

The measured count rate characteristics demonstrate that the LabPET-8™ has suitable count rate 
performance for optimal imaging of rodents. The achieved NEMA-based peak NECR of 183 kcps for 
mouse and of 67 kcps for rat-sized phantom is similar to results obtained on the eXplore VISTA small 
animal PET scanner (Wang et al., 2006). The NECR obtained for the rat-sized phantom is lower than 
the one obtained for the mouse-sized phantom because of the higher photon attenuation of the true 
events, and higher scatter and random count rates. The NECR for the mouse-sized phantom peaked at 
a higher activity concentration than for the rat-sized phantom because the true count rate decreases 
more rapidly than the random count rate as object size increases (Watson et al., 2005). The SF values 
of 19% for the mouse- and 31 % for the rat-sized phantoms for the LabPET-8™ scanner are 
comparable with those reported for the same system (Bergeron et al., 2008) and for the microPET 
Focus 120 PET scanner (Kim et al., 2007). 

For an energy window of 250-650 keV and timing window of 22 ns, the system peak absolute 
sensitivity is 1.33% as compared to 2.1% for the LabPET-8™ scanner (Bergeron et al., 2009a) using 
multiple coincidence time windows of 10 ns, 15 ns and 20 ns for LYSO-LYSO, LGSO-LYSO and 
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LGSO-LGSO. The discrepancy can be due to different time window settings and the noise threshold 
which is individually applied to each detector to reject electronic noise. The axial sensitivity profile 
presents the typical 3D characteristic of axial sensitivities in which a linear drop of sensitivity from the 
center to the edge of the FOV is observed (Figure 4). The NEMA image quality test provides a 
common and standardized approach for the overall assessment of image quality of a PET scanner. The 
%STD which expresses the uniformity of an image is 7% in contrast to 5.29% reported for the Inveon 
small animal PET scanner (Bao et al., 2009). This is due to the fact that our image quality data are not 
corrected for attenuation and scatter whereas those of the Inveon scanner are corrected for the above 
mentioned physical degrading factors. The recovery coefficients for the five different rods varied from 
0.13 to 0.96 (figure 5). These values are similar to those reported earlier for the LabPET™ scanner 
(Bergeron et al., 2009a). SOR values of water and air-filled chambers are 0.20 and 0.11 having 
percent standard deviation of 16% and 9%, respectively. Such high values for SOR were expected 
since the images were not corrected for attenuation and scatter. The small animal imaging capability of 
the LabPET-8™ system is also demonstrated by in vivo imaging study of a rat injected with [18F]-
FDG. 

Overall, the results demonstrate that the LabPET-8™ subsystem of the Triumph™ multimodality 
platform is capable of producing high-quality images desirable for molecular imaging-based 
biomedical research. The performance capabilities of the system can be improved further using fully 
3D statistical iterative reconstruction algorithms incorporating accurate modeling of PET scanner 
response and implementation of CT-based PET quantitative correction procedures. 

 

4.6  CONCLUSION 
 
The performance of the LabPET-8™ subsystem of the Triumph™ PET/SPECT/CT scanner has been 
fully characterized using the NEMA NU 04 – 2008 standards. The results indicate that the scanner has 
a high and uniform spatial resolution across the FOV and a good sensitivity. The count rate 
performance results demonstrate that the scanner is well suited for imaging rodents allowing the 
acquisition of good statistics in a relatively short time. The image quality phantom results indicate that 
the image uniformity and RC values are reasonable. However, these performance parameters can be 
improved by applying appropriate image correction procedures including CT-based attenuation and 
scatter corrections (Prasad et al., 2011; Gutierrez and Zaidi, 2011). The overall performance shows 
that the Triumph™ LabPET-8™ scanner is suitable for preclinical imaging-based research and could 
be considered as one of the most technologically advanced dedicated small-animal PET scanners 
available today.   
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Abstract 
 
Positron Emission Tomography (PET) has emerged as a valuable molecular imaging modality for 
quantitative measurement of biochemical processes in vivo in the clinical and preclinical imaging 
domains. However, PET imaging suffers from various physical degrading factors including photon 
attenuation, which can be corrected using CT-based attenuation correction (CTAC) on combined 
PET/CT scanners. The attenuation map is calculated by converting CT numbers derived from low-
energy polyenergetic x-ray spectra to linear attenuation coefficients at 511 keV. Generation of 
accurate attenuation maps is crucial for reliable attenuation correction of PET data and hence is a 
prerequisite for accurate quantification of biological processes. In this study, we implemented the 
CTAC procedure on the FLEX Triumph™ preclinical PET/CT scanner and evaluated tube voltage 
dependence for different kVps (40, 50, 60, 70, and 80). The quantitative impact of both bilinear and 
quadratic based energy-mapping methods on linear attenuation coefficients, attenuation maps and 
corrected PET images was assessed at different CT tube voltages. Attenuation maps were calculated 
from CT images of a cylindrical polyethylene phantom containing different concentrations of K2HPO4 
in water. Correlation coefficients and best regression fit equations were calculated for both methods. 
Phantom and rodent PET/CT images were used to assess improvements in image quality and 
quantitative accuracy. It was observed that the slopes of the bilinear calibration curves for CT numbers 
greater than 0 HU increase with increasing tube voltage. In addition, higher correlation coefficients 
were obtained for the quadratic compared to the bilinear energy-mapping method. Tube voltage of 70 
kVp produced the smallest relative error and higher correlation coefficient compared to other tube 
voltages. For low concentrations of K2HPO4, the mean relative difference (in %) between theoretical 
and calculated attenuation coefficients when using bilinear and quadratic energy-mapping methods are 
1.39±1.9 and 1.33±1.8, respectively. They are 2.78±1.3 and 2.5±1.3, respectively, for high 
concentrations of K2HPO4. As expected, higher activity concentrations were obtained for PET after 
attenuation correction. The increased PET signal for mouse tissues ranged between 21 and 31% for 
bilinear energy-mapping and between 21.8 and 35% for quadratic energy-mapping, whereas these 
varied from 40 to 51% and from 41 to 56%, respectively, for rat tissues. For biological tissues having 
a high atomic number such as bone, the quadratic energy-mapping method produced slightly improved 
results compared to the bilinear energy-mapping method. Phantom and rodent PET studies were 
successfully corrected for photon attenuation using the developed CTAC procedure. 
 
Index Terms— Small-animals, PET/CT, attenuation correction, energy-mapping, quantification. 
 

5.1  Introduction 
(
 Positron emission tomography (PET) has emerged as a revolutionary molecular imaging technology 
for qualitative assessment and quantitative measurement of biochemical processes in vivo in the 
clinical and preclinical imaging domains. However, the technique suffers from many physical 
degrading factors with photon attenuation being one of the major issues impacting image quality and 
quantitative analysis of PET images [1]. The magnitude of photon attenuation in small-animal PET is 
not as large as in clinical imaging situations. Indeed, 5 cm of soft tissue, the approximate transverse 
size of a 250 g rat, may absorb 40% of 511 keV photons [2]. This proves that attenuation correction 
(AC) is still potentially important for accurate estimation of tracer uptake in high-resolution preclinical 
PET imaging [3]. Through knowledge of the attenuation properties of the object being scanned, the 
measurement along each line of response can be corrected for photon attenuation. Various strategies 
were developed for the purpose of attenuation correction in PET [1]. CT-based attenuation correction 
(CTAC) is one the well established techniques on combined PET/CT scanners owing to the low 
statistical noise and high-quality anatomical information, small crosstalk between PET annihilation 
photons and low energy x-rays, and higher throughput imaging protocols [4]. However, accurate and 
robust conversion of CT numbers derived from low-energy polyenergetic x-ray spectra of a CT 
scanner to linear attenuation coefficients at 511 keV has become essential for accurate correction of 
the corresponding PET data. Several strategies have been reported in the literature such as 
segmentation [4], scaling [5], hybrid (segmentation/scaling) [6], bilinear or piece-wise scaling [7] and 
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dual-energy decomposition methods [8]. The bilinear conversion method uses a linear relationship 
between CT numbers and linear attenuation coefficients of materials at 511 keV with one slope for 
soft tissue regions (air-water segment) and another slope for bone regions (water–bone segment) [9]. 

CT numbers in the range -1000<HU<0 are considered to represent regions with a mixture of air and 
soft tissue whereas positive CT numbers (HU>0) represent regions with a mixture of soft tissue and 
bone. Other variants to the linear relationship were also proposed through the use of nonlinear 
regression such as quadratic polynomial mapping algorithms [10]. Although the bilinear conversion 
method remains the most widely used technique, the quadratic polynomial energy-mapping method is 
an appealing approach [10]. Energy-mapping methods are generally derived at a preset tube voltage 
and current. These methods are widely used and validated on clinical PET systems [11]; however, they 
still need to be thoroughly investigated on dedicated high resolution, small field-of-view scanners such 
as those used for small-animal imaging. 

The quantitative capabilities of the commercially available FLEX Triumph™ (Gamma Medica-
Ideas, Nortridge, CA) preclinical PET/CT platform installed in our department are being characterized 
[12]; however, the lack of reliable image correction methodologies necessitated the implementation of 
CTAC on this system as a first step to achieve our endeavors. In this work, we implemented and 
evaluated tube voltage-dependent attenuation correction on this preclinical PET/CT scanner. 
Improvements in image quality and quantitative capability of preclinical PET images corrected for 
attenuation using attenuation maps generated using both bilinear and quadratic polynomial energy-
mapping methods were also assessed. 

 

5.2  Materials and Methods 

5.2.1 System description 
!

PET and CT data were acquired using the commercially available FLEX Triumph™ preclinical 
PET/CT scanner (Gamma Medica-Ideas, Nortridge, CA). Both PET and CT subsystems are mounted 
on the same gantry allowing functional and anatomical imaging without moving the animal (other than 
table translation). The X-PET subsystem is based on detector blocks arranged in 48 rings having a 10 
cm transaxial field-of-view (FOV) and 11.6 cm axial FOV. The PET detector array consists of 11,520 
individual Bismuth Germanate (BGO) crystals arranged in 48 rings and 180 blocks. The dimension of 
each crystal is 2.3!2.3!10 mm3 in the axial, transaxial, and radial direction, respectively. This optimal 
design allows achieving unique properties such as low-cost, high-sensitivity and large axial FOV using 
an inexpensive crystal material arranged in pixilated ring geometry. The scanner incorporates the 
photomultiplier (PMT)-quadrant-sharing (PQS) method [13] which maximizes the number of crystals 
per PMT that can be decoded, thus improving the system’s spatial resolution. The sensitivity and light 
output are maximized by using 96% crystal-packing fraction and no light-guides, respectively. High 
yield pileup event recovery (HYPER) electronic processing technology is used to improve count rate 
performance [14]. The detector blocks are circularized by slightly grinding each block on the PMT 
side into a pentagon shape and having the two end-rows of crystals in each block tapered [15-17]. The 
PET scanner has a spatial resolution of 1.8 mm full-width at half-maximum (FWHM) and sensitivity 
near 8% at the center of the FOV [12].The high-resolution microCT subsystem is configured with a 
CMOS x-ray detector coupled to a scintillator [18] and a standard self-contained, air-cooled x-ray tube 
operating in the range of 40-80 kVp having a standard micro-focus tube of a 75 µm focal spot with 
40W total power. The CT tube has target material of tungsten with cone angle of 38 degree. The 
detector is made of CsI flipped scintillator material with pixel array of 2240!2368 and a pixel size of 
50-µm [19]. 
 

5.2.2 Data acquisition and processing 
!

PET scans were acquired with a 250–750 keV energy window and 12 ns timing window. Coincident 
events acquired in list-mode format were first Fourier rebinned into 2D sinograms, and then 
reconstructed using 2D ordered subsets-expectation maximization (OS-EM) algorithm (4 iterations 
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and 10 subsets), resulting in 0.4!0.4!0.4 mm3 voxel size for a 256!256!256 image volume. 18F-
flurodeoxyglucose (FDG) was used as tracer for PET studies. CT scans were acquired using tube 
voltages varying between 40 and 80 kVp and optimized tube current. The gantry rotated in continuous 
flying mode. A total of 512 projections were acquired in a full 360° scan with 2240!2368 projection 
matrix size. Images were reconstructed using a modified 3D cone-beam Feldkamp algorithm resulting 
in 0.17!0.17!0.17 mm3 voxel size for a 512!512!512 image volume. CT images were downsampled 
to match the bin size of PET images. This was followed by energy conversion of CT images using 
experimentally derived bilinear and quadratic polynomial energy-mapping methods to match PET’s 
energy. Gaussian smoothing was then applied using an appropriate Gaussian kernel (FWHM=1.8 mm) 
to match PET’s spatial resolution. The resulting attenuation maps were then forward projected using 
ray tracing based on Siddon’s algorithm [20] implemented in C++ programming environment. The 
forward projected sinograms were then exponentiated to generate attenuation correction factors 
(ACFs). The measured PET sinogram was then multiplied by the generated ACFs to obtain the 
attenuation corrected PET sinograms. The multiplicative ACF for a given path length is calculated 
according to: 

 

      (1) 

where µ511keV is the linear attenuation coefficient at 511 keV. 
 

The attenuation corrected PET sinogram was then reconstructed using the same technique used for 
the uncorrected data to obtain the final CT-based attenuation corrected PET images. The strategy 
followed for implementation of the CT-based attenuation correction technique is described elsewhere 
[2]. 

 

5.2.3 Conversion of CT images to !maps 
(
A specially designed polyethylene cylindrical phantom (f70±0.5mm), containing 16 cylindrical holes 
(f5±0.1mm), was scanned on the CT subsystem of the combined PET/CT scanner by varying CT tube 
voltages between 40 to 80 kVp. To simulate different types of biological materials, thirteen plugs were 
filled with a mixed solution of K2HPO4 and water, with concentrations varying between 80 and 1040 
mg/cc (µ ranging between 0.1 and 0.155 cm-1 at 511 keV) along with three additional plugs containing 
water, air and lung equivalent tissue (figure 5.1a). The CT image values were extracted from volumes 
of interest (VOIs) of dimensions 0.4!0.4!0.17 mm3 in each image corresponding to the location of the 
samples (Fig. 5.1b). 
 

                                           
                                         (a)            (b) 
 
Figure 5.1. (a) Photograph of the specially designed polyethylene cylindrical phantom containing 16 cylindrical 
holes. (b) Transverse CT image of the calibration phantom showing the location of defined VOIs. 

 
The theoretical linear attenuation coefficients (m) for each material were calculated using the NIST 

XCOM photon cross section library [21], and served as reference for evaluation of phantom studies. 
The known µ of each material was subsequently plotted against its CT number. In the CT energy 
range, Compton scattering dominates the m coefficient of low-Z materials (such as water and soft 
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tissue), while photoelectric effect dominates the m coefficient of high-Z materials (such as bone). 
Thus, different scaling factors are used to transform CT numbers into a µ-map at 511keV for different 
tissues. For HU ! 0 the plotted curve was fitted only linearly. However, for HU>0 both a linear and 
quadratic polynomial functions were fitted to the data points with 95% confidence interval. The two 
fitted functions provided bilinear and quadratic polynomial energy-mapping curves for use in 
attenuation correction of PET studies. 

 
The bilinear energy-mapping method uses the following equations [11]: 

µ [cm"1] = 9.6#10-5 # (HU + 1000)         HU ! 0      (2) 
                                     µ [cm-1] = a # (HU + 1000) + b               HU > 0 
 

The quadratic energy mapping method is defined by the following equations [10]: 
 

µ [cm-1] = 9.6#10"5 # (HU + 1000)                    HU ! 0        (3) 
                             µ [cm-1] = a # (HU + 1000)2 + b # (HU + 1000) + c   HU > 0 
 

5.2.4. Phantom and rodent studies 
!
Three phantom studies (of different size) were performed for validation purposes. A uniform 
cylindrical phantom of 2.5 cm diameter and 14 cm length was filled with uniformly distributed 
mixture of water and 3 MBq of 18F. The second phantom used is the NEMA NU 4- 2008 image quality 
phantom [22] filled with a mixture of water and 4 MBq of 18F. The third one is the Micro-deluxe 
Phantom™ (Model ECT/DLX/MMP) filled with a mixture of water and 8 MBq of 18F. The phantom 
consists of a 5-cm outer diameter and 4.5-cm inner diameter cylinder that can accommodate hot or 
cold rod inserts. The rods are grouped into sectors with diameters of 4.8 mm, 4.0 mm, 3.2 mm, 2.4 
mm, 1.6 mm, and 1.2 mm.  

PET imaging was performed for the above mentioned phantoms for a duration of 10 minutes (except 
the uniform cylindrical phantom which was scanned for 5 minutes) and followed immediately by a CT 
scan. Rodent studies included one healthy mouse (24 g) and one rat (260 g). The mouse and rat were 
anesthetized with 2% of isofluorane and injected intravenously in the tail with about 10 and 38 MBq 
of 18F-FDG, respectively. PET acquisitions were performed for 10 minutes covering the whole-body 
for the mouse study whereas only the head region of the rat was covered. A CT scan of 2 minutes was 
then performed for each animal after PET acquisition of the same region. All PET studies were 
performed in an activity/count rate regime resulting in a low random coincidence rate. Activity was 
measured with a regularly calibrated dose calibrator (MED Dose Calibrator Isomed 2000). The 
calibration of emission activity values to actual activity concentration was performed using a small 
cylinder (2.5 cm diameter) filled with a mixture of 3 MBq of 18F and water. The cylinder was scanned 
for 2 hours using an energy window of 250–750 keV and 12 ns timing window. The PET emission 
data were corrected for attenuation. The actual activity concentration in the cylinder was computed 
from the activity, measured in a dose calibrator, and the volume of the sample. The computed activity 
concentration was related to a region of interest in the PET image. The resulting calibration factor 
(CF) that relates activity concentration to reconstructed counts per voxel was calculated using the 
following equation: 

                                             (4) 

 
where Acal is computed as follows : 

Acal = (A/V) ! N ! exp ("0.693 ! t/T1/2) 
 
where A is the activity in the phantom measured in a dose calibrator, V is the volume of the phantom, 
N is the branching ratio of positron decay of the radionuclide, and t is the time delay from initial 
measurement to the start of the scan, and T1/2 is the half-life of the radionuclide used. 
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5.2.5. Analysis 
(

A VOI- and line profile-based quantitative analysis was performed on phantom and rodent studies 
for assessment of the quality of !-maps and CTAC procedure using both energy-mapping methods. 
VOIs of dimension 0.4"0.4"0.17 mm3 were defined on regions of the µ-map corresponding to 
different concentrations of K2HPO4 solution and the mean µ value was calculated. The obtained results 
were then compared with the theoretical µ estimated using the XCOM data tables [21]. The analysis 
was performed on 2 datasets corresponding to regions with low concentration (#160 mg/cc) of 
K2HPO4, representing soft tissue, and regions with high concentration (>160 mg/cc) of K2HPO4, 
representing high density tissues for both energy-mapping methods. Four and 11 data points were 
considered for representation of low and high concentration, respectively. 

Four VOIs of dimension 6.5"6.5"0.4 mm3 were drawn on the central slice of the uniform cylindrical 
phantom and uniform compartment of the NEMA image quality phantom for both uncorrected and 
attenuation corrected PET data sets. Likewise, three VOIs of the same size were drawn on the largest 
diameter rod of the Micro-deluxe phantom. VOI drawing and image analysis were performed using 
AMIDE [23] and PMOD software (PMOD Technologies Ltd, Zurich, Switzerland). The mean, 
standard deviation and coefficients of variation (CV) were also computed for each VOI. 

The CV, which is a measure of the magnitude of noise in the reconstructed image, was calculated for 
the phantom studies by computing $/!mean, where $ and !mean are the standard deviation and mean of 
the pixel values within the above mentioned VOIs, respectively. In addition, line profiles were drawn 
on uncorrected and attenuation corrected PET images and compared to actual activity line profiles. 
Percent differences from actual values were also calculated. For the mouse study, several VOIs of 
dimension 4.0"4.0"0.4 mm3 were drawn on brain, heart, and bladder regions whereas smaller VOIs 
(2.8"2.8"0.4 mm3) was drawn for bone (vertebra) region. Likewise, VOIs of dimension 8.0"8.0"0.4 
mm3 were drawn on the brain and striatum whereas smaller VOIs (2.8"2.8"0.4 mm3) were drawn on 
the bony region of the rat. The increased percentages of PET intensities after attenuation correction as 
compared to uncorrected images were calculated for mouse and rat tissues using both energy-mapping 
methods. Statistical analysis using Student’s t-test was performed to assess significant differences 
between attenuation corrected PET images using both energy-mapping methods. 

5.3.  Results 
5.3.1 Conversion of CT images to µ-maps 

(
Linear attenuation coefficients for the different materials present in the calibration phantom were 

plotted as a function of CT numbers. Curve fitting using both linear and quadratic polynomial 
functions was performed to determine the fitting parameters as shown in figure 5.2. As mentioned 
earlier, CT data were obtained at several x-ray tube voltages ranging from 40 to 80 kVp. The fitting 
parameters and correlation coefficients (R2) for both bilinear and quadratic energy-mapping methods 
at different CT tube voltages are shown in Table 5.1. 

The obtained !-maps were compared with the theoretical estimates calculated using the XCOM 
photon cross section library [21] for different tube voltages. Table 5.2 summarizes the mean relative 
difference between measured and theoretical attenuation coefficients for the bilinear method when 
using different tube voltages. The results show that a tube voltage of 70 kVp produced the smallest 
relative error and higher correlation coefficient compared to other tube voltages given the calibration 
curve was obtained at this tube voltage. This tube voltage was selected for further assessment.           

 
Table 5.3 summarizes the mean relative difference between measured and theoretical attenuation 

coefficients for the various samples when using two different energy-mapping methods. The results 
presented were averaged for low and high concentrations of K2HPO4 to allow modelling of soft tissue 
and bony structures (Fig. 5.3). The error bars in Fig. 5.3 represent the standard deviation of data points 
for various ROIs defined on low and high and low concentration regions. For low concentrations of 
K2HPO4, the mean relative difference (in %) between theoretical and calculated attenuation 
coefficients when using bilinear and quadratic energy-mapping methods are 1.39±1.9 and 1.33±1.8, 
respectively. 
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Figure 5. 2. Representative plots of bilinear and quadratic fitting of the calibration curves at 70 kVp and 275 µA. 
 

 
 They are 2.78±1.3 and 2.50±1.3 for high concentrations of K2HPO4, respectively. Hence, both 

energy-mapping methods produce quite similar relative difference for low concentrations of K2HPO4. 
However, for higher concentrations of K2HPO4, the quadratic energy-mapping method results in 
relatively lower relative difference compared to the bilinear method. The original transverse CT image 
of the NEMA image quality phantom together with a horizontal line profile showing actual and 
resulting CT numbers is shown in Fig. 5.4. The beam hardening effect is clearly visible.  

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 5.3. Mean relative difference of linear attenuation coefficients (µ) calculated using the two energy-
mapping methods for low (! 160 mg/cc) and high (>160 mg/cc) concentrations of K2HPO4 solution modeling 
soft tissue and bony structures, respectively 
 
Table 5.1. Summary of fitting parameters and correlation coefficients (R2) for both bilinear and quadratic 
energy-mapping methods. 
 

Bilinear energy-mapping method Quadratic energy-mapping method  

a(cm"1) # 
10-5 

b(cm"1) # 10-2 R2 a(cm"1) # 
10-9 

b(cm"1) # 
10-6 

c(cm"1) # 
10-2 

R2 

40 1 8.60 0.90 3 0.70 9.50 0.96 

50 2 8.60 0.90 4 0.30 9.60 0.96 

60 2 8.62 0.89 5 3.00 9.70 0.97 

70 9 9.20 0.98 6 9.00 9.50 0.97 

80 9 8.80 0.93 6 6.00 9.30 0.93 
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The !-maps along with line profiles of the NEMA image quality phantom generated using both 
energy-mapping methods are shown in Fig. 5.5. Similar results are shown for the mouse in Fig. 5.6. 
 

5.3.1 Phantom and rodent studies 
PET images of a transverse slice of the cylindrical, NEMA NU 4- 2008 image quality, and Micro-
deluxe phantoms are shown before and after attenuation correction using both energy-mapping 
methods in Figs. 5.7-5.9, respectively. Horizontal line profiles of the images of various phantoms 

Table 5.2. Mean relative difference (in %) between attenuation coefficients derived using the bilinear method for different 
combinations of kVps and the theoretical linear attenuation coefficients calculated using the XCOM photon cross-section 
library for various regions corresponding to different concentrations of K2HPO4. 
 
 

Material 
CT values 
(70 kVp) 

µ at 511keV 
[cm-1] 

 
 

40 kVp 50 kVp 60 kVp 
 

70 kVp 80 kVp 

Air -1000 0.000 0.00 0.00 0.00 0.00 0.00 

H2O 0.0 0.096 0.69 0.77 0.92 0.23 0.11 

0.08* 440.0 0.100 2.11 2.15 2.51 0.34 2.13 

0.16 591.0 0.105 4.53 2.17 2.52 3.60 2.14 

0.24 810.5 0.109 3.23 4.85 3.62 3.01 4.32 

0.32 1014.3 0.114 3.27 4.15 3.71 4.10 4.13 

0.4 1283.7 0.118 4.37 5.60 4.42 3.20 4.32 

0.48 1450.5 0.123 4.38 3.60 3.15 1.26 3.78 

0.56 1760.7 0.128 2.73 2.90 1.89 2.10 2.43 

0.64 1954.8 0.132 2.46 2.66 1.12 1.80 2.45 

0.72 2083.1 0.137 3.15 1.36 1.88 1.23 0.86 

0.8 2104.0 0.141 2.30 1.52 1.56 1.38 0.61 

0.88 2247.2 0.146 1.83 1.98 1.72 3.21 2.11 

0.96 2380.3 0.151 5.13 5.96 3.12 4.20 6.43 

1.04 2427.6 0.155 5.60 5.40 5.80 5.06 4.80 

    mean±SD        -                0.12±0.03 3.05±1.57 3.00±1.84 2.52±1.48 2.31±1.58 2.70±1.88 

*Concentration (in g/cc) of K2HPO4 in water 
 
(
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Table 5.3. Mean relative difference (in %) between the attenuation coefficients obtained when using two energy-
mapping methods and the theoretical linear attenuation coefficients computed using the XCOM photon cross-
section library for different regions within the phantom. 
 

Material µ at 511 keV [cm-1] Bilinear Quadratic 

Air 0.000 0.00 0.00 

H2O 0.096 0.23 0.23 

0.08* 0.100 0.34 0.31 

0.16 0.105 3.60 3.46 

0.24 0.109 3.01 3.00 

0.32 0.114 4.10 4.10 

0.4 0.118 3.20 3.19 

0.48 0.123 1.26 1.00 

0.56 0.128 2.10 1.19 

0.64 0.132 1.80 1.60 

0.72 0.137 1.23 1.18 

0.8 0.141 1.38 1.01 

0.88 0.146 3.21 2.90 

0.96 0.151 4.20 3.88 
1.04 

 
0.155 

 
5.60 

 
4.99 

 
mean±SD 

 
0.117±0.03 

 
2.35±1.65 

 
2.10±1.53 

 

                                         *Concentration (in g/cc) of K2HPO4 in water 

 
 
 

along with the actual activity concentration are also shown. The percentage coefficients of variation 
(CV) in the drawn VOIs for various phantoms of are shown in Table 5.4. The mean % CV derived 
from uncorrected emission data was significantly different from all corrected data (P < 0.005). 
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Figure 5.4. Transaxial CT images of the NEMA image quality phantom (left) and its corresponding horizontal 
line profile (right). 
 
 
 
 

                                   
 

 
 
 
Figure 5.5. Attenuation map of the NEMA phantom (left) and corresponding horizontal line profile of the actual 
and !-maps generated using both bilinear and quadratic polynomial methods (right). 
 
 

Figs. 5.10 and 5.11 show the correlated CT image, uncorrected and attenuation corrected PET 
images of the mouse and rat using both energy-mapping methods. Horizontal line profiles passing 
through the heart and brain, respectively, are also shown. Fig. 5.12 illustrates the percent increment of 
PET activity concentration when using CTAC in rodent PET imaging for both energy-mapping 
methods. The increased image intensities for different mouse tissues are in the range 21-31% for 
bilinear and 21.8-35% for quadratic energy-mapping. They are in the range 40-51% and 41-56%, 
respectively, for the rat.  

The error bars reflect statistical analysis for several VOIs drawn on various parts of rodents’ body 
including the brain, heart, bone and bladder. Statistical analysis using student’s t-test at 0.05 
significance level did not reveal statistically significant differences between attenuation corrected PET 
images using both energy-mapping methods for experimental phantoms and preclinical studies. 
However, for high atomic number tissues such as bone, the quadratic energy-mapping method 
produced slightly enhanced increment of PET activity concentration than the bilinear energy-mapping 
method for attenuation corrected as compared to uncorrected PET images. 
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                                                   (a)                                                        (b) 
                          
 

                                      
                                           

    (c)               (d)         

                                        (e) 
 
Figure 5.6. Coronal CT images of a mouse showing (a) the original CT image and (b) its corresponding 
horizontal line profile, (c) the generated attenuation maps using the bilinear and (d) quadratic polynomial 
methods. (e) The corresponding horizontal line profiles are also shown 
 
 

 
Table 5.4. Comparison of CV (%) between uncorrected and attenuation corrected PET images (using bilinear 
and quadratic energy-mapping methods). 
 

 
CV 

 
 

Study 
 
 
 
 
 

Uncorrected 
 

AC using 
bilinear 
method 

 

AC using  
quadratic method 

 
 

Uniform 
Phantom 

 
NEMA 

Phantom 
 

Micro-
deluxe 

Phantom 
 

Mouse 
 

Rat 

 
10.57 

 
 

5.21 
 
 

6.23 
 
 
 

15.11 
 

23.60 

 
10.09 

 
 

5.17 
 
 

6.00 
 
 
 

14.23 
 

22.41 

 
10.11 

 
 

5.17 
 
 

5.80 
 
 
 

14.35 
 

22.42 
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                                             (a)                              (b)                           (c) 
 

                                         
                                               
                                                 
   

                                        
                                        
                                          (d)                         
 
                                                                               (e) 
    
Figure 5.7. Transaxial images of the uniform cylindrical phantom showing: (a) CT image, (b) uncorrected PET 
image, (c) CT-based attenuation corrected PET image using the bilinear energy-mapping method, (d) attenuation 
corrected PET image using the quadratic energy-mapping method, and (e) corresponding horizontal profiles 
through images shown in (b)-(d). 
 
 
 

                                            
                                        (a)                               (b)                          (c) 
                                      
        

                                        
 
                                          
                                           (d)  
 
 

                     (e) 
 
 
Figure 5.8. Transaxial images of the NEMA image quality phantom showing: (a) CT image, (b) uncorrected 
PET image, (c) attenuation corrected PET image using the bilinear energy-mapping method, (d) attenuation 
corrected PET image using the quadratic energy-mapping method, and (e) the corresponding horizontal profiles 
through images shown in (b)-(d). 
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                                                (a)                                                 (b) 
    

                                        
                       
                                           (c)  
 

                                       (d) 
 
Figure 5.9. Transaxial images of the Micro-deluxe phantom showing: (a) uncorrected PET image, (b) 
attenuation corrected PET image using the bilinear energy-mapping method, (c) attenuation corrected PET 
image using the quadratic energy-mapping method (d) the corresponding horizontal profiles through images 
shown in (a-c). 
 
 
 
 
 
 

       
 
         (a)                       (b)                       (c)         (d)                  (e) 
 
Figure 5.10. Coronal images of the mouse showing: (a) CT image, (b) uncorrected PET image, (c) attenuation 
corrected PET image using the bilinear energy-mapping method, (d) attenuation corrected PET image using the 
quadratic energy-mapping method, and (e) corresponding horizontal profiles through images shown in (b)-(d). 
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      (a)                     (b)                  (c)                    (d)  
 
 

    (e) 
 
Figure 5.11. Coronal images of the rat brain showing: (a) CT image, (b) uncorrected PET image, (c) attenuation 
corrected PET image using the bilinear energy-mapping method, (d) attenuation corrected PET image using the 
quadratic energy-mapping method, (e) corresponding horizontal profiles through images shown in (b)-(d). 
 

 
 
 
 
 
 
 
 
 
 
 
                               (a)                                                              (b) 

 
 
 
 
 

(a)                                                                 (b) 
 
Figure 5.12. Percent increment of PET activity concentration for (a) mouse and (b) rat when applying CTAC to 
PET data using both energy-mapping methods as compared to uncorrected PET images. 
 

5.4.  Discussion 
(

Accurate quantification in PET requires precise correction for the many physical degrading factors 
out of which photon attenuation is the major one. Attenuation correction of PET data requires an 
accurate attenuation map which represents the spatial distribution of linear attenuation coefficients at 
511 keV for the volumes under study. Two main classes of method have emerged for generation of 
attenuation maps: transmissionless and transmission-based methods. Transmissionless correction 
methods rely on simple calculated techniques such as those used for brain imaging or more 
sophisticated algorithms allowing simultaneous modeling of attenuation and emission distributions 
from a set of emission projections alone. Transmission-based methods include transmission imaging 
using external radionuclide sources, x-ray CT imaging and segmented MRI data. The advantage of 
using x-ray CT are the lower statistical noise, and unbiased and faster post-injection transmission 
scans, in addition to high resolution anatomical imaging offering improved localization capabilities 
that cannot be obtained using radionuclide transmission scanning [24]. The use of CT images for 
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attenuation correction requires transforming the polyenergetic CT data to linear attenuation 
coefficients at 511 keV. This can be achieved by many conversion methods such as scaling, 
segmentation, and dual-energy decomposition methods [10]. In scaling methods, the attenuation map 
at 511 keV is estimated by multiplying the CT image of the subject by the ratio of attenuation 
coefficients of water at the photon energies of CT and PET. Segmentation methods segment the CT 
image into different regions representing different tissue properties, which are then assigned 
appropriate attenuation coefficients at 511 keV. 

The software provided by the manufacturer of the FLEX Triumph™ preclinical PET/CT scanner 
installed in our facility does not incorporate CTAC utilities which are nowadays implemented by 
default on clinical scanners. This motivated its development and implementation on site. The general 
applicability of CTAC has already been proven in small-animal PET imaging [2, 3]. However, some 
pragmatic technical approaches still need to be explored. The strategy followed in the implementation 
of CTAC on this scanner follows the general principles of the method described in ref. [2]. However, 
some additional issues not sufficiently addressed in the early publications were investigated in this 
work. In particular, the effect of varying CT tube voltages was investigated through quantitative 
analysis of the created !-maps, generated ACFs and reconstructed PET images using experimental 
phantom and preclinical studies. Moreover, the practical application and impact of various calibration 
curve-based energy-mapping approaches for converting CT numbers to linear attenuation coefficients 
is studied for the bilinear and quadratic methods for water-bone segment.  

A representative plot of the bilinear and quadratic polynomial fitting of the calibration curves at 70 
kVp and 275 !A is shown in Fig. 5.2. A plot discontinuity is observed at CT number corresponding to 
zero for quadratic polynomial fitting, which does not exist for the bilinear fitting. The reason for this is 
that we fitted the water-bone segment using both bilinear and quadratic polynomial whereas the air-
water segment was fitted using linear curve fitting. The discontinuity can be removed by fitting the 
air-water segment with quadratic polynomial and this might improve the CT-based attenuation 
correction procedure. Nevertheless, both methods are reasonably successful in transforming rodent 
tissue CT values into 511 keV linear attenuation coefficients as demonstrated by our results. These 
results confirm and extend those shown previously by Chow et al. [2]. 

It was observed that increasing the tube voltage increases the slope of calibration curves for HU 
greater than zero (Table 5.1). This can be explained as follows: the photoelectric interaction 
probability increases with decreasing tube voltage, particularly in materials with high atomic number. 
Moreover, since the derivation of calibration curves is based on CT numbers of air, water and bone, 
the tube voltage dependence of bone’s CT number can be the ground for the difference in the slopes of 
calibration curves obtained at different CT tube voltages. Higher correlation coefficient and smallest 
relative error were obtained for CT tube voltage of 70 kVp for both energy-mapping methods. This 
setting could be considered as optimal tube voltage for PET/CT imaging studies (Table 5.2). However, 
increasing the CT tube voltage increases the delivered radiation dose to the animal which is an 
important issue to consider. It was observed using experimental phantom studies that for all 
concentrations of K2HPO4, the relative difference between theoretical attenuation coefficients and 
those derived through energy-mapping are less than 5% (Table 5.3). Moreover, for low concentrations 
of K2HPO4, the relative difference between theoretical attenuation coefficients and those derived by 
the two energy-mapping methods are almost identical. However, for higher concentrations of K2HPO4, 
the quadratic energy-mapping method has a smaller relative difference compared to the bilinear 
energy-mapping method (Fig. 4). The results of !-maps and PET data analysis are consistent with 
these observations. Therefore, in soft tissue regions where high atomic number tissues such as bones 
are absent, both energy-mapping methods produce similar results and may be used interchangeably for 
attenuation correction of PET data. 

The % CV of PET activity concentration, which is considered as a measure of the SNR, is shown for 
various PET studies (Table 5.4). The mean % CV derived from uncorrected emission data was 
significantly different from CT-based attenuation corrected data (p<0.005). There was no significant 
improvement of SNR in the attenuation corrected PET data since attenuation correction is a 
multiplicative process and as such will not improve the noise properties. It will at best results in 
similar noise properties but could be substantially improved if incorporated in an iterative 
reconstruction procedure using the well established attenuation weighted iterative reconstruction. 
Statistical analysis did not reveal statistically significant differences between PET images corrected 
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using bilinear and quadratic energy-mapping methods for soft tissues. However, for high atomic 
number tissues such as bone, the quadratic energy-mapping method produced slightly improved 
results than bilinear energy-mapping methods.  

The polyenergetic x-ray spectra used in CT imaging induces beam hardening artefacts caused by the 
absorption of low energy x-rays as they pass through the objects’ volume. The direct outcome is that 
the linear attenuation coefficients calculated for thick object regions are lower that thin regions. This 
effect generates cupping and streak artefacts in the reconstructed CT images which propagate to PET 
images following application of the CTAC procedure [25]. Future work will focus on quantifying and 
correcting beam hardening effects. As mentioned earlier, as of present, the scanner manufacturer did 
not provide CTAC utilities on the FLEX Triumph™ preclinical PET/CT scanner. It would be 
interesting indeed to compare our results with those generated by the manufacturer’s implementation 
should this option become available in the future. It should be noted that we considered only water-
bone segment of calibration curves for deriving quadratic energy-mapping parameters. The air-water 
segment of calibration curves was fitted linearly. It would be interesting to consider fitting the air-
water segment using quadratic energy-mapping calibration curve. 

Despite the established fact that CTAC leads to more accurate quantification in high resolution 
preclinical PET imaging, further work is still needed to explore its broad potential, in particular in 
combination with Compton scatter and beam hardening correction of cone-beam CT data [26]. 

5.5.  Conclusion 
(

Attenuation correction is of prime importance in preclinical PET imaging. The dependence of !-
maps generated using two energy-mapping methods was evaluated for various x-ray CT tube voltages. 
In addition, the impact on resulting preclinical PET/CT studies was assessed. It was demonstrated that 
the slope of the energy-mapping curves for CT numbers greater than 0 HU increases with increasing 
tube voltages. In addition, higher correlation coefficients were obtained for the quadratic energy-
mapping method compared to the bilinear energy-mapping method. In general, no statistically 
significant differences were observed on PET studies when using bilinear vs. quadratic energy-
mapping methods for soft tissues. However, for high atomic number tissues such as bone, the 
quadratic energy-mapping method produced slightly improved results compared to the bilinear 
energy-mapping method, and as such this method is being used for attenuation correction of 
preclinical studies on the FLEX Triumph™ PET/CT scanner. Experimental phantom and preclinical 
PET studies were successfully corrected for photon attenuation using the implemented CTAC 
procedure. 

 
 
 
 
 
Acknowledgements 
This work was supported by the Swiss National Science Foundation under grant SNSF 31003A-

125246. The authors would like to thank Dr P. Millet for providing some of the preclinical studies 
used in this work. 

 
 
 
 
 
 
 
 
 
 
 
 



                                  
                                              CT-based attenuation correction on the Flex Triumph preclinical PET/CT scanner                                             

 
 

69!

References 
 
[1] H. Zaidi, M.-L. Montandon, and A. Alavi, "Advances in attenuation correction techniques in 

PET," PET Clinics, vol. 2, pp. 191-217, 2007/4 2007. 
[2] P. L. Chow, F. R. Rannou, and A. F. Chatziioannou, "Attenuation correction for small animal 

PET tomographs," Phys Med Biol, vol. 50, pp. 1837-1850, 2005. 
[3] R. Yao, J. Seidel, J.-S. Liow, and M. V. Green, "Attenuation correction for the NIH ATLAS 

small animal PET scanner," IEEE Trans Nucl Sci, vol. 52, pp. 664-668, 2005. 
[4] P. E. Kinahan, B. H. Hasegawa, and T. Beyer, "X-ray-based attenuation correction for positron 

emission tomography/computed tomography scanners," Semin Nucl Med, vol. 33, pp. 166-179, 
Jul 2003. 

[5] T. Beyer, P. E. Kinahan, D. W. Townsend, and D. Sashin, "The use of X-ray CT for attenuation 
correction of PET data," in Proc. IEEE Nuclear Science Symposium and Medical Imaging 
Conference, 30 Oct.-5 Nov., Norfolk, VA, USA, 1994, pp. 1573-1577. 

[6] P. E. Kinahan, D. W. Townsend, T. Beyer, and D. Sashin, "Attenuation correction for a combined 
3D PET/CT scanner.," Med Phys, vol. 25, pp. 2046-2053, Oct 1998. 

[7] C. Bai, L. Shao, A. J. Da Silva, and Z. Zhao, "A generalized model for the conversion from CT 
numbers to linear attenuation coefficients," IEEE Trans Nucl Sci, vol. 50, pp. 1510-1515, 2003. 

[8] M. J. Guy, I. A. Castellano-Smith, M. A. Flower, G. D. Flux, R. J. Ott, and D. Visvikis, 
"DETECT-dual energy transmission estimation CT-for improved attenuation correction in 
SPECT and PET," IEEE Trans Nucl Sci, vol. 45, pp. 1261 -1267, 1998. 

[9] C. Burger, G. Goerres, S. Schoenes, A. Buck, A. H. Lonn, and G. K. Von Schulthess, "PET 
attenuation coefficients from CT images: experimental evaluation of the transformation of CT 
into PET 511-keV attenuation coefficients," Eur J Nucl Med Mol Imaging, vol. 29, pp. 922-927, 
2002. 

[10] M. R. Ay, M. Shirmohammad, S. Sarkar, A. Rahmim, and H. Zaidi, "Comparative assessment of 
energy-mapping approaches in CT-based attenuation correction for PET," Mol Imaging Biol, Apr 
13 2010. 

[11] J. P. Carney, D. W. Townsend, V. Rappoport, and B. Bendriem, "Method for transforming CT 
images for attenuation correction in PET/CT imaging," Med Phys, vol. 33, pp. 976-983, Apr 
2006. 

[12] R. Prasad, O. Ratib, and H. Zaidi, "Performance evaluation of the FLEX Triumph™ X-PET 
scanner using the NEMA NU-04 standards," J Nucl Med, in press 

[13] R. A. Ramirez, S. Liu, J. Liu, Y. Zhang, S. Kim, H. Baghaei, H. Li, Y. Wang, and W.-H. Wong, 
"High-resolution L(Y)SO detectors using PMT-quadrant-sharing for human and animal PET 
cameras," IEEE Trans Nucl Sci, vol. 55, pp. 862-869, 2008. 

[14] W.-H. Wong, H. Li, J. Uribe, H. Baghaei, Y. Wang, and S. Yokoyama, "Feasibility of a high-
speed gamma-camera design using the high-yield-pileup-event-recovery method.," J Nucl Med, 
vol. 42, pp. 624-632, 2001. 

[15] S. Xie, R. Ramirez, Y. Liu, T. Xing, J. Uribe, H. Li, Y. Wang, H. Baghaei, S. Kim, and W.-H. 
Wong, "A pentagon photomultiplier-quadrant-sharing BGO detector for a rodent research PET 
(RRPET)" IEEE Trans Nucl Sci, vol. 52, pp. 210-216, 2005. 

[16] W.-H. Wong, H. Li, S. Xie, R. A.-R. Ramirez, R., S. K. A.-S. Kim, J. A.-U. Uribe, J., Y. W. A.-
Y. Wang, Y. L. A.-Y. Liu, T. X. A.-T. Xing, and H. A.-B. Baghaei, H., "Design of an inexpensive 
high-sensitivity rodent-research PET camera (RRPET)," IEEE Nuclear Science Symposium 
Conference Record, 2003, pp. 2058-2062. 

[17] H. Baghaei, Y. Zhang, H. Li, Y. Wang, S. Kim, R. A. Ramirez, J. Liu, S. Liu, and W.-H. Wong, 
"GATE Monte Carlo simulation of a high-sensitivity and high-resolution LSO-based small 
animal PET camera," IEEE Trans Nucl Sci, vol. 54, pp. 1568-1573, 2007. 

[18] L. R. MacDonald, K. Iwata, B. E. Patt, J. S. Iwanczyk, A. B. Hwang, M. C. Wu, and B. H. 
Hasegawa, "Evaluation of x-ray detectors for dual-modality CT-SPECT animal imaging," Proc 
SPIE, vol. 4786, pp. 91-102, 2002. 

[19] K. B. Parnham, S. Chowdhury, J. Li, D. J. Wagenaar, and B. E. Patt, "Second-generation, tri-
modality pre-clinical imaging system," IEEE Nuclear Science Symposium Conference Record, 
2006, pp. 1802-1805. 



  
!"#$%&'()(

 
 

70(

[20] R. Siddon, "Fast calcuation of the exact radiological path for 3-D CT.," Med Phys, vol. 12, pp. 
252-255, 1985. 

[21] M. J. Berger, J. H. Hubbell, S. M. Seltzer, J. Chang, J. S. Coursey, R. Sukumar, and D. S. Zucker, 
"XCOM: photon cross sections database. NBSIR 87-3597," Gaithersburg: Ionizing Radiation 
Division, Physics Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 
20899. Available at http://physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html 

[22] National Electrical Manufacturers Association, "NEMA Standards Publication NU 4 – 2008. 
Performance Measurements of Small Animal Positron Emission Tomographs," National 
Electrical Manufacturers Association, Rosslyn, VA 2008. 

[23] A. M. Loening and S. S. Gambhir, "AMIDE: a free software tool for multimodality medical 
image analysis.," Mol Imaging, vol. 2, pp. 131-137, Jul 2003. 

[24] H. Zaidi and B. H. Hasegawa, "Determination of the attenuation map in emission tomography," J 
Nucl Med, vol. 44, pp. 291-315, 2003. 

[25] A. Bockisch, T. Beyer, G. Antoch, L. S. Freudenberg, H. Kuhl, J. F. Debatin, and S. P. Muller, 
"Positron emission tomography/computed tomography-imaging protocols, artifacts, and pitfalls," 
Mol Imaging Biol, vol. 6, pp. 188-199, 2004. 

[26] M. Ay and H. Zaidi, "Assessment of errors caused by x-ray scatter and use of contrast medium 
when using CT-based attenuation correction in PET.," Eur J Nucl Med Mol Imaging, vol. 33, pp. 
1301-1313, 2006. 

 
 
 



 

 

 
 
 
 
 
Chapter 6: 
 

A Cone-Shaped Phantom for Assessment of Small Animal PET Scatter 
Fraction and Count Rate Performance 

                                                       

Rameshwar Prasad 

Habib Zaidi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      Molecular Imaging and Biology Vol. 14, No. 5, pp 561-571, 2012 
 
 



           
!"#$%&'(!)!

 
 

72!

Abstract 
 
Purpose: Positron Emission Tomography (PET) image quality deteriorates as the object size increases 
owing to increased detection of scattered and random events. The characterization of the scatter 
component in small animal PET imaging has received little attention owing to the small scatter 
fraction when imaging rodents. The purpose of this study is first to design and fabricate a cone-shaped 
phantom which can be used for measurement of object size dependent scatter fraction (SF) and noise 
equivalent count rates (NECR), and second, to assess these parameters for two small animal PET 
scanners as function of radial offset, object size and lower energy threshold. Methods: The X-PET™ 

and LabPET™-8 scanners were modeled as realistically as possible using GATE Monte Carlo 
simulation platform. The simulation models were validated against experimental measurements in 
terms of sensitivity, SF and NECR. The dedicated phantom was fabricated in-house using high-density 
polyethylene. The optimized dimensions of the cone-shaped phantom are 158 mm (length), 20 mm 
(minimum diameter), 70 mm (maximum diameter) and taper angle of 9°. Results: The relative 
difference between simulated and experimental results for the LabPET™-8 scanner varied between 
0.7% and 10% except for few results where it was below 16%. Depending on the radial offset from the 
centre of the central axial field-of-view (3-6 cm diameter), the SF for the cone-shaped phantom varied 
from 26.3 to 18.2%, 18.6 to 13.1% and 10.1 to 7.6% for the X-PET™, whereas it varied from 34.4 to 
26.9%, 19.1 to 17.0%, and 9.1 to 7.3% for the LabPET™-8, for lower energy thresholds (LETs) of 
250, 350 and 425 keV, respectively. The SF increases as the radial offset decreases, LET decreases 
and object size increases. The SF is higher for the LabPET™-8 compared to the X-PET™ scanner. 
The NECR increases as the radial offset increases and object size decreases. The maximum NECR 
was obtained at a LET of 350 keV for the LabPET™-8 and 250 keV for the X-PET™. High 
correlation coefficients for SF and NECR were observed between the cone-shaped phantom and an 
equivalent volume cylindrical (EVC) phantom for the three considered axial fields-of-view. 
Conclusion: A single cone-shaped phantom enables the assessment of the impact of three factors, 
namely radial offset, LET and object size on PET SF and count rate estimates. This phantom is more 
realistic owing to the non-uniform shape of rodents’ bodies compared to cylindrical uniform phantoms 
and seems to be well suited for evaluation of object size-dependent SF and NECR.!
!
!
Keywords: PET, small animals, scatter, count rate, Monte Carlo simulation!
!
 
6.1.   INTRODUCTION 
 
Positron emission tomography (PET), a non-invasive molecular imaging modality, is being widely 
used for qualitative characterization and quantification of biochemical processes in vivo. PET scanners 
dedicated to small-animal imaging provide the high spatial resolution and high sensitivity required for 
in vivo molecular imaging [1]. This steered the development of various innovative design concepts and 
technologies for preclinical PET imaging [2]. 

The image quality and quantitative accuracy of PET images are degraded by many physical factors 
such as the attenuation of photons, the detection of scattered photons and the finite spatial resolution 
of the imaging system. Scattered events decreases image contrast by misplacing events while 
assigning to a line of response, thus causing bias resulting in the overestimation of the actual activity 
concentration. The scatter fraction (SF), defined as the ratio of scattered coincidences to total 
coincidences, is a useful parameter to assess the magnitude of scatter and to estimate its impact on 
reconstructed PET images. Likewise, the noise equivalent count rate (NECR) is an important 
parameter used for performance characterization of PET systems [3]. The SF largely depends on 
object size and density, energy window settings, and scanner geometry. The magnitude of SF has been 
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widely studied and is well documented for clinical PET imaging. It represents 10% to 20% in two-
dimensional (2D) mode, whereas it reaches 30-35% in brain imaging and 50-60% in whole-body 
imaging in three-dimensional (3D) acquisition mode [4]. Though the characterization of the scatter 
component in small animal PET imaging has received little attention owing to the small scatter 
fraction, SF estimates have been reported for various small animal PET scanners [5]. Depending on 
PET system characteristics and acquisition parameters, the typical range is 5% to 21% for mice and 
15% to 30% for rats [6-13]. The SF and NECR are usually measured using various discrete phantoms 
of different uniform size [14-16]. For instance, the National Electrical Manufacturers Association 
(NEMA) standards [17] suggest three different phantoms for SF and count rate measurements for 
small animal PET scanners. These correspond to mouse-, rat- and monkey-sized phantoms of 25 mm, 
50 mm, and 100 mm diameter, respectively. However, within a specific rodent species, especially rats 
or small rabbits, there is substantial variation in body size when rodents are litters or correspond to 
diabetic models put on high calorie diets. Also the rodents’ body shape is not uniform throughout in 
the axial direction. The body cross-section of rodents’ specially rat and large species increases from 
head towards pelvis region. Moreover, it has been suggested that a phantom representing a varying 
range of cross-sections and dimensions would be more suited for the assessment of these parameters 
for clinical PET systems [18]. Furthermore, it is nowadays common practice to increase the 
throughput of rodent PET studies by simultaneous scanning of multiple rodents placed at different 
radial offsets in the scanner’s field-of-view (FOV) [19]. 

The purpose of this study is, first, to design and develop a cone-shaped phantom for the 
measurement of object size-dependent SF and NECR and, second, to assess these parameters as 
function of radial offset, object size and lower energy threshold for two small animal PET scanners, 
namely the X-PET™ and LabPET™-8 using the developed cone-shaped phantom. 
 
6. 2. MATERIALS AND METHODS 
 
6.2.1 Modeling and validation of small animal PET scanners 
 
Both the X-PET™ and LabPET™-8 scanners were modeled as realistically as possible in terms of 
geometry, physics of photon transport and signal processing using the GATE Monte Carlo simulation 
toolkit [20]. This package is based on the well-established Geant4 libraries [21] featuring a modular, 
versatile, scripted simulation toolkit. As such, it allows accurate modelling of detailed scanner 
geometries and radiation interaction with matter, tracking events (recording position, time and energy 
of an event), and creating various types of output files including projection data and other relevant 
parameters. Simulation models of both scanners were validated through comparison to experimental 
measurements, namely sensitivity, NECR, and SF for mouse and rat-sized phantoms. 

The X-PET™ and LabPET™-8 small animal PET scanners commercialized by GE Healthcare 
(Waukesha, WI) were used in this work. The X-PET™ is a Bi4Ge3O12 (BGO)-based small animal PET 
scanner, having an axial FOV of 11.6 cm [22, 23]. The system incorporates various technological 
innovations to improve system performance [7]. For instance, the photomultiplier-quadrant-sharing 
(PQS) method is used to maximize the number of crystals per photomultiplier whereas a high-yield 
pileup event recovery (HYPER) electronic processing technology is exploited to improve the count-
rate performance [24]. The detector blocks are circularized by slightly grinding each block on the 
photomultiplier side into a pentagon shape. On the other hand, the LabPET™-8 is an avalanche 
photodiode (APD)-based digital PET scanner having a 7.5 cm axial FOV, designed with quasi-
individual crystal readout along with parallel digital architecture to achieve high-performance [11]. 
Scintillation crystals composed of Lu0.4Gd1.6SiO5 (LGSO) and Lu1.9Y0.1SiO5 (LYSO) are optically 
coupled one after the other, forming phoswich pairs of detectors that are read out by a single APD. 
Four phoswich detectors are enclosed in a hermetic container made of kovar (an iron-nickel-cobalt 
alloy with a density of 8.359 g/cm3) having external dimensions of 10.3 mm ! 4.7 mm ! 18 mm. The 
end of axial FOV shielding is made of tungsten (19.3 g/cm3 density, 15.75 mm thickness, and 131 mm 
internal diameter) to minimize the detection of out-of-FOV activity [11]. The most relevant design 
features of both scanners are summarized in Table 6.1. 

For the X-PET™, pentagonal detector blocks were modeled using trapezoidal volumes. An energy 
resolution of 25% for 511 keV photons was applied as blurring kernel for energies deposited within 
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the crystals [25]. The lower energy threshold was set to 250 keV whereas the higher energy threshold 
was set to 750 keV in all simulations. These energy thresholds were chosen to mimic default energy 
threshold settings on the actual X-PET™ scanner. 
For the LabPET™-8, the GATE materials database was modified to add LYSO, LGSO and kovar. For 
both LYSO and LGSO, an energy resolution of 25% and an average timing resolution of 9 ns were set 
[26]. The coincidence window was set to 20 ns. The lower energy threshold was set to 250 keV 
whereas the higher energy threshold was set to 650 keV. These energy thresholds and coincidence 
window settings are similar to the settings on the actual LabPET™-8 scanner.  

Back-to-back 511 keV annihilation photons were generated to decrease computational time. The 
animal positioning bed was not modeled for both scanners. The GATE output information was 
recorded in ASCII format and then rebinned into sinograms using single-slice rebinning (SSRB) [27]. 

The validation parameters are calculated in according to NEMA-04 procedures. The SF and NECR 
were calculated for mouse and rat phantoms using radioactive line sources radially offset by 10 and 
17.5 mm, respectively. In brief, for each total events sinogram, all pixels located farther than 8 mm 
from the edge of the phantom were set to zero. The profile of each projection angle was shifted so that 
the maximum valued pixels were aligned with the central pixel of the sinograms. A sum projection 
was obtained by adding up all angular projections in each slice. A linear interpolation between the left 
and right edges of the 14 mm central band was used to differentiate the trues from other counts. 

 
 

Table 6.1. Summary of technical specifications of the X-PET™ and LabPET™-8 preclinical PET scanners. 
 

Type X-PET™ LabPET™-8 

 
Scintillator 

 
 

Crystal dimension 
 

No. of detector rings 
 

Crystals per ring 
 

Total no. of crystals 
 

Detector ring inner diameter 
 

Transaxial field-of-view 
 

Axial field-of-view 
 

Image pixel size (mm) 
 

Slice thickness (mm) 
 

 
BGO 

 
 

2.32!2.32!9.4 mm3 
 

48 
 

240 
 

11520 
 

165 mm 
 

100 mm 
 

116 mm 
 

0.4 
 

0.4 

 
Phoswich pair of 

LYSO/LGSO 
 

2.0!2.0!14 mm3 
 

32 
 

192 
 

6144 
 

162 mm 
 

100 mm 
 

75 mm 
 

0.5 
 

0.25/0.5 

 
 

The total event rate Rtot,i, for each acquisition of each slice i is computed as: 

                   (1) 

where Tacq is the acquisition time. The system total event rate, Rtot, is computed as the sum of Rtot,i over 
all slices i. 
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The SF for each acquisition was computed using the following formula: 

     (2) 

 
 
The NECR, Rnec, for each acquisition was computed as: 

                   (3) 

 
 
The peak absolute sensitivity was measured using the 22Na point source as described in NEMA-04 

procedures and is given by: 

     (4) 

 
where 0.906 is the branching ratio of 22Na and Si is the sensitivity (in counts/sec/Bq).  
 
The data were processed using programs developed in-house implemented in MATLAB 7.4 
(Mathworks, Natick, MA).The X-PET™ simulation model was validated against experimental results 
[7] whereas the LabPET™-8 simulation model was validated against experimental results performed 
by our group and those reported by Bergeron et al. [28] in terms of sensitivity, NECR, and SF for 
mouse and rat-sized phantoms. The relative difference is calculated as the percentage difference 
relative to the mean. 
 
6.2.2 Design and fabrication of the cone-shaped phantom 
 
Typical shapes of mouse and rat bodies represented by non-uniform rational B-spline (NURBS)-based 
mouse [29] and rat [30] models are shown in figure 6.1. It can be seen that the upper part of rodent 
bodies bears a resemblance to a tapered than a cylindrical shape.  
 

  (5) 
 
 

 
Figure 6.1. Illustration of rodents’ shape in the axial direction using NURBS-based preclinical anatomical 
models corresponding to (a) mouse and (b) rat. 
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The parameters considered for phantom design are material composition, cross-sectional dimensions 
and taper angle (!). The fabrication material chosen is high density polyethylene (density of 0.96±0.1 
g/cm3) as prescribed in the NEMA-NU04 standards. The maximum diameter of the phantom was 
derived from the transaxial FOV of various small animal scanners [6, 7, 9, 11, 31]. Based on this 
assessment, the maximum diameter of the phantom was set to 70 mm by considering 70% of the 
average maximum diameter of the transaxial FOV. The minimum diameter of the phantom was set to 
20 mm because of limitations of the milling machine used. The length of the phantom depends on the 
taper angle. The length L and the taper angle ! are related by the following equation: 
The corresponding phantom length is 28.6, 20.4, 15.8, and 12.9 cm for taper angles of 5°, 7°, 9°, and 
11°. As ! increases, the phantom length decreases, thus increasing the range of the cross-sectional 
volume covering one axial FOV, making it less representative of an equivalent volume cylindrical 
(EVC) phantom. However, for small !, the phantom becomes long enough for the corresponding small 
animal PET axial FOV. The EVC phantom is defined as a phantom having a uniform cylindrical shape 
and diameter equal to the diameter of the cone-shaped phantom in the middle of the axial FOV of the 
scanner (figure 6.2). When ! = 0o, the cone-shaped phantom corresponds to the EVC phantom having 
diameter of minimum or maximum side of the cone-shaped phantom. Therefore, the optimization of 
the taper angle is crucial for the design of the cone-shaped phantom. Different cone-shaped phantoms 
with minimum diameter of 2 cm, maximum diameter of 7 cm, and taper angles of 5°, 7°, 9°, and 11° 

were simulated using the Monte Carlo model of the X-PET™ scanner described in section 2.1. Line 
sources of different length were placed in the centre of the phantom. Simulations were performed for  

 
 
Figure 6.2. Illustration of the cone-shape phantom and its equivalent volume cylindrical (EVC) phantom for the 
various axial fields-of-view: (a) minimum (FOVmouse), (b) middle (FOVrat) and (c) maximum (FOVrabbit) diameter 
region in the scanner’s axial FOV. 
 
 
different taper angles of 5°, 7°, 9°, and 11° and its corresponding EVC phantom for central region of 
phantom. The corresponding diameter of the EVC phantom for taper angles of 5°, 7°, 9°, and 11° were 
5.5, 5, 4.5 and 4 cm, respectively. The taper angle was optimized by analyzing the simulated data of 
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the X-PET™ scanner in terms of SF, NECR, and true count rate using the NEMA-NU04 standards as 
described in section 2.1. 

The phantom was fabricated in-house considering the optimized design considerations discussed 
above including material, cross-sectional dimensions and taper angle. To study the effects of radial 
offsets, four holes (4 mm diameter) were drilled parallel to the long axis at the centre and at radial 
offset positions of 10, 15 and 20 mm. Solid line fillings of the same material used for the phantom 
were also fabricated. These fillings were used to fill up the remaining holes when one particular hole is 
filled with a radioactive line source during acquisition. 

The different FOVs of the cone-shaped phantom corresponding to minimum, middle and maximum 
diameter region in the scanner’s axial FOV will be referred to as FOVmouse, FOVrat, and FOVrabbit, 
respectively. The phantom dimensions of each FOV for the X-PET™ and LabPET™-8 scanners are 
summarized in Table 6.2. 

The cone-shaped phantom can be dismantled into 3 equal parts, thus allowing various combinations 
to match the axial FOV of different small animal PET scanners. Depending on the scanner’s axial 
FOV, the cone-shaped phantom can be exploited to simulate various sizes of mice, rats and small 
rabbits used in small animal PET imaging. For instance, in the case of the LabPET™-8, FOVmouse 
(diameter from 2 to 4.5 cm), FOVrat (diameter from 3 to 6 cm) and FOVrabbit (diameter from 4.5 to 7 
cm), can be used to simulate the various sizes of these species to assess variations in SF and NECR. 

 
6.2.3 Studies using the cone-shaped phantom 
 
The optimized cone-shaped phantom was further used to assess the magnitude of scatter and NECR as 
function of varying phantom size, lower energy threshold, and line source position for both small 
animal PET scanners using both Monte Carlo simulation and experimental studies. 

 
Table 6.2. Dimensions of different FOVs of the cone-shaped and EVC phantoms for the X-PET™ and 
LabPET™-8 scanners. 
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6.2.3 Studies using the cone-shaped phantom 
 
The optimized cone-shaped phantom was further used to assess the magnitude of scatter and NECR as 
function of varying phantom size, lower energy threshold, and line source position for both small 
animal PET scanners using both Monte Carlo simulation and experimental studies. 
 
 6.2.3.1 Simulation studies 
 
PET data were simulated and analyzed for a line source at the centre and at radial offsets of 10, 15 and 
20 mm for lower energy thresholds (LETs) of 250, 350 and 425 keV, whereas the higher energy 
threshold was kept constant (650 keV for LabPET™-8 and 750 keV for the X-PET™). Back-to-back 
511 keV annihilation photons were simulated for one line source at a time (109 events). All 
simulations were performed at a low radioactivity regime as defined in the NEMA-04 standards for SF 
calculation. Data were collected at 3 different axial FOVs from one end of the phantom to the other in 
3 successive axial steps, namely FOVmouse, FOVrat, and FOVrabbit. An EVC of the cone-shaped phantom 
at three different axial FOVs was also simulated. 
 
6.2.3.2 Experimental studies 
 
Simulation studies using the cone-shaped phantom were experimentally validated for the LabPET™-8 
scanner. The line source was filled with 2 MBq of 18F and inserted in the central hole of the phantom 
while the other holes were closed using the fillings. The phantom was placed on the scanner bed using 
Styrofoam support at the smaller end of the phantom. Adhesive tape was also used to secure the 
phantom on the scanner bed. The data were acquired for 3 FOVs, namely FOVmouse, FOVrat, and 
FOVrabbit one after the other and were corrected for radioactive decay. This was repeated for other 
holes and always a new line source filled with 2 MBq of 18F was used. Each acquisition lasted 5 
minutes. PET studies were acquired using a default energy window of 250–650 keV and 10/15/20 ns 
time window for LYSO-LYSO/LYSO-LGSO/LGSO-LGSO coincidences in list-mode format which 
were binned into 3D sinograms. These 3D sinograms were further rebinned to 2D sinograms using 
SSRB. These 2D sinograms were used for further analysis adhering to NEMA-NU04 standards. The 
relative difference (%) between simulated and experimental results was also calculated. 
 
6.3. RESULTS 
 
6.3.1 Cone-shaped phantom 
 
Figure 6.3a illustrates the modeled LabPET™-8 scanner and cone-shaped phantom using GATE 
toolkit. The developed physical cone-shaped phantom is shown in figure 6.3b. The optimal minimum 
and maximum diameters of the cone-shaped phantom are 2 cm and 7 cm, respectively. The total and 
true events rate, NECR, SF and total phantom length for different taper angles of the cone-shaped 
phantom are summarized in Table 6.3. Out of four simulated taper angles, an angle of 11° produced 
the highest total, true and NECR events rate whereas it resulted in the lowest SF. Figure 6.4 presents 
the SF profile for slice numbers covering the axial FOV of the X-PET™ scanner. It can be observed 
that the SF profiles for 9° and 11° are closer to the SF profile of the EVC phantom. Since a maximum 
taper angle of 10° was not possible for the milling machine used to fabricate the phantom due to its 
limitations, a taper angle of 9° was chosen. 
 
6.3.2 Experimental and simulation studies 
 
The validation results of the simulated X-PET™ and LabPET™-8 models are summarized in Table 
6.4. It can be seen that there is good agreement between simulated and measured values for all 
considered parameters with a relative difference varying between 4.8% and 10.8%. This gives 
confidence to use the simulated models for prediction of performance parameters under various 
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conditions. For Monte Carlo simulation model validation, the line source position was set according to 
NEMA-NU04 standards, that is 10 mm for the mouse phantom and 17.5 mm for the rat phantom, 
radially offset from the centre. 
 
 
 

 
 
Figure 6.3. Simulation models using GATE of (a) the LabPET™-8 scanner and (b) the X-PET™ scanner. (c) 
Photograph of the fabricated cone-shaped physical phantom. 
 
 
 
 
Table 6.3. Summary of total and true events rate, NECR, and SF for different taper angles of the cone-shaped 
phantom for the X-PET™ scanner. 
 

 
 

 
Experimental studies performed using the cone-shaped phantom were acquired on the LabPET™-8 
scanner. Figure 6.5 shows the percent relative difference between simulated and experimental results 
for The LabPET™-8 scanner in terms of NECR and SF as function of line source radial position for 
the 3 considered FOVs (FOVmouse, FOVrat, and FOVrabbit). The resulting relative differences using an 
energy window of 250-650 keV vary mostly between 0.7% and 10%, and overall remain below 16%. 
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Figure 6.4. Plots of  SF (in %) versus axial slices for different taper angles of the cone-shaped phantom and 
equivalent cylindrical volume (EVC) phantom. 
 

 
 

Table 6.4. Comparison between simulated and measured performance parameters of the X-PET™ and 
LabPET™-8 small animal PET scanners. 
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1.46 

 
19 

 
 

31 
 
 

183 
 
 

1.33 

 
4.8 

 
 

9.5 
 

 
10.8 

 
 

9.3 

† Data taken from reference [7] 
‡ Data taken from reference [28] 

 
The SF for FOVmouse corresponding to the cone-shaped and EVC phantoms for both the X-PET™ 

and LabPET™-8 scanners using a LET of 250, 350 and 425 keV is shown in figure 6.6. The SF 
estimates are shown for a line source located at the center and at 10 and 15 mm radial offset. Similar 
results are shown in figure 6.7 for FOVrabbit. In the former instances, a line source with radial offset of 
20 mm was not considered since the minimum diameter for FOVmouse is 20 mm. Using the cone-
shaped phantom, the SF for FOVrat varies as a function of the radial offset of the line source. The 
range of this variation is from 26.3 to 18.2%, 18.6 to 13.1% and 10.1 to 7.6% for the X-PET™, 
whereas it was from 34.4 to 26.9%, 19.1 to 17.0%, and 9.1 to 7.3% for the LabPET™-8, for LETs of 
250, 350 and 425 keV, respectively. For the EVC phantom, the SF varied from 21.8 to 15.5%, 17.0 to 
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11.3% and 10.7 to 7.6% for the X-PET™, whereas it varied from 29.8 to 23.8%, 18.6 to 14.4% and 
9.1 to 7.0% for the LabPET™-8, for LETs of 250, 350 and 425 keV, respectively. 

Figure 6.8 shows the NECR for the LabPET™-8 scanner for both the cone-shaped and EVC 
phantoms for 3 axial FOVs versus the line source radial offset when using LETs of 250, 350 and 425 
keV. The same parameter is plotted for the X-PET™ scanner in figure 6.9. Table 6.5 highlights the 
high correlation (R2) between the SF and NECR estimates for the cone-shaped phantom and the EVC 
phantom for the 3 axial FOVs for both scanners. 

As expected, the SF for both scanners decreases as the radial offset increases, lower energy 
threshold increases and object size decreases. However, in all cases the SF of the LabPET™-8 is 
higher than the X-PET™ scanner. The NECR for both scanners increases as the radial offset increases 
and object size decreases. The NECR reached a maximum for the LabPET™-8 at a LET of 350 keV 
whereas it reached the maximum value at a LET of 250 keV for the X-PET™. However, in all cases 
the NECR for the X-PET™ is higher compared to the LabPET™-8 scanner. 

 
Figure 6.5. Relative difference between simulated and experimental results for the LabPET™-8 scanner in terms 
of SF (a) and NECR (b). 

 
Table 6.5. Correlation coefficient (R2) for NECR and SF between the cone-shaped phantom and EVC phantom 
for both the X-PET™ and LabPET™-8 scanners. 
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Figure 6.6. Variation of SF (in %) as a function of radial offsets using a LET of 250, 350 and 425 keV for axial 
FOVmouse. (a) The LabPET™-8 cone-shaped phantom, (b) LabPET™-8 EVC phantom, (c) X-PET™ cone-
shaped phantom, (d) X-PET™ EVC phantom. 
 

 
 
 

Figure 6.7. Variation of SF (in %) as a function of radial offsets using a LET of 250, 350 and 425 keV for axial 
FOVrabbit. (a) The LabPET™-8 cone-shaped phantom, (b) LabPET™-8 EVC phantom, (c) X-PET™ cone-shaped 
phantom, (d) X-PET™ EVC phantom. 
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Figure 6.8. (a) Trends of the LabPET™-8 NECR as function of radial offsets for the cone-shaped and EVC 
phantoms using different LETs: (a) 250 keV, (b) 350 keV (c) 425 keV. 

 
 
6.4. DISCUSSION 
 
The SF and NECR are important parameters for optimization of acquisition protocol settings such as 
timing and energy windows, and comparing the performance of different small animal PET scanners. 
In addition, the SF is useful for the assessment of the relevance and level of complexity of scatter 
correction required for small animal PET studies. These parameters are usually measured using 
various discrete uniform phantoms of different size [14-16]. Reproducibility of measurements and 
shape/size of the phantoms are some limitations of this approach. The analysis of body shape of 
various voxel-based, NURBS-based models and actual laboratory animals revealed that the shape of 
the upper body of rodents resembles more to tapered shape than cylindrical shape (figure 6.1). It 
should also be emphasized that there is considerable variation in body size within particular rodents’ 
species, especially rats and small rabbits. This motivated the design and fabrication of a single cone 
shaped phantom suitable for assessing object size-dependent SF and NECR of small animal PET 
systems. It should be noted that the purpose is not to replace or suggest an alternative to well 
established NEMA standards [17]. The phantom design was optimized using Monte Carlo simulation 
studies of the X-PET™ scanner using the GATE toolkit. The validation of simulation models of both 
scanners against experimental measurements proved that the models are capable of predicting the 
response of actual systems with acceptable accuracy. Overall, there was good agreement between 
simulated and experimental results for both scanners, with a relative error varying between 4.8% and 
10.8%. The methodology followed for the design and optimization of the cone-shaped phantom is an 
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extension of the work described by Wilson et al. [18] in the context of clinical PET to small animal 
imaging. 
 

 
 
 
Figure 6.9. Trends of the X-PET™ NECR as function of radial offsets for the cone-shaped and EVC phantoms 
using different LETs: (a) 250 keV, (b) 350 keV (c) 425 keV. 
 
 
 
 
The phantom described in the reference above is a fillable tapered design suitable for clinical imaging, 
whereas we opted for a solid tapered phantom dedicated for small animal PET imaging having 
multiple holes to insert line sources at different radial offset positions. 

The phantom design parameters that had to be optimized are minimum and maximum diameters, 
length of the cone and taper angle. Although the determined optimal taper angle is 11°, a taper angle 
of 9° was used for fabricating the phantom owing to the limitations of the milling machine. Using the 
cone-shaped phantom, the difference between simulated and experimental SF and NECR results for 
the LabPET™-8 scanner is below 16%. It should be noted that we have not considered the positron 
range, animal bed, the intrinsic radioactivity emanating from LGSO and LYSO crystals in the 
simulation model. Inclusion of positron range in the simulation model can affect the scatter fraction 
estimates, especially for smaller animal sizes. However, this may not have a significant effect for the 
low energy positrons of 18F [16]. On the other hand, Rechka et al. [26] have shown that the Compton 
scattering probability due to scanner bed is small (2.8%). Experimental studies using the cone-shaped 
phantom could not be performed on the X-PET™ scanner since it was upgraded to LabPET™-8 and as 
such is no longer available for further investigation. 
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The SF decreases as the radial offset increases from centre to radial offset of 20 mm, lower energy 
threshold increases from 250 to 425 keV and, object size decreases from small rabbit body size to 
mouse body size. The NECR for both scanners increases as the radial offset increases and object size 
decreases. The maximum NECR is achieved at a LET of 350 keV for the LabPET™-8 and 250 keV 
for the X-PET™. This reflects the effect of radial position, object size and LET on SF and NECR, 
which in turn affects image quality and quantitative accuracy of small animal PET imaging. Similar 
behaviour have been reported elsewhere [14]. The SF for the LabPET™-8 is higher than for the X-
PET™ when using the same settings. This can be attributed to the detector housing and FOV shielding 
of the LabPET™ scanner which increases the signal detection efficiency by 23% [26], the higher 
sensitivity to out-of-FOV activity for the LabPET™-8 owing to the shorter axial FOV, inter-crystal 
scattering which is higher for LYSO/LGSO compared to BGO [32] and the inherent scintillation 
crystal material characteristics [33]. Moreover, the difference between the SF of the LabPET™-8 and 
X-PET™ scanners decreases as the LET increases. Overall, the maximum SF observed using the 
cone-shaped phantom for mouse, rat and small rabbit animals using a LED of 250 keV is 23.3%, 
34.4% and 36.5%, respectively. This includes the scatter from objects under study, scanner gantry and 
surrounding environment. This suggests that scatter correction is important for the accurate 
quantification in small animal PET imaging [34]. 

High correlation coefficients for SF and NECR were observed between the cone-shaped phantom 
and the EVC phantom for different axial FOVs. This seems to indicate that the cone-shaped phantom 
can be equally used as the uniform EVC phantom to simulate different small animal body sizes. 
Similar conclusions were drawn by Wilson et al [18] in the context of clinical PET imaging. 

An interesting aspect of the cone-shaped phantom is that it allows the assessment of the effect of 
three parameters, namely radial offset, energy threshold and object size in a single acquisition. The 
cone-shaped phantom can be used for evaluation of the effects of radial offsets when imaging several 
mice simultaneously [19] . Regions corresponding to FOVmouse, FOVrat, and FOVrabbit in the cone-
shaped phantom can be used to assess the SF and NECR for various sized animals including mice, rats 
and small rabbits. Since the cone-shaped phantom can be dismantled into three equal parts, it can be 
used in various combinations to cope with the axial FOV of different small animal PET scanners. 
 
6.5. CONCLUSION 
 
A cone-shaped phantom was designed and fabricated for assessment of object size-dependent SF and 
NECR for small animal PET scanners. The characteristics of the LabPET™-8 and X-PET™ small 
animal PET scanners were studied using this phantom in terms of SF and count rate analysis. A single 
cone-shaped phantom enables the assessment of the effect of three factors, namely radial offset, 
energy threshold and object size on the SF and NECR for various sizes of mice, rats and small rabbits. 
This makes the cone-shaped phantom suitable for evaluation of object size-dependent SF and NECR 
for small animal PET imaging. 
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Abstract 
 
Purpose: The rapid growth and usage of small-animal positron emission tomography (PET) in 
molecular imaging research has led to increased demand on PET scanner’s time. One potential 
solution to increase throughput is to scan multiple rodents simultaneously. However, this is achieved 
at the expense of deterioration of image quality and loss of quantitative accuracy owing to enhanced 
effects of photon attenuation and Compton scattering. The purpose of this work is, first, to characterize 
the magnitude and spatial distribution of the scatter component in small-animal PET imaging when 
scanning single and multiple rodents simultaneously, and second, to assess the relevance and evaluate 
the performance of scatter correction under similar conditions. Methods: The LabPET™-8 scanner 
was modelled as realistically as possible using GATE (Geant4 Application for Tomographic 
Emission) Monte Carlo simulation platform. Monte Carlo simulations allow the separation of 
unscattered and scattered coincidences and as such, enable detailed assessment of the scatter 
component and its origin. Simple shape-based and more realistic voxel-based phantoms were used to 
simulate single and multiple PET imaging studies. The modelled scatter component using the single-
scatter simulation (SSS) technique was compared to Monte Carlo simulation results. PET images were 
also corrected for attenuation and the combined effect of attenuation and scatter on single and multiple 
small-animal PET imaging evaluated in terms of image quality and quantitative accuracy. Results: A 
good agreement was observed between calculated and Monte Carlo simulated scatter profiles for 
single- and multiple-subject imaging. In the LabPET™-8 scanner, the detector covering material 
(kovar) contributed the maximum amount of scatter events while the scatter contribution due to lead 
shielding is negligible. The out-of field-of-view (FOV) scatter fraction (SF) is 1.70%, 0.76% and 
0.11% for lower energy thresholds (LETs) of 250, 350 and 400 keV, respectively. The increase in SF 
ranged between 25% and 64% when imaging multiple subjects (3 to 5) of different size 
simultaneously in comparison to imaging a single subject. The spill-over-ratio (SOR) increases with 
increasing the number of subjects in the FOV. Scatter correction improved the SOR for both water and 
air cold compartments of single and multiple imaging studies. The recovery coefficients for different 
body parts of the mouse whole-body (MOBY) and rat whole-body (ROBY) anatomical models were 
improved for multiple imaging studies following scatter correction. Conclusions: The magnitude and 
spatial distribution of the scatter component in small-animal PET imaging of single- and multiple-
subjects simultaneously were characterized and its impact was evaluated in different situations. Scatter 
correction improves PET image quality and quantitative accuracy for single rat and simultaneous 
multiple mice and rat imaging studies whereas its impact is insignificant in single mouse imaging. 
 
Keywords: PET, small animals, scatter, simultaneous multiple imaging, Monte Carlo simulation!
!
7.1. INTRODUCTION 
 
In recent years, small-animal positron emission tomography (PET) has gained popularity and 
established its utility in the biomedical research arena owing to its high sensitivity and capability to 
provide quantitative measurements of biochemical and molecular processes in vivo [1, 2]. For optimal 
image quality and accurate quantification in PET imaging, object-specific correction of background 
(randoms) and physical degrading factors such as photon attenuation, Compton scatter, partial volume 
effects and motion have to be compensated for prior to reconstruction or incorporated within statistical 
iterative image reconstruction techniques [3, 4]. However, little has been published on the assessment 
of the quantitative capability of small animal PET studies [5-7]. 

Attenuation is the loss of true events due to scatter and absorption, which impacts the measured 
data and results in inaccurate quantification of reconstructed PET images whereas scatter degrades 
image contrast and affects both relative and absolute PET quantification. The scatter magnitude and 
spatial distribution depends mainly on the size and density of the object and scanner related 
parameters such as design geometry, detector energy resolution and acquisition energy window [8]. In 
clinical PET imaging, it is well established that scatter correction is essential for accurate 
quantification of tracer uptake since the scatter fraction (SF) varies between 30-35% in brain imaging 
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and 50-60% in whole-body imaging in three-dimensional acquisition mode [9, 10]. On the other hand, 
when imaging small subjects such as rodents, scatter is assumed to be a minor factor due to the small 
size of the animals. The origin of scatter for small-animal imaging has not been well characterized, 
but, has been proposed to stem mainly from the gantry and environment rather than the animal itself 
[11]. This opinion is supported by the fact that scatter correction usually does not involve correcting 
for scatter in the detector crystal. However, annihilation photons are subject to attenuation and scatter 
even in small animals such as mice and rats [12, 13]. SF estimates ranging from 5% to 21% for mice 
and 15% to 30% for rats have been reported [11, 14-18]. Another 11C-raclopride PET study reported a 
larger SF (25-45%) in the rat brain with an increase in distribution volume ratio of 3.5% after scatter 
correction [19]. 

It has become a common practice nowadays to scan multiple rodents simultaneously at different 
radial offsets in the scanner’s field-of-view (FOV) to increase the throughput in small-animal PET 
imaging [20-22]. However, this is achieved at the expense of deterioration of image quality and loss of 
quantitative accuracy due to combined effects of photon attenuation and Compton scatter [23]. The 
lack of literature reporting on the magnitude, spatial distribution of the scatter component and effect of 
scatter correction on image quality and quantitative accuracy when imaging multiple rodents 
simultaneously motivated this study. 

The purpose of this work is, first, to characterize the magnitude and spatial distribution of the 
scatter component in small-animal PET imaging when scanning single and multiple rodents (mice and 
rats) simultaneously, and second, to assess the relevance and impact of scatter correction on image 
quality and quantitative accuracy under similar conditions. 
 
7.2. MATERIALS AND METHODS 
 
7.2.1 Small-animal PET system 
 
The LabPET™-8 is the PET subsystem of the integrated trimodality TriumphTM PET/SPECT/CT pre-
clinical imaging system (Gamma Medica, Inc., Nortridge, CA). It is a state-of-art avalanche 
photodiode (APD)-based digital small-animal PET scanner designed with quasi-individual crystal 
readout along with parallel digital architecture to achieve high-performance [24]. The scanner has a 
7.5 cm axial and 10 cm transaxial FOVs. Scintillators of 2!2!12/14 mm3 size are composed of a 
Lu0.4Gd1.6SiO5 (LGSO) and Lu1.9Y0.1SiO5 (LYSO). These are optically coupled one after the other, 
forming phoswich pairs of detectors. Four phoswich detectors are enclosed in a hermetic container 
made of kovar (an alloy of iron-nickel-cobalt having a density of 8.359 g/cm3). The end of the axial 
FOV shielding is made of tungsten (19.3 g/cm3 density, 15.75 mm thickness, and 131 mm internal 
diameter) to minimize the detection of out-of-FOV activity. The most relevant design features of the 
LabPET™-8 can be found in [24] whereas the technical specifications and performance assessment of 
the system used in our laboratory are given elsewhere [17]. 
 
7.2.2 Monte Carlo simulation studies 
 
Monte Carlo simulations provide the ability to generate data under controlled conditions and to 
discriminate between scattered and unscattered events [25]. As such, it is considered as a useful tool to 
assist in the development and evaluation of scatter correction techniques. An experimentally validated 
Monte Carlo simulation model of the LabPET™-8 scanner was used in this work [8]. The LabPET™-
8 scanner is modelled as realistically as possible in terms of geometry, physics of radiation transport 
and signal processing using the GATE Monte Carlo simulation toolkit [26]. All simulations were run 
using a coincidence timing window of 10 ns, an energy resolution of 25% and lower energy thresholds 
of 250, 350 and 425 keV while the upper energy threshold was kept constant (650 keV). Back-to-back 
511 keV annihilation photons were generated to decrease computational time. A total of 109 events 
were generated for each simulation study, yielding count rates equivalent to those encountered in 
typical small animal PET studies. The GATE output information comprising separate prompt and 
scattered events was recorded in ASCII format. The SF, estimated as the ratio of scattered to total 
events, was then calculated. In a second step, coincidence events were binned into sinograms for 
further characterization of the spatial distribution of Compton scatter. Reconstructions were performed 
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by means of the Software for Tomographic Image Reconstruction (STIR) using the iterative three-
dimensional ordered subsets "#$%"&"!#!'()*+,%(,% using the one step late (OSMAPOSL) algorithm 
with 4 subsets and 8 iterations [27]. 

Various simple digital phantoms and computerized anatomical models of rodents enabling to 
simulate simple source geometries and more realistic complex patterns of tracer distributions were 
used to assess the magnitude and spatial distribution of scattered events [28]. Rodent studies were 
simulated using typical spatial biodistribution of 18F-fluorodeoxyglucose (FDG) for mice and rats [29, 
30] considering the corresponding distribution of attenuation coefficients. The NEMA NU-04 image 
quality phantom [31] and more realistic digital phantoms such as MOBY and ROBY [32] were used to 
study the scatter component for single- and multiple-subject scanning configurations. The different 
arrangements of phantoms adopted in this work are shown in Figure 7.1. In the ‘single subject’ 
configuration, one subject was located in the centre of the scanner’s FOV. In the ‘three subject’ 
configuration, two subjects were located on the left and right sides of the centrally located subject, 
whereas in the ‘five subject’ configuration, five subjects were located at the left, centre, right, top and 
bottom positions in the scanner’s FOV. The true image obtained by reconstructing the unscattered 
component from the GATE simulations is used as reference for comparison. 

 

 
Figure 7.1. Illustration of single- and multiple-subject imaging configurations used in this study showing: (a) 
single subject in central position in the FOV, (b) three subjects in the FOV placed on the left, central and right 
positions and (c) five subjects in the FOV placed on the left, central, right, up and down positions. 
 
7.2.3 Evaluation of the scatter component and out-of-FOV scatter 
 
The scatter component of the LabPET™-8 scanner was characterized in terms of object and 
detector/gantry scatter. Object scatter consists of annihilation photons, which have undergone 
Compton scattering only in the object whereas detector/gantry scatter represent Compton scattering in 
different components of the scanner other than the object under study. This includes scintillation 
crystals, scanner gantry, detector covering and end-of-FOV shielding. Compton scattered events in 
these different components were also evaluated. 

The magnitude of out-of-FOV scatter for the LabPET™-8 scanner was evaluated using both 
simulated and experimental measurements. This was performed using a short (7 cm height and 2.5 cm 
diameter) and long (14 cm high and 2.5 cm in diameter) solid polyethylene phantoms. The short 
phantom was placed within the axial FOV of the scanner while the long phantom was placed within 
the axial FOV extending outside the axial FOV at both ends. A line source (7 cm long) containing 10 
MBq of F-18 was inserted into the short phantom parallel to its long axis whereas a line source (14 cm 
long) containing 20 MBq of F-18 was used for the long phantom. The SF was calculated according to 
the method described in the NEMA NU-04 standards [31]. Scatter from out-of-FOV activity was 
calculated by subtracting the SF of the short phantom from that of the long phantom. 
 
7.2.4 Scatter modeling and correction 
 
Model-based scatter estimation techniques use emission and transmission images to estimate the 
probability of scattered events along each line of response for selected scatter points in the 
transmission image by calculating the line integral of the scatter photon trajectories [9]. The scatter 
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distribution is calculated by summation of the probabilities of Compton scattering estimated for each 
possible scatter point in the transmission image and every detector pair. The single-scatter simulation 
(SSS) technique used in this work is based on the single scatter approximation and estimates the 
scatter distribution using the Klein–Nishina formula [33]. 
 

The scatter distribution is calculated using the SSS technique, which is scaled to account for 
multiple scatter and scatter from out-of-FOV activity. However, the implementation in STIR package 
is optimized for clinical scanners where coarse sampling is used to speed up the scatter computation 
and the full scatter sinogram is constructed by interpolation [34]. The number of detectors is smaller in 
small animal PET scanners compared to clinical scanners and, as such, full detector sampling was 
adopted. The resulting scatter sinogram obtained using two iterations was compared to Monte Carlo 
simulated scatter sinograms for both single- and simultaneous multiple-subject studies. 
 
The PET data were corrected for attenuation by multiplying the attenuation correction factors (ACFs) 
obtained by forward projection of the object(s)-specific attenuation map at 511 keV. The scatter 
sinogram was used as additive terms in the iterative OSMAPOSL algorithm using STIR. 
 
7.2.5 Image quality and quantitative accuracy 
 
The effect of scatter correction on image quality and quantitative accuracy was evaluated for single 
and simultaneous multiple subject PET imaging using various figures of merits including contrast, 
signal-to-noise ratio (SNR), spill-over-ratio (SOR) and recovery coefficients. Regions of interest 
(ROIs) with diameters approximately equal to half the radius of the two cold cylinders (no 
radioactivity) were defined and the mean counts/ROI in each region and background of the NEMA 
image quality phantom determined for true, uncorrected, attenuation corrected and attenuation and 
scatter corrected images. SOR was calculated as the ratio of counts in the respective cold cylinder to 
the counts in the radioactive uniform region. The contrast recovery (ideal value of 100%) was 
calculated according to: 

                                 (2) 

 
where NBG is the count density in the background’s ROI and Ncold is the count density in the cold 
cylinder’s (air or water) ROI. 
 

The SNR was defined as the mean number of counts divided by the standard deviation of pixel 
intensities in a ROI defined within the background region of the NEMA image quality phantom. 

 

                                                   (3) 

 
The recovery coefficient, defined as the percentage ratio of counts in an ROI in the corrected 

images to those in the same ROI in the true images, was calculated according to: 
 

                                           (4) 

 
7.3. RESULTS 
 
7.3.1 Modeling the scatter component 
 
The magnitude of Compton scattering originating from the various physical materials present in the 
LabPET™-8 scanner and the amount of out-of-FOV scatter for various energy windows is 
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summarized in Table 7.1. The maximum amount of scatter observed is due to kovar, which is used as 
covering material for the detectors. The scatter contribution due to lead shielding is negligible. Both 
experimental and simulated out-of-FOV SFs show that out-of-FOV scatter is negligible in small-
animal PET imaging using the LabPET™-8 scanner. 
 
Table 7.1. The scatter fraction due to different materials in the LabPET™-8 scanner for lower energy thresholds 
of 250, 350 and 400 keV. The experimental out-of-FOV SF values are shown between brackets. 

 
 

Scatter fraction (%) 
 

Materials 
 

250-650 keV         350-650 keV          400-650 keV 
 

Kovar                     22.51                      17.16                         10.71 
 

Copper                   5.93                        2.40                           1.19 
 

Lead                       1.71                        0.65                           0.30 
 

Out-of-FOV            1.70 (1.83)             0.76 (0.81)                 0.11 (0.12) 
 

 
The effect of increasing the number of objects in scanner’s FOV on the magnitude of scatter can be 
observed in Table 7.2. In case of MOBY, the percentage increase in SF for 3 and 5 subjects is 36.4 % 
and 63.6 % in comparison to one subject, respectively. Full axial lengths of the NEMA image quality 
phantom and MOBY model were covered in one acquisition whereas the ROBY model was scanned at 
three different axial positions corresponding to brain, thorax and pelvis regions. As expected, object 
SF decreases with increasing the LET. 

The good agreement between experimentally measured and Monte Carlo simulated projection data 
(total events) for a single NEMA image quality phantom is depicted in Figure 7.2 for both the uniform 
region and region containing active rods. Comparisons between the scatter distributions obtained using 
model-based scatter estimation and Monte Carlo simulations for single and multiple scanning of the 
NEMA image quality phantom and ROBY are shown in Figures 7.3 and 7.4, respectively. Overall, a 
good agreement was observed between model-based and Monte Carlo simulated scatter profiles. A 
small discrepancy between the tails of the scatter profiles can be observed, which is likely due to the 
fact that analytical modelling of multiple scattering does not account for the different angular 
distributions of the rescattered photons. 

 
7.3.3 Assessment of image quality and quantitative accuracy 
 
In the uniform compartment of the NEMA phantoms, the SNR for the five subjects is less than that of 
the three subject arrangement, the latter being also less than that of the single phantom configuration 
(data not shown). Scatter corrected images have a poorer SNR, which can be explained by the scatter 
subtraction process. The SORs measured in the cold compartment of the NEMA phantom are shown 
in Table 7.3.  
   The SOR increased in the case of multiple subjects scanning compared to single subject scanning. 
Scatter correction decreases the SOR in both air- and water-filled compartments in the configurations 
adopted in this study. However, the effect of scatter correction was more noticeable in the air 
compartment than in the water compartment. The effect of attenuation and scatter correction on image 
contrast is demonstrated in Table 7.4 for different configurations of the NEMA image quality 
phantom. The contrast was more degraded in the multiple subjects’ arrangement. Attenuation 
correction had a negligible effect on the contrast. However, scatter correction along with attenuation 
correction improved the contrast for the cold air compartment in single- and multiple-subject PET 
studies. The impact of scatter correction was more pronounced in simultaneous multiple subjects. 
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Table 7.2. Object scatter fraction estimates for single- and simultaneous-multiple scanning of the NEMA image 
quality phantom, MOBY and ROBY for lower energy thresholds of 250, 350 and 400 keV. The percentage 
increase in SF for 3 and 5 subjects with respect to single subject configuration are shown between brackets. 

 

Objects 

 
         Scatter fraction (%) 

 
 250-650 keV 350-650 keV 400-650 keV 
 

NEMA phantom 1 8.10 5.08 3.01 
NEMA phantom 3 11.09 (36.91) 7.09 (39.57) 3.81 (26.58) 
NEMA phantom 5 13.11 (61.85) 8.13 (60.04) 4.03 (33.89) 

    
MOBY 1 11.21 7.05 4.03 
MOBY 3 15.19 (35.50) 10.03 (42.27) 5.01 (24.32) 
MOBY 5 18.15 (61.91) 11.04 (56.60) 6.02 (49.38) 

    
ROBY Brain 1 12.01 9.00 6.02 
ROBY Brain 2 17.03 (41.80) 13.01 (44.56) 8.00 (32.89) 

    
ROBY Thorax 1 18.04 15.06 10.04 
ROBY Thorax 2 25.06 (38.91) 20.09 (33.40) 14.05 (39.94) 

    
ROBY Pelvis 1 20.01 16.07 11.06 
ROBY Pelvis 2 28.00 (39.93) 21.08 (31.18) 15.04 (35.99) 

 !   
 
A representative transaxial slice of the NEMA image quality phantom corresponding to single, three 
and five subject configurations is shown in Figure 7.5. Horizontal profiles through the centre of 
images corresponding to the true image (unscattered events only) serving as reference, the image 
reconstructed after attenuation correction only, and after applying attenuation and scatter corrections 
are also shown. It can be seen that scatter correction improves the contrast in the cold cylinders and 
matches better the true image, especially in the five subject configuration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
        
 
 

(a)                 (b)   
Figure 7.2. Comparison of experimentally measured and Monte Carlo simulated total events distribution for 
single NEMA image quality phantom through region (a) uniform (b) radioactive rods. 
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Figure 7.3. Comparison between Monte Carlo simulated and model-based scatter sinogram plane (upper row) 
and corresponding profile (lower row) for (a) single and (b) multiple five NEMA image quality phantoms. 
 
 
 

    
 
 

 
Figure 7.4. Comparison of Monte Carlo simulated and model-based scatter component sinogram plane in above 
row and its corresponding profiles in lower row for (a) single ROBY. (b) two ROBYs. 
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Table 7.3. Spill-over-ratio (SOR) measured in the cold compartments of NEMA phantom with attenuation 
correction only (AC), attenuation correction & scatter correction (AC+SC) and no correction (NC) for different 
configurations. The measured values of "#$ in true images (True) are also tabulated. 
 

             True   AC               AC +SC                    NC Number 
of 

objects Position Air Water Air Water Air Water Air Water 
          

1 Centre 0.04 0.32 0.07 0.34 0.05 0.32 0.15 0.41 
          
 Centre 0.06 0.42 0.10 0.48 0.07 0.40 0.17 0.43 

3 Right 0.05 0.38 0.09 0.51 0.06 0.39 0.15 0.45 
 Left 0.06 0.41 0.11 0.53 0.08 0.40 0.14 0.46 
          
 Centre 0.06 0.51 0.08 0.59 0.06 0.52 0.19 0.55 
 Right 0.05 0.46 0.08 0.46 0.03 0.47 0.17 0.56 

5 Left 0.03 0.39 0.07 0.59 0.05 0.42 0.16 0.47 
 Up 0.07 0.50 0.09 0.58 0.05 0.52 0.16 0.51 
 Down 0.06 0.47 0.11 0.55 0.04 0.46 0.15 0.53 
          

 
 
 
 
Table 7.4. Contrast in percentage measured in the NEMA phantom with attenuation correction only (AC), 
attenuation correction & scatter correction (AC+SC) and no correction (NC) for different configurations. The 
measured values of Contrast in true images (True) are also tabulated. 
 
 

  True    AC               AC +SC  NAC Number 
of 

objects Position Air Water Air Water Air Water Air Water 
 

1 Centre 71.08 52.27 62.98 49.98 70.32 51.84 61.67 48.76 
          
 Centre 82.35 52.86 61.96 47.92 80.39 51.09 60.74 46.49 

3 Right 78.04 48.34 57.00 41.57 76.94 46.65 56.10 40.31 
 Left 78.03 47.05 59.51 41.87 77.62 45.96 58.69 40.87 
          
 Centre 83.68 49.44 56.99 46.04 86.66 51.33 55.63 45.08 
 Right 80.31 40.41 51.24 36.63 83.36 42.37 50.45 36.09 

5 Left 80.63 42.75 55.34 36.48 82.05 43.41 54.63 36.04 
 Up 82.29 42.88 54.81 39.12 84.51 43.69 53.83 38.40 
 Down 79.47 41.08 53.53 36.01 81.46 42.53 52.66 35.70 
          

 
 
The recovery coefficients in the lung, liver, left and right kidney regions of the MOBY phantom are 

summarized in Table 7.5 for the different scanning configurations. The use of attenuation correction 
overestimates the recovery coefficients especially in the five subjects configuration whereas 
attenuation and scatter correction underestimates the recovery coefficients. Higher recovery 
coefficients are obtained for single compared to multiple subjects imaging after scatter correction. A 
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transverse slice of the MOBY phantom corresponding to single, three and five subject configurations 
through the kidney region is shown in Figure 7.6. It can be seen that scatter correction has little value 
especially for the single subject configuration. 
 
 
Table 7.5. Recovery in percentage measured in the different body regions of MOBY with attenuation correction 
only (AC) and attenuation correction & scatter correction (AC+SC) for different configurations. 
 

 
 

 
Figure 7.5. Reconstructed images of the simulated NEMA image quality phantom (upper row) and its 
corresponding True, AC and AC+SC corrected profiles (lower row) for (a) single phantom (b) multiple three 
phantoms (c) multiple five phantoms. 

 
 
 
 

  Lung   Liver       Left kidney   Right kidney Number 
of 

objects Position AC AC +SC AC AC +SC AC AC +SC AC AC +SC 
 

1 Centre 101.66 98.35 100.81 98.34 100.20 99.00 100.55 99.03 
          
 Centre 100.21 93.71 100.91 95.19 100.14 95.07 99.82 94.82 

3 Right 99.86 95.26 99.75 94.92 99.73 95.41 100.61 97.28 
 Left 99.74 92.99 100.02 94.79 100.37 96.74 100.26 96.18 
          
 Centre 104.47 93.06 105.12 92.66 100.84 90.62 102.26 91.10 
 Right 102.11 93.32 102.98 92.72 99.45 91.37 100.78 93.13 

5 Left 105.84 95.48 105.87 96.32 100.20 93.38 101.69 92.20 
 Up 103.86 96.38 101.87 93.66 100.38 94.20 102.16 95.53 
 Down 101.78 93.77 103.59 96.03 102.77 97.19 101.39 94.76 
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Figure 7.6. Representative slices of the simulated MOBY phantom (upper row) and their corresponding true, 
uncorrected, attenuation corrected and attenuation and scatter corrected horizontal profiles (lower row) for (a) 
single, (b) three, and (c) five MOBY phantoms. 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           

(a)                                      (b)   
 

Figure 7.7. Recovery coefficients measured in different body regions of the ROBY phantom reconstructed with 
attenuation correction only (AC), and with attenuation and scatter correction (AC+SC) for (a) single, (b) two 
ROBY phantoms. 
 

The recovery coefficients in the lung, heart, and kidney regions of the ROBY phantom 
reconstructed with attenuation correction only and with attenuation and scatter corrections for single 
and two subject scanning configurations are represented in Figure 7.7. The use of scatter correction 
compensates for the overestimation of recovery coefficients resulting from attenuation correction 
alone but induces equivalent underestimation. Transaxial slices and corresponding horizontal profiles 
of the ROBY thorax region representing the true, uncorrected, attenuation corrected only, and 
attenuation and scatter corrected images are shown in Figure 7.8. 
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Figure 7.8. Representative slice of the simulated ROBY thorax region (upper row) and their corresponding true, 
uncorrected, attenuation corrected and attenuation and scatter corrected horizontal profiles (lower row) for (a) 
single and (b) two ROBY phantoms. 
 
7.4. DISCUSSION 
 

In this work, we assessed the magnitude and spatial distribution of the scatter component in small-
animal PET when imaging single- and multiple-subject simultaneously. The impact of scatter 
correction on image quality and quantitative accuracy under the same conditions was also evaluated. 
Monte Carlo calculations are widely used to study the characteristics of Compton scattering in PET 
[35]. Moreover, the Monte Carlo method offers the unique capability to provide detailed information 
about unscattered and scattered events and even to distinguish between single and multiple scattered 
events. Recent developments in computationally efficient Monte Carlo simulation packages combined 
with advances in computational platforms including graphical processing units and cloud computing 
has made it possible to model the scatter component in small animal PET imaging using realistic 
source distributions within complex anatomical models under controlled conditions [25]. 

In this work, the GATE platform was used to study the scatter characteristics of the LabPET-8 
scanner. It was observed that the scatter contribution from kovar covering material was significantly 
higher in comparison to scatter originating from lead and copper plate serving as end-of-FOV 
shielding material. This is due to the fact that kovar, being a high density alloy covering the entire 
detectors, produces more Compton scattering in the LabPET-8 scanner. Similar observations regarding 
the behaviour of this material were reported more recently [18]. In particular, when imaging rats, 
organs presenting with high uptake such as the heart, brain and bladder can be outside the imaging 
FOV owing to the small axial FOV of the scanner. This might increase detected scatter originating 
from outside the FOV. Therefore the contribution of scattered events arising from outside the FOV 
was evaluated. It was observed that events arising from outside the FOV have a negligible impact 
(<1%) for LETs of 350 and 450 keV, whereas the contribution was less than 1.7% for a LET of 250 
keV, thus indicating that the end shields of the LabPET-8 scanner are reasonably effective in rejecting 
out-of-FOV scatter. This also implies that a scatter correction method that models only scattered 
events originating within the FOV, such as the single scatter simulation method used in this study [33], 
is reasonably adequate is small animal PET imaging. The object SF was evaluated for single and 
multiple scanning of the NEMA image quality phantom, MOBY, and different body regions of the 
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ROBY anatomical model. The SF increases substantially for simultaneous multiple subjects imaging 
compared to single subject imaging, implying that scatter correction is important when imaging 
simultaneous multiple subjects. 

Since APDs are inherently slow, APD-based systems such as the LabPET-8 scanner require a wide 
coincidence window as well as a wide energy window. Also, different timing windows are used for 
LGSO-LGSO, LYSO-LYSO and LGSO-LYSO in LabPET-8 scanner. Hence, the SF was evaluated 
under realistic conditions for a selected coincidence timing window of 10 ns and lower energy 
threshold of 250, 350 and 425 keV (the upper threshold was set to 650 keV). As expected, the SF 
decreased with increasing the LET [8]. 

The estimated scatter distribution using the single-scatter simulation method shows good 
agreement with Monte Carlo simulations for single- and simultaneous multiple-subject imaging. The 
SNR for scatter corrected images deteriorates owing to the scatter subtraction process and the 
consequent reduction of statistics in the acquired data sets. However, the quantitative accuracy is 
improved especially for simultaneous multiple subjects imaging. The spill-over-ratio increases with 
increasing the number of subjects in the FOV. Scatter correction improves the SOR for both cold 
water and air compartments in single- and multiple-subject imaging; however, this effect is much 
noticeable for the air compartment. Similar observations about the SOR were reported in a related 
study [21]. The model-based scatter correction technique improves image contrast for both cold 
compartments of the NEMA image quality phantom compared to the case where no correction is 
performed. Likewise, the recovery coefficients in different body regions of the MOBY and ROBY 
phantoms were remarkably improved after scatter correction for simultaneous multiple mice as well as 
single and multiple rats imaging. 

 
 
7.5. CONCLUSION 
 
The scatter component originating from different parts of the LabPET-8 scanner including gantry and 
out-of field-of-view was characterized. The magnitude and spatial distribution of Compton scattering 
were evaluated for single- and simultaneous multiple-subject. Model-based estimation of the scatter 
component has good agreement with corresponding Monte Carlo simulations. Attenuation and scatter 
corrections improve contrast and quantification in small animal PET especially for simultaneous 
multiple-subjects imaging. For accurate PET quantification, attenuation correction is required for 
single and multiple mice and rat studies whereas scatter correction is required for single rat and 
multiple mice and rat studies. 
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8.1 Conclusions 
 
In recent years, PET technology dedicated to small-animal imaging has proved its enormous potential and 
is now playing a pivotal role in biomedical research. However, many challenges in the domains of PET 
instrumentation, data acquisition and processing protocols, as well as quantitative analysis still remain to be 
addressed and overcome through research. This thesis presents original contributions focusing on the 
characterization of the performance of dedicated small-animal preclinical PET scanners and the analysis of 
the parameters that degrade image quality and quantitative accuracy of PET images as a preliminary step 
towards the development of new procedures and algorithms that enable to compensate for these degrading 
factors and open new pathways to quantify physiological and biological processes in vivo. 
 
The main contributions of this thesis are: 
 

1. Comprehensive performance assessment of two state-of-art dedicated small-animal preclinical PET 
scanners, namely, the X-PET™ and the LabPET-8™, having different geometries and design 
features. This investigation demonstrated that both scanners are well suited for imaging rodents 
and for providing the required information in typical molecular imaging studies. This study also 
demonstrated the limitations of standardized procedures and guidelines recommended for 
performance assessment of small-animal PET scanners. 
 

2.  Development and evaluation of CT tube voltage-dependent attenuation correction procedure on 
the FLEX Triumph™ preclinical PET/CT platform. Experimental phantom and rodent PET studies 
were successfully corrected for photon attenuation using the implemented CT-based attenuation 
correction procedure using both bilinear and quadratic energy-mapping methods. It was observed 
that attenuation correction is of prime importance in preclinical PET imaging. The slope of the 
energy-mapping curves for CT numbers greater than 0 HU increases with increasing tube voltages. 
In addition, higher correlation coefficients were obtained for the quadratic energy-mapping method 
compared to the bilinear energy-mapping approach. 
 

3. A novel cone-shaped phantom was designed and fabricated for the assessment of object size-
dependent scatter fraction and NECR for small animal PET scanners. The characteristics of the 
LabPET™-8 and X-PET™ small animal PET scanners in terms of SF and count rate analysis were 
studied using this phantom. Monte Carlo simulation models of two small-animal PET scanners 
were validated experimentally. It was concluded that a single cone-shaped phantom enables the 
assessment of the effect of three factors, namely radial offset, energy threshold and object size on 
the SF and NECR for various sizes of mice, rats and small rabbits. This makes the cone-shaped 
phantom suitable for the evaluation of object size-dependent SF and NECR for preclinical PET 
imaging. 
 

4. Following the widespread adoption of dedicated preclinical PET scanners, optimization of scanner 
time and number of small-animals scanned per session has become crucial. This had motivated the 
emergence of approaches enabling to scan multiple subjects simultaneously. However, scanning 
multiple subjects simultaneously increases attenuation and scattered events. Therefore, the 
magnitude and spatial distribution of the scatter component in small-animal PET imaging was 
characterized for imaging single and multiple subjects simultaneously. Modeling the scatter 
distribution using the single-scatter simulation technique has shown good agreement with Monte 
Carlo simulations using simple and more realistic phantoms. Scatter and attenuation corrections 
improve PET image contrast and quantitative accuracy. It was concluded that attenuation 
correction is required for single and multiple mouse and rat studies whereas scatter correction is 
required for single rat, and multiple mice and rat studies for accurate PET quantification. 
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8.2 Future perspectives 
 

• The last decade has witnessed a growing interest in small animal PET technology due to the 
necessity of studying biochemical processes at a molecular level. The major thrust for future 
preclinical PET instrumentation lies in the further improvement of spatial resolution and sensitivity 
of dedicated scanners. !
As of present time, none of the PET scanners provides the fundamental spatial resolution which 
can be potentially achieved by PET. For spatial resolution improvement, the use of semiconductor 
crystals such as cadmium-zinc-telluride (CZT) instead of scintillation crystals with conventional 
readout technologies is foreseen. In this thesis, it was demonstrated that non-conventional PET 
scanner geometries result in improved and more uniform spatial resolution across the FOV when 
taking full advantage of accurate statistical modelling in the framework of statistical iterative 
reconstruction algorithms. Moreover, the spatial resolution can further be improved by using 
spatially-varying point spread functions during the reconstruction procedure and using super 
resolution approaches. One of the major hindrances in the regular use of accurate and advanced 
iterative reconstruction algorithms is computation time, which will be further reduced through the 
use of grids technology and graphical processing units (GPUs). 

 
• The NEMA NU-04 2008 standards were comprehensively utilized in this thesis. For scanners 

having unconventional geometries, these standards make use of the conventional FBP 
reconstruction algorithm for spatial resolution measurement. The consequence is that for 
unconventional geometries, FBP reconstruction provides inferior measured spatial resolution 
compared to iterative algorithms which use an accurate model of the system response. In addition, 
the amount of injected activity is fixed to 3.7 MBq for the image quality test. This prohibits the 
evaluation of the full capability of the PET scanner at the maximum NEC taking advantage of the 
high count rate capability of new generation PET scanners. Future work will focus on adaptation 
and further development of the current NEMA NU-04 2008 standards to account for scanners 
having unconventional geometries and enable count rate dependent image quality test. 
 

• The NECR and SF were estimated for various sizes of rodents using an novel custom-made cone-
shaped phantom. The NECR, which depends on the rodent’s size, is an important parameter for 
optimization of acquisition protocols and image quality characteristics. Hence, the NECR can be 
used to optimize the injected dose of radiotracers in small-animal PET for individual rodents. 
Further work will focus on the optimization of individualized radiotracer dose to rodents using the 
cone-shaped phantom. 

 
• Accurate quantification in PET imaging requires correction for photon attenuation. Phantom and 

rodent PET studies were successfully corrected for photon attenuation using the CT-based 
attenuation correction method. The polyenergetic x-ray spectra used in CT imaging induces beam 
hardening artefacts caused by the absorption of low energy x-rays. This effect generates cupping 
and streak artefacts in the reconstructed CT images which propagate to PET images following 
application of the CTAC procedure. Future work will focus on quantifying and correcting beam 
hardening effects in the CTAC of small-animal PET studies, especially following administration of 
contrast agents. 
 

• Nowadays, PET imaging is capitalizing and complementing other modalities such as CT and MRI 
to answer basic research and clinical questions. Initially, multimodality imaging was accomplished 
through the use of software-based image registration (rigid or non-rigid) and fusion to correlate 
anatomic (CT and MRI) and functional (SPECT and PET) information. However, the challenges 
and inherent limitations of software-based image registration approaches motivated the emergence 
of hardware based-approaches for multimodality imaging. The interest in multimodality imaging 
shifted from clinical to preclinical imaging domains. Trimodality configurations incorporating 
PET, SPECT and CT subsystems are commercially available since few years. More recently, 
preclinical systems combining PET and MRI capable of acquiring regional or whole body imaging 
data in sequential or simultaneous mode were developed in both academic and corporate settings. 
This trend will likely continue to be developed taking advantage of innovations in MR-compatible 
photodetectors and related instrumentation. With the recent interest in combined PET-MRI 
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systems, there is no established metric to assess and evaluate the degree of interference between 
the two modalities. Future work will focus on the proposal of reliable and robust interference 
evaluation metrics. 
 

• In preclinical PET/CT imaging, the radiation dose delivered to animals is a crucial issue. 
Depending on the study design, the radiation dose can be in large scale and should be monitored 
cautiously because it may lead to changes in tumour characteristics, induce significant biologic 
effects or in the worst case be fatal. The radiation dose due to the CT component can be reduced 
through the use of MRI instead of CT. Though few preclinical multimodality PET-MRI prototypes 
are developed and deployed for preclinical research, a breakthrough in the use of combined PET-
MRI systems in biomedical research is foreseen. Quantitative procedures developed for small-
animal PET-CT in this thesis will be further developed and evaluated for small-animal PET-MR 
systems (MR-guided PET attenuation correction). 

 
• Since the use of anaesthesia and other immobilisation devices during rodent imaging can cause 

unusual changes in the physiology of rodents which may affect the experimental outcomes, another 
challenge is to image freely moving rodents and derive reproducible quantitative information. 
Accurate and consistent strategies for motion correction in freely moving rodents is and will 
remain an active research topic in preclinical PET studies.   
 

• Some preliminary results regarding the requirements in terms of attenuation and scatter correction 
for simultaneous multiple small-animal PET imaging have been reported using Monte Carlo 
simulations. These results show that simultaneous multiple small-animal PET imaging is feasible 
provided correction of degrading factors is performed. Further work should focus on validating 
similar strategies using experiments involving real small animals. 

 
• Automatic quantification of PET data is becoming an essential tool since it can reduce variability 

across several centers participating in imaging trials and might improve the reliability of image 
data analysis independent of reader experience. Some preliminary work for automatic 
quantification of small animal PET data was developed by our group. The registration of PET 
images to a predefined atlas images plays an important role in initialising the automatic 
quantification of PET data. However, the use of parametric entropies such as kinetics and organ 
uptake of radiotracers for registering the images will further improve automatic quantification of 
PET data. Moreover, future work is required for accurate segmentation of body parts, especially 
moving targets owing to physiological motion such as respiration, heart beating and bladder filling. 
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