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Summary: 

Micro-positron emission tomography (micro-PET) imaging is a powerful imaging modality in 

cardiovascular studies for the assessment of mice cardiac function in-vivo. This modality offers an 

insight into biochemical changes on a molecular level through quantifying myocardial blood flow 

(MBF), and glucose metabolism (MGM) as prognostic biomarkers in cardiovascular diseases (CVDs). 

In the past decade, the amount of cardiovascular research using micro-PET/CT has increased widely 

to understand human diseases, standardize imaging protocols, or to evaluate treatment interventions. 

Until recently, there has been a lack of a standard quantitative PET/CT protocols to quantify MBF 

and MGM due to the challenges associated with small animal imaging such as resolution, animal 

handling and the complexity of image analysis with the compartmental modelling method. The 

combination of a well performing micro-PET/CT scanner and accurate and repeatable imaging 

protocols could provide invaluable qualitative and quantitative data that might resolve questions about 

a potential gene therapy. Accordingly, we have gathered interesting data about the 

bactericidal/permeability-increasing fold-containing- family-B-member-4 longevity associated variant 

(LAV-BPIFB4) gene that has been identified by our collaborators and that has shown therapeutic 

effects in protecting against CVDs and age-related pathologies. This gene variant has been 

demonstrated to enhance revascularization and reduce endothelial dysfunction in mice. Therefore, 

this research aimed to first demonstrate the feasibility of our micro-PET/CT scanner to assess cardiac 

function in murine models through developing accurate and repeatable imaging protocol sets. Next, 

investigating the beneficial effects of the LAV-BPIFB4 gene in maintaining cardiac function using 

diabetic and elderly mice models. Our standardized imaging protocols produced accurate and 

repeatable quantitative PET data of both MBF and MGM using a compartmental modelling 

quantification method. Importantly, our results from both murine models demonstrated the 

therapeutic role of the gene in preserving cardiac function by enhancing its contractile function, 

improved blood flow and reduced capillary rarefaction. PET data were consistent with 

echocardiography and histological results. Our findings confirmed that our micro-PET/CT scanner 

allows the quantitative evaluation of cardiac perfusion and metabolism in mice models, as well as 

demonstrating the beneficial influence of the LAV-BPIFB4 gene treatment. This research has the 

potential to be extended for further refinement of the imaging methods or to investigate the duration 

of the effect of the gene and the metabolic mechanisms that have caused its therapeutical action.  
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Chapter 1:  

Overview 

1.1 Thesis Overview: 

Cardiovascular diseases (CVDs) are the leading causes of death worldwide. There are many types 

of CVDs, including coronary artery diseases (CADs), peripheral artery diseases (PADs), congenital 

and infected heart diseases, clotting and venous diseases, cerebrovascular diseases, and aortic diseases 

(Wang et al. 2010). The incidence of CVDs is known to increase when associated with risk factors 

such as diabetes mellitus (DM), age, family history, high cholesterol, and high blood pressure 

(hypertension) (Flora and Nayak 2019; Sun et al. 2020). To better assess CVDs and associated risk 

factors, clinicians have extensively used measurement tools and imaging modalities to achieve accurate 

diagnoses and subsequently apply the best treatment plan (Saraste et al. 2009; Jones et al. 2014). 

Cardiac imaging is used  as a tool to evaluate cardiac function through the possibility to quantify 

or measure different types of physiological indices or biomarkers by generating structural and 

functional information concerning the cardiovascular system (CVS) in homeostasis and in pathological 

conditions (Pien et al. 2005; Wang et al. 2010; Lin et al. 2014). Further information can be obtained 

by monitoring the heart in different physiological states, including rest and stress (Shrestha and Seo 

2015; Guerraty et al. 2020). These imaging modalities include ultrasound (US) imaging, magnetic 

resonance imaging (MRI), X-ray computed tomography (CT) imaging and positron emission 

tomography (PET) imaging (Jones et al. 2014). These modalities vary in sensitivity and resolution 

perspectives, as they produce data via different molecular or physical mechanisms and over different 

time scales (Santos et al. 2015). Molecular changes are initiated prior to any morphological changes 

being detectable. As the molecular and systematic changes interact via feed-back loops, there could be 

major advantages in the early observation of the molecular changes (Liu and Gotlieb 2010; Gotlieb 

2020).  

PET imaging is a molecular imaging modality that allows the non-invasive detection of metabolism, 

biological function, and blood flow changes (Mawlawi and Townsend ; Rischpler et al. 2012; Nappi 

and El Fakhri 2013; Slomka et al. 2014; Gotlieb 2018). It involves the administration of positron-

emitting radiotracers that can detect and track metabolic changes on molecular and cellular scales 

(Bertoldo et al. 2014; Maddahi and Packard 2014). Most modern PET scanners are integrated with a 
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CT system, generating both functional and structural information. This information can be used to 

differentiate between normal and abnormal tissues, detecting changes in the cardiac metabolic 

pathways initiated at any disease onset, thus avoiding gross structural changes within the CVS and 

early treatment (Di Carli et al. 2007).  

Depending on the aim of the study, PET/CT imaging could quantify physiological indices, such as 

cardiac metabolism (CM) and myocardial blood flow (MBF), through using the concepts of 

pharmacokinetic modelling (Morris et al. 2004; Watabe et al. 2006; Turkheimer et al. 2014; Cochran 

et al. 2017). Indeed, PET/CT imaging is the gold standard of non-invasive quantification of MBF 

(Schöder et al. 1999; Kaufmann and Camici 2005; Ziadi and Beanlands 2010). Much evidence suggests 

that measurement of CM and MBF can play a crucial role in diagnosing CVDs and evaluating novel 

drugs or treatment trials (J et al. 1993; Schöder et al. 1999; Ziadi and Beanlands 2010; Slomka et al. 

2014; Guerraty et al. 2020).  

The genetics of long-living individuals plays a vital role to protect them against age-related diseases, 

as demonstrated by Genome-wide association studies (Erikson et al. 2016; Deelen et al. 2019). Their 

progeny also has a low rate of CVDs, indicating that healthy phenotype can be transferred vertically 

through generations (Villa et al. 2015a; Dang et al. 2020; Dossena et al. 2020). These findings inspire 

the idea of transferring healthy genes as a novel method for treating CVDs, especially with diabetic or 

aged individuals (Dang et al. 2020).  

We have identified a variant of the BPI fold– containing family B member 4/palate lung and nasal 

epithelium clone 4 (BPIFB4/ LPLUNC4) that is associated with healthy longevity in several groups 

of long-lived individuals. Studies have recently been undertaken or are ongoing regarding alterations 

in immunity and CVDs in these ‘super-centenarians’, in an effort to understand where and how the 

longevity associated variant (LAV) exerts its effect (Villa et al. 2015a; Villa et al. 2015c; Spinelli et al. 

2017; Villa et al. 2018; Di Pardo et al. 2020). Moreover, these studies also reported that forcing the 

expression of the longevity-associated variant (LAV) gene that encodes the BPIFB4 protein (also 

called LAV- BPIFB4) in an aged cohort , has repaired age-related endothelial dysfunction (Villa et al. 

2015a; Villa et al. 2015c; Spinelli et al. 2017; Villa et al. 2018; Liberale and Camici 2020). Further studies 

using mouse models have demonstrated a beneficial effect of LAV gene treatment in improving 

vascular reparative processes through activating certain signalling pathways and reduce endothelial 

dysfunction (Spinelli et al. 2017; Villa et al. 2018; Malavolta et al. 2019).  

Therefore, LAV- BPIFB4 could be an exciting and novel treatment for CVDs, diabetes, and age-

related diseases, but these diseases have a complex pathogenic basis that should not be examined using 
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histological or structural imaging alone. PET/CT imaging is a diagnostic tool that merges the concepts 

of anatomical and molecular information and allows early detection of metabolic changes at a 

molecular level by providing prognostic information or quantitative measurement of vital biomarkers. 

Taken together, this means that PET/CT is beneficial diagnostic tool to investigate a biological 

process and therapeutic intervention.  

1.2 Thesis Hypothesis: 

The small Mediso PET/CT scanner is suitable to evaluate cardiac function and therefore determine 

the suitability of treatments in murine models of diabetes and ageing. 

1.3 Thesis objectives: 

In this thesis I will evaluate the feasibility of the micro-PET/CT system to evaluate cardiac function 

in mice using 18fluorine labelled fluorodeoxyglucose(18F-FDG) and 13Nitrogen labelled ammonia (13N-

NH3) as radiotracers of choice. First, Mediso micro-PET/CT system will be evaluated in terms of 

generated image quality for both radiotracers and according to methodological guidelines supplied by 

the National Electrical Manufacturers Association (NEMA) standard for preclinical PET/CT 

scanners and the manufacturer’s instructions to ensure the highest possible accuracy of the obtained 

results. After that, I will develop and standardize imaging protocols to assess myocardial glucose 

metabolism (MGM) and MBF using 18F-FDG and 13N-NH3 in a murine model. These protocols will 

be further validated using a diseased model, namely hindlimb ischemia (HLI) model, to test the ability 

of PET/CT imaging in detecting metabolic and blood flow changes. Importantly, these protocols will 

be further applied to investigate the efficiency of the LAV- BPIFB4 gene as a promising treatment to 

improve cardiac function, angiogenesis, and cell survival in different murine models, including 

diabetic, ageing models.  

1.3.1 Objectives outline: 

1. Evaluate the quantitative accuracy of Mediso micro-PET/CT scanner using 18F-FDG and 13N-

NH3 according to NEMA standards and manufacturer guidelines.  

2. Standardizing PET/CT imaging protocols in healthy mice to measure MGM and MBF using 

18F-FDG and 13N-NH3, respectively. 

3. Since HLI is one of the main complications caused by diabetes and CVDs, HLI model will be 

used to test the ability of PET/CT imaging in detecting metabolic and blood flow changes.  

4. Applying the standardized imaging protocols in two murine models to test the efficacy of 

LAV- BPIFB4 gene in improving cardiomyocyte function and MBF. These models include: 
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• Diabetic model. 

• Ageing model. 

1.4 Thesis outline: 

This chapter includes a brief overview, thesis rationale and objectives of the research. The next 

chapter will discuss the essential clinical and physical background as well as a general introduction that 

should lead the reader from the general subject area into our topic that will be investigated. Chapter 3 

is the methodology chapter, which contains most of the methodological aspects that were applied in 

the thesis; still, more details will be explained in each relevant chapter. In Chapter 4 I will evaluate 

both 18F-FDG and 13N-NH3 as radiotracers of choice to achieve accurate PET quantification in terms 

of image quality and according to NEMA standards. Chapter 5 covers the experiments done to 

optimize and standardize the imaging protocols along with quantifications of MGM and MBF among 

healthy mice. This chapter will also discuss the different technical challenges associated with the 

murine model and micro-PET/CT and how they were tackled. After that, chapter 6 will explore the 

ability of the micro-PET/CT scanner to detect changes in myocardial blood following HLI. In 

addition, chapters 7 and 8 will use the previously validated imaging protocols on diabetic and ageing 

respectively to test the effects of LAV gene therapy on cardiac function and MBF. General discussion 

identifying the novelty of the research along with a general conclusion, recommendations, and possible 

future work will be included in Chapters 9 and 10 respectively. For simplicity purposes, the thesis 

structure is represented using a schematic diagram in Figure 1.1. 
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Figure 1.1: Flow chart for the thesis structure. 
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Chapter 2:  

General Background 

 

2.1 Introduction: 

CVDs are among the leading causes of death worldwide despite the significant advances in the 

medical field and diagnostic technologies (Wang et al. 2016a; Kishore et al. 2018). They are defined as 

any disorder associated with the heart, blood vessels in the body, and blood (Keating and Sanguinetti 

1996; Gotlieb 2020; Sun et al. 2020). The underlying pathogenesis of many CVDs is the development 

of atherosclerosis plaques (Keating and Sanguinetti 1996; Chien 2004; Liu and Gotlieb 2010; Chan et 

al. 2012; Gotlieb 2020). Atherosclerotic plaque formation occurs in the intimal layer of the arteries, 

resulting in narrowing and eventual hardening of the arterial walls, as in figure 2.1 (Libby et al. 2019). 

The plaque consists of fat, cholesterol, calcium, fibrin and other cellular waste products (Oikonomou 

et al. 2018). In addition, atherosclerotic events and plaque formation contribute to several types of 

CVDs such as CADs, cerebrovascular diseases, aortic diseases, PADs, myocardial infarction (MI), 

stroke, cardiac arrhythmia, and heart failure (Sun et al. 2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.1: Normal and atherosclerotic arterial walls. In atherosclerosis event, a build-up of 
plaque in the intimal layer may cause narrowing of the artery (BioRender 2017). 
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2.2 Risk factors associated with CVDs:  

The identification of CVDs risk factors has played a crucial role in treating and preventing them 

(Berenson et al. 2005; Flora and Nayak 2019). Researchers have classified these risk factors into 

modifiable and nonmodifiable risk factors, some of which are outlined in table 2.1 (Flora and Nayak 

2019). Modifiable risk factors are defined as the factors that can be changed or managed under clinical 

supervision (Flora and Nayak 2019; Şahin and İlgün 2022). The main modifiable risk factors include 

DM, hypertension (high blood pressure), and hyperglycaemia (high blood sugar) (Flora and Nayak 

2019; Şahin and İlgün 2022). Considerable evidence has shown that early diagnosis and treatment of 

modifiable risk factors could significantly prevent the incidence of CVDs (Flora and Nayak 2019; 

Şahin and İlgün 2022). On the other hand, the non-modifiable risk factors cannot be changed, 

including age, gender and genetic factors (Flora and Nayak 2019). 

 

2.3 Overview of Cardiovascular system (CVS): 

Before proceeding to the molecular base of CVDs, a brief introduction to the cardiovascular system 

(CVS) is needed. The CVS components include of the heart, blood vessels, and blood, and its function 

is to deliver oxygenated blood to all the body’s system as well as taking away carbon dioxide and waste 

in a closed-loop system (Aaronson et al. 2020). There are two types of circulation: arterial and venous 

circulation (Aaronson et al. 2020). In arterial circulation, oxygen-rich blood is pumped to the whole 

body but with one exception in which the pulmonary veins carry the oxygenated blood from the lung 

to the heart (Aaronson et al. 2020). In contrast, the venous circulation returns the deoxygenated blood 

and waste from body systems to the heart for oxygenation processes to occur (Aaronson et al. 2020). 

Each CVS component has its cellular and histological structures as well as its physiological function, 

but they share many similarities in terms of histological structure. 

Firstly, in mammals the heart is a four-chamber organ that pumps blood to the whole body 

(Aaronson et al. 2020). The four chambers include the right atrium (RA), right ventricle (RV), left 

Modifiable risk factors Non-Modifiable risk factors 

Food diet Age 

Sedentary lifestyle Gender 

Smoking Genetic or heredity factors 

Hypertension Autoimmune diseases 

Table 2.1: Risk factors associated with the CVDs. The CVDs risk factors can be divided into modifiable 
and non-modifiable risk factors. The list of CVDs risk factors is extensive, and they are beyond the scope 
of this thesis. 



 

 

31 

atrium (LA), and left ventricle (LV) as illustrated in figure 2.2 (Aaronson et al. 2020). During venous 

circulation, the deoxygenated blood enters the RA and passes to the RV, which pumps it to the lung 

for gas exchange to occur (Aaronson et al. 2020). Following oxygenation, the blood is transported 

back to the LA through the pulmonary veins. The blood is then transported into the LV (the largest 

chamber), which pumps it to the whole body via the aorta, the largest artery in the circulatory system. 

In addition, the heart muscle gets its blood supply from coronary circulation, in which the right and 

left coronary arteries branch off from the aorta. Some of the disorders that affect the coronary arteries 

might lead to CADs which are caused by narrowing or blockage of the coronary circulation (Walden 

and Tomlinson 2011). 

 Histologically, the heart consists of three layers which are the epicardium (the outer layer 

responsible for the structural support of the heart), the myocardium (the middle layer where the 

contractile and conduction events occur), and the endocardium (the inner layer that is the heart cavity 

lining and vessels) as in figure 2.2 (Anderson et al. 2013). On the cellular basis, the heart consists of 

cardiomyocytes (CMs) which account for ~70–85% of the heart volume, fibroblasts (FBs), endothelial 

cells (ECs), and perivascular cells (Anderson et al. 2013; Aaronson et al. 2020). 

Secondly, the blood vessels are responsible for carrying blood around the body. The walls of large 

arteries consist of three layers; the tunica intima (including the endothelium (where direct blood 

contact occurs) and intimal smooth muscle cells (SMCs) and their matrix (smaller arteries may not 

have SMC in the intima)), the tunica media (the middle and thickest layer consisting of multiple 

lamellae of SMC and extracellular matrix (ECM) such as collagen and elastin), and the tunica externa 

or adventitia (the outermost layer which is made of cells and loose collagen fibers) as seen in figure 

2.3 (Crock 1996). On the other hand, the veins carry out the deoxygenated blood and waste from the 

body’s systems back to the heart. Similar to arteries, the veins have three layers but with smaller 

amounts of smooth muscle and elastic tissue, thinner walls and bigger lumens when compared to 

arteries. Moreover, capillaries allow the interchange of nutrients and wastes between the blood and 

the tissue cells. 

 Finally, the blood is the transport medium that has both cellular and non-cellular components 

(Basu and Kulkarni 2014; Aaronson et al. 2020). The cellular one’s can be represented mainly by red 

blood cells (erythrocytes), white blood cells (leukocytes), and platelets (Basu and Kulkarni 2014). 

Plasma and is made of 90% water, dissolved nutrients, such as gases, hormones, proteins, ions and 

many more enzymes, cytokines, growth and clotting factors (Basu and Kulkarni 2014).  
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Figure 2.2: Schematic representation of the mammalian heart. Included the anatomy of the four chambers, 
representation of the myocardial histological layers and a cartoon of the main cellular component of the heart 
which is the cardiomyocytes (BioRender 2017).  
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2.4 The metabolic and genetic adaptation during CVDs: 

During pathological condition, the cardiac muscle undergoes some metabolic changes to enhance 

cell survival (Gewirtz and Dilsizian 2017; Kolwicz 2018). These adaptations involve changes in 

cardiomyocyte fuel source and its utilization in response to disease onset (Gewirtz and Dilsizian 2017; 

Kolwicz 2018). Various studies reported an adjustment in adenosine triphosphate (ATP) generation 

in mitochondria characterized by a switch from β-oxidation of fatty acid (FA), as a primary source of 

energy, to glucose oxidative metabolism (Krebs cycle) (Keating and Sanguinetti 1996; Depre et al. 

1999; Kolwicz and Tian 2011; Kolwicz et al. 2013; Kundu et al. 2015). Nonetheless, this switch does 

not exclude fatty acid oxidation, which is the favoured process under normal conditions (Depre et al. 

1999; Kolwicz et al. 2013; Werner et al. 2016). Indeed, both energy sources, FA, and glucose participate 

differently under variable physiological, pathological, or metabolic conditions (Schulze et al. 2016; 

Werner et al. 2016; Young 2016). 

Several investigations have reported changes in gene expression in human and animal models in 

response to disease, physiological or environmental conditions (Shoghi et al. 2008; Stefano et al. 2016; 

Lee et al. 2017). In addition, several genetic programs are activated in the case of ischemia that appear 

to increase cell survival (Kalogeris et al. 2016; Gewirtz and Dilsizian 2017). These genetic programs 

may also affect fatty acid and glucose metabolism (Kalogeris et al. 2016; Gewirtz and Dilsizian 2017).  

Assessing the onset of CVDs is challenging due to its multifactorial origins resulting from the 

interplay between genetic and environmental factors (Chien 2004; Liu and Gotlieb 2010; Gotlieb 

 

Figure 2.3: Schematic representation of the vascular wall layers in the artery and vein 
(BioRender 2017). 
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2020). In addition, genetic factors might be an important aspect to investigate CVDs and possible 

treatments (Walden and Tomlinson 2011). Some evidence have assumed that once a disease gene is 

identified, its encoded protein can be investigated to determine the disease-associated mutation 

(Muller 1994; Flora and Nayak 2019). Accordingly, disease prediction, diagnosis, prevention, and 

treatment can be aided by genetic testing and gene therapy (Levi and Coronel 1997; Sinnaeve et al. 

1999; Khurana et al. 2001; Morishita 2002).  

2.5 Ways to evaluate or scan the CVS: 

In recent years, a number of studies in the field of CVS measurement and imaging has led to a 

better understanding of normal and abnormal health states (Wang et al. 2010; Jones et al. 2014; Santos 

et al. 2015). The various imaging modalities enable the visualization of the structure and function of 

CVS as well as quantifying vital biomarkers that can allow early detection of pathological conditions 

or test the effectiveness of novel drugs (Saraste et al. 2009; Jones et al. 2014). Each modality can 

provide various range of spatial, temporal, structural, and functional information concerning CVS and 

CVDs (Jones et al. 2014). They include electrocardiogram (ECG), echocardiography, laser doppler 

imaging, MRI, X-ray CT imaging and PET imaging (Saraste et al. 2009; Phoon and Turnbull 2016; 

Lindsey et al. 2018; Rehman et al. 2021). All medical modalities will be described briefly except for 

PET/CT imaging which will be described comprehensively, covering most of its aspects, as the main 

scope of this research. 

First, ECG is the cheapest and simplest measurement tool of the CVS, but it is on a non-imaging 

basis (Jones et al. 2014). It can detect abnormalities in the electrical activity of the heart by placing 

electrodes over the body through which it can trace and measure heart electrical signals (Jones et al. 

2014; Serhani et al. 2020). The output measurement is in the form of a graph which is divided into 

different segments called peaks and valleys as seen in figure 2.4 (Jones et al. 2014). Each part of the 

graph represents a function in a certain area of the heart as in figure 2.4 (Jones et al. 2014). Through 

the ECG graph, only the structural abnormalities can be revealed, which could be considered as a late 

stage in any disease condition (Jones et al. 2014). As a result, the ECG cannot measure the blood flow 

or pumping capability of the heart, and it also might underestimate some of the heart regions (Jones 

et al. 2014). Recently, some imaging modalities offered a scanning option that is coupled with an ECG 

tool, and this provides an additional source of information on a beat-by-beat basis, such as gated PET 

imaging (Juarez-Orozco et al. 2019). This will be handled in more detail in the relevant sections. 
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In contrast, echocardiography is a non-invasive imaging modality that allows the measurement of 

cardiac volume, the visualization of wall motion and structural defects, and the assessment of cardiac 

valve or intracardiac masses (Jones et al. 2014; Rehman et al. 2021). This tool is based on using a 

transducer that is held against the skin and emits ultrasound waves (ranging between 8-18 MHz) which 

travel through the blood and soft tissue and then get reflected as in figure 2.6 (Villanueva and Wagner 

2008). Consequently, the reflected waves are detected again by the transducer and digitized to generate 

a real-time dynamic image of the heart with a longitudinal resolution of 150 µm and a frame rate (FR) 

of 15-40 frames per second (Villanueva and Wagner 2008). Additionally, denser tissue has a brighter 

appearance in the images because they reflect more waves (Villanueva and Wagner 2008). The 

produced images can either be 2-dimensional (2D) or 3- dimensional (3D) images  and are used to 

measure different cardiac structural and physiological parameters (Villanueva and Wagner 2008). 

 

Figure 2.5: The different parts of the cardiac cycle. Each part reflects a specific 
function in the myocardium (BioRender 2017).  

 

 
Figure 2.4: The ECG trace. In a typical ECG reading, peaks (R) and valleys can be observed. 
The duration between subsequent heart beats is represented by R-R interval (BioRender 2017).  
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Likewise, Doppler US imaging is a type of US imaging that represents blood flow within the heart 

chambers as in figure 2.7 (Hoskins 1990; Hartley et al. 2007). This technique involves sending waves 

that hit the blood cells and bounce back to the transducer (Hoskins 1990). The reflected waves are 

then detected and digitized according to their direction and frequency using the Doppler concept 

(Hoskins 1990). The images are generated and represented with a colour gradient map of the blood 

flow (Hoskins 1990). Both echocardiography and laser Doppler imaging have been used in some of 

the studies presented in this thesis.   

Another advanced imaging modality is MRI which is a non-invasive imaging tool that does not 

involve the use of ionizing radiation (Jones et al. 2014; Vassiliou et al. 2018). It is based on exposing 

the body to a strong magnetic field combined with a radiofrequency (RF) current as in figure 2.8 (Jones 

et al. 2014; Vassiliou et al. 2018). First, the magnetic field excites the protons in water (which makes 

up nearly 70% of the body) by changing their rotational axis to align with the direction of the magnetic 

field (Jones et al. 2014; Vassiliou et al. 2018). This is followed by turning on the RF current which will 

pull the protons against their original direction (equilibrium) (Saraste et al. 2009; Jones et al. 2014). 

Following the termination of the RF current, the protons return to their equilibrium with simultaneous 

emission of energy that can be detected and digitized by the MRI scanner to produce a 3D image 

(Saraste et al. 2009; Jones et al. 2014). Moreover, the rotational changes of the protons are controlled 

by the chemical properties of the molecules as well as their tissue environment (Smith and Webb 2010; 

Jones et al. 2014). MRI imaging generates high-resolution images that give both morphological and 

functional details about the organ of interest (Smith and Webb 2010; Jones et al. 2014). In the context 

of the CVS, MRI can measure the wall thickness of both the heart and vessels, identify acute MI and 

assess its extent through measuring absolute tissue water-proton (1H) longitudinal relaxation times 

(Smith and Webb 2010). 

Other imaging modalities that are widely implemented in medicine are x-ray imaging and CT 

imaging, both of which have the same physics principle and involve the use of ionizing radiation 

(Saraste et al. 2009). Conventional X-ray imaging has been used for many years to evaluate lung 

abnormalities and calculate the cardiac ratio (the horizontal distance that is taken by the heart/ 

horizontal distance of the entire chest cavity) by producing 2D images (Smith and Webb 2010). To 

acquire an image X-ray source emits radiation which passes through the subject and is picked up by 

radiographic film or an electronic detector placed on the opposite side of the subject as figure 2.9  

(Smith and Webb 2010). The intensity of X-rays detected in the 2D images by the detector/film is 
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proportional to the density of tissue that the X-rays have passed through on their way to the detector 

(Smith and Webb 2010).  

 

 

 

 

  

 

  

A.                                                             B.  

Figure 2.6: Schematic echocardiography concept. A. simple illustration of the echocardiography physical 
concept in which high pitched sound waves are used to create the image of the heart as well as measuring 
other various cardiac dimensional and functional parameters. B. Standard mouse echocardiography image 
using Vevo 3100 preclinical echocardiography. In this image, the LV measurements were taken from a B-
Mode parasternal long axis image (FUJIFILM VisualSonics designs 1999). 

 

 

Figure 2.7: The physical concept of the doppler US imaging. Doppler US uses the Doppler principle and 
Doppler frequency shift to estimate the blood flow in the blood vessels. The ultrasound pulse reflected from 
the blood cells, that are moving toward the transducer, will have a higher frequency wave than the original 
transmitted ultrasound pulse (upper panels). The opposite can be seen with blood moving away from the 
transducer (lower panels). Doppler echocardiography modality uses the shift in frequency, which is called 
Doppler frequency shift, to derive blood flow velocities. The direction of blood flow is presented graphically 
as a time-velocity spectrum above or below the baseline or as colour gradient map of the blood flow 
(Slideshare Scribd company 2006). 
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Figure 2.9: The basic concept of x-ray imaging. In x-ray imaging, a beam of x-rays is generated and passed 
through the object body. A portion of the X-rays are either absorbed or scattered depending on the 
object structures, and the remaining x-rays pattern are transmitted to a detector (such as a film or a 
computer screen) for recording or further image processing by a computer (Slideshare Scribd company 
2006). 

 

Figure 2.8: Schematic of MRI scanner and basic physical concept. MRI uses strong magnets that generate a 
strong magnetic field. This magnetic field forces protons in the body to align with it. When a radio-frequency 
current is then pulsed through the object, the protons are activated, and spin out of equilibrium state, 
straining perpendicular to the magnetic field. After turning off the radio-frequency field, the MRI sensors 
can detect the energy released as the protons realign with the magnetic field. Due to the differences in the 
environment and the chemical nature of the molecules, the time taken by the protons to realign with the 
magnetic field as well as the amount of their released energy vary. The different in time and energy released 
by the protons allow the physicians to differentiate between various types of tissues (Slideshare Scribd 
company 2006).  
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As an extension of this technology, CT imaging generates 3D volume images by using a rotating 

X-ray source and detector pair which circle around the subject acquiring a series of 2D images or 

projections from different angles which are then used to reconstruct a 3D image as in figure 2.10 

(Smith and Webb 2010). The amount of radiation that is absorbed or attenuated during transmission 

is called the attenuation coefficient (AC), and it has a unique value for each material (Smith and Webb 

2010). 

Finally, PET imaging, which is the focus of this research and will receive the greatest attention, can 

produce physiological information at a molecular level; thus, it is a molecular imaging tool (King et al. 

2002; Slomka et al. 2014). Nowadays, most PET systems are combined with a CT scanner that 

provides anatomical details as well as allowing the calculation of attenuation correction (Kapoor et al. 

2004; Basu et al. 2011). Another important benefit of using PET is that its radiotracers can be labelled 

with a biological substrate (such as glucose, water (H2O), carbon dioxide (CO2) or oxygen (O2), etc.) 

or pharmaceutical (then called radiopharmaceutical) to study blood flow, metabolism, and 

pharmacology without changing their biological behaviours (Kapoor et al. 2004; Basu et al. 2011). The 

PET system detects the radiation by detecting the two gamma photons that are generated following 

the annihilation event. The annihilation takes place when the emitted positron (ß+) come at rest and 

then collides with another the electron (e-) as in figure 2.11, this also will be discussed further in later 

sections (Kapoor et al. 2004; Basu et al. 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Schematic diagram of the CT scanner. CT uses a rotating X-ray tube with a row of detectors placed 
in the gantry are used. The rotating x-ray tube emits radiation at multiple angles across the object body. The x-ray 
gets attenuated by the different tissues inside the object and then detected by the opposing detector. The detected 
radiation is then used to generate a serious of slices which are then reconstructed to produce a 3D image of the 
soft tissues and bones (Slideshare Scribd company 2006).   
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The following sections will describe the PET physics and its imaging system, the decay mode of 

PET radionuclides, scan types, image reconstruction, the hybrid PET/CT scanner, and the concept 

of pharmacokinetic modelling.  

2.6 PET basic principle: 

PET imaging is based on the administration of a radionuclide that undergoes emission through ß+ 

decay (Kapoor et al. 2004; Basu et al. 2011). Positron (ß+) emission is a type of radioactive decay that 

occurs in proton-rich radionuclides where the number of protons (Z) is greater than the number of 

neutrons (N) (Kapoor et al. 2004; Basu et al. 2011). The neutron to proton ratio (N/Z) will be low 

relative to the nearest stable nuclei (Kapoor et al. 2004; Basu et al. 2011). Therefore, this will result in 

the conversion of the proton to a positron (ß+), neutron (n), and a neutrino (ν) as in equation (Eq.) 

2.1 (Kapoor et al. 2004; Basu et al. 2011).  

 𝐸𝑞. 2.1     𝑃 → 𝑛 + 𝛽+ +  𝜈         

The decay of the radionuclide is not random, but it follows an exponential law and the radioactivity 

at any given time can be calculated through Eq. 2.2 below (Kapoor et al. 2004; Basu et al. 2011). 

𝐸𝑞. 2.2     𝐴𝑡 =  𝐴𝑜 𝑒−𝜆𝑡                 

 

 

Figure 2.11: A schematic representation of the annihilation event that occur when the positron 
(ß+) come at rest and collides with its antiparticle, the electron (e-). This collision results in the 
annihilation of the two particles and the emission of two gamma ray photons with both having 
the energy of 511 KeV and emitted in opposite direction of each other.  The emitted photons 
then can be detected by PET scanner through certain type of detectors (Slideshare Scribd 
company 2006). 
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In which, Ao and At are the radioactivity at time zero (or the initial time) and t (the time at which the 

radioactivity need to be measured) respectively. The λ is the decay constant and is related to the half-

life as in Eq. 2.3 (Kapoor et al. 2004; Basu et al. 2011).  

𝐸𝑞. 2.3     𝜆 =  
0.693

𝑡1/2
               

The half-life (t1/2) is defined as the time required for the radionuclide to decay to half of its initial 

activity (Kapoor et al. 2004; Basu et al. 2011). The SI unit of the radioactivity is Becquerel (1 Bq = 1 

decay/second) and its traditional unit is Curie (1 Ci = 3.7x1010 Bq) (Kapoor et al. 2004; Basu et al. 

2011). Another commonly used scale factor is one mCi which is equal to 37 MBq (Basu et al. 2011).  

Following emission, the positron travels a finite distance (depending on the radionuclide) before it 

loses all its kinetic energy and combines with an electron (e-) in the medium resulting in an annihilation 

process. The annihilation process emits two gamma photons with 511 Kev, and in an opposite 

direction of 180° apart as previously illustrated in figure 2.11 (Kapoor et al. 2004; Basu et al. 2011). 

This process occurs when a subatomic particle hits its antiparticle (in this case, ß+ and e- which have 

the same mass and opposite charge), resulting in the annihilation of both particles (Kapoor et al. 2004; 

Basu et al. 2011).  

2.7 PET system components: 

The main purpose of the PET system is to calculate the distribution and concentration of 

radiotracers within the subject, this is achieved by detecting the number and direction of gamma 

photon pairs emitted by the subject (Kapoor et al. 2004; Basu et al. 2011). The PET scanner consists 

of multiple solid scintillation (crystals arranged in a ring around the subject), photomultiplier tubes 

(PMTs), pulse height analysers (PHA), and electronics, including an annihilation coincidence detection 

(ACD) window and display computers (Kapoor et al. 2004; Basu et al. 2011). Each component will 

be discussed separately, and then an overall description of the PET detection system will be illustrated.  

2.7.1 Solid scintillation crystal (detectors): 

Different types of detectors are available on the market, and each has its performance 

characteristics and uses in various fields. The solid scintillation detectors are the ones of choice in 

PET systems due to the considerable improvement in their detection efficiency, especially when made 

of high-density material (Cherry et al. 2012). The term scintillation detector is used due to the crystal 

property of producing lights or flashes following radiation absorption (Cherry et al. 2012).  

Most manufacturing companies have adopted the block detector design in PET systems (Cherry et 

al. 2012). The crystal in each block has partial cuts on the frontal surface and is connected to 2-4 PMTs 
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as showed in figure 2.12 (Cherry et al. 2012). These cuts are in the form of elements that may vary in 

number and can be either 6x8, 7x8, or 8x8 elements, 3 to 6.5 mm in length and about 3 cm in depth 

(figure 2.12) (Cherry et al. 2012). In addition, each element is considered as an individual detector, and 

its size is an essential characteristic in defining the spatial resolution of the PET system (will be 

discussed later) (Cherry et al. 2012). All detector blocks are arranged in an array with partial or full 

rings, with circular or hexagonal shapes (Cherry et al. 2012). For example, the Siemens PET scanner 

has 32,448 crystals within 192 block detectors and four PMTs per block (Kudo et al. 2002).  

When the coincidence events (photons) are emitted from the scanned object, they are detected by 

the solid scintillation detectors, which interact with the detected photons in three main mechanisms 

discussed below.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.7.1.1 Interaction of photon with matter: 

There are three dominant mechanisms of the interaction of a photon with the matter, including 

the photoelectric effect, Compton scattering, and pair production, which all are subjected to the law 

of momentum and energy conservation (Cherry et al. 2012).  In the photoelectric effect (figure 2.13), 

the incident photon transfers all of its energy to an orbital electron called photoelectric absorption 

(Cherry et al. 2012). This results in an electron ejection (called photoelectric electron), the atom being 

in an excitation and ionization state. Another outer shell electron fills the vacancy created by the 

ejected electron, ultimately resulting in the emission of a characteristic x-ray or auger electron. It is the 

 

Figure 2.12: The block detector design in PET systems. In this design, each crystal detector block is connected to 
2-4 photomultiplier tubes (PMTs). Depending on the manufacturer design, each crystal blocks may have different 
number of elements (for example some has 6x8, 7x8, or 8x8 elements) with a length of 3 to 6.5 mm and a depth of 
approximately 3 cm (Slideshare Scribd company 2006) (BioRender 2017). 
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predominant interaction within the low energy photons, and thus its probability decreases dramatically 

with increasing photon energy. In addition, photoelectric interaction is proportionally related to the 

absorber's atomic number (Z) and a critical point to consider in the context of crystal density and 

detection efficiency (Cherry et al. 2012).  

While in Compton scattering, the photon collides with an outer shell electron causing a partial 

transfer of its energy to this electron (Cherry et al. 2012). This results in knocking out of an electron 

and the scattering of the photon in a different direction (figure 2.14). The scattered photon might 

undergo another photoelectric absorption or Compton scattering until it ultimately loses all its energy. 

Indeed, Compton scattering is the major interaction type in the energy range 0.1-10 Mev and is 

independent of the atomic absorber number (Z).  

Finally, pair production interaction occurs when the photon that passes through the absorber has 

an energy greater than 1.02 MeV (Cherry et al. 2012).  In this interaction mechanism, the photon 

interacts with the nucleus causing the emission of both positive and negative electrons. The positive 

electron or positron (ß+) will lose its kinetic energy and then be annihilated with another electron, 

producing two gamma-ray photons as previously mentioned (figure 2.11-2.14). Pair production is the 

dominant interaction of higher energy (greater than 10 MeV) photons.  

 
 
 
 

 

Figure 2.13: A representation of the photoelectric effect. This interaction involves the formation of an Auger 
electron (BioRender 2017). 
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2.7.2 Photomultiplier tubes (PMTs): 

PMTs are vacuum glass tubes that are fixed into crystals with certain optical grease or light pipes 

(Cherry et al. 2012). An individual PMT consists of three parts, including a photocathode, dynodes (in 

the middle), and an anode as in figure 2.16 (Cherry et al. 2012). The photocathode is made of metal 

that releases electrons following light absorption. When applying a high voltage (1000 V), the 

produced electrons are accelerated and amplified until they reach the anode. Subsequently, the light 

 

Figure 2.14: A representation of the Compton scattering interaction. In this interaction, 
the photon collides with an outer shell electron causing the ejection of an electron and 
the scattering of the photon (BioRender 2017).   

 

 

Figure 2.15: A representation of the pair production interaction. In this interaction, a 
high energy photon (> 1.02 Mev) interacts with the nucleus resulting in the emission of 
a positron and a negative electron at the expense of the photon (BioRender 2017). 
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photons are converted to electrical pulses in the PMTs. The output pulse is proportional to the 

number of scintillation photons released from the crystal (Cherry et al. 2012). 

 

2.7.3 Preamplifier, amplifier, and pulse height analysers (PHA): 

The pulses produced from PMTs are initially amplified by the preamplifier, where it also undergoes 

adjustments in shape and impendence to match the subsequent circuits in order to be processed 

correctly (Cherry et al. 2012).  Next, further amplification occurs in the amplifier, which then transfers 

the pulse to the PHA. The PHA filters the pulse and accepts only those within the preselected energy 

window (Cherry et al. 2012). The energy window is set to have a baseline, lower and upper values, 

which normally are 511 Kev, 350, and 650 Kev, respectively. This is because the annihilated photons 

might scatter or have more distance to travel (thus more attenuation,) resulting in differences in the 

energies of the detected photons (Cherry et al. 2012).  

2.7.4 Annihilation coincidence detection (ACD) circuits: 

Afterwards, these pulses are used to determine the X and Y positions of the two detectors which 

detect the annihilated photons (Cherry et al. 2012). Each detector element is connected to a set of 

opposite detector elements, in axial positions, by the annihilation coincidence detection (ACD) 

circuits. The maximum number of the opposite detectors, that are connected together, can be the half 

number (N/2) of the total detectors that exist in the PET scanner (N) (Cherry et al. 2012). The ACD 

circuits will only accept coincidence photons from opposite detectors simultaneously and within a 

finite timing window considering the difference in the travel distance of both photons. One photon 

will travel more distance than the other, and subsequently, it will take more time to reach the detector. 

 

Figure 2.16: A schematic representation of a photomultiplier tube coupled with a scintillator crystal 
(BioRender 2017). 
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The detected signals should occur within a certain time window to be counted as a coincidence event. 

The uncertainty in the detection time is called the timing resolution or coincidence timing window 

(Cherry et al. 2012).   

The PET imaging system uses the advantage of ß+ emission through using the annihilation 

coincidence detection ACD window, which electronically collimates and only accepts the annihilated 

photons coincidently through two opposing detectors, within a narrow energy window and acceptable 

geometry (Cherry et al. 2012). The location of each annihilation process is calculated by assigning a 

line of response (LOR) between the two detectors which detected the coincidence event. Some 

scanners can define the coincidence location through the time of flight (TOF). The TOF is defined as 

the difference in arrival time between the two photons along the LOR (Cherry et al. 2012). The most 

likely location can be measured through Eq 2.4:  

𝐸𝑞. 2.4     𝑑 =
𝑐𝛥𝑡

2
                              

In which d is the location of the annihilation event, ∆t is the TOF, and c is the speed of the light 

or photon = 3x108 m/s. This method of defining the annihilation location allows a better spatial 

resolution. Compared to SPECT imaging, the PET scanner applies electronic collimation, which 

significantly increases its detection efficiency up to 10-20 times in 2D mode and up to 150 times in 

3D mode as in figure 2.17.  

 

 

 

 

 

 

 

 

 

 

 

 

Note that after assigning a LOR for each coincidence event between the opposing detectors, all 

LORs that pass through a single point are stored in the form of a sinusoidal curve in a histogram 

 

Figure 2.17: Schematic diagram of the cross section of the PET scanner illustrating the 2D and 3D acquisition 
modes (Slideshare Scribd company 2006).  
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called a sinogram (Cherry et al. 2012). In a sinogram, all necessary corrections are applied since they 

will significantly improve true image representation and result in accurate interpterion and 

quantification of the tracer biodistribution from PET images (Cherry et al. 2012).   

2.8 Combined PET/CT imaging: 

Over the past few years, PET systems have developed significantly by combining them with CT 

scanners as in figure 2.18 (Jan et al. 2006). The ability to generate data from two different imaging 

modalities improves the diagnostic value and quantification accuracy of the images (Jan et al. 2006). 

This improvement is due to the combination of molecular and anatomical information from PET and 

CT scanners respectively. CT images also provide good estimation of attenuation correction through 

producing images with accurate anatomical localization (Yap et al. 2004; Jan et al. 2006). 

 

 

 

 

 

 

 

 

 

 

   

 

Images from the two modalities are fused together by what is called image co-registration 

(Turkheimer et al. 2014). This concept defines the optimal spatial transformation between two 

different sources of images (Turkheimer et al. 2014). The co-registration requires two steps which are, 

finding the transformation parameters and applying the transformation by mapping image A directly 

to image B (Turkheimer et al. 2014). There are several types of transformation to co-register PET and 

CT images including rigid-body, affine and non-linear but they are beyond the scope of this research 

(Turkheimer et al. 2014). Details on different type of image co-registration were discussed explicitly 

by Turkheimer and his colleagues (Turkheimer et al. 2014).  

In the next sections, we will address the commonly applied corrections in PET/CT imaging.  

 

Figure 2.18: A schematic illustration of the combined PET/CT system (BioRender 2017).  
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2.9 Applied correction in PET images:  

2.9.1 Attenuation correction: 

AC originated from the fact that photons may be attenuated differently depending on the density 

of the material and the distance travelled between the opposing detectors (Cherry et al. 2012). Less 

dense material may falsely appear with a higher uptake when compared to higher density ones (Cherry 

et al. 2012). This is because photons have fewer attenuation events in lower density mediums, resulting 

in more photons reaching the detectors. AC is measured in all LORs using either a CT base image or 

PET transmission image if not combined with a CT scanner (Cherry et al. 2012).  

2.9.2 Types of coincidence events, scatter, and random corrections: 

2.9.2.1 Types of coincidences:  

It is crucial in PET imaging to only consider true events representing the two annihilated photons 

that originated from the same position (figure 2.19). However, this is not the real situation as other 

types of events could be recorded falsely by the PET scanner, including multiple coincidences, a 

random coincidence, and a scatter coincidence.  

First, multiple coincidences can occur when three photons are recorded within the same ACD 

window, but the computer will simply discard them (figure 2.19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19: Types of various coincidence events detected by the PET scanner. The black dote indicates 
the location of the annihilation events. These events can be either a true, scattered, random, multiple 
coincidences (Slideshare Scribd company 2006).  
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On the other hand, a random coincidence arises when two photons originated from different 

annihilation events and are falsely registered as one event (figure 2.19). It appears as a uniform 

background in the image, decreasing its contrast.  

Finally, a scatter coincidence occurs when one or both annihilated photons are scattered by 

Compton scattering, which causes photons to lose part of their energy and then deflect into different 

directions (figure 2.19). This type of coincidence degrades the contrast in the image severely and causes 

quantitative errors between the injected activity and the intensity in the image (Cherry et al. 2012). The 

percentage of scattering events can be very high, especially in a 3D mode PET (figure 2.17).  

Earlier PET scanners consisted of only one ring scanner, but modern ones include multiple rings 

forming a cylindrical shape of detectors (Cherry et al. 2012). An important part in these PET scanners 

was the septa which made of tungsten or lead material placed between detectors rings. This 

configuration of the PET scanner is called 2D acquisition mode (figure 2.17). The existence of the 

septa prevents the detection of annihilated photon emitted obliquely with respect to the detector 

plane. However, recent PET scanners have 3D acquisition mode in which the septa were removed 

leading to a significant improvement in the sensitivity of the PET scanner and an increase in the 

detection of scatter photons (figure 2.17). Generally, in the 3D acquisition mode, the scattering events 

might reach 60% to 70%. This high percentage is due to several reasons, firstly because it is simply 

caused by the scattering of one of the annihilated photons. Another reason is the use of denser crystals 

in PET systems, and these have a low light output resulting in a lower energy resolution (Cherry et al. 

2012). Therefore, there is a need to widen the energy window within the PHA to ensure the recording 

of all photopeak events. Consequently, more scatter events are registered whether they are produced 

by the object or the scintillator crystal.  

2.9.2.2 Scatter correction (SC): 

PHA is the first step of eliminating scatter events, but this simple process is less efficient due to 

the use of a wider energy window and the fine difference in energy values between the scatter and true 

events. Registering scatter and random coincidences results in assigning false LORs, but this can be 

corrected through two main methods.  

The first method is applied by using two images: the transmission image (previously obtained to 

apply the AC and the emission image (scatter-contaminated image) (Cherry et al. 2012).  The 

transmission image is used to estimate the attenuation, primarily due to Compton scattering at 511 

Kev, while the emission image represents the distribution of the scattering events (Cherry et al. 2012). 
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Using both images and with applying simple mathematical assumptions, the SC is performed by 

subtracting the estimated scatter events from individual profiles of registered coincidences. This 

method will improve the signal to noise ratio (SNR) by removing the low-frequency background 

signals in the image (Cherry et al. 2012). 

The second method is based on deriving projection profiles outside the object directly. The concept 

of this method originates from the fact that low-frequency events are mostly scattered events (Cherry 

et al. 2012). The data in the tails of projection profiles are extrapolated or interpolated across the entire 

profile. The extrapolated or interpolated data, which represents scatter distribution, is then subtracted 

from each projection before reconstruction (Cherry et al. 2012).   

2.9.2.3 Random correction: 

Random coincidences are commonly corrected using a standard delayed-coincidence method 

which determines the random events rate in each LOR (Saha 2010; Cherry et al. 2012). As the name 

suggests, this method implies the use of a delayed time window in which only one detector along any 

LOR is set to have a timing window longer than the coincidence resolving time of the circuit. 

Consequently, there will be no true coincidence in the delayed coincidence time window, and the 

number of the delayed coincidences detected is a good estimate for the random events. These random 

events that were detected by the delayed time window can be subtracted from the prompt signal or 

stored in a separate sinogram for later image processing and reconstruction (Saha 2010; Cherry et al. 

2012).    

2.9.3 Deadtime: 

The PET scanner system requires a finite time to resolve and process any coincidence event, in 

which any event that occurs within this finite time won’t be detected and is known as the dead time 

of the system (Saha 2010; Cherry et al. 2012). The loss of photons during the deadtime causes a pile-

up effect, and it becomes significant at higher count rate scans (Vicente et al. 2007a). In the preclinical 

PET system, the deadtime can be evaluated using a uniform 37-mm diameter phantom that is filled 

with radioactivity (11C with T1/2 of 20.38 minutes) and allows it to decay during scanning time (Cherry 

et al. 2012). The resulting images should be decay-corrected, and then the radioactivity concentrations 

are plotted as a function of known activity concentration which was measured by counting an aliquot 

of the mixture in a calibrated well counter. Ideally, the results would be a horizontal line over the range 

of typical radioactivity levels. The deadtime correction method is commonly performed by scaling up 
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the recorded count rate globally based on a mathematical relationship between measured and true 

count rates (Cherry et al. 2012).  

2.9.4 Normalization:  

Normalization is an essential correction in the PET system that accounts for variability in detectors 

sensitivity and efficiencies (Saha 2010; Cherry et al. 2012). This correction is important to produce a 

uniform image, and there are several methods applied to achieve it. The commonly used protocol 

requires a 20-minute scan for a cylindrical phantom that is filled with uniform radioactivity of 18F (2 

mci). Through this scan, the single detector efficiency factors are calculated from component-based 

normalization factors (NF) (Cherry et al. 2012).    

2.10 Types of image acquisition in PET system: 

In PET imaging, the organ under investigation is visualized by injecting a radiopharmaceutical that 

emits radiation, and the scanner detects this radiation in the form of events at certain times (Cherry et 

al. 2012). The detected events will represent the distribution of the molecules which are already labelled 

with a radioactive atom. Thus, the distribution of the radiolabelled molecule and its kinetic behaviour 

inside the body can be visualized through a PET scanner. 

There are various types of imaging acquisitions that can be acquired by a PET scanner, including 

static imaging, dynamic imaging, gated imaging, and whole-body imaging. The choice of acquisition 

will depend mainly on the required information.  

2.10.1 Static acquisition:  

In static acquisition, the scanner will visualize the distribution of the radiopharmaceutical at a 

certain time following injection; hence, the temporal resolution is not a relevant factor, but spatial 

resolution is a crucial one as in figure 2.20 (Turkheimer et al. 2014).  Each acquired static image 

represents only a one-time frame that has a set of sinograms. After that, statistics can be measured in 

absolute activity, % of injected activity or standard uptake value (SUV) which is a popular unit that is 

used mostly in PET imaging and the nuclear medicine field and will be explained in the next chapter.  

2.10.2 Dynamic acquisition: 

On the other hand, dynamic acquisition shows changes in the radiopharmaceutical distribution 

over time by acquiring multiple sequential images (Turkheimer et al. 2014). The variation between 

these images is used to measure distribution changes within a specified time duration. Therefore, the 

dynamic acquisition allows the quantification of the exchange rate within body compartments (figure 

2.20), which is known as pharmacokinetic modelling and will be discussed in detail later.  
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2.10.3 Gated acquisition: 

Another important mode of acquiring the data is gated acquisition which utilizes the ability of the 

PET scanner to register all coincident events (list mode) as well as the physiological ECG signal 

(Croteau et al. 2003). Gated acquisition uses these two sources of information by connecting each 

coincidence event with the myocardial contractile phase or respiratory cycle phase (Cherry et al. 2012). 

The contractile data is obtained by placing the ECG in three areas on the mouse, which are: into the 

right paw, left paw, and left leg, all of which can detect the R-waves of the cardiac cycle (Cherry et al. 

2012). R-R intervals of the heart are then divided into an equal number of bins to create a mean range 

of the cardiac cycle within a ± acceptance window as in figure 2.21. Therefore, any R-R interval lying 

outside this range is rejected. Through the cardiac-gated acquisition, the PET can estimate important 

cardiac parameters such as ventricular volume, ventricular ejection fraction, wall thickness and wall 

motion. These parameters play a vital role in evaluating cardiac viability and ventricular function.  

2.10.4 Whole-body acquisition: 

As the name suggests, this type of acquisition offers a whole-body scan and, depending on the axial 

field of view (FOV) size and the object dimension; hence, the bed might need to be moved to cover 

all the body. The scanner might need one or several movements to cover all body areas from head to 

toe. The axial FOV length might not cover the whole object length; thus, several bed positions will be 

required with an overlapping distance to compensate for the loss in sensitivity in the peripheral 

 

Figure 2.20: A diagram of the static (A) versus the dynamic (B) PET acquisitions. In static acquisition, the 
radioactivity of the tracer is measured over a single fixed period (A). In contrast, the dynamic acquisition 
is a serious of frames in a continuous acquisition.  
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directions of the FOV. The overlapping distance can vary according to the manufacturer’s 

recommendation, but it should achieve the optimum image quality in terms of signal to noise ratio 

(SNR) and contrast to noise ratio (CNR). Technically, every bed position requires a specific duration 

to collect enough counts that can be specified by the user before scan initiation (Cherry et al. 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.11 Data reconstruction: 

A basic limitation in PET imaging is that the images are produced in 2D projections from a 3D 

object (Cherry et al. 2012). Tomographic reconstruction is a series of mathematical processes aimed 

to produce a 3D representation of the scanned object from 2D tomographic images within a selected 

plane. Image reconstruction can be performed via two main methods, including filtered back 

projection (FBP) and iterative reconstruction (IR) (Cherry et al. 2012). 

2.11.1 Filtered back-projection (FBP): 

FBP is the most common method of image reconstruction in PET imaging because of its simplicity, 

accuracy, and fast computation speed (Cherry et al. 2012). For simplicity purposes, the concept of this 

method is explained by considering a point source in the PET scanner as in figure 2.22 (Cherry et al. 

2012). All the recorded coincidence events are proportional to the radioactivity within each LOR. 

These measured counts are called line integrals for the individual LOR. The full set of line integrals 

across the detector is called a projection profile, and they are produced from different angles of the 

point source (Cherry et al. 2012). The counts recorded in the individual projection profile are back 

 

Figure 2.21: The ECG-gated PET acquisition. In ECG gating, R-R intervals of the heart are divided into an equal 
number of bins (n =8) to create a mean R-R interval (BioRender 2017). 
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projected by dividing them uniformly across all pixels that fall within the same projection path (figure 

2.22) (Cherry et al. 2012). Through repeating this process for all projection profiles, all lines are added 

together and superimposed, forming the activity distribution but in a blurred version (figure 2.22). 

The blurring artifact remains even with increasing the number of projection profiles, and thus, a 

discrete Fourier transform (DFT) technique is used. Briefly, Fourier transform is an alternative 

representation of the image in a spatial frequency domain that is originally in image space or spatial 

domain. In DFT, each projection profile is produced by the summation of sine and cosine functions 

in different spatial frequencies. Following this, an estimation of the scatter contribution is derived by 

conversion: a ramp filter (high pass filter) is applied for each line resulting in the filtered image in the 

frequency domain.  Next, the inverse Fourier transform (IFT) is performed to produce the image in 

the spatial domain (Cherry et al. 2012).   

2.11.2 Iterative reconstruction (IR) algorithm: 

Conceptually, IR estimates initial image profiles and then compares them with the actual recorded 

ones (Cherry et al. 2012). The estimated image can simply be a blank or uniform image (Cherry et al. 

2012). Later, the projection profiles of the estimated image are calculated by summing up all the counts 

that fall in the projection path in a process called forward projection which has the inverse manner of 

back-projection. Next, the generated projection set in the form of a sinogram is compared to the actual 

recorded projection sinogram, and the differences are calculated. In most cases, the estimated image 

will not resemble the true image. The compare and update processes are repeated to achieve minimum 

acceptable differences (Cherry et al. 2012).  

Performing IR involves the use of two basic algorithms, one of which is responsible for comparing 

the estimate and true profiles and the other one aims to update the estimated image according to the 

output difference produced by the previous algorithm (Cherry et al. 2012). However, operating these 

two algorithms require a sophisticated computer with large storage space since each iteration process 

is equivalent to a separate back-projection procedure. Due to this, several methods have been 

developed to accelerate the iteration process, but the predominant one is ordered subset expectation 

maximization (OSEM) (Saha 2010; Cherry et al. 2012). A small number (or subset) of projection angles 

are initially used for iteration in this method. As the image is refined, a larger number of iterations will 

be used. The expectation-maximization term refers to a type of algorithm that incorporates statistical 

factors in which a greater weight is assigned to the high-count elements in the profile (Cherry et al. 

2012). Likewise, less weight is applied to the low-count elements in the profile.  In contrast, FBP 

method applies a uniform statistical weighting factor to all elements in the profile (Cherry et al. 2012). 
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2.12 Overview of PET quantification methods:  

Generally, image analysis in PET can be done through both visual interpretation and quantitative 

approaches, but the applied approach depends on the goal of the analysis. The quantification 

approaches are applied in PET imaging to relate the measured radioactivity concentration to the 

underlying physiological process. Turkheimer and his colleagues have explored the common 

quantification techniques in PET imaging which include absolute quantification, % injected dose, 

standardized uptake value (SUV), tissue plasma ratio (RATIO), pharmacokinetic modelling (PKIN), 

spectral analysis modelling, and graphical methods (Turkheimer et al. 2014). As far as this research is 

concerned, only SUV and PKIN will be discussed in the introduction chapter.  

2.12.1 The standard uptake value (SUV): 

The SUV approach can be made using static images; in contrast, PKIN modelling needs a dynamic 

acquisition to be performed (Turkheimer et al. 2014). The SUV is a semiquantitative measure and is 

routinely performed in clinical practice and for research purposes to obtain the metabolic uptake of 

the radiotracer and compare the value to a different region within the same or other object or scan 

(Turkheimer et al. 2014). It is mostly applicable for an irreversibly binding tracer, but it can be used 

for reversibly binding tracers that have slow kinetics within compartments (Turkheimer et al. 2014). 

The SUV can be calculated by measuring radioactivity concentration within a predefined region 

 

Figure 2.22: The FBP reconstruction process. Each set of projection views, that were acquired at different 
angles, undergoes filtering before its back projected. This process removes the blurring that we would 
see in simple back projection (Cherry et al. 2012). 
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divided by the normalized injected dose as in equations 2.5-2.6, but there are indeed different formulas 

to calculate it (Turkheimer et al. 2014).  

𝐸𝑞. 2.5     𝑆𝑈𝑉 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒/𝑎
 

𝐸𝑞. 2.6     𝑎 =  
𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑏𝑜𝑑𝑦 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
 

Depending on the SUV calculation method, the SUV might have no unit and become 

dimensionless when assuming 1 ml of tissue weight 1 g (Boellaard 2009; Kinahan and Fletcher 2010; 

Turkheimer et al. 2014). In clinical settings, there are other forms of SUV such as SUVmean or 

SUVmax which both could be used to assess the tracer uptake in ROI. As their names suggest, the 

SUV mean represents the average tracer concentration within ROI, while the SUVmax reflects the 

maximum value measured in the ROI (Turkheimer et al. 2014).  The choice of the used SUV form is 

dependent on the robustness of the region delineation and segmentation (Turkheimer et al. 2014). For 

example, SUVmean represents the general tracer distribution but it significantly affected by the drawn 

ROI, While the SUVmax offers a lower statistics of the tracer distribution but it less sensitive to the 

ROI delineation (Turkheimer et al. 2014).    

Another study by Adams and his colleagues (Adams et al. 2010) reported the significant impact of 

scanner acquisition and reconstruction parameters on SUV measurements. Therefore, they suggested 

that imaging should be conducted using the same image acquisition and reconstruction protocols for 

a precise SUV assessment.  

2.12.2 Pharmacokinetic modelling (PKIN) or compartmental modelling: 

Dynamic PET acquisition allows the study of a tracer kinetic through PKIN or compartmental 

modelling, figure 2.23 is an example of compartmental modelling to measure 18F-FDG metabolism 

using two-tissue compartment (2TC) model that will be explained in the next sections (Turkheimer et 

al. 2014). Unlike other PET quantification techniques, compartmental modelling uses a detailed 

mathematical model to describe the system under investigation (Turkheimer et al. 2014). It allows a 

profound understanding of the physiological process of the biological system; hence it is also able to 

detect the abnormal patterns caused by a pathological condition (Turkheimer et al. 2014). 

In compartment modelling, it is important to note that the term compartment is not always a spatial 

location within the organ or tissue, but it can be a state of the radiotracer molecules, for example, 

freely or bound molecules (Turkheimer et al. 2014).This quantitative technique can trace the 

movement of molecules starting from its administration, possible interaction, and the washout process 
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and the subsequently defining biomarker or physiological processes (Turkheimer et al. 2014). For 

example, blood perfusion and glucose metabolism for specific organs can be assessed by radioactive 

water and radioactive glucose (18F-FDG), respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: The compartmental modelling used in quantifying glucose metabolic rate with 18F-FDG.  

A. Shows glucose and 18F-FDG cellular uptake and metabolism in which both pass through the cellular membrane by 
glucose transporter membrane proteins. Inside the cells, both are phosphorylated by hexokinase enzyme (HK) and this 
process can be also reversed in the presence G-6-P enzyme. The phosphorylated G-6-P can be further metabolised in 
the cells, whereas the phosphorylated 18F-FDG cannot be further metabolized and thus is trapped. B. a simplified 
example of 2TC model that can be used in case of 18F-FDG uptake measurement in which: 
CP = The concentration of the tracer in the plasma blood compartment (Which also called the input function).  
C1 = The concentration of the tracer in the tissue (under investigation) compartment representing the non-bond tracer.  
C2 = The tissue (under investigation) compartment representing the specifically bound tracer.  
K1 = The fraction of tracer transported from the plasma blood into compartment C1, with a unit of ml/cm3/min. 
K2 = The fraction of tracer that diffuses back to the plasma with a unit of 1/min or min-1. 
K3

 = The fraction of tracer that moves to compartment C2. It represents the fraction of the tracer that is specifically 
bound or the rate of 18F-FDG phosphorylation or uptake. It has a unit of min-1. 
K4 very small as the 18F-FDG trapped irreversibly, therefore K4 is set to zero.  
C. Represents the dynamic measurements of the 18F-FDG in the form of curves and the differential equation can be 
derived as follows: 

𝑑𝐶1(𝑡)

𝑑𝑡
= 𝐾1𝐶𝑃(𝑡) − (𝐾2 + 𝐾3)𝐶1(𝑡)   𝑤𝑖𝑡ℎ 𝐶1(0) = 0 

𝑑𝐶2(𝑡)

𝑑𝑡
= 𝐾3𝐶1(𝑡)   𝑤𝑖𝑡ℎ 𝐶2(0) = 0  
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The option of the compartment model is determined first by defining the compartmental structure 

of the used tracer and the system under investigation, and secondly, by specifying the input and output 

data that can accurately represent a physiological process or biomarker (Turkheimer et al. 2014).  

The basic concept of any compartment model involves a finite number of compartments with 

arrows between them to represent the radiotracer fluxes (exchange) with all possible pathways as in 

figure 2.23 (Turkheimer et al. 2014). Notably, the radiotracer exchange can be due to either the 

transport or the tracer being chemically metabolized, or both (Turkheimer et al. 2014). This can be 

illustrated simply by one tissue compartment model (1TC) and will be described in the next section.  

Refinements to avoid the need for blood sampling allow accurate calculation of the blood input 

function, and the use of a reference tissue as an input function allows for tracer administration as in 

bolus injection. Additionally, in the case of bolus infusion, it allow direct readouts without reference 

region (Turkheimer et al. 2014).  

2.13 Commonly used compartment models:  

2.13.1 One tissue compartment model (1TC): 

The 1TC model is the simplest used model in compartment modelling in which it represents the 

radiotracer flux from blood vessel (blood compartment) into tissue (tissue compartment) as in figure 

2.24 (Turkheimer et al. 2014). Therefore, the flux of the radiotracer could be a relevant estimation of 

the blood flow to an organ (Turkheimer et al. 2014). It consists of 1 tissue compartment, as the name 

suggest, and blood compartment (Turkheimer et al. 2014).  The description of the 1TC model can be 

applicable to all other compartment models but with including of more parameters (Turkheimer et al. 

2014). Generally, each compartment reflects an amount of well-mixed and kinetically homogeneous 

chemical material (radiotracer) in a physical place. Moreover, in all models, a blood compartment 

represents the concentration of the non-metabolized radiotracer in the arterial plasma, which is known 

as the input function (Turkheimer et al. 2014). The tracer exchange between different compartments 

can be described by first-order differential equations based on two variables, tracer concentration and 

kinetic rate constants (Turkheimer et al. 2014). Notably, all used differential equations are time-

dependent; thus, it is mandatory to acquire dynamic PET data.  

2.13.2 Two tissue compartment model (2TC): 

The two-tissue compartment (2TC) modelling is the most widely used compartment model for the 

18F-FDG to measure the glucose metabolisim in  both the brain and the heart (Turkheimer et al. 2014). 

Figure 2.25 represents the 2TC model along with all the derived equations. Equations in figure 2.25 
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represents the rate of change of the tracer concentration in C1 at any time, measured through the 

fraction of the tracer that is taken up from the plasma compartment minus the total fraction of the 

tracer that is moving out of it, either to C2 by irreversible trapping (K3) or by the backflow to the 

plasma compartment (K2). Therefore, the net uptake of the tracer in the tissues (K i) (when dealing 

with irreversible tracers):  

𝐸𝑞. 2.7     𝐾𝑖 =  
𝐾1𝐾2

𝐾2 + 𝐾3

 , 𝑤𝑖𝑡ℎ 𝑎 𝑢𝑛𝑖𝑡
𝑜𝑓𝑚𝑙

𝑚𝑖𝑛
/𝑔 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.25: The 2TC model.  

In which: 
CP = The concentration of the tracer in the plasma blood compartment. 
C1 = The concentration of the tracer in the tissue compartment (under investigation) representing the non-bound 
tracer.  
C2 = The tissue compartment (under investigation) representing the specifically bound tracer.  
K1 = The fraction of tracer transported from the plasma blood into compartment C1, with a unit of ml/cm3/min. 
K2 = The fraction of tracer that diffuses back to the plasma with a unit of 1/min or min-1. 
K3

 = The fraction of tracer that moves to compartment C2. It represents the fraction of the tracer that is specifically 

bound or the rate of [18F] FDG phosphorylation. It has a unit of min-1. 
K4 = The fraction of tracer that moves back to the intermediate compartment with the unit of ml/cm3/min. (If 
the tracer is irreversibly trapped with no movement out of the tissue, then K4 = 0, which is the case in FDG 
quantification). 
The differential equations of the 2TC model can be written as: 

𝑑𝐶1(𝑡)

𝑑𝑡
= 𝐾1𝐶𝑝(𝑡) − (𝐾2 + 𝐾3)𝐶1(𝑡)      𝑤𝑖𝑡ℎ 𝐶1(0) = 0 

𝑑𝐶2(𝑡)

𝑑𝑡
= 𝐾3𝐶2(𝑡)      𝑤𝑖𝑡ℎ 𝐶2(0) = 0 

 

 

Figure 2.24: 1TC model used in compartmental modelling.  

In which: 
CP = The concentration of the tracer in the blood plasma compartment. 
C1 = The concentration of the tracer in the tissue (under investigation) compartment. 
K1 = The fraction of tracer transported from the plasma blood into compartment C1, with a unit of 
ml/cm3/min = blood perfusion.  
K2 = The fraction of tracer that diffuses back to the plasma with a unit of 1/min or min-1.  
The K1 used to represent the blood perfusion or blood flow with a unit of ml/min/g. 
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2.14 The application of compartmental modelling: 

In molecular imaging, the quantitative compartmental modelling was used mainly in brain PET 

imaging, but it was then extended to other physiological systems such as cardiology, skeletal leg 

muscle, and cancer (Bertoldo et al. 2014). Due to the complexity of dynamic PET acquisition and the 

need for blood measurements, quantitative PET techniques were applied primarily in preclinical 

studies, including rodents, rabbits, or nonhuman primates (NHPs) (Vaska et al. 2006; Wu et al. 2007). 

Many attempts have been conducted to apply compartment modelling in clinical studies but with more 

straightforward mathematical assumptions such as deriving the input function from the PET image. 

Interestingly, promising results were recorded when using an image-derived input function IDIF with 

PET tracers that have a minimal or negligible metabolite such as 18F-FDG and 13N-NH3 and will be 

discussed in detail in the relevant chapter (He et al. 2019). The IDIF requires additional information 

as it is impossible to distinguish between the radioactive tracer from its radioactive metabolites or the 

radioactive plasma from the whole-blood kinetics (He et al. 2019; Huang et al. 2019). Until recently, 

there have been multiple preclinical attempts to validate the IDIF and refine the quantification 

methodologies using an animal model and micro-PET/CT scanner (Thackeray et al. 2015; He et al. 

2019; Huang et al. 2019).  

2.15 The use of the murine model: 

Animal models have been used extensively for biomedical research, and they have played a 

considerable role in the acceleration of many biological discoveries and new treatments (Rodrigues 

2016; Emini Veseli et al. 2017). They are used to understand human diseases or specific physiological 

mechanisms that are difficult to investigate or have been prohibited in humans (Gallagher and Rapp 

1997; Rodrigues 2016; Emini Veseli et al. 2017). Furthermore, any novel drug must go through many 

animal trials before being tested in humans to investigate its dosimetry, biodistribution, possible route 

of administration, washout, effectiveness, and toxicity (Denayer et al. 2014) . However, any research 

that requires the use of animal models must certainly explain and justify their need while ensuring at 

the same time their welfare with a framework regulated by the Animals (Scientific Procedures) Act 

1986 and national and international legislation and regulations.  

Different animal types have been used in research, including large or small animals such as primates, 

sheep, pigs, and zebrafish. Still, mice is used in the majority of the research (Denayer et al. 2014). 

Moreover, mice are the commonly selected species in research fields for several reasons, including 

their compact size, which makes them easy to accommodate and handle and their short life span that 
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facilitates the monitoring of various disease and physiological conditions over time (Denayer et al. 

2014). Furthermore, many studies and experiments have been carried out on mice explaining their 

anatomy, physiology, and genome and how these aspects are generally similar to humans (McMurray 

and Cox 2011; Vanhooren and Libert 2013; Denayer et al. 2014). Over and above these reasons, mice 

can be genetically engineered and mutated or can undergo surgical intervention to understand disease 

origin, gene function, drug development besides assessing specific therapeutic interventions. Several 

examples of murine models used in this research will be discussed briefly in this review and more in-

depth in the relevant chapter.  

2.16 Examples of murine models: 

2.16.1 Diabetes mellitus: 

DM is a chronic metabolic disease characterized by a relative or absolute lack of insulin, leading to 

hyperglycaemia (Jia et al. 2018). It is usually associated with various complications such as neuropathy, 

nephropathy, and retinopathy and is considered one of the major risk factors of CVDs (Adeshara et 

al. 2016). There are different classifications of DM, but the most common include two types which 

are type 1 diabetes (T1D) and type 2 diabetes (T2D) (Alberti and Zimmet 1998).  

T1D, also known as juvenile-onset diabetes, is thought to be an autoimmune disease because of 

the autoimmune destruction of pancreatic beta cells that are responsible for producing insulin (Alberti 

and Zimmet 1998; Petersmann et al. 2019). It is common among children and young individuals, while 

T2D is more commonly found in middle-aged adults (Alberti and Zimmet 1998; Petersmann et al. 

2019). T2D, which is the most common, is best described by insulin resistance in muscle liver and fat 

cells which leads to the insulin producing beta cells in the pancreas losing their ability to compensate 

with higher insulin levels (Alberti and Zimmet 1998; Petersmann et al. 2019).  

In T1D animal models, the deficiency in insulin production can be achieved by different 

mechanisms (Maqbool et al. 2019). These mechanisms either involve chemical ablation of the beta 

cells or certain breeding patterns by which mice are genetically predisposed to spontaneously develop 

autoimmune diabetes (Maqbool et al. 2019).  

On the other hand, an animal model of T2D is designed in obese or non-obese mice with varying 

levels of insulin resistance or beta-cell failure (Maqbool et al. 2019). Since obesity is closely associated 

with T2D, most T2D mice models are obese (Maqbool et al. 2019). Obesity can be induced by a 

naturally existing mutation or genetic alteration; otherwise, it can be induced by a fat-rich diet. In this 

research, we have used T2D murine model.   
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2.16.2 Ageing: 

Ageing is associated with a generalized deterioration of the organism systems (Denayer et al. 2014). 

As outlined above, mice are the most commonly used animal model to study ageing, different diseases, 

and metabolic pathways in normal and abnormal conditions (Denayer et al. 2014). Their genetics are 

similar to those of a human and can be genetically modified (Denayer et al. 2014). Moreover, they 

have a manageable life expectancy of 1-2 years, allowing the examination of the ageing process or 

monitoring the effectiveness of therapeutic interventions or new drugs (Denayer et al. 2014).. 

Extended experiments over their life span, along with genetic mapping strategies, the use of different 

imaging and assessment techniques, all have provided a novel insight into the ageing process.   

2.16.3 The hindlimb ischemic model: 

The hindlimb ischemia (HLI) model has been widely used to investigate regenerative vascular 

mechanisms and test novel therapies (Padgett et al. 2016). There are several comprehensive protocols 

for the IHL model; however, the basic protocol is achieved by the surgical ligation of the femoral 

artery (Padgett et al. 2016). Consequently, this ligation causes angiogenesis in the distal regions and in 

the femoral collateral regions, thus, this model was often used to evaluate reparative processes such 

as angiogenesis and arteriogenesis (Padgett et al. 2016).  

The use of cardiac PET imaging in murine models is a growing field as it allow the evaluation of 

CVDs, test therapies or new radiopharmaceuticals to be used in PET imaging (Prior 2017). Recent 

micro-PET/CT scanners offer sufficient spatial and temporal resolutions to cope with the small size 

and fast beating of the mice heart (Prior 2017). Moreover, cardiac PET imaging can assess different 

cardiac biomarkers, but we will be focusing on namely MBF and MGM (Prior 2017). In the next 

sections we will address the potential utility of these two biomarkers in evaluating cardiac function, 

the different cardiac PET radiotracers as well as the various challenges that are associated with cardiac 

imaging in mice.     

2.17 The potential utility of MBF, CFR, and MGM in cardiac PET imaging:  

MBF and coronary flow reserve (CFR) values have been reported to be vital prognostic biomarkers 

of the CVS and CVDs, yet their quantification remains underused in clinical settings (Shah et al. 2016; 

Ramandika et al. 2020). Guerraty et al. (Guerraty et al. 2020) have compared the relative contribution 

of both MBF and CFR as predictors of major CVDs, among a broad and diverse population, with the 

conventional cardiac risk factors such as diabetes and hypertension.  They found that decreased MBF 

or CFR is more strongly linked with CVDs than traditional risk factors like hypertension, diabetes, 
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and obesity. This suggests that MBF and CFR have superior predictive values for CVDs compared to 

traditional CVS risk factors. 

In the absence of pathological conditions, MBF represents the microvascular function in the heart, 

whereas a low MBF might indicate either CADs or CVS risk factors. A considerable amount of 

literature has been published on the relationship between MBF and CVS risk factors, where they 

confirm that these factors significantly affect MBF and CFR values (Fukushima et al. 2011; AlGhatrif 

et al. 2013; Murthy et al. 2014; Shrestha and Seo 2015). Previous studies reported a general reduction 

in MBF and CFR values following a lifetime exposure to certain risk factors such as diabetes, 

hypercholesterolemia, age, and hypertension (Anjan et al. 2015; Shah et al. 2016; Ramandika et al. 

2020; Sinha et al. 2021). 

CFR is defined as the ratio of hyperaemic MBF to resting MBF; hence a reduction in its value 

indicates a higher resting MBF compared to the stress one (Ramandika et al. 2020). The quantification 

of MBF and CFR, can be used to test the impact and efficiency of novel drugs or treatment 

intervention through the use of imaging modalities such as PET/CT imaging (Sinha et al. 2021).  

Besides the obvious clinical predictive value of MBF in detecting CVDs, there is overwhelming 

evidence of the importance of cardiac metabolism (CM) quantification in the evaluation and detection 

of CVS and CVDs (Keating and Sanguinetti 1996; Werner et al. 2016; Kolwicz 2018; Thackeray and 

Bengel 2018; Fanjul et al. 2020). Indeed, CM might reflect the metabolic pathways needed for 

continuous ATP production and cardiac contractility (Schwarzer and Doenst 2016; Young 2016). In 

addition, these pathways could undergo adaptive remodelling in response to disease or physiological 

conditions; thus, they can also be utilized as essential biomarkers for CVS function (Schrepper 2016; 

Werner et al. 2016; Kolwicz 2018; Fanjul et al. 2020).  

There is a close connection between CM and cardiac contractility, this could indicate that changes 

in contractile function could be accompanied with changes in CM (Schulze et al. 2016). Increased 

contraction will require increase in the energy demand (Schwarzer and Doenst 2016). Likewise, CM is 

linked with the contractile function, as is the case during ischemia, where there is a lack of energy 

supply due to oxygen reduction (Schwarzer and Doenst 2016). Considering that CM also comprises 

all biosynthesis processes for cardiomyocyte constituents, it is clear that CM quantification, which may 

be represented using different energy substrates metabolism, includes a set of important biomarkers 

that could reflect physiological and pathological states of the heart, such as ischemia, diabetes, 

hypertrophy, acute myocardial infarction and heart failure (Schrepper 2016).      
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By measuring the concentration of substrates and metabolites in arterial or venous compartments 

and within an organ of interest, it is possible to measure the rate of substrate metabolism (Schrepper 

2016; Schulze et al. 2016). This was the principle of using a tracer to trace the desired molecule and 

its metabolic process inside the cell (Cochran et al. 2017). The tracer can be the substrate or its 

analogue, exemplified by the radioactive labelling of 18F-FDG to assess glucose metabolism (Cochran 

et al. 2017). The advantage of this approach is its higher sensitivity and the ability to use it in in vivo 

animal models and in humans under different physiological conditions (Cochran et al. 2017). This 

approach uses nuclear imaging modalities, including SPECT/CT and PET/CT imaging, which may 

provide reliable quantification techniques for cardiac metabolism (vom Dahl et al. 1993; Watabe et al. 

2006; Cochran et al. 2017).  

2.18 PET/CT as a quantification tool for MBF and CM: 

Despite the great advance in disease prevention and treatment in recent years, CVDs remain a 

predominant cause of death worldwide (Şahin and İlgün 2022). Nuclear imaging techniques could 

provide a lot of crucial information in different aspects of the CVS at a molecular and cellular level 

(Jones et al. 2014; Santos et al. 2015). Many clinical studies reported that SPECT/CT and PET/CT 

imaging might be feasible tools in quantifying different aspect of the CVS (Bateman 2012; Nappi and 

El Fakhri 2013; Chow et al. 2014; Lin et al. 2014; Dewey et al. 2020). Nonetheless, much evidence 

revealed the superiority of PET when compared to SPECT in clinical applications, which include: (1) 

higher sensitivity (2-3 order of magnitude) and higher spatial resolution (by 3-4 mm); (2) higher 

temporal resolution, especially when accompanied with a CT that provides accurate attenuation 

correction (Bateman 2012; Manabe et al. 2018; Patel et al. 2019). Importantly, the superiority of PET 

over SPECT imaging in the clinical settings is not the case in mice, indeed, it is the other way around 

(Bateman 2012; Manabe et al. 2018; Patel et al. 2019). Moreover, some of the PET tracers have a short 

half-life with a higher first pass extraction fraction in the heart which means that the majority of the 

radiotracer is removed from the blood or plasma in the first pass to the myocardium resulting in a 

better representation of MBF (Bateman 2012; Manabe et al. 2018; Patel et al. 2019).  

PET imaging is a powerful tool in assessing the cardiovascular system as it provides physiological 

data at a molecular level which is a crucial factor for studying the prognosis and genesis of different 

diseases (Nekolla et al. 2009; Thackeray and Bengel 2018; Manapragada et al. 2021). Most modern 

PET scanners are combined with CT imaging in a configuration that was introduced previously. This 

combined imaging adds comprehensive anatomical and functional insights of the scanned organ in a 
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single examination session (Nadig et al. 2022).  The key benefit of quantitative analysis via PET/CT 

imaging is that it is not subjected to inter or intra-reader variability that is mainly dependent on their 

expertise in the field (Turkheimer et al. 2014; Sunderland and Christian 2015).  

PET/CT imaging can provide an accurate assessment of myocardial viability through cardiac 

metabolism quantification as well as an estimation of the global and regional myocardial perfusion, 

apoptosis, and gene expression (Knaapen et al. 2010; Manapragada et al. 2021).  

Depending on the investigated biomarker, PET uses different types of radionuclide (radioisotope) 

labelled pharmaceuticals, each of which aims to examine a specific organ or quantify a particular 

physiological biomarker or process (Shahhosseini 2011; Maddahi and Packard 2014).  

2.19 Micro-PET/CT imaging of murine models: 

There was a persistent need to adopt the existing clinical imaging modalities to fit the small size of 

the murine model. As a result, many conventional clinically used imaging modalities such as CT, MRI, 

ultrasound, SPECT, and PET imaging have been adapted to suit rodent models (Kreissl et al. 2006). 

This research focuses on using a micro-PET/CT scanner to scan mice, a machine that has similar 

physical concepts and design as the traditional clinical PET/CT scanner.  

The micro-PET/CT scanner produces a scan showing the 3-D distribution of the administrated 

radiotracer at a specific time (static acquisition) or over a time-period (dynamic acquisition), with a 

high resolution up to a millimetre scale. Moreover, micro-PET/CT allows the multiple scans to be 

performed on a single animal at different time-points (Lindsey et al. 2018; Vasudevan et al. 2020; 

Fischer et al. 2021a). This is not the case in end-point studies using histological analysis (Phoon and 

Turnbull 2016). By their very nature, these require a larger number of animals that need to be killed 

before tissue harvesting (Phoon and Turnbull 2016). 

Like most imaging modalities, small PET/CT has many challenges that need to be tackled to ensure 

high image quality in terms of high SNR, accurate spatial and temporal resolution, while minimising 

acquisition time (Khalil 2017). Our attempts to improve quantification accuracy in this way will be 

shown in more detail in a later chapter. Examples of our improvements include standardisation of the 

imaging environment, preservation of body temperature, and use of anaesthetics that do not interfere 

with the metabolic process. Additionally, the small size of a mouse heart and its rapid heart rate 

requires a specific spatial resolution and sophisticated gated acquisition. Furthermore, measuring input 

function or applying spill over and partial volume correction are all factors that need to be performed 

carefully. These technical challenges will be discussed explicitly in the relevant chapter.  
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One of the advantages of PET radionuclides is that they are parts of the basic constituents of bio-

organic molecules inside the cell (Khalil 2017). Furthermore, most PET radionuclides can be labelled 

with an energy substrate without being physically or chemically altered (Fischer et al. 2021a). The 

radiolabeling of an energy substrate consumed by the cell can reflect important approaches in cellular 

metabolic pathways (Khalil 2017). The most commonly used radionuclide in PET imaging is fluorine 

18F-FDG (Khalil 2017). Other frequently used radionuclides include 13N, oxygen-15 (15O), rubidium-

82m (82Rb) and carbon-11 (11C) (Khalil 2017). Generally, in PET cardiology, radionuclides are used to 

measure myocardial viability or MBF (Khalil 2017).  

18F-FDG-is an analogue of glucose and is the most widely used PET radiotracer in cardiology and 

oncology for in vivo study of glucose metabolism (Fischer et al. 2021a). 18F-FDG in the bloodstream 

enters the cardiomyocytes through diffusion and the regulation of specific transporters called 

sarcolemmal glucose transporters (Fischer et al. 2021a). Phosphorylation via hexokinase converts the 

18F-FDG to 18F-FDG-6-phosphate (Fischer et al. 2021a). Normal glucose is phosphorylated and enters 

different metabolic pathways such as the glycolytic pathway, glycogen production and ribose synthesis 

(Fischer et al. 2021a). 18F-FDG-6-phosphate is irreversibly trapped in the cardiomyocytes with no 

further metabolism (glycogen synthesis or aerobic glycolysis) (Fischer et al. 2021a). This trapping of 

18F-FDG-6-phosphate is proportional to the transport rate of glucose and hexokinase activity which 

both represent glucose uptake and metabolism (Fischer et al. 2021a). Therefore, 18F-FDG has been 

approved by the Food and Drug Administration (FDA) and is considered to be the gold standard for 

myocardial viability assessment (Fischer et al. 2021a).  

Typically, a cardiac FDG scan includes a perfusion scan element, using a flow radiopharmaceutical, 

which is since FDG has a low extraction fraction by the myocyte and therefore cannot be used to 

reflect the MBF.  Myocardial perfusion imaging (MPI) involves administering a suitable 

radiopharmaceutical to assess the blood perfusion (flow) to the heart (Manapragada et al. 2021). 

Regions with reduced blood flow might indicate an obstruction in the coronary arteries or CADs 

(Guerraty et al. 2020; Manapragada et al. 2021). Myocardial regions that have a decreased perfusion, 

but preserved or increased glucose consumption (also called flow-metabolism mismatch) usually 

indicate a viable myocardium (Vasudevan et al. 2020). Non-viable regions have reduced blood flow 

and FDG uptake (this is known as a matched defect) (Vasudevan et al. 2020). Myocardial perfusion, 

also called MBF, is a smaller measure than the coronary blood flow with a unit of ml/min) as it reflects 

the amount of blood per mass of myocardial tissue with a unit of ml/min/g (Manapragada et al. 2021). 

The combined PET/CT imaging has a higher sensitivity and temporal resolution when compared to 
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other modalities like SPECT imaging; thus, it is considered the gold standard for MBF quantification 

in rest and stress conditions (Manapragada et al. 2021). 

There are several available blood flow tracers, including 13N-NH3, 15O-H2O,82Rb and 18F-

flurpiridaz, which is a newly developed tracer with a promising clinical potential that is still under 

examination (Manapragada et al. 2021). The ideal flow tracer should have a higher extraction fraction 

by the heart, a low clearance rate from tissue to the blood, and a small positron range (Manapragada 

et al. 2021). Furthermore, they should have a half-life period that is sufficiently long for them to be 

transferred to the lab or imaging centre (Manapragada et al. 2021). It is preferable that these tracers 

can be synthesized efficiently and reliably to be used routinely (Manapragada et al. 2021). Flow tracers, 

like13N-NH3 and 15O-H2O have a short half-life which is ideal for multiple scans  (Manapragada et al. 

2021). On the other hand, the 18F-FDG that has approximately two hours half-life and thus will not 

allow another radiopharmaceutical to be injected following its administration.  

The FDA has approved the use of 13N-NH3 as an MBF tracer in 2000 (Manapragada et al. 2021). 

It is a cyclotron product with a half-life of 9.8 minutes (Manapragada et al. 2021). Once injected, 13N-

NH3 diffuses freely through the cellular membrane to localise in the myocardium, brain, liver, kidneys, 

and skeletal muscle (Manapragada et al. 2021). The myocardial trapping mechanism is not fully 

understood, but studies suggest that the ammonia enters the glutamine pool via the glutamine synthase 

and is then converted into glutamic acid and carbamyl phosphate (Manapragada et al. 2021).  

13N-NH3 is almost an ideal perfusion tracer. It has a high first-pass extraction fraction from the 

vascular pool (more than 80%) and a linear myocardial uptake covering a wide range of MBF rates. It 

has high retention in the myocardium, with a minimal back-diffusion, which could improve the image 

quality (Manapragada et al. 2021).  

One of the aims of this research is to evaluate the beneficial effect of LAV- BPIFB4 gene therapy 

on the mice cardiac function using micro-PET/CT imaging. Therefore, we will briefly highlight gene 

therapy as a method to treat different types of diseases.  

2.20 Gene therapy: 

Gene therapy is a technique that has been used to treat or prevent diseases or pathological 

conditions either by replacing a mutated gene, inhibiting a mutated gene, or inserting a new gene, all 

of which aim to cause a therapeutic or regenerative effect in the body's systems (Levi and Coronel 

1997; Rincon et al. 2015). There are various challenges involved in the process, and the first is finding 

the optimal methods to deliver the normal gene copies to the target cells (Nayerossadat et al. 2012; 
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Bulcha et al. 2021). The vector (or vehicle) is a molecular carrier that should allow the gene to be 

delivered to the target by crossing the cell membrane and then ultimately releasing it into the cell 

nucleus (Nayerossadat et al. 2012; Bulcha et al. 2021). To do this, there are different types of vectors 

used as a delivery system. They are generally divided into viral and non-viral vectors, each one with its 

advantages and disadvantages (Nayerossadat et al. 2012; Bulcha et al. 2021). AAV vector is a viral 

vector that was used in this research. It is produced from a naturally existing parvovirus and cannot 

replicate independently, but rather relies on a helper virus such as adenovirus or herpes simplex for 

replication processes (Nayerossadat et al. 2012; Bulcha et al. 2021). 

Uncovering the secrets behind human genetics is a promising tool to understanding the variation 

between individuals with respect to certain traits, longevity, susceptibility to diseases and response to 

therapeutics. Recent studies indicated that exceptional longevity is an inherited trait, and some groups 

of long-living individuals (LLIs) can be highly resistant to diseases, especially those associated with 

ageing, and have a low incident rate of CVDs (Villa et al. 2015a; Villa et al. 2015b; Dang et al. 2020; 

Di Pardo et al. 2020; Faulkner et al. 2020). The offspring of LLIs often have the same healthy 

phenotype, which correspondingly opened the possibility of transferring the healthy genes across the 

population. Our collaborators have identified a Longevity-associated variant-BPIFB4 (LAV- BPIFB4) 

may be a novel therapeutic approach to reduce endothelial dysfunction and enhance vascular 

reparative processes (Villa et al. 2015a; Villa et al. 2015b; Dang et al. 2020; Di Pardo et al. 2020; 

Faulkner et al. 2020). Subsequently, one of the aims of this research is to assess the therapeutic effect 

of the LAV- BPIFB4 gene using the power of micro-PET/CT imaging and it quantitative tools.  

2.21 Gaps of knowledge:  

Both MBF and MGM is vital physiological biomarkers that could provide predictive values in 

understanding normal and abnormal metabolic processes of the CVS and their related diseases.  In 

murine model, quantifying those two biomarkers is associated with many challenges. In this research, 

we will test the ability of our micro- PET/CT imaging to evaluate cardiac function through quantifying 

these biomarkers. This goal is associated with multiple technical considerations, which will be tackled 

in this research. Quantitative analysis using micro-PET/CT scanner cannot be achieved without 

testing its physical performance as well as developing and standardizing imaging protocols that could 

produce accurate and repeatable. These validated imaging protocols might play a crucial role in 

assessing the influence of novel drugs or therapeutic interventions such as gene therapy on the CVS.  
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An examination of the genes associated with healthy longevity has helped scientists to identify 

LAV- BPIFB4 gene which has been associated with longevity and preventing age-related diseases 

through promoting cell survival and function (Villa et al. 2015a; Villa et al. 2015b; Dang et al. 2020; 

Di Pardo et al. 2020; Faulkner et al. 2020). While a number of experimental approaches have been 

performed to assess and understand how the LAV-BPIFB4 gene exerts its effect, none has evaluated 

its impact on MBF and MGM using different murine models and micro-PET/CT imaging, and this 

is perhaps the most interesting gap to be explored.  

 

2.22 Conclusion: 

 Closing these gaps in our knowledge will be a complex process since it involves multiple 

disciplines, including imaging protocols, the radiotracer of choice and image quality, and using these 

protocols in different disease models and physiological conditions.  

The next chapters will explain the applied methodology in our attempts to develop standard 

imaging protocols after ensuring the reliability of the micro-PET/CT scanner using 18F-FDG and 13N-

NH3. This is followed by further validation of these protocols in a disease model namely HLI. Finally, 

the validated imaging protocols will be used to test the LAV- BPIFB4 gene's efficiency as a novel 

treatment in improving cardiac function and MBF in several murine models, including diabetic and 

ageing models.  
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Chapter 3:  

Methodology 

3.1 Materials and methods: 

3.1.1 The PET/CT Scanner: 

All PET/CT imaging procedures were carried out by the researcher in the Wales research and 

diagnostic Positron Emission Tomography Imaging Centre (PETIC), Cardiff University, UK, using a 

Mediso Nano-Scan 122S small-bore PET/CT imaging system manufactured by Mediso Medical 

Imaging systems, Budapest, Hungary. This scanner is made for preclinical (research) uses only, and 

it’s integrated with heating and gas tubes to maintain an average temperature and anaesthesia, 

respectively. It is also incorporated with an ECG monitor to allow gated acquisition. Moreover, its 

main advantage is high spatial resolution (SR) due to using a superfine crystal size table 3.1. Further 

improvement in SR was obtained by the 3D OSEM reconstruction method with a value of 0.7 mm 

compared to 1.25 mm achieved with the filtered back-projection (FBP) method. The single axial field 

of view (FOV) is 10 cm, allowing a whole-body mouse scan in one FOV (one-bed position). 

The combined CT scanner allows high SR with ten μm isotropic voxel size, low exposure dose (< 

10 mGy) and minimal scan duration. Additionally, this scanner has a temporal resolution of 1.2 ns, 

enabling more accurate correction and quantification. More configuration details and physical 

performance are detailed in the table.3.1.  

3.1.2 The used Cyclotron: 

The IBA CYCLONE® 18/9 Cyclotron (Ion Beam Applications, IBA, Belgian) was used to 

produce the radionuclides needed in this research including the 18F and 13N. The production processes 

were carried out by a member in the production team in PETIC.  

3.1.3 Radionuclides (radiotracers) used in this research:  

In this research, two radiotracers were used, 18F-FDG and 13N, to quantify glucose metabolism 

(MGM) and myocardial blood flow (MBF), respectively. 

3.1.3.1 18Fluorine-fluorodeoxyglucose (18F-FDG): 

18F-FDG is an analogue of glucose, with uptake linearly proportional to the that of exogenous 

glucose. This radiotracer is used to assess GM in the myocardium, where it is transported by facilitated 

diffusion with an irreversible binding. In this research, 18F-FDG was used in all scans for myocardial 
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glucose metabolisim (MGM) assessment (details in the table 3.2).18F-FDG was produced onsite in 

PETIC, Cardiff University. 

3.1.3.2 13Nitrogen-ammonia (13N- NH3): 

13N-NH3 was used in the imaging procedures for quantifying MBF. It has a 9.96 min half-life which 

requires an onsite cyclotron (Wieland et al. 1991). It has an extraction fraction (EF) of 80% with a 

mean positron range (PR) of 0.7 mm (table 3.2). The neutral NH3 molecule diffuses readily through 

the plasma and cell membrane.  

  

 

 

Physical Characteristic Value Benefit 

Single axial FOV 10 cm Allow the whole-body mouse to be 

scanned in one FOV 

Gantry opening  16 cm  Allow scanning bigger animal 

Crystal size  1.12x1.12x13 mm Superfine crystal results in improved 

spatial resolution Total number of crystals 36504 

SR with 3D OSEM 0.7 mm The higher the SR, the better the 

generated image quality  SR with FBP 1.25  

Sensitivity 8% The higher the sensitivity, the higher 

the imaging quality 

Count rate for mouse 850-kilo counts per second (kcps) A higher count rate allows high 

radioactivity studies  

Temporal resolution 1.2 ns improved temporal and energy 

resolution will provide high 

quantification accuracy and good 

resolution 

Energy resolution 19% 

Combination with CT Yes Support higher resolution with a low 

dose CT scan 

Table 3.1:  Mediso Nano-Scan 122S small-bore PET/CT imaging system manufactured by Mediso medical 
imaging system, Budapest, Hungary. 

Agent Physical Half-

life 

Mean Positron 

range in water 

(mm) 

Production Extraction 

13N- NH3 9.96 min 1.5 Cyclotron 80% 

18F-FDG 110 min 0.66 Cyclotron 1%-3% 

Table 3.2: The physical characteristics of both 18F-FDG and 13N-NH3 (Wieland et al. 1991).  
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3.2 Animal models:  

All animal experiments and imaging procedures in this research were approved by the British Home 

Office (Project License PPL 30/3373), the University of Bristol and conducted according to the Care 

and Use of Laboratory Animals (The Institute of Laboratory Animal Resources, 1996). The project 

license of this research (Bristol University Project License PPL 30/3373) only allows non-recovery 

PET/CT procedures; thus, each mouse was terminated after performing sequential scans. Each mouse 

was dissected after termination to collect tissue, blood, and urine for histological analysis. DbDb or 

Dblean ([C57BLKS/J-Leprdb/LeprWT Dock7+ (wt/db), Envigo]), or C57BL/6J (Charles River, 

Margate, Kent, UK) mice were used in the experiments. In the healthy model, which was used for 

standardising the imaging protocols, mice were obtained from Charles River as one of the main 

suppliers for Cardiff university. For the diabetic, ageing and hindlimb ischemic animal models, mice 

were transferred from Bristol university after performing the approved protocols such as the injection 

of a therapeutic gene or surgical hindlimb ligation. Importantly, mice were allowed to recover for week 

after the transfer process in order to reduce stress and discomfort due to transportation that might 

affect the results.  

3.3 Therapeutic gene name: 

Four-missense single-nucleotide polymorphism variant of the bactericidal/permeability-increasing 

fold-containing family B memberfour4 or (BPIFB4) gene.  

3.4 Variants of the gene: 

1. Control group: Wild-type isoform (WT) of the gene BPIFB4 or WT-BPIFB4. 

2. Control group: A virus marker with green fluorescent protein (GFP) group.   

3. Experimental group: Longevity-associated variant (LAV) of the gene BPIFB4 or LAV-

BPIFB4. 

3.5 Gene cloning: 

BPIFB4 cDNA gene (for both WT and LAV isoforms) was cloned as described by Di Pardo et al. 

(Di Pardo et al. 2020; Puca et al. 2020). 

3.6 Vector Production: 

Vector production and purification of adeno-associated viral vectors serotype 9 (AAV9) was 

performed as described by both Villa et al. and Puca et al. (Villa et al. 2015b; Puca et al. 2020).  
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3.7 Gene delivery method:  

Both LAV-BPIFB4 and WT-BPIFB4 were systematically delivered using a tail-vein injection of 

vehicle or the AAV9 containing the appropriate variant (Dang et al. 2020).  

The following sections briefly outlined mice different models, their groups and supplier.  

3.8 Healthy mice: 

Healthy mice were used to optimize imaging protocols and validate baseline studies. twenty female 

mice (C57BI/6) with an age of 8 weeks (bodyweight 25–30 g) were purchased from Charles River, 

one of the leading Cardiff university suppliers.  

3.9 Hindlimb mice model:  

Hindlimb ischemia was induced in the left leg for four healthy male mice (strain: C57BL/6J) aged 

about eight weeks (bodyweight 20–30 g), obtained from Charles River, Margate, Kent, UK. The 

surgical induction of HLI was performed by one of our research group members in Bristol university. 

More details on the ligation process anaesthesia and the used imaging tools will be explained in the 

relevant chapter. 

3.10 The diabetic mice model:  

These mice were used to study the effect of a single intravenous injection of the therapeutic LAV-

BPIFB4 gene in type 2 diabetic induced mice. Four groups of male mice aged nine weeks (number 

per group(n)= 8 with more details in figure 3.1) were received from Bristol university for 18F-FDG 

scanning to evaluate the effectiveness of gene therapy on MGM among the four groups.  

3.10.1 Mice groups for the diabetic model:  

Note that the group name indicates the injected gene variant, and a healthy or diabetic state. 

1. Lean control (LC) group: healthy (heterozygous) non-diabetic mice (C57BLKS/J-

Leprdb/LeprWT Dock7+ (wt/db), Envigo).  

2. LAV group: induced diabetic male C57BLKS/J-Leprdb/Leprdb/Dock7+ [db/db] mice 

(obtained from Envigo, Bicester, Oxfordshire, UK. Mice in this group were injected 

intravenously with AAV9-LAV-BPIFB4 under isoflurane anaesthesia.  

3. WT group: induced diabetic male C57BLKS/J-Leprdb/Leprdb/Dock7+ [db/db] mice 

(obtained from Envigo, Bicester, Oxfordshire, UK). They were injected intravenously with 

AAV9-WT-BPIFB4 under isoflurane anaesthesia. 

4. No virus (NV) group: induced diabetic male C57BLKS/J-Leprdb/Leprdb/Dock7+ 

[db/db] mice (obtained from Envigo, Bicester, Oxfordshire, UK) and they were injected 
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with phosphate buffer saline as a vehicle (PBS). This group is named no virus (NV) as no 

virus was injected.  

At 9 weeks of age, the mice were injected with either AAV9-LAV-BPIFB4, AAV9-WT-BPIFB4 

or vehicle as previously mentioned and illustrated in figure 3.1. One month later, echocardiography 

was performed (at week 13) on all mice using Vevo-3100 echocardiography system (Fujifilm 

VisualSonics Inc, Toronto, Canada) with more details will be given in later section. A subset of mice 

was transported from Bristol to Cardiff for them to be scanned using PET/CT, to assess MGM and 

MBF. More details will be given in later sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.11 Ageing mice model:  

This model was used to investigate the effect of a single intravenous injection of the therapeutic 

gene in aged mice. The ageing model included 94 female C57BI/6 mice was divided into two groups, 

early treatment (treatment started at 14 months old; follow-up for 4 months) and late treatment 

(treatment started at 18 months old; follow-up for 1 month) groups as in figures 3.2-3.3. The early 

treatment group included 54 mice (42 female and 12 male mice each), but only female mice were sent 

for PET/CT imaging. On the other hand, the late treatment group included 40 female mice as in 

figures 3.2-3.3. It is important to emphasize that the mice in these experiments were healthy aged 

mice. The mice in the early group were 18 months old, while the late group mice were 19 months old 

when performing the PET/CT scans. Each ageing group was subdivided into four treatment groups 

 

Figure 3.1: The experimental design for the diabetic model groups. 
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(3 mice each). Importantly, both the early and late treatment groups were treated with the same genes. 

Figures illustrate the experimental design for the early and late treatment with more details given in 

the relevant chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.11.1 Mice groups for ageing model: 

Both the early and late treatment groups are subdivided into four groups, and they include: 

1. GFP group: mice were injected with a virus marker of green fluorescent protein (GFP) 

group. 

 

Figure 3.2: The experimental design for the ageing model of the early treatment group. 

 

Figure 3.3: The experimental design for the ageing model of the late treatment group. 
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2. No virus (NV) group: mice in this group were injected with vehicle (PBS).  

3. WT group: mice were injected intravenously with AAV9-WT-BPIFB4 under isoflurane 

anaesthesia. 

4. LAV group: mice in this group were injected intravenously with AAV9-LAV-BPIFB4 under 

isoflurane anaesthesia. 

3.12 Hindlimb mice model:  

Hindlimb ischemia was induced in the left leg for four healthy male mice (strain: C57BL/6J) aged 

about eight weeks (bodyweight 20–30 g), obtained from Charles River, Margate, Kent, UK. More 

details on the ligation process will be explained in the relevant chapter.  

3.13 Imaging protocols: 

This research was conducted as part of extensive studies involving several quantification criteria; 

however, it will focus only on the pieces that have been carried out by the researcher. The imaging 

protocols were designed to be completed in one day, as the project license only allows one-day imaging 

under general anaesthesia, which is referred to as terminal anaesthesia. Justification of the protocol’s 

design will be discussed in the related chapter.  

These imaging protocols were applied on healthy, ageing and hindlimb ischemic models (HLI) with 

some differences in the dynamic scan duration. In contrast, in the diabetic model, imaging was limited 

to the 18F-FDG protocol, which is the same protocol applied in all the other mice models.  

3.13.1 Imaging protocols for diabetic model: 

As previously mentioned, twelve mice were obtained from colleagues at Bristol University and 

classified into four groups (3 mice per group). 

The mice were fasted for one hour and warmed to 37oC and before being anesthetised using 2% 

isoflurane. Isoflurane was administrated via induction box that was connected to an O2 carrier gas 

cylinder. Intraperitoneal (IP) injection of 100-150 µl of Iohexol CT contrast agent (647 mg/ml) was 

given just before the radiotracer injection to distinguish between the liver and the kidneys in the CT 

scan. This was followed by intravenous tail vein injection of 32±8 MBq of 18F-FDG within a volume 

of 0.1 ml. The mice were then transferred to a pre-warmed imaging scanner bed which was supplied 

with a small tooth bar (attached to a nose cone) to maintain anaesthesia (using ~2% isoflurane of O2 

(1L/min) nose tube), and ECG electrodes to measure heart rate. A 16 second CT scout scan was 

acquired, followed by 60 minutes whole-body dynamic PET scan. Afterwards, cardiac gated 

acquisition was acquired for a duration of 20 minutes, and then lastly, a 2.5-minutes whole-body CT 
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scan was performed (480 projections, one rotation, 50 kVp). The CT scan was used to calculate 

attention correction. Images of both PET and CT are automatically co-registered.  

3.13.2 Imaging protocols for healthy, ageing and HLI models: 

 In these three models, each mouse was moved individually to a warming box for a duration of 

about 5 minutes to facilitate finding the tail vein for cannulation. In addition, a cannula was freshly 

made on the day of the scanning and flushed with heparin saline to prevent blood clotting due to the 

prolonged imaging time and the administration of various radiotracers. Next, the mouse was 

positioned in the scanning bed and cannulated via tail vein gently and carefully with several plaster 

layers applied on the top of the cannula to prevent motion.  

Mice in these models underwent scans in the following order: CT Scout view, 13N-NH3 rest scan, 

13N-NH3 stress scan, 18F-FDG scan and whole-body CT scan. Following completion, the mouse was 

moved rapidly to the dissection table, where the cardiac puncture was performed, followed by organs 

collection, as explained in the following sections.  

3.13.2.1 13N-NH3 rest scan: 

In each mouse acquisition, 13N- NH3 (30-100 MBq in 20-60 µL) was injected through a tail vein 

cannula. Following administration, a 20 min dynamic PET scan was performed. The actual acquisition 

started a few seconds prior to the administration of 13N-ammonia to catch all the myocardial flow 

processes.   

3.13.2.2 13N-NH3 stress scan: 

Ten minutes later, the stress scan was initiated by a single bolus IP injection of dobutamine (0.75 

μg/g) without moving the animal (Puhl et al. 2016). The stress scan commenced 5 minutes after the 

injection, in order to make sure that the heart was under stress. When the heart rate increased to about 

600 bpm (measured by ECG pads placed on paws), the second dose of 13N- NH3 (30-100 MBq in 20-

60 µL) was injected intravenously, and a 20 min dynamic PET scan was performed. Image acquisition 

was initiated a few seconds prior to the radiotracer injection by applying the same image acquisition 

process as in the rest scan.   

3.13.2.3 18F-FDG scan:  

Following the ammonia scans, an injection of ~20 MBq of 18F-FDG in  20 ul was administrated 

via the same cannula line, and a 40-minute whole-body dynamic PET scan was acquired immediately 

after administration.   
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3.13.2.4 CT scan: 

Following FDG scans, a 2.5-minute whole-body CT scan (480 projections, one rotation, and 50 

kVp) was performed to calculate attenuation corrections as well as allow co-registration of images 

which in turn give a better visualisation of structural and functional information from the CT and 

PET respectively.   

3.13.2.5 Culling process: 

The culling process was different depending on whether or not the histological analysis was carried 

out. In HLI, diabetic, and ageing models and following all scans completion, and while the mouse was 

under the anaesthesia, blood was taken into an EDTA-coated syringe (23-gauge needle) via cardiac 

puncture (the needle was inserted under the left elbow directly into the heart). After termination, 

organs and tissues were harvested. In the healthy model, the mouse was terminated either using 

overdose of euthatal or by cervical dislocation technique.  

3.14 Image reconstruction: 

All PET scans were acquired in list mode acquisition, and images were reconstructed with Mediso’s 

Nucline NanoScan reconstruction software (v 3.04.010.0000) using the Tera-Tomo 3D reconstruction 

algorithm with four iterations and six subsets, on 0.4 mm isotropic 3D voxel grids and an energy-

window of 400-600 KeV. More details on the used framesets will be included with details in each 

chapter; however, it is important to note that due to variation in the injection time following scan 

activation, the reconstruction frame time varied according to the starting points of the injection. This 

is because that we only interested in the time during and following the radiotracer injection, and the 

time before in the injection will be discarded. Attenuation (CT based) and scatter corrections, median 

and spike filters, as well as normalisation, were all applied to the reconstructed images. Additionally, 

CT scans were reconstructed with a 0.25 mm voxel size using the cone-beam filtered back-projection 

method, and a cosine filter was applied. The PET images were co-registered to the CT images to allow 

absolute quantitation of the PET data. 

3.15 The data analysis software: 

Processing and analysing medical images from hybrid modality like PET/CT scanner are 

challenging procedures because they involve the use of multiple sources of functional and anatomical 

information. The commercial PMOD version 3.91 (PMOD Technologies Ltd. Zurich, Switzerland) 

was the software of choice in all the analyses due to the sophisticated capability of compartmental 

modelling that offers a wide range of parameters to be examined. Accordingly, following the 
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reconstruction, all scans were exported to PMOD software in DICOM format (Digital imaging and 

communication in Medicine) which is a commonly used image format that facilitates transferring and 

analysing images from different devices, scanners, servers, and networks.    

PET data quantification is defined as the extraction of physiological parameters of a system from 

the study of radiotracer kinetic and uptake. Quantification can be simply described as input/output in 

which the input parameters were the PET scans, and the output was the measurement of a 

physiological biomarker that can describe the function of an organ.  

In this research, the applied PET quantitative tools were SUV and compartment modelling that 

were mentioned in earlier chapters. Details on the applied models will be discussed closely in each 

chapter. Generally, PMOD consists of integrated sets of tools, each of which tackles different aspects 

in the image analysis starting from the simple drawing of volumes of interest (VOIs) and their related 

statistics to the level of compartmental modelling that includes different complicated mathematical 

models. Three tools have been used in this research which are Image processing and VOI analysis 

(PBAS), general kinetic modelling (PKIN) and Cardiac PET modelling (PCARD).   

First, the PBAS tool was used to define VOIs within tissues by drawing contours around the area 

in a 3D plane. PMOD offers a large platform to draw VOIs via either contour outlines, geometric 

objects, linear VOIs or VOIs with holes, which can be helpful in the case of the myocardium but 

discussing them in detail is beyond the scope of this research. Next, a wide range of statistics can be 

generated, including TACs and SUVs. The TACs can be aggregated later to the PKIN tool for further 

kinetic modelling analysis. 

Next, the PKIN tools was used to study the radiotracer pharmacokinetics within time. There are 

several comprehensive modelling available in this tool, but details of those used (1TCM, 2TCM and 

ammonia de Grado (type of 1TCM) will be given in the relevant chapter. 

Finally, PCARD tools were the main tools for compartmental modelling in the myocardium, but it 

is also closely connected to PKIN tools in which all the produced TACs for the blood and tissues 

from the PCARD tool can be smoothly opened in PKIN for further modelling options. 

3.16 Echocardiography: 

The echocardiography results using Vevo-3100 echocardiography system (Fujifilm VisualSonics 

Inc, Toronto, Canada) along with MX400 or MX550D transducer were used to measure various 

cardiac dimensional and functional parameters (Katare et al. 2010; Katare et al. 2011). All 

echocardiography results were performed by a member in our research group in Bristol university. In 
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the diabetic model the MX400 was used, while MX550D was used for the ageing model. During the 

procedure, each mouse was anesthetized using isoflurane starting with 2.5% but this percentage was 

adjusted as appropriate to keep the heart rate close to 450 bpm. The echocardiography procedure 

generally lasted for about one hour. 

3.17 Laser Doppler imaging: 

The doppler imaging was used only in the HLI model to assess blood flow in the HL of the mouse. 

This imaging was carried out by one of our research group members in Bristol university. It was 

performed using the moorLDI2 laser Doppler blood flow imager (Moor Instruments, Millwey Rise 

Industrial Estate, Weycroft Ave, UK). The laser source was moorLDI2-VR; 633nm, Max 2.5mW, 

1.2mm beam using the high resolution of 0.05 mm/pixel and scan speed of 4ms/pixel.  

3.18 Hair re-growth grid: 

We have assessed the hair re-growth pattern in the diabetic model as illustrated in figure 3.4.  

 

 

 

 

 

 

 

 

 

 

  

 

3.19 Organ harvesting: 

For histology analysis, organs harvesting, and blood collection were performed and will also be 

explained in each chapter. In both ageing and diabetic models, the blood was collected directly from 

the heart through the cardiac puncture technique using ethylenediamine tetraacetic acid (EDTA)- 

coated syringe and 23-gauge needle, which were kept in ice prior to blood withdraw, to prevent blood 

clotting. Next, blood was centrifuged for 10 min with no break, around 2000-3000 revolutions per 

minutes (rpm), and then the plasma was removed, flash frozen and stored at -80 oC freezer.   

 

Figure 3.4: Chest hairiness Grid in (number/grid). Regrowth 
usually observed as: 1-3 first to appear, 4-6 mid, 7-9 last to 
appear, and 10= completely re-grown (no gaps). 
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Following cardiac puncture procedures, organs were harvested from the diabetic, ageing and HLI 

models. The collected organs either were flash-frozen in liquid nitrogen or dropped-fixed in 4% 

paraformaldehyde (PFA) for 24 hours at lab temperature. The PFA created covalent cross-links 

between the molecules, and thus gluing them together into an insoluble meshwork. In the PFA fixed 

samples, the PFA was changed to phosphate buffered saline (PBS) on the next day. Both Frozen and 

fixed organs were kept at -80 oC and -20oC fridge respectively for later use. Afterwards, myocardial 

tissue samples were embedded in optimal cutting temperature compound (OCT) and then were cut at 

8 µm sections using a cryostat. The sections were kept in the freezer for later staining. 

3.20 Immunohistochemistry staining: 

Immunohistochemistry staining was performed to quantify the capillary and arteriole density in 

each tissue using isolectin GS-IB4 (IB4, I21414, Life Technologies, USA) and specific antibody anti-

α-smooth muscle actin (αSMA; C6198, Sigma, UK). Most of the immunohistochemistry staining were 

performed by the researcher but some staining were performed by another research member in Bristol 

university.  

The staining procedures started with antigen retrieval step with citrate buffer (ph 6) for 10 minutes 

using the microwave heating at medium to high power. Note that the citrate buffer was prepared 

previously using the ionizing water and citrate buffer powder (with a concentration of 10:1). Following 

that, the sections were left to cool at room temperature for 40 minutes and then washed with PBS. 

The sections were blocked with blocking buffer (5% Goat serum (GS) + 5% bovine serum 

albumin (BSA) in PBS) for 30 minutes at room temperature. The primary antibody and lectin were 

applied together (biotinylated isolectin GS-IB4 1:200, and αSMA-Cy3 1:400) in blocking buffer and the 

sections incubated overnight at 4 oC. In the primary antibodies blocking step, I have prepared negative 

control samples either by using PBS and the Dako A0944 mouse IgG2a. The next day, the sections 

were washed with PBS and the lectin labelled with secondary marker streptavidin-Alexa488 (LT 

S32354, Life Technologies. 1:200) in PBS at room temperature for 1 hour. After washing, the nuclei 

were stained with DAPI (4′,6-diamidino-2-phenylindole) with concentration of 1:1000 in PBS for 5 

minutes, DAPI is used to bind to DNA.  

3.21 Fluorescence microscopy: 

The Vascular density was measured by counting the capillaries in at least 10 fields (images) were 

captured in all sections at 20 X magnification. This procedure was carried out by the researcher. After 

staining, the sections were analysed using optical or fluorescence microscopy (Zeiss Axio observer 
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microscope, Cat  1026044910, Germany). The staining with green colour (488 emission) lectin 

binding representing the capillaries, and red (Cy3 emission) αSMA staining identifying the arteries. All 

fields were saved in TIF (Tagged image file) format in an external hard drive-in order to be analysed 

with Image J software.  

3.22 Image J software:  

For capillary and arteriole density quantification, the image J (Fiji version 2.5.0, LOCI, University 

of Wisconsin, USA) was used. The area and number of capillaries and arteries were identified in at 

least 20 fields per section. Final data were generated as the number of capillary or artery per mm2. This 

analysis was indeed performed by the researcher.  

3.23 Statistical analysis: 

Statistical analyses were conducted using GraphPad Prism (version 9.4.0, USA), through which 

data were represented with their individual values, mean and STD. After testing for normality, 

comparisons were generated using a variety of tests, including unpaired Student’s t-test or 1‐ or 2‐way 

analysis of variance (ANOVA), as appropriate. The mean values of two groups or data sets were tested 

for statistically significant using the unpaired t-test. Moreover, the means of the four treated groups 

with respect to one variable were compared using 1-way ANOVAs, whereas 2-way ANOVA tests 

were used to examine the effect of gene treatment in the four groups with respect to two different 

variables (the response to the gene therapy at different time points). Differences were considered 

significant when P<0.05. 
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Chapter 4:  

Evaluation of Micro-PET/CT system 

quantification accuracy with 18F-FDG and 

13N-NH3 using NEMA standard tests 

 

4.1 Introduction:  

Preclinical PET/CT systems are widely used to assess the efficiency of a novel treatment in an 

animal model or to validate and standardize the application of current and new radiotracers to be 

translated to human studies. The power of PET imaging lies in its ability to produce quantitative 

measurement of vital biomarkers, thus giving information about the underlying physiology. As already 

discussed, several quantitative or semi quantitative techniques are commonly used to extract or 

quantify physiological biomarkers. SUV is a well-known semi-quantitative example and is usually 

determined by drawing ROI around the organ or tissue of interest. This ROI is used to measure the 

radiotracer concentration through which its metabolic process could be quantified. Compartmental 

modelling (or PKIN modelling) requires dynamic acquisition during PET scanning in order to study 

the radiotracer kinetic in tissues.  Compartmental quantification can be seen in the case of 18F-FDG 

and 13N-NH3, in which they are used to assess critical biomarkers such as glucose metabolism and 

MBF, respectively. These techniques rely on the fact that the micro-PET/CT system generates 

accurate and reproducible results, which cannot be achieved without standardization in both the 

performance measurements of the micro-PET/CT system and the imaging protocols. The diagnostic 

value of the small animal PET imaging is directly connected to the validity and reproducibility of the 

obtained data. If the data are not reproducible, the results will be somewhat questionable.  

In this chapter I will discuss the standard performance tests of the micro-PET/CT scanner, such 

as spatial resolution (SR), sensitivity and scatter fractions (SF), and the image quality (IQ) test, which 

is routinely highlighted in quantitative PET studies. The standardization of the imaging protocols will 

be discussed in the next chapter. In addition, this chapter will describe our first experiments in the 

standardization and optimization processes for 18F-FDG and 13N-ammonia quantification. These 
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experiments comprise the mandatory performance test needed to generate accurate quantitative data: 

an image quality test for both tracers. As several studies have demonstrated that the IQ test accounts 

for important factors of the PET system, such as SR, sensitivity, and SF tests (Wong et al. 2012; 

Meechai et al. 2015; Hallen et al. 2018; Teuho et al. 2020), we have not performed these tests 

separately. I have performed statistical analyses to assess the degree of variability in measurement 

when using different radiotracers. Importantly, our IQ assessment, including image acquisition and 

reconstruction parameters, is aligned with the National Electrical Manufacturers Association (NEMA) 

and manufacturer standards.  

When using micro-PET systems, performance measurements are different from clinical 

performance measurements because of the need to adapt to the small size of the laboratory animals. 

In the past two decades, much work has been conducted to construct preclinical PET systems suitable 

for these animal models (Lewellen 2008). In 2000, preclinical PET systems became available with all 

the physical characteristics of the clinical PET system. The performance of these preclinical systems 

had developed rapidly, but the development of standardized methods to assess their reliability and 

accuracy is lacking.  

The NEMA published a set of standards (NU 4/2008) that include methodologies for assessing 

scanner performance of the micro-PET/CT systems (Association 2008; Disselhorst et al. 2010). The 

purpose of these methodology protocols was to ensure that the performance of the different 

preclinical PET scanners can be compared to each other through comparing their performance values 

following the application of NEMA standard imaging protocol (Force 2008; Teuho et al. 2020). Before 

this, vendors could not provide precise specifications and standards similar to those in clinical imaging 

systems under NEMA guidelines. Nowadays, vendors offer a manual with all the guidelines to perform 

these evaluations along with their expected normal ranges to ensure the accuracy and reproducibility 

of the micro-PET/CT system as a diagnostic and quantitative imaging tool.  

These measurements include SR, sensitivity, SF, count loss and random coincidence, and image 

quality. Each of these parameters and their standard measuring method will be underlined in detail in 

the following sections. More focus will be given to the NEMA IQ test since it is often considered to 

assess the quantitation accuracy of the PET system. Therefore, a test of IQ calibration was carried out 

as a necessary part of obtaining reliable quantitative data.  
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4.1.1 Spatial resolution (SR): 

In the PET system, spatial resolution (SR) is defined as the ability of the imaging system to 

distinguish between two infinitely small point sources in the object as separate points in the produced 

image of the object (Saha 2010). In simpler terms, it is the ability of the system to detect or visualize 

the details of an object (Cherry et al. 2012). For a conceptual and practical understanding of many 

concepts of SR in any imaging system, this requires knowledge of the system's point spread function 

(PSF) (Saha 2010; Smith and Webb 2010; Cherry et al. 2012). This can be exemplified by placing a tiny 

point source in the imaging field, scanning it, and then drawing a line across one dimension of the 

produced image to check the intensity across that line, as in figure 4.1 (Smith and Webb 2010; Cherry 

et al. 2012). It shows a bright center called the maxima with much darker outer edges, where the 

intensity line creates a Gaussian distribution curve. (Smith and Webb 2010; Cherry et al. 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Small point sources in the imaging field appear as a PSF or a Gaussian distribution curve in the 

generated image (Smith and Webb 2010; Cherry et al. 2012). Moreover, when there are two radioactive 

point sources in the image separated by a distance smaller than the PSF of the system (Yang et al. 

2004; Smith and Webb 2010), their Gaussian curves will blur together to form only one curve, as 

shown in figure 4.2. Figure 4.2 also reveals that the minimum diameter of the Gaussian curve, either 

in the axial or lateral direction, is approximately equal to the full width at half maximum (FWHM) 

(Smith and Webb 2010; Cherry et al. 2012).  

 

   

             A                                                               B  

Figure 4.1: The measurement of the system PSF. A show a radioactive point source 
placed in the middle of the imaging field. B shows the curve obtained after drawing 
a line across one dimension of the image to produce an intensity curve. This is a 
Gaussian curve with a bright center called the maximum and a darker intensity at 
the outer edges.  
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Accordingly, a larger PSF results in a lower SR, and the system loses its capability to resolve the two 

separated point sources as two separate objects, as described in figure 4.2 (Smith and Webb 2010; 

Cherry et al. 2012). Several studies have demonstrated that the PSF is larger in the axial Z direction 

than the lateral XY direction (DeGrado et al. 1994; Mawlawi et al. 2004; Surti et al. 2005; Moses 2011). 

Additionally, as seen in figure 4.3, the SR reduces as we move away axially (in the XY plane) from the 

center (Surti et al. 2005; Moses 2011).  

 

 

 

 

 

 

 

 

 

 

 

Generally, the FWHM of the PSF in an imaging system is about 1.4 to 2 times the smallest 

resolvable object (Smith and Webb 2010; Moses 2011; Cherry et al. 2012). For example, if the FWHM 

of the PSF is 10 mm, the system can resolve an object ranging between 5 and 7 mm in width (Cherry 

et al. 2012). In a recent preclinical PET scanner, the SR had a value ranging between 1.5 and 2.5 mm, 

measured at the FWHM of the PSF within the central field of view (cFOV) (Surti et al. 2005; Cherry 

et al. 2012).  The SR is greatly dependent on the radial offset. Several studies reported that SR values 

worsen down to 2.5 mm FWHM at the radial offset of 25 mm (Mawlawi et al. 2004; Surti et al. 2005; 

Moses 2011; Sato et al. 2016). Multiple factors might affect the SR of the image, such as the scintillator 

size (also called crystal size), the point of annihilation and the positron range of the used radiotracer 

(Smith and Webb 2010; Cherry et al. 2012).  

To begin with, reducing the scintillator size will significantly improve the SR; however, it will reduce 

the sensitivity of the imaging system to detect photons (Smith and Webb 2010; Moses 2011; Cherry 

et al. 2012; Sato et al. 2016). In the case of a micro-PET, it is not practical to decrease the scintillator 

size enough to completely compensate for the reduction in size of a mouse compared to a human; 

this has led to the development of a scanner with scintillator sizes of only 0.975 mm (Weber and Bauer 

                                            

                       A                                                             B 

Figure 4.2: The resolution limitation due to the limited of the PSF. A show two-point 
sources separated by a distance smaller than the PSF. B shows the final blurred 
Gaussian curve that will be produced for the two points which will appear as one 
object in the final image.    
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2004; Saha 2010). A smaller crystal results in a decreased detection count and a higher signal to noise 

ratio (SNR) (Smith and Webb 2010; Sato et al. 2016). Another issue that limits the SR of PET in mice 

is that the point where the annihilation event occurs is not the point of positron emission (Cherry et 

al. 2012; Sato et al. 2016). This happens because of the positron range (PR), which is defined as the 

finite distance travelled by the positron in the tissue before losing its kinetic energy and being 

annihilated (Saha 2010; Smith and Webb 2010). The PR is a distinct characteristic of any radiotracer; 

table 4.1 contains several radiotracers with their PR (Maddahi and Packard 2014). In addition, in the 

annihilation event, any residual kinetic energy will cause annihilated photons to be emitted at less than 

180o, creating non-collinearity and losing the accurate position (Smith and Webb 2010; Cherry et al. 

2012). These factors all contribute to, and might degrade the PET image quality (Saha 2010; Cherry 

et al. 2012). Nonetheless, many approaches to solutions have been proposed by several investigations, 

such as the PR correction factor (Phelps et al. 1975).    

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.1.1 Measurement of SR with the NEMA NU 4-2008 standard:  

According to the NEMA NU 4-2008 standard, SR can be calculated on a weekly basis by a 22Na 

point source with an activity of 0.52 MBq, embedded in a 1 cm3 acrylic tube with a diameter of 0.25 

mm (Association 2008; Prasad et al. 2011; Sato et al. 2016). According to NEMA guidelines, the SR 

should be measured at the cFOV and one-fourth of the axial FOV in multiple radials and axial 

distances (0, 2, 5, 10, 15, 20, 30, and 40 mm) from the center (Force 2008; Prasad et al. 2011). For all 

the acquired scans, list mode should be initiated (Force 2008). 

                       

                      A                                                                B 

Figure 4.3: The difference in the PSF at different directions. A show that the PSF is larger in 
the axial than the lateral direction, resulting in a better SR in the lateral direction. In A, the 
FWHM are almost equal to the minima diameter of the Gaussian curve in the lateral direction 
(XY plane), while B visualizes the same concept in the axial direction (Z plane) where the 
minima diameter is equal to the FWHM.   
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 Following completion, the scans must be reconstructed with a 2D filtered back-projection and a 

ramp filter (high pass filter)(Force 2008; Prasad et al. 2011). The cut-off set in this filter must be at the 

Nyquist frequency, which is defined as the highest frequency that can be coded for a specific sampling 

rate for the signal to be reconstructed (Smith and Webb 2010; Cherry et al. 2012). Lastly, the FWHM 

can be calculated for the lateral and axial offset positions (Smith and Webb 2010; Cherry et al. 2012).  

 

 

 

 

 

 

 

 

4.1.2 Sensitivity: 

In PET imaging, sensitivity can be described as the ability of the system to detect radiation and it 

is generally represented by the percentage between the emitted and measured annihilated photons 

(Saha 2010; Smith and Webb 2010; Cherry et al. 2012).  As with SR, sensitivity is affected by multiple 

factors such as the detector material, the packing fraction, the crystal size and the solid-angle coverage 

of the detector ring (Saha 2010; Smith and Webb 2010; Cherry et al. 2012). Numerous studies have 

reported that scanners with larger axial FOVs and small ring diameters often have improved sensitivity 

(Weber and Bauer 2004; Sato et al. 2016). Furthermore, there is a trade-off between sensitivity and 

resolution in which a thinner crystal will enhance the spatial resolution, but at the expense of reducing 

the sensitivity (Cherry et al. 2012). However, fewer detected counts will generally lead to noisy and 

low contrast images (Cherry et al. 2012).  

4.1.2.1 Measurement of sensitivity with the NEMA NU 4-2008 standard: 

The NEMA standard recommends measuring the sensitivity centred at the scanner FOV using the 

22Na point source, as in the SR measurements (Association 2008). Additionally, the background should 

be measured by acquiring a scan without the radioactive point source (Association 2008). The 

acquisition should be set to stop after the scanner collects 10,000 actual events, and the time taken to 

complete the scan should be recorded (Association 2008). After that, the previously recorded time 

must be used for all the later acquired scans for subsequent positions stepped in the axial direction in 

Agent Physical half-life Mean Positron 

range (mm) 

Production 

N13  9.96 min 1.7 Cyclotron 

F18 110 min 0.66 Cyclotron 

15O 2.06 min 4.14 Cyclotron 

82Rb 1.25 min 8.6 Generator 

Table 4.1: The physical characteristics including  T1/2 and PR of both 18F and 13N 
(Maddahi and Packard 2014). 
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order to cover all FOVs (Association 2008). A plot of the axial sensitivity against the absolute 

sensitivity for each slice can be generated (Association 2008).  

4.1.3 Scatter fractions (SF) and counting rate measurements:  

In a clinical PET scanner, scatter is an essential factor that might reach a 36% fraction of the total 

measured events in the 3D mode PET scanner (Podoloff and Stearns 2004). On the other hand, in 

the micro-PET scanner, the scatter fraction (SF) is often in the range of 8% in mice and 20% in rat 

studies (Yang et al. 2004). Although the scatter contribution in mice seems to be low, this is not the 

case when scanning multiple mice at once, which is a protocol that has been applied in many preclinical 

institutions (Wong et al. 2012). Recently, data from a simulation study reported an increase of 25% to 

64% in the SF when scanning more than three mice simultaneously (Wong et al. 2012). These results 

confirm that the SF in preclinical imaging is a crucial factor when imaging several mice at the same 

time. However, this is not a problem in the studies presented here, as mice were only scanned one at 

a time. Several types of algorithms can be applied to correct scattered events (Vicente et al. 2007b). 

Importantly, all rely on the availability of structural information, which can be obtained from MRI or 

CT scans. CT-based SC was applied in all the scans in this project, leading to a more accurate scatter 

or attenuation correction calculation. Indeed, before applying scatter correction, the scatter events 

were eliminated, initially using a PHA that has an energy window set with a maximum and minimum 

window. This was to detect and record any annihilation coincidence that underwent a small-scattered 

angle and loss of energy (Saha 2010; Cherry et al. 2012). Nevertheless, this simple process is less 

efficient due to the slight difference in energy values between the scatter and actual events; hence there 

is always a need to apply SC (Saha 2010; Cherry et al. 2012).  

In general, modern clinical and preclinical PET systems have fast acquisition and processing of 

coincidence events, enabling them to distinguish between true, scatter, and random coincidence events 

described earlier in the introduction. Nonetheless, the PET system requires a finite time to fully 

process and register each photon or (coincidence event). This is called the dead time, during which 

any new events will not be detected (Saha 2010). This is a limitation of the PET scanner, especially at 

a high-counting rate scan, causing a pile-up effect which is defined as the loss of photons during the 

deadtime interval of the system (Vicente et al. 2007b). This pile-up effect can add or subtract counts 

from the final coincidence events detected (Vicente et al. 2007b).  

For example, two pile-up photons may fall within the energy window and thus add up to the total 

number of registered events (Vicente et al. 2007b). Similarly, a two pile-up true coincidence could be 

pushed out of the upper energy window limit, resulting in a loss of counts (Vicente et al. 2007b). 
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Ultimately, the generated image would have a low statistical quality, which may lead to mispositioning 

of actual events (Vicente et al. 2007b).  

4.1.3.1 Measurements of SF and count rate performance: 

In compliance with NEMA NU 4 – 2008 specifications, particular mouse and rat phantoms can 

assess the SF and count rate performance (Association 2008). The two phantoms are made of a solid, 

circular cylinders built from high-density polyethylene (Association 2008). The mouse phantom 

measures 70±0.5 mm in length and 25±0.5 mm in diameter, while the rat phantom measures 150±0.5 

mm in length and 50±0.5 mm in diameter (Association 2008). The measurement for each phantom 

involves placing a line source filled with 18F inserted inside the highly scattered phantom (Association 

2008). The 18F activities are 105 MBq for the mouse-sized phantom and 150 MBq for the rat-sized 

one (Association 2008). After that, each phantom undergoes scanning acquisition for 10 hours. 

Following this, sinograms should be generated without applying any correction (Association 2008). 

The rows of the generated sinograms must be centred at their maxima, and the sum of all rows should 

then be measured (Association 2008). The NEMA standard includes a signal window of 7mm around 

the maxima in which any counts outside the signal window are considered to be scatter or random 

events (Association 2008).   

4.1.4 Image quality (IQ): 

Studies involving small animal imaging require a high standard image quality (IQ) to generate 

accurate quantification. Generally, IQ is dependent on the image reconstruction parameters, the 

applied image corrections, and the choice of the radiotracer (Teuho et al. 2020). Each radiotracer has 

unique physical characteristics that dramatically impact in vivo measurements, such as cardiac 

metabolism or MBF (Teuho et al. 2020). The preclinical data precision, repeatability, validity, and 

translatability are of utmost importance (Sato et al. 2016). Consequently, technical, and non-technical 

factors that might influence the quality and quantification process need to be investigated.   

Animal handling and imaging protocols have the most significant impact on preclinical studies and 

the quality of the produced images. The next chapter will discuss, validate, and standardize protocols 

in detail. Naturally, the administrated radiotracer also has a significant influence on the IQ. When 

using different radiotracers, the IQ should be explored to have a standard or acceptable image 

(Association 2008). Accordingly, phantom studies have been recommended by the NEMA NU 4 – 

2008 to test the quality and the quantification accuracy of PET images when using the same or 

different radiotracers (Association 2008; Teuho et al. 2020). The NEMA IQ phantom tests include 
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checking specific image parameters and performance metrics, such as partial volume effects (PVE) 

and their correction through recovery coefficient (RC) methods, spill-over ratios, image uniformity 

and the standard deviation percentage (STD%) of radioactivity concentration along the uniform 

region of the phantom. It may be possible to measure SR via the RC values in the IQ phantom (Prieto 

et al. 2010; McDougald et al. 2020). Indeed, in this chapter, the SR of our PET scanner was evaluated 

through RC values similar to the methods applied by Prieto et al. and McDougald et al. (Prieto et al. 

2010; McDougald et al. 2020). Importantly, as recommended by the NEMA NU 4 – 2008, specific 

image acquisition and analysis protocol have been applied. In addition, vendors also provide guidelines 

to achieve comparable image parameters and high IQ according to NEMA standards. 

 To understand how the NEMA IQ phantom tests are performed, brief details on the investigated 

parameters, including PVE and spill-over need to be introduced.  

4.1.4.1 Partial volume effect (PVE), spill-over and the tissue fraction effect: 

PET quantification is one of the most promising applications through which changes in 

metabolism or physiological parameter can be detected as a function of time (Soret et al. 2007; Zhong 

et al. 2013b).  

Such information would be beneficial to proceed with or eliminate the use of a novel drug as in 

the case of this project. Weber and his colleagues (Weber et al. 1999) reported highly reproducible 

data in a clinical trial with 18F-FDG (with an SD of about 9%) for the measurement of tumour 

metabolism in their attempt to test the validity of a new drug. This fact might make PET imaging ideal 

for novel drug approval; however, there are several challenges associated with the system and the 

radiotracers of choice (Visser et al. 2008; Disselhorst et al. 2010). Understanding these challenges is 

of foremost importance, especially in monitoring the response to therapeutic intervention (Soret et al. 

2007).  

One of these factors is a phenomenon called partial volume effect (PVE) which causes the intensity 

values in the generated images to differ from the true source region in the object. PVE occurs due to 

two factors which are the limited SR of the PET scanner and the image sampling (Soret et al. 2007).   

The first factor in PVE is the loss of SR of the system, which appears as 3D image blurring,  

originating either from the scanner design (for instance, the crystal thickness) or the reconstruction 

method (Soret et al. 2007). In this context, the PVE is defined as the underestimation or 

overestimation of radioactivity concentration in the source region of the generated PET images, which 

can consequently lead to misinterpretation of the data. Underestimation usually arises in a source 



 

 

92 

region that is surrounded by other high radioactivity regions (also called hot regions). The effect 

becomes significant when the source region is smaller than the scanner SR (Vaska et al. 2006; Sato et 

al. 2016). The underestimation is also called a spill-out, because part of the signal from the source 

spills outside the source region, as can be seen in figure 4.4 (Soret et al. 2007).  Similarly, the 

overestimation of radioactivity in the source region due to the surrounding hot regions is called spill-

in (Soret et al. 2007; Meechai et al. 2015). Indeed, both spill-in and spill-out are generally referred to 

as the spill-over effect which are illustrated in figure 4.5. Both PVE and spill-over are the results of 

multiple factors such as the region size, the radioactivity in the surrounding regions and the SR of the 

scanner. All of these factors have been explored along with their correction methods in more detail in 

a review article by Soret et al. (Soret et al. 2007).  

The second concept causing PVE is image sampling (Soret et al. 2007). In a PET image, the 

biodistribution of the radionuclide is generated or sampled on a voxel grid (Soret et al. 2007; Meechai 

et al. 2015). Certainly, the voxel contours will not perfectly match the actual object contours and, 

consequently, each individual voxel might include different types of tissue. This phenomenon is called 

the tissue fraction effect, as shown in figure 4.6 (Soret et al. 2007). Importantly, the intensity in each 

voxel is the mean of all signal intensities of the underlying tissues, which contribute to this voxel (Soret 

et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: An arbitrary circular source (with a diameter of 10 mm) and a uniform 
activity of 100 arbitrary units in a non-radioactive background. The generated image 
has reduced signals of 85 units due to the spill-outs from the actual source. 
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Generally, even if the imaging system has the perfect SR suitable for the scanned object, PVE will 

persist due to the image sampling limit (Soret et al. 2007; Meechai et al. 2015). Importantly, Hoffman 

and his co-worker recommended performing PVE, spill-over and tissue fraction effect corrections, as 

they are crucial in the accuracy of quantitative results, especially in small animals (Hoffman et al. 1979).  

A frequently applied method to correct for PVE is the use of the NEMA IQ phantom, which will 

be discussed in the following sections. The phantom contains a cold region placed in a hot uniform 

field to measure the SOR ratio as shown in figure 4.7 (Association 2008; Gontijo et al. 2017).  

Additionally, the IQ phantom (figure 4.7) contains different sphere sizes that can be filled with a 

known concentration of the used radiotracer and then scanned (Association 2008).  

The fraction of the activity, which is recovered in each sphere of the generated image, is calculated 

by comparing the generated image sphere concentrations to the previously known amount in the 

spheres (Association 2008). The calculated fraction is called the recovery coefficient (RC), which has 

a recommended range in each sphere size according to the manufacturer guidelines and NEMA 

standard (Association 2008; Gontijo et al. 2017).  

 

Figure 4.5: The spill-over effect on the actual object. A is the true arbitrary biodistribution 
object. D represents the measured image of the true object A. The generated image in D 
is the sum of the spill-out effect in B and spill-in effect seen in (C).  

 

 

Figure 4.6: The PVE resulted from image sampling. voxels (although 
here its only 2D) on the edges of source region include both source and 
background tissues. The concentration or (signal intensity) in these 
voxels is the average of all signal intensities in the underlying tissues. 
Part of the signal in the source region emanates outside the true object 
and thus is defined as spilling-out. 
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4.1.4.2 The importance of an image quality test when using different radiotracers: 

It is popular in preclinical imaging to perform multiple scans with different radiotracers; hence it is 

preferable to carry out and compare the IQ performance test for each used radiotracer (Association 

2008; Gontijo et al. 2017; Teuho et al. 2020). This comparison is recommended to study and 

standardise the performance for each radiotracer using the same preclinical PET scanner, according 

to the NEMA IQ standard (Teuho et al. 2020).  

In preclinical imaging, the commonly used radionuclides include Carbon-11(11C), 13N, 18F and 

Zirconium (89Zr), with each having its own unique half-life (T1/2), positron energy, and PR (Teuho et 

al. 2020). Increasing PR could degrade the IQ and the resolution of PET images (Teuho et al. 2020). 

Liu et al. (Liu and Laforest 2009) investigated image resolution and its relation to the positron range 

by testing different radiotracers. Additionally, Disselhorst et al. (Disselhorst et al. 2010) have evaluated 

the IQ in small animal PET/CT scanners with 18F, 89Zr, Gallium (68Ga), and Iodine (124I) (Disselhorst 

et al. 2010). Both Liu et al. and Disselhorst et al. (Liu and Laforest 2009; Disselhorst et al. 2010) 

emphasize the necessity to perform the IQ evaluation for any used radiotracers in the micro-PET/CT 

scanner, especially when using compartmental modelling quantification which was applied in this 

research. Teuho and his colleagues (Teuho et al. 2020) have compared the IQ test among different 

vendors.  In general, differences in T1/2 and PR values lead to variations in counting statistics, SR, and 

the percentage of noise, if the same image acquisition was applied (Teuho et al. 2020). Nevertheless, 

this can be optimised according to the goal of the scans; for example, in some studies, the counting 

statistics have greater importance than the spatial resolution to a certain limit (Teuho et al. 2020).  

In the light of this evidence, it is essential to assess the IQ parameters for any used radiotracers in 

a standardised fashion to study the radiotracer and system-dependent factors that could influence the 

obtained results in quantitative studies. 

4.1.4.3 Image quality phantom test: 

The purpures of the NEMA IQ phantom test are to ensure the accuracy of the quantitative results 

obtained from the small animal using the preclinical PET scanner and is recommended to be 

performed quarterly (every 3 months). According to the NEMA NU 4-2008 standard, the IQ phantom 

is made up polymethylmethacrylate (PMMA) and its geometry is subdivided into several regions each 

of which evaluate a specific performance measurement, as shown in figure 4.7 and table 4.2. 
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The first region (a) of the IQ phantom geometry is solid with 5 fillable rods that have diameters of 

1, 2, 3, 4, and 5 mm (Gontijo et al. 2017). The RC in each sphere of the rods is measured as the ratio 

between the measured radioactivity concentration in the rods and the radioactivity concentration in 

the uniform region (b) (Gontijo et al. 2017).  

The middle region is the uniform region (b) and is used to measure the maximum, minimum and 

the mean radioactivity concentration as well as the SD percentage of different points in the uniform 

region (Gontijo et al. 2017).    

The third region (c) in the IQ phantom is a fillable cylindric chamber with two compartments, each 

of which has an internal length of 14 mm and inner diameter of 8 mm (Gontijo et al. 2017). The first 

compartment is filled with air and the other one with non-radioactive water (Gontijo et al. 2017). The 

two non-radioactive compartments are designed to calculate the spill-over ratio (SOR) in air and water 

(Association 2008; Gontijo et al. 2017). SOR is defined as the ratio between the cold compartment 

(air or water) relative to the mean of the radioactive (hot) background compartment (Gontijo et al. 

2017). Theoretically, the values of both RC and SOR in these regions are limited to between 0 and 1 

as illustrated in figure 4.8 in which 0 < RC ≤ 1 and 0 ≤ SOR< 1 (Association 2008; Gontijo et al. 

2017).  

 

 

 

 

 Figure 4.7: The NEMA NU 4-2008 IQ phantom for a small PET scanner. 

        Regions Representation 

1 Region a 5 rods with diameters of 1, 2, 3, 4 
and 5 mm. 

2 Region b The uniform region 

3 Region c The two non-radioactive chambers 

Table 4.2:  shows the IQ phantom regions.  
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4.2 Objective: 

The aim of this chapter is to evaluate and standardize the physical performance of the Mediso 

micro-PET/CT scanner in terms of overall image quality for both 18F and 13N, as they are the tracers 

used in this research. The assessment of the performance will be carried out according to the NEMA 

NU 4 – 2008 and the manufacturer guidelines. Each radionuclide has its own unique half-life and 

positron range; thus, we will also compare the image quality parameters between the two radionuclides. 

Moreover, we intend to explore the quantification accuracy by assessing the repeatability in uniformity 

values of the two radionuclides. The IQ parameters will include the recovery coefficient (%RC), image 

uniformity, its related percentage standard deviation (SDT%), spill-over ratio (SOR) and SD%SOR.  

4.3 Materials and Methods: 

4.3.1 PET/CT scanner: 

The Mediso nano-Scan 122S small-bore PET/CT imaging system is manufactured by the Mediso 

medical imaging system, Budapest, Hungary. All the scanner specifications have been previously 

mentioned in the methodology chapter.  

4.3.2 Radionuclides (or radiotracers): 

The radionuclides selected for this research are 18F and 13N. 18F is the most widely used and is 

required in order to perform the NEMA NU4-2008 IQ measurements. 13N is mostly used for MBF 

measurements. It has different properties with a higher PR but lower T1/2 when compared to 18F, as 

illustrated in table 1. Both radionuclides were produced from the Cyclotron model Cyclone 18/9 in 

the Wales PETIC centre, Cardiff University, UK. 

 

 
Figure 4.8: A schematic diagram of the NEMA NU 4-2008 IQ phantom in 
which A is the coronal-section view and B is the axial-section view of the 
rod region.  
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4.3.3 The IQ phantom: 

   The NEMA NU 4-2008 IQ phantom previously described in figures 4.7 and 4.8 was used in the IQ 

test. The cylindrical phantom is 50 mm in length with a diameter of 30 mm. It consists of different 

regions, defined earlier, each of which aim to evaluate a certain aspect in the IQ test as shown in figure 

8.     

4.3.4 The analysis software: 

Both vivo-quant software and the Mediso NEMA test program, that is integrated with the scanning 

system, were used.  

4.3.5 The IQ phantom test: 

The designated phantom was filled with approximately 3.7 MBq of the radiotracer (either 18F or 

13N) and mixed with water to ensure that the radiotracer mixed homogeneously without air bubbles. 

The phantom was then placed in the dose calibrator, where the radioactivity amount and the time 

were recorded. Importantly, the recorded radioactivity should be higher than the required dose when 

measured in the dose calibrator so as to allow sufficient time for the phantom to be transferred to the 

scanner bed. Following this, the phantom was positioned in the bed holder of the Mediso micro-

PET/CT scanner and imaging was initiated strictly at 3.7 MBq for 20 minutes, using whole body 

acquisition. Both CT and PET acquisitions and reconstruction are illustrated in Table 4.3. These 

parameters were applied, as recommended by Mediso and NEMA NU 4-2008, to ensure the optimal 

scanner performance.  
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Once the PET and CT scans were completed, the reconstruction was initiated using iterative 

reconstruction (IR) with 4 iterations, 6 subsets and 0.4mm isotropic 3D voxel grids (table 4.3). 

Importantly, normalization and random correction were applied prior to the image reconstruction 

process. This test was repeated 4 times to assess the repeatability of the data specifically for the 

uniformity region.  

4.3.6 Data analysis of the IQ phantom: 

After completing the reconstruction process, the IQ phantom images were opened to start the IQ 

phantom evaluation that complies with the NEMA NU 4 – 2008 standard using the Mediso NEMA 

IQ program to evaluate the RCs, uniformity and SOR. For the measurement of these three parameters, 

volumes of interest (VOIs) were positioned in the centre of the specified region. Furthermore, CT 

images were used to assist with the positioning of the regions accurately. 

4.3.6.1 RC measurements:  

For RC calculation, the reconstructed slices covering the central 10 mm depth of region (a) were 

averaged to produce a single slice (Association 2008). Next, circular ROIs were drawn around each 

rod (i) with a diameter equal to twice the physical diameter of the rod as illustrated in figure 4.9. 

 

Scanner Mediso nano-Scanner 122S small-bore PET/CT 

Acquisition PET scan: 3.7 MBq for 20 minutes, followed by whole body CT 

scan for attenuation correction 

PET mode 3D 

PET protocol whole body acquisition 

Energy window 400-600 Kev 

Coincidence Mode 1-3 

Detector model Full ring 

Corrections applied Decay correction, dead time correction, random correction, 

median filtering, AC, SC, and normalization. 

Reconstruction 

method 

Iterative reconstruction (IR) 

Voxel size 0.4 mm isotropic 3D voxel grids 

Number of iterations 4 

Number of subsets 6 

Table 4.3: The PET image acquisitions, corrections and reconstruction methods applied 
in the image quality phantom test using the NEMA NU 4-2008 standard.  
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The pixels with maximum values in each ROI were defined using an in-house MATLAB code. 

After that, the location of these pixels was used to plot a line profile (the radioactivity values) through 

the central 10 mm direction for each rod (i). The mean value and STD of all rod profiles were 

measured using their line profiles (Association 2008; Gontijo et al. 2017). Ultimately, the RC for each 

rod was measured by dividing the measured radioactivity concentration in the ROI of each rod by the 

mean of the radioactivity concentration in the uniform region (b) as seen in equation 4.1 (Association 

2008; Gontijo et al. 2017).   

𝐸𝑞. 4.1    𝑅𝐶 =  
𝑡ℎ𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑟𝑎𝑑𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛 𝑡ℎ𝑒 𝑅𝑂𝐼 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑟𝑜𝑑

𝑡ℎ𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑟𝑎𝑑𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛 𝑡ℎ𝑒 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑟𝑒𝑔𝑖𝑜𝑛 (𝑏)
  

According to the NEMA NU 4 – 2008 standards, the reasonable values of the RCs of the rods 

when using 18F are illustrated in table 4.4 (Association 2008).  

4.3.6.2 Uniformity measurement: 

For uniformity assessment, a 22.5 mm diameter (which is 75% of active diameter) cylindrical VOI 

with a 10 mm depth were drawn in the centre of the uniform region (b) of the image quality phantom 

as in figure 4.10. The maximum, minimum and the STD% in the VOI were calculated. The uniformity 

STD% should be less than 15%, as recommended by the NEMA standard in table 4.5. 

 

 

 

 

                    

        A                                         B 

Figure 4.9: The reconstructed slices covering the 
central 10 mm depth of region. A. Region that was used 
to produce a single slice of the five rods. B. illustrates 
the ROIs around the five spheres representing the 
different sizes of the rods.  
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Rod size RC- reasonable values 

1 mm 0.1 – 0.4 

2 mm 0.75 – 1.0 

3 mm 0.8 – 1.1 

4 mm 0.9 – 1.15 

5 mm 0.9 – 1.19 

Table 4.4: The reasonable values of the RCs of the rods according to the 
NEMA NU 4 – 2008 standards. 

Uniformity 

STD% 15% 

SOR SORSTD% 

Air filled compartment <15% 

Water filled compartment <15% 

Table 4.5: The reasonable values recommended by NEMA NU 4 – 2008 standards for 
the uniformity STD% and SOR STD% for both compartments. 

 

A                           B                                 C                                             D 

Figure 4.10: The reconstructed slices covering the central 10 mm depth of region (b) that were used to produce 
a single slice of the uniform region (b). this can be seen in A, while B illustrates the single slice of the uniform 
region (b) in the IQ phantom and the circular ROI which was generated with an active diameter covering 
75% of the field. C shows the produced single slice of the uniform region (b) but with a different color along 
with the line profile across the slice. D reveals the line profile across the uniform region. 
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4.3.6.3 SOR measurements: 

The spill-over ratio (SOR) was measured as a ratio of the mean in each cold cylinder (both in air 

and water) to the mean value in the uniform region (b) as shown in figure 4.11. The STD% of SOR 

of any cylinder i was calculated through equation 4.2.  

𝐸𝑞. 4.2     %𝑆𝐷𝑆𝑂𝑅,𝑖  =  100 . √[
𝑆𝑇𝐷𝑖

𝑀𝑒𝑎𝑛𝑖
]

2

+ [
𝑆𝑇𝐷𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑟𝑒𝑔𝑖𝑜𝑛

𝑀𝑒𝑎𝑛 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑟𝑒𝑔𝑖𝑜𝑛
]

2

    

 

 

 

 

 

 

 

 

 

4.4 Results:  

Images representing a coronal view of the NEMA IQ phantom, and a trans-axial view of the three 

regions (a, b, and c) with their ROIs are shown in figure 4.12. It can be noted that 13N has poorer 

image quality particularly in the rod sections, in which they appear blurred when compared to the 18F 

rod images. 

The RCs for the five rods using both 18F and 13N, along with their STD%, are presented in tables 

4.6 and 4.7 respectively. Radiotracer specific differences can be noted in the RCs across the five rods, 

as well as the rest of the images, to a degree as illustrated in figure 4.12. These differences were 

expected due to the PR differences of the two radiotracers. The PR of 13N is larger than that of 18F, 

resulting in a lower image quality of the 13N images. Importantly, the RCs of 18F were within the 

reasonable limits that are suggested by the NEMA standard as in table 4.4. In contrast, the RCs of 13N 

were slightly lower in the 2-, 3-, and 5-mm rods, and became worse in the 1 mm rod as shown in table 

4.6 and figure 4.12. The lowest RC values were recorded at the 1 mm rod size when using both 18F 

and 13N, with values ranging from 0.1 to 0.12 and 0.05 to 0.06 respectively.  

Moreover, the maximum RC values were recorded at the 5 mm rod size using 18F with values 

between 1.09 and 1.17 in the four attempts. Similarly, the highest RC values were noted at the 5 mm 

 

Figure 4.11: the transverse plane of the 2 non-radioactive 
compartment regions in the image of the IQ phantom. 

 



 

 

102 

rod using 13N, ranging between 0.79 and 1.02. Furthermore, the highest variability in STD%RC was 

noted in the 1 mm rod size for 18F and at the 2 mm rod size for 13N with values of 43.3% and 

40.7% respectively. In contrast, the lowest variability of STD%RC was recorded in the 3 mm rod size 

for 18F and 13N with value of 13.1% and 16.5% respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Radiotracer Test 
number 

Rod size  

1 mm 

Rod size 

2 mm 

Rod size 

3 mm 

Rod size 

4 mm 

Rod size 

5 mm 

 

18F 

 RC STD% RC STD% RC STD% RC STD% RC STD% 

Test1 0.1 37.3% 0.79 32.3% 1.07 22.2% 1.09 22.5% 1.09 18.8% 

Test 2 0.11 43.3% 0.75 23.7% 1.03 18.5% 1.17 21.2% 1.18 16.9% 

Test 3 0.11 38.0% 0.83 27.7% 1.02 13.1% 1.12 15.3% 1.12 16.3% 

Test 4 0.12 33.3% 0.80 17.0% 1.1 15.4% 1.15 14.1% 1.17 14.5% 

Average 0.11 37.9% 0.79 25.1% 1.05 17.3% 1.13 18.5% 1.14 16.6% 

Table 4.6: shows the RC values and their STD% for the five rods in the four repeated IQ tests of 18F. 

 

     

                                 A                                                                       B 

Figure 4.12: Images A and B of the coronel view of the NEMA IQ phantom and a trans-axial view of the three 
regions (a, b, and c) with their ROIs for 13N (A) and 18F (B) respectively.  
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Both table 4.8 and 4.9 provide the results of the uniformity evaluation with the maximum, 

minimum, and mean radioactivity concentration as well as the STD% for the two radiotracers. In 

addition, the SOR values and their SD% obtained from the water and air-filled compartments of the 

IQ phantom are reported in tables 4.10 and 4.11 for both radiotracers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

According to the NEMA standards, the acceptable limit of the SD% for uniformity assessment is 

to be less than 15%. Notably both radiotracers produced an SD%SOR within the acceptable range.  In 

Radiotracer Test number Rod size 

1 mm 

Rod size 

2 mm 

Rod size 

3 mm 

Rod size 

4 mm 

Rod size 

5 mm 

 

13N 

 RC STD% RC STD% RC STD% RC STD% RC STD% 

Test1 0.05 33.5% 0.66 39.7% 0.70 17% 0.76 23.1% 0.79 18.9% 

Test 2 0.05 35% 0.65 40.7% 0.70 17.2% 0.76 23.3% 0.78 20.8% 

Test 3 0.05 34% 0.67 37.1% 0.70 16.5% 0.77 22.6% 0.8 20.3% 

Test 4 0.06 38.8% 0.66 37.5% 0.74 36.2% 0.74 24.5% 1.02 23.3% 

Average  0.05 35.3% 0.66 38.75% 0.71 21.7% 0.75 23.3% 0.84 20.8% 

Table 4.7: shows the RC values and their STD% for the five rods in the four repeated IQ tests of 13N. 

Radiotracer 

18F 

Maximum 

concentration 

counts Bq/cm3 

Minimum 

concentration 

counts Bq/cm3 

Average 

concentration 

counts Bq/cm3 

STD% 

Test 1 221034.49 120640.20 153736.31 5.9% 

Test 2 210730.44 114110.89 153494.08 6.3% 

Test 3 220324.21 114552.42 155980.76 6.5% 

Test 4 237221.55 131158.79 176146.44 5.8% 

Table 4.8: the maximum, minimum, and STD% values that were recorded in the uniform 
region for 18F in the four IQ tests. 

Radiotracer 

13N 

Maximum 

concentration 

counts Bq/cm3 

Minimum 

concentration 

counts Bq/cm3 

Average 

concentration 

counts Bq/cm3 

STD% 

Test 1 369578.57 189512.33 276294.11 8.1% 

Test 2 385117.40 189512.33 276038.17 8.4% 

Test 3 361242.39 196998.36 276919.01 7.9% 

Test 4 396781.10 136190.99 229166.15 8.7% 

Table 4.9: the maximum, minimum, and STD% values that were recorded in the uniform 
region for 13N in the four IQ tests. 
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addition, the SORs were higher in water than air for both tracers. Generally, the SD%SOR did not show 

any clear trend when using the two radiotracers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Discussion:  

The IQ phantom results generated from Mediso Nano-Scan 122S small-bore PET/CT imaging 

system was assessed according to the NEMA NU 4 –2008 standards. NEMA and most vendors 

usually recommend performing the IQ phantom test prior to important quantitative studies (Prasad 

et al. 2011; Goertzen et al. 2012; Sato et al. 2016; Chen et al. 2020). In addition, previous investigations 

on the IQ have only been carried out using 18F, 11C, 68Ga and 89Zr radiotracers (Teuho et al. 2020).  

Radiotracer 

18F 

Compartment  SOR STD%SOR 

Test 1 Air 0.08 15.3% 

water 0.12 15.7% 

Test 2 Air 0.09 14.2% 

water 0.10 15.0% 

Test 3 Air 0.08 14.2% 

water 0.11 15.1% 

Test 4 Air 0.08 15.0% 

water 0.09 15.6% 

Table 4.10: The SOR and STD% values for 18F in the air and water 
compartments.  

Radiotracer 

13N 

Compartment  SOR STD%SOR 

Test 1 Air 0.09 15.1% 

water 0.12 15.4% 

Test 2 Air 0.11 13.5% 

water 0.12 14.1% 

Test 3 Air 0.09 15.3% 

water 0.12 15.6% 

Test 4 Air 0.12 15.2% 

water 0.13 15.6% 

Table 4.11: The SOR and STD% values for 13N in the air and water 
compartments. 
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To the best of our knowledge, there is little published data on using 13N in the IQ phantom test 

particularly in a small animal PET/CT scanner, but this is no surprise as the NEMA NU 4 –2008 

standards provide guidelines on only using 18F for IQ evaluation.  

Although 18F and 13N have differences in half-life between, we were able to run a 20-minute imaging 

acquisition as in the standard NEMA image quality evaluation protocol. The consistency in acquisition 

time was essential to assess the variability of the scanner performance when using non 18F tracers, 

although there might be another option to be used which is using counts rather than time. However, 

this was not the case in a previous study by Tueho et al. (Disselhorst et al. 2010; Teuho et al. 2020) 

where they compared the image quality phantom results with different radiotracers but used a 

radionuclide specific acquisition. As previously mentioned, the image reconstruction was IR which 

was also the reconstruction method applied in all the scans of this research and recommended by 

NEMA standards. 

4.5.1 RC% analysis: 

The RC% is defined as the ability of the PET system to recover radioactivity concentration within 

the targets at different sizes, hence, it is partly a form of measure of the SR of the system (Srinivas et 

al. 2009; Disselhorst et al. 2010; Teuho et al. 2020). In fact, it has been reported that poor SR leads to 

more PVE and low RC values, hence, the assessment of the RCs of the system using a variable tracer 

reflects its SR (Srinivas et al. 2009; Disselhorst et al. 2010; Kim et al. 2021). In the IQ test, the ideal 

RC value is equal to 1 which indicates the capability of the system to resolve radioactivity at different 

sizes when compared to the uniform region of the IQ phantom.  

The small rods in the IQ phantom represent the capillary measurements. Our experiments show 

that the PR limits and degrades the SR for a small animal PET/CT scanner. In fact, these results are 

in line with other observations reported by different studies carried out by Liu et al. (Liu and Laforest 

2009), Disselhorst et al. (Disselhorst et al. 2010), and Teuho et al. (Teuho et al. 2020). These studies 

have performed the IQ phantom test in various types of small animal PET/CT scanners using 

different radiotracers (18F, 61Cu, 68Ga, 94mTc, and 86Y) which all have a different PR and half-life.  

In our experiments, the RC% values across all rods exhibit a similar trend among both tracers in 

which the minimum RC% was reported in the 1 mm rod, while the maximum values were seen in the       

5 mm rod. In the 18F phantom, the RC% values for the five rods were within the acceptable ranges 

established by the NEMA standards. The lowest RC% values were in the 1 mm rod, reflecting that it 

is dependent on the structure size as well as the PR of the used radiotracer and the SR of the PET 
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system. We also noticed the dependency of RC% on the acquisition time which has the same duration 

(20 minutes) for the two radionuclides despite the difference in the half-life. Consequently, the RC% 

values can be improved generally by increasing the initial activity or increasing the acquisition time 

especially for short-lived tracers like 13N.       

In the 13N phantom, all rods showed lower RC% values when compared to our measured ones 

with the 18F IQ phantom which was within the normal limit of the NEMA standard. This was expected 

to happen due to the longer PR and shorter half-life of 13N. Importantly, in literature there were no 

previous RC% values for 13N produced from a preclinical IQ phantom. Accordingly, the values were 

compared to the 18F values of the NEMA NU 4 –2008 standards. This resulted in statistical differences 

in RC values between the two radiotracers in the 1-, 2-, 3- and 4-mm rods as can be seen in graph 4.1 

and table 4.12 in which the p-values are less than 5%. On the other hand, there were no statistical 

differences in RC values among the two tracers in the 5 mm rod size in which the p-values were higher 

than 5%, as can be noted figure 4.13 and table 4.12. 

In the light of the above findings, the differences in RC% between the two radionuclides are 

explained by their specific physical characteristics, including PR and half-life. The shorter half-life of 

the 13N resulted in lower counts and more noise, which all contributed to the reduced RC% across 

various rods size when compared to 18F. This was resolved by increasing the acquisition time or the 

amount of injected activity with the 13N scans. Another related parameter that is important is the effect 

of the applied reconstruction method on the RC% measurements. The iterative reconstruction 

method (IR) was applied in all IQ tests as recommended by the NEMA standard. Several studies 

demonstrated that IR methods produce a better phantom image quality and improved RC% values in 

contrast with the filtered back-projection method (FBP) (Sato et al. 2016).  

For repeatability assessment, the IQ test was repeated using the same parameters and under the 

same experimental conditions for each radiotracer. Note that the IQ phantom tests were conducted 

four times only for each radiotracer because of the difficulty to produce 13N from the cyclotron.  

The SD% values across the repeated experiments within each tracer were evaluated considering 

that the repeatability of the values can be reflected by their standard deviation and the closeness of 

the results. Consequently, any variability in the generated results within each radiotracer test will lead 

to a lower repeatability level.  

The RC% values across the rods were stable for both tracers, as illustrated in figures 4.14 and 4.15. 

The low SD% values of the repeated tests reflected the high repeatability of the produced results. The 

highest variation was reported with the 4- and 5-mm rod sizes across both tracers.  
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In summary, 18F phantom tests produced results that are in line with the NEMA standard, while 

13N results were slightly lower, as expected because of its physical characteristics including PR and 

short half-life. This can be overcome by increasing the acquisition time or the radioactivity of the 13N. 

Importantly, both radiotracers showed high reproducibility. Consideration should be given to the 

physical factors of the radiotracers, such as PR and half-life, and the applied reconstruction method 

to ensure optimal image quality and RC% for all rod sizes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sidak’s multiple comparison test 

13N- 18F Mean 

diff. 

95.00% CI of diff. Below 

threshold? 

Summary Adjusted P 

Value 

1 mm -

0.05750 

-0.07200 to -0.04300 Yes *** 0.0009 

2 mm -0.1325 -0.2050 to -0.06002 Yes ** 0.0089 

3 mm -0.3450 -0.4140 to -0.2760 Yes *** 0.0005 

4 mm -0.3750 -0.4945 to -0.2555 Yes ** 0.0018 

5 mm -0.2925 -0.5951 to 0.01008 No ns 0.0549 

Table 4.12: The multiple comparison tests that were applied for 18F & 13N. The p-values 
showed that there were statistical differences in the 1-, 2-, 3-, and 4-mm rod sizes. However, 
in the 5-mm rod there were no statistical differences between the two radiotracers.  

 

Figure 4.13: The RC values for 18F and 13N. The data are presented as the mean  STD. 
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Figure 4.15: The four attempts of the IQ test using 13N. The data along each rod size were 
close reflecting high repeatability.  
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Figure 4.14: The four attempts of the IQ tests using 18F. The data along each rod size were close 
reflecting high repeatability.  
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4.5.2 Uniformity analysis:   

Uniformity is a measurement of the PET system response to a uniform region (Saha 2010). It is an 

important parameter in the IQ test as it indicates the quantification accuracy of the imaging system. It 

is expected that the imaging system produces a uniform response throughout the FOV. Importantly, 

the measurement of the STD% in the uniform region represents the uniformity of the PET system 

(Disselhorst et al. 2010; Teuho et al. 2020). Consequently, a higher STD% reflects a nonhomogeneous 

FOV that lead to an inaccurate quantification of the PET results (Saha 2010; Teuho et al. 2020).  

Overall, the uniformity results of the IQ phantom measurements match the NEMA standard which 

allows a variation or STD% to be less than 15%. Both radionuclides produced a STD% within the 

acceptable range with the 13N value being higher than the 18F as shown in tables 4.8 & 4.9 and figure 

4.16. This can be explained by the higher PR of 13N as well as its shorter half-life. Indeed, a shorter 

half-life has a significant impact on the counting statistics which will subsequently affect the counting 

response of the system. If the total radioactivity or the counting statistics are low, the STD% in the 

uniform region will increase, as demonstrated by Teuho et al. (Teuho et al. 2020).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: shows the STD% for the two radiotracers in the uniform region. Their results were 
within the acceptable limits of the NEMA standard which is to be less than 15%. 
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4.5.3 SOR analysis:  

Both radiotracers were in the normal range of SOR and STD%SOR as shown in tables 4.10 and 4.11. 

13N had larger SOR values than 18F in both the water and air regions (tables 4.10-4.11, figure 4.17). 

This finding is similar to the results of previous studies, where it was demonstrated that lower PR 

radiotracers have a lower spill-over ratio and vice versa (Disselhorst et al. 2010; Teuho et al. 2020). 

The larger PR of 13N (1.73 mm) when compared to 18F (0.66 mm) resulted in a larger SOR of 13N. 

Importantly, there is a need to emphasise that the positron range can result in mispositioned details 

in the image to a different degree depending on the scanned organ. It is not always the case that these 

mispositioned details are equal in value to the PR value of the used radiotracer (Carter et al. 2020). 

This study explained, through using results produced from Monte Carlo Simulations of Preclinical QC 

and Small Animal Jaszczak phantoms, that the PR in the case of 18F added 0.4 mm in the heart tissue 

of a mouse which is less than the 18F PR (Carter et al. 2020). Moreover, data from several sources have 

identified that the experimental PR for different radionuclides were lower than the theoretical PR 

(Champion and Le Loirec 2007; Carter et al. 2020). For example, 13N and 18F have theoretical PRs of 

1.73 mm and 0.66 respectively, which is similar to a previous study which identified PRs of 1.3 mm 

(13N) and 0.54 (18F) (Champion and Le Loirec 2007). 

The SOR values for both radiotracers in water were higher than those in air as identified in tables 

4.10 and 4.11. As the attenuation level in water is greater than the one in air, this causes positrons 

emitted from the surrounding hot region in the bodies of the phantom to be annihilated in the water-

filled compartment (Disselhorst et al. 2010). Subsequently, the water compartment would have a larger 

SOR in any radiotracer. Therefore, the air compartment might be a better indicator of the system data 

correction performance, as suggested by Disselhorst et al. (Disselhorst et al. 2010).  

Another assessed value in the SOR analysis is the STD%SOR  parameter which is a measure of the 

variability in the cold compartments with respect to the uniform compartment in the phantom 

(Gontijo et al. 2017). Generally, our STD%SOR measurements did not show any radiotracer specific 

pattern, but importantly, they were within the accepted limit (< 15%) as identified in tables 4.10 and 

4.11. Overall, it is recommended to have a low STD%SOR in the cold regions for an efficient derived 

data correction, especially with radionuclides that have a PR significantly larger than the one in 18F 

(Teuho et al. 2020). 
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4.6 Conclusion:  

The aim of this chapter was to characterize the performance of our Mediso Nano-Scan 122S small-

bore PET/CT imaging system with respect to the generated IQ using the NEMA NU 04 – 2008 

standards and the IQ phantom.  

The RCs of 18F were within the NEMA acceptable ranges, reflecting the capability of the scanner 

to produce images with good SR. However, the 13N RCs were lower than those of 18F, corresponding 

to our choice not to increase the acquisition time to compensate for the loss in counting statistics, 

despite the shorter half-life of 13N. For consistency, the acquisition time was kept at 20 minutes for 

both radiotracers, as recommended by NEMA standard for 18F. In future studies, we could mitigate 

this by increasing the acquisition time for 13N thus increasing the counting statistics and improve the 

SR.  

Importantly, our study has shown that the Mediso PET/CT scanner produced accurate and 

repeatable uniformity values for the used radiotracers. This study has also indicated that all SOR values 

were in the reasonable NEMA range. Additionally, the STD% values in the uniform region and in the 

cold compartments (STD%SOR) were aligned with NEMA standards in both tracers.  

In conclusion, the overall results indicate that the Mediso 122S small-bore PET/CT scanner is 

suitable for preclinical imaging-based research. Another important contribution of this chapter is that 

13N images produced lower RC values in regard to the NEMA standard, but this was expected with 

the combination of the increased positron range of 13N, the short-life and a short acquisition time. 

 

Figure 4.17: compares the results of the SOR values obtained from 13N and 18F in the air and 
water compartments regions. The water compartments have higher SOR values compared to 
the air compartment.   
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There is room for further improvement in the 13N RCs values and SR by increasing the starting activity 

or increasing the acquisition time which will lead to higher counting statistics and ultimately better SR.  

Finally, quantification accuracy using micro-PET/CT is based mainly on two concepts: standard 

performance measures and imaging protocols. The present chapter is the initial step in verifying the 

physical performance of the scanner to achieve a higher level of accuracy. The following chapter will 

develop, standardize, and validate the applied imaging protocols.  
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Chapter 5:  

Assessing the accuracy and repeatability in 

the PET/CT imaging protocol in healthy 

murine studies 

5.1 Introduction: 

The increased use of molecular biology techniques in the study of organ function has demanded a 

corresponding improvement in molecular imaging. Many imaging modalities have been adapted or 

redesigned for in vivo studies, including PET imaging. The main advantage of PET imaging is its 

ability to non-invasively quantify a biological process related to a specific cellular function or 

biomarker in a living organism (Cicone et al. 2017). In the field of cardiovascular imaging, PET has 

contributed to understanding the anatomy and the pathophysiology of the CVS within the last two 

decades. There is growing interest to use the small animal model in cardiac imaging either to simulate 

human diseases or to test new radiotracers.  

Murine models have been used widely in cardiac PET imaging to provide simulation of human 

CVS and CVDs (Cicone et al. 2017). Recent developments in micro-PET/CT imaging have resulted 

in improvements in spatial and temporal resolutions that could cope with the small size and rapid 

movement of the mouse heart.  

Generally, there are two main purposes for combining mouse models and PET/CT imaging which 

are either to develop novel or standard imaging protocols, or to test and characterize new therapies 

(such as gene or drug treatments). In this chapter, I will develop a standardised set of imaging 

protocols to establish baseline parameters in animal models. Therefore, I will first review cardiac 

PET/CT imaging protocols commonly applied in rodents to measure cardiac biomarkers, namely 

MGM and MBF, and evaluate their strengths and weaknesses. After that, this chapter will address the 

potential sources of variability and technical errors common in small animal radionuclide imaging, 

such as animal preparation, type of anaesthetic, duration of the scans, and the performance of the 

micro-PET system. Due to these sources of variability and errors, there are challenges and 

considerations in each step of murine PET imaging. They will be discussed to understand their effect 
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on the results and justify our choices for optimal imaging methods. Finally, the standardised imaging 

protocols will be applied to the healthy model to set out the baseline studies, assess their repeatability, 

and compare them to the other literature results. In later chapters I will use the updated protocols in 

the evaluation of a novel therapeutic intervention. 

Despite the promising results that have been reported with the micro-PET system, there is a 

relatively small body of literature that is concerned with the quantitative assessment of cardiac function 

and MBF in mice. A concise review of the most important findings regarding the use of micro-PET 

imaging in measuring cardiac function, MGM and MBF in rodents will be outlined. 

5.1.1 Previous studies to assess cardiac metabolism in mice: 

A healthy heart can adapt to changes in the physiological body environment by switching from one 

energy substrate to another, ensuring a continuous supply of energy required for contractile function 

(Taegtmeyer et al. 2004; Vasan 2006; Kolwicz and Tian 2011). However, this flexibility may be lost in 

response to a chronic condition or heart disease, causing maladaptation (Taegtmeyer et al. 2004; Shah 

and Brownlee 2016). Both cardiac adaptation and maladaptation are controlled by metabolic signals 

that regulate the transcription in essential cardiac regulatory genes (Taegtmeyer et al. 2004). Metabolic 

changes in adapted or maladapted hearts may ultimately lead to functional and structural remodelling 

in the myocardium (Taegtmeyer et al. 2004; Shah and Brownlee 2016). Some of the cardiac functional 

and structural remodelling are accompanied by changes in energy substrate metabolism (Keating and 

Sanguinetti 1996; Schulze et al. 2016). The study of cardiac metabolism can allow us to predict or 

interpret changes in cardiac function (Vasan 2006; Schwarzer and Doenst 2016).  

Numerous studies have attempted to carry out in vivo study of the heart through exploring 

metabolic pathways that are associated with its function or response to a stimuli or disease (Keating 

and Sanguinetti 1996; Yamamoto et al. 1996; Zhong et al. 2013a; Hue et al. 2016; Vasudevan et al. 

2020). Understanding these metabolic pathways may allow us to develop pharmacological or gene 

interventions that might restore cardiac function. For this purpose, the mouse model has been widely 

utilized to evaluate the metabolism and function of the heart using molecular imaging (Zhong et al. 

2013a; Phoon and Turnbull 2016).  

PET/CT imaging has emerged as a quantitative tool for cardiac function and MBF assessment. 

The first molecular imaging studies to assess cardiac function in mice were performed using a 

SPECT/CT scanner and pinhole collimator that offered SR in the range of millimetres (Meikle et al. 

2005; Beekman and van der Have 2007; Rowland and Cherry 2008). The SPECT system has generally 

low sensitivity and SR, requiring a high injected dose and long acquisition time in the clinical setting 



 

 

115 

(Yap et al. 2004). However, in a preclinical setting, the SPECT system has a better resolution and 

sensitivity compared to the PET system.  

Preclinical PET/CT systems have much higher sensitivity and SR, allowing a deeper understanding 

of myocardial physiology on a molecular level (Stegger et al. 2006; Higuchi et al. 2007; Gargiulo et al. 

2012). Therefore, it has been increasingly utilized for the non-invasive assessment of cardiac function 

and pathophysiology in mice.  

18F-FDG is the most common PET radiotracer, and it has been used extensively in animal studies 

to quantify glucose metabolism in two major organs, namely the heart and brain (Toyama et al. 2004; 

Gargiulo et al. 2012). Since mice have low glycogen reserve and rapid metabolism, their FDG uptake 

can vary when applying different experimental paradigms (Toyama et al. 2004; Zhong et al. 2013a). 

Toyama and colleagues found that the uptake of FDG uptake in mouse brain and heart was influence 

by the type and route of anaesthetic used (Toyama et al. 2004). Consideration must be given to all 

aspects of the experimental design in mice in order to reduce variability (Toyama et al. 2004).  

Although PET is routinely used to measure metabolism and perfusion, it might also be used to 

assess the contractile function in mice. An interesting study carried out by Yang et al. (Yang et al. 

2005) demonstrated the ability to study heart contraction (including assessment of  systolic and 

diastolic function and the LV volume). These studies used cardiac-gated micro-PET 18F-FDG imaging 

in normal mice and rats, and in rats that had undergone MI surgery, with good correlation between 

PET and ultrasound measurements in the rats. In addition, using gated acquisition and the 18F-FDG 

as a radiotracer, the EF can be ultimately calculated (Croteau et al. 2004; Yang et al. 2005). Similarly, 

Croteau and his colleagues (Croteau et al. 2004) reported the reliability of accurate systolic function 

assessment in normal and infarcted rats scanned with micro-PET system and 18F-FDG (Croteau et al. 

2004).  

PET and MRI have been used to quantify cardiac ischemia and infarction size in the rat. The 

researchers obtained good correlation between functional parameters and histological assessment of 

cardiac necrosis (Higuchi et al. 2007). Wu and his co-workers were able to quantitively assess glucose 

metabolism in mice hearts by calculating the IF using a developed blood-sampling device and small 

PET scanner. They successfully measured glucose metabolism by applying three compartment model. 

In this study, the rate constant K4, representing glucose metabolism, ranged between 0.024 -0.149 

mL/min/g (Wu et al. 2007). Other groups have also measured glucose metabolism in different regions 

of infarcted heart in mice using PET/MRI or PET/CT scanners (Büscher et al. 2010; Greco et al. 

2012; Buonincontri et al. 2013).   
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However, the use of 13N-NH3 in cardiac performance is not as straightforward. A comparison of 

18F-FDG and 13N-NH3 in healthy and infarcted male rats showed a constant overestimation of LV 

volume with 13N-NH3, which resulted in underestimation of the ejection fraction (EF) in infarcted 

animals. (Szymanski et al. 2012).  

5.1.2 Previous PET studies on MBF quantification: 

MBF quantification using PET perfusion imaging has been validated by previous studies as an 

useful cardiovascular biomarker of disease (Vasan 2006; Lin et al. 2014; Anjan et al. 2015; Shrestha 

and Seo 2015), with reduced global MBF and MBFR associated with poorer cardiovascular outcome 

(Yamamoto et al. 1996; Anjan et al. 2015; Guerraty et al. 2020).  

There are a number of mouse models that allow the use of MBF to study CVDs (Jogiya et al. 

2013a), including transgenic, ageing, diabetic, MI, and HLI models. In addition, evaluating MBF is 

more powerful when combined with cardiac metabolism assessment, different imaging modalities or 

longitudinal studies. For example, PET/CT or PET/MRI scanners can offer both structural and 

function molecular imaging and combining their results with histological analysis will validate the 

obtained data (Jogiya et al. 2013a).  

The feasibility of assessing essential parameters in cardiovascular function in mice was performed 

using a small animal PET system with 18F-FDG (Kreissl et al. 2006). Parameters analysed included 

cardiac output (CO), cardiac index and stroke volume (SV). They were derived from drawing VOIs 

around the LV, generating TAC and applying all the required corrections such as decay and PVE 

corrections (Kreissl et al. 2006). In this study, the cardiac output was measured through the Stewart-

Hamilton method, in which blood flow in vessels (CO) was calculated by dividing the total injected 

radioactivity, derived from the TAC of the input function (IF), by the total radioactivity in the LV 

VOI, which was calculated from its TAC (Kreissl et al. 2006). The cardiac index was calculated by 

dividing the CO by the weight of the mouse (Kreissl et al. 2006). SV was also calculated by dividing 

CO by the mouse heart rate (HR) (Kreissl et al. 2006). The obtained CO was 20.4 ±3.4 mL/min with 

STD% of 10% ± 6% per mouse (Kreissl et al. 2006). Another study quantified CO from MRI and 

thermodilution procedures in murine model, with 9.3-19.2 mL/min calculated when using 

thermodilution, and 10.8-17.5 mL/min when calculated from MRI images (Kober et al. 2005; 

Nahrendorf et al. 2006; Makowski et al. 2010).  

MBF values from PET flow measurements in non-ischemic rats (Kudo et al. 2002; Herrero et al. 

2006; Lamoureux et al. 2012) have been found to be age-related and (as in mice) highly dependent on 

the anaesthetic type and its concentration (Cicone et al. 2017). Kudo and his colleagues reported a 
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50% reduction of 13N-NH3 uptake in the infarcted regions of the rat’s myocardium (Kudo et al. 2002). 

Additionally, a study by Inubushi and his co-workers demonstrated a reduction in the 13N-NH3 uptake 

in C57BL/6 mice following the administration of the α-2 agonist clonidine, which has negative 

chronotropic effect of causing a reduction in MBF and heart rate (Inubushi et al. 2004). The same 

group also indirectly estimated that a 14% decrease in 13N-NH3 uptake would correspond to a 50% 

reduction of MBF (Inubushi et al. 2004).  

There are various fluorinated PET flow tracers, such as 18F-flurpiridaz, tested in rodents and are 

still under investigation in clinical trials (Rischpler et al. 2012; Cicone et al. 2017). In addition, for the 

first time, the reliability of using Rubidium-82 (82Rb) was demonstrated in detecting infarction size in 

rat’s myocardium, and despite the long PR of 82Rb, its image quality was acceptable (Clemmensen et 

al. 2017).  

To date, only a few studies were performed to quantify MBF in mice using 13N-NH3. They all 

focused on calculating 13N-NH3 accumulation in myocardium regions through simple SUV 

quantification with no compartmental modelling application (Inubushi et al. 2004; Nkepang et al. 

2019).  

Repeated, reproducible in-vivo evaluation of MGM and MBF in mice through compartmental 

modelling remains a challenge. It requires an imaging protocol that is applicable and accurate enough 

to identify slight changes while considering most technical aspects such as animal handling, acquisition 

type and duration, and data analysis. The following sections will address most of the technical 

challenges and errors faced in the PET imaging of mice. 

5.2 Technical Challenges in mice imaging: 

Several studies indicated that the metabolic flexibility of the heart of using different energy 

substrates is usually dominated by its physiological conditions (Cicone et al. 2017). Under normal 

conditions, the heart produces 70 - 90% of its energy from fatty acid (FA) metabolism, with glycolysis 

acting as a secondary source (10% - 30%) (Cicone et al. 2017). Cardiac metabolic pathways are 

complicated, and many physiological, environmental, and genetic factors involved, either directly or 

indirectly (Gargiulo et al. 2012; Cicone et al. 2017).  

Many PET radiotracers have been developed to track different metabolic pathways representing 

cardiac function (Cicone et al. 2017). There is less known about FA analogue radiotracers in cardiac 

PET imaging for clinical or preclinical applications, mostly likely due to the complexity of their 

metabolic pathways in pathological conditions (Cicone et al. 2017).  
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The glucose-analogue radiolabelled tracer 18F-FDG has been used widely in cardiac PET imaging 

for MGM quantification in clinical and animal research, due to its long half-life, small PR, broad 

availability, and prominent cardiac uptake (Cicone et al. 2017). 18F-FDG is used as a reference standard 

when assessing other imaging agents or performance characteristics of the imaging system, which we 

did in the previous chapter.  

As mentioned earlier, it is essential to standardize many experimental variables when planning 

longitudinal studies in mice because they interfere with the accuracy of the results. Indeed, many 

studies reported that several factors could significantly impact the kinetic and biological distribution 

of 18F-FDG in the murine model. These experimental factors create challenges, especially with PET 

quantitative imaging in mice. These challenges might include animal handling and preparation, type, 

route and amount of anaesthesia, input function derivation, and compartmental modelling variables. 

Most of the critical challenges will be outlined in the next sections to justify the applied imaging 

methodology in this and the following chapters.  

5.2.1 Animal handling: 

Gentle manipulation when handling mice is an essential aspect since physical stress during restraint 

will corticosteroid and epinephrine release and cause stimulation of the cardiovascular and respiratory 

systems (Gargiulo et al. 2012). This stimulation will also increase glucose intake, response to 

anaesthesia, and changes in body temperature (Hildebrandt et al. 2008; Gargiulo et al. 2012), and 

further several pieces of evidence suggests that an increase of the radiotracer uptake in inter-scapular 

brown fat and paraspinal muscles due to injection distress may influence myocardium visualization 

(Fueger et al. 2006; Hildebrandt et al. 2008). Therefore, in our imaging protocols, mice were allowed 

to rest for one week following delivery to avoid any distress caused by physical movement and changes 

in the environment.  

Another essential aspect that needs attention in mice handling is the impact of dietary state and 

ambient temperature which are also known to influence cardiac uptake (Kober et al. 2005). It has been 

reported that these two factors interfere severely with the radiotracer biodistribution, particularly when 

using 18F-FDG (Kober et al. 2005). This effect is not seen in humans, but might be due to mice having 

about 7-fold higher metabolic rates per body weight than humans (Fueger et al. 2006). Moreover, 

several investigations have been carried out to assess the influences of fasting, warming and type of 

anaesthesia on rodent PET studies when using 18F-FDG. They indicated that Fasting and warming 

the mice could all improve the FDG uptake in tumours, possibly by reducing inter-scapular brown fat 

uptake imaging (Fueger et al. 2006). Fueger and his co-worker had demonstrated that FDG uptake in 
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tumour imaging was greatly enhanced when mice were fasted and warmed before imaging (Fueger et 

al. 2006). They also recommended using isoflurane for anaesthesia, because using ketamine/xylazine 

might induces marked hyperglycaemia (Fueger et al. 2006). In addition, they highly recommended 

warming up the mice before FDG scan; indeed, keeping patients warm is a standard protocol applied 

in clinical practice (Fueger et al. 2006).  

However, as previously outlined under resting conditions, the primary source of energy in the heart 

relies on FA metabolism. Still, it switches to glucose metabolism as a primary fuel source in response 

to ischemia, catecholamine, or insulin intake. Consequently, it has been reported that mouse hearts 

should utilize FA as the main energy source, which will result in decreased glucose or FDG uptake 

(Higuchi et al. 2007; Kreissl et al. 2011). In human studies, glucose administration is frequently used 

to enhance image quality. One attempt to standardize 18F-FDG PET imaging protocols was conducted 

in mice in which glucose loading was carried out, leading to a 50 fold increase in the myocardium 

FDG uptake (Simões et al. 2004). Another study by Lee et al. ((Lee et al. 2005) has compared the 

impacts of ketamine-xylazine (Xy/Ke) and pentobarbital anaesthesia on FDG uptake in fasted mice. 

In this study, they demonstrated that long-term fasting (20 hours) in mice reduced the metabolic effect 

of both anaesthetic agents and improved the 18F-FDG heart uptake. In contrast, they also indicated 

that short-term fasting in mice (4 hours) when using both Xy/Ke anesthesia and pentobarbital 

anaesthesia led to a significant rise of blood 18F-FDG activity and less myocardium uptake. Therefore, 

they indicated that the choice of anesthetic agent and the fasting duration are vital factors that 

significantly interfere with the biodistribution of the 18F-FDG (Lee et al. 2005).  

Interestingly, a study conducted by Kober et al. (Kober et al. 2005) compared the MBF in mice 

using MRI imaging and under two different anaesthetic regimens, namely Xy/Ke and isoflurane. They 

indicated that under ketamine 100 mg/kg and xylazine 5mg/kg or isoflurane 1.25%, the average MBF 

in the LV were in similar ranges (Kober et al. 2005). The reported MBF in mice was 6.0 – 1.9 ml/min/g 

under Xy/Ke and 6.9 -1.7 ml/min/g under 1.25% isoflurane (Kober et al. 2005). However, when 

increasing the isoflurane concentration to 2% or more, both MBF and FDG uptake raised significantly 

to 16.9 – 1.8 ml/min/g with no remarkable change in the heart rate (Kober et al. 2005).  It has been 

shown that isoflurane affects the blood flow and vascular resistance in various tissues, including the 

myocardium. Moreover, its vasodilatory effect on coronary micro-vessels is dose dependent. Its 

mechanism has been assessed in multiple animal models and was found to be based on opening 

mitochondrial adenosine triphosphate regulated potassium (mitoKATP) channels (Toyama et al. 2004; 

Kober et al. 2005).    
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Another critical problem in mice is the volume of the radiotracer bolus which should not exceed 

1% of the body weight (a mouse with 20 g can be given 0.2 ml) for the risk of iatrogenic hypervolemia 

in the heart or lung tissues (Gehling et al. 2018). The radioactivity of short, lived radiotracers will 

decrease rapidly, resulting in the need to inject another or a larger dose. This is of particular importance 

in mice imaging, and mice are usually injected with a radiotracer dose higher than humans with respect 

to their body weight (Miyashita et al. 2007; Gargiulo et al. 2012). the dose of FDG that is usually given 

to mice is ~ 7.5 MBq, which is 50 times greater than the amount given to humans (370 MBq) (as a 

ratio to body weight) (Gargiulo et al. 2012). Increasing the injected dose is a crucial factor to improve 

the image quality but will also lead to a more significant radiation dose (Gargiulo et al. 2012). Another 

related factor to injected volume is its administration route which can interfere with the kinetic and 

biological distribution of the radiotracer (Gargiulo et al. 2012). The two common routes for 

administration in mice are intravenous (IV) and intraperitoneal (IP) injection (Gargiulo et al. 2012). 

Most radiotracers in preclinical imaging are injected IV (Miyashita et al. 2007; Gargiulo et al. 2012), 

and this is the preferred route of administration in mice due to its faster circulation rate, a tracer kinetic 

closer to that found clinically and it’s minimal residuum in the peritoneum (Gargiulo et al. 2012). 

In contrast, the IP route can introduce some variability, especially if the organ of interest is in the 

abdominal region. Still, the IP route generally allows a larger volume to be injected into mice (up to 1 

mL) (Gargiulo et al. 2012). Importantly, Fueger and his colleagues demonstrated that after 1 hour of 

injecting 18F-FDG, its biodistribution following IV or IP injections is comparable but this is only 

applicable with a long live radiotracer like 18F  (Fueger et al. 2006). They also demonstrated that FDG 

reaches the equilibrium state in the myocardial tissue within 40-60 minutes following the 

administration suggesting that the optimum duration of 18F-FDG scan is 40-60 minutes (Fueger et al. 

2006).  

In light of the above evidence, in our imaging protocols, all radiotracers were administered as 

intravenous injection via infusion pump at a fixed rate to minimize the percentage error, interference 

of the tracer kinetics within mouse body, and variation of the tracer kinetics between mice. If used, 

pharmacological stress agents were injected intraperitoneally (thus minimizing the volume injected 

i.v.).  

5.2.2 Compartmental modelling: 

The combination of tracer kinetic modelling (compartmental modelling) and PET imaging is an 

outstanding and comprehensive tool for quantifying physiological cardiac biomarkers and detecting 

their changes in response to disease (Laforest et al. 2005). Compartmental modelling has been used 
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for many years in neurological and oncological PET imaging through calculating glucose metabolic 

rate using 18F-FDG as can be seen in figure 2.23 (Choi et al. 1999; Laforest et al. 2005; Zhong and 

Kundu 2013). In cardiology, the quantitative radiotracer distribution and kinetics represent the recent 

and major improvement in clinical and preclinical studies. Therefore, obtaining reliable and 

reproducible quantitative data from PET is a great goal, especially when assessing a new radiotracer, 

drug, or treatment intervention. Different cardiac radiotracers are used in compartmental modelling, 

including 18F-FDG 13N-NH3, to measure myocardial function and perfusion in patients with CVDs 

over the last decade. However, there is a lack of literature investigating this aspect of cardiac PET 

imaging in mice.  

In simple terms, compartmental modelling uses deferential mathematical equations that describe 

changes of the radiotracer concentration over time, as in figure 2.23 (Turkheimer et al. 2014). There 

are complex multi-compartment modelling options that can quantify cardiac viability, MGM, MBF, 

FAs metabolism in both normal and abnormal conditions of the myocardium (Laforest et al. 2005; 

Turkheimer et al. 2014). The choice of the model relies on the general understanding of the examined 

physiological process, and the amount of data available that will be explained in the relevant section 

of this chapter. As a rule of thumb, to apply any compartmental model, this requires two key 

parameters of radioactivity over time, which include the tracer activity in the arterial blood 

compartment (or also called input function IF), and the radioactivity in the organ of interest as shown 

in figure 2.23 (Laforest et al. 2005). The change in time required for the radiotracer to travel from 

blood to the organ will dramatically affect the tracer kinetics (Laforest et al. 2005; Zhong and Kundu 

2013; Massey et al. 2021). Therefore, compartmental modelling in small animals micro-PET requires 

accurate measurement of the IF.  

Measuring the radioactivity in the blood over time (the IF) is the fundamental element towards 

successfully applying the compartmental model to measure biomarkers such as MGM and MBF 

(Laforest et al. 2005; He et al. 2019; Massey et al. 2021). The IF describes the influx of radiotracer 

from the blood into a single or multi-compartment within an organ of interest (Laforest et al. 2005; 

Massey et al. 2021). Several methods have been proposed to measure the IF in humans and small 

animals, which are either based on blood sampling or image-derived input function (IDIF) (Wu et al. 

1996; Laforest et al. 2005). Several methods have been established to measure the blood activity 

concentration in clinical studies; however, applying these methods in rodents needs more 

consideration due to the difficulty of vascular access, smaller blood volume and the higher heart rate 

compared to larger animals or humans (Laforest et al. 2005).  
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5.2.2.1 Arterial blood sampling: 

Blood sampling is considered the reference method for measuring the actual radioactivity in the 

blood. This method involves withdrawing blood samples rapidly and with small amounts at timed 

intervals from the main vessels (Laforest et al. 2005; Sharp et al. 2005). The radiotracer injection is 

done via a catheter inserted in the femoral or jugular vein (Laforest et al. 2005). In addition, another 

catheter is placed in the carotid artery for collecting the blood samples (Laforest et al. 2005). The 

withdrawn blood volume is about 5 µL using micropipette disposable tubes (Laforest et al. 2005; 

Sharp et al. 2005). After that, the micropipette is weighted before and after blood collection and the 

radioactivity is measured using a gamma counter (Laforest et al. 2005). Importantly, this method allows 

blood flow measurements and metabolite analysis (Laforest et al. 2005). Radio metabolite measures 

vary when using different radiotracers, but they are used to correct the total blood activity for accurate 

compartmental modelling (Laforest et al. 2005).  

However, it is not possible to collect successive blood samples from small animals like mice over 

a limited period of time due to the small total blood volume (approximately 1.5 – 2.5 ml or 6-8% of 

body weight). Importantly, automatic blood sampling has been applied successfully in mice. An 

alternative method to measure the IF is via IDIF method which has been proposed and validated in 

several studies (Fang and Muzic 2008; Thorn et al. 2013). 

5.2.2.2 Image derived input function (IDIF): 

Deriving the IF from the dynamic PET images is a simple and non-invasive method that can be 

performed directly by drawing VOI over vascular structures or ventricular cavities (Laforest et al. 

2005; Sharp et al. 2005). On the other hand, IDIF is significantly affected by the system SR due to the 

smaller size of mice’s hearts and arteries compared to the system SR. This might result in smaller 

regions having lower readings than the actual activity because of PVE, while regions close to the hot 

area (high radioactivity) might appear more intense due to spill over (Laforest et al. 2005; Sharp et al. 

2005). In addition, the blood pool radioactivity is blurred into the surrounding tissue and vice versa 

(Laforest et al. 2005). 

For better estimate IDIF, it is recommended to apply PVE and spill over corrections, which cause 

a degradation in the SR, in the defined VOIs (Laforest et al. 2005; Sharp et al. 2005). The application 

of PVE correction is necessary for accurate quantitative PET imaging (Erlandsson et al. 2016). A 

previous study reported that addition of anatomical information, such as MRI images, could allow 

accurate PVE correction (Erlandsson et al. 2016). Moreover, temporal resolution of the PET system 
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affects its ability to generate short frames during dynamic acquisition, which subsequently will reduce 

the counts per frame leading to the higher statistical uncertainty of the data (Laforest et al. 2005). A 

PET scanner with higher SR and sensitivity can detect more counts per frame and permit a more 

accurate estimation of the IDIF and TACs for all regions (Laforest et al. 2005). Huang et al. (Huang 

et al. 2019) reported that IDIF generated from a VOI over the inferior vena cava (IVC) and PVE 

correction compared well with the one obtained from VOI over left ventricular blood pool (LVBP) 

and PVE and spillover corrections. Massey et al. (Massey et al. 2021) demonstrated that IDIF derived 

from drawing region around LV compared well with arterial blood samples in rats. Therefore, in our 

imaging protocol, the IDIF were derived from the LVBP VOI by applying PVE and spillover 

corrections. 

5.2.3 Available software for Compartmental modelling: 

There are several software’s available for quantifying MGM and MBF through applying the concept 

of kinetic modelling using PET images (Slomka et al. 2014). The level of agreement between them is 

excellent (Slomka et al. 2014; Dunet et al. 2016). Computerized quantitative measurement of MBF 

under rest and stress conditions is a more accurate method than non-quantitative visual interpretation 

subject to assessor variability (Slomka et al. 2014; Dunet et al. 2016). In the information presented in 

this chapter and the following PET-based chapters, all data were analysed using the commercial 

PMOD version 3.91 (PMOD Technologies Ltd. Zurich, Switzerland). The software’s cardiac 

quantification element relies on deriving the IF and defining the LV region before applying 

segmentation (if possible). This will be explained further in the methodology section of this chapter.   

5.3 Pharmacological stress agent, dobutamine versus adenosine: 

ß1-adrenergic receptor stimulation primarily works on the activation of cAMP-dependent protein 

kinases, which are a family of enzymes with activity dependent on cyclic AMP (cAMP). They also 

contribute to regulating FA and glucose metabolism (Puhl et al. 2016). The sympathetic nervous 

system regulates cardiac function via cardiac ß1-adrenergic receptors stimulation; however, intense 

stimulation might induce fast and substantial chronotropic (increase HR), inotropic (increase 

contractility) and lusitropic (increase relaxation phase during diastole) effects on the myocardium (Puhl 

et al. 2016). Unfortunately, continual ß1-adrenergic receptor activation may lead to hypertrophy and 

cardiac remodelling (Johnson and Peters 2010; Tyrankiewicz et al. 2013; Puhl et al. 2016).  
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Importantly, the use of ß1-adrenergic drugs plays a key role in understanding the myocardium in 

normal or pathological conditions, assessing how genetic alteration or pharmacological intervention 

might interfere with the signalling pathways (Puhl et al. 2016).    

Many imaging modalities and protocols use the aspect of the cardiac stress process to better detect 

the severity of CVDs, especially CADs (Puhl et al. 2016). Many cardiac stress tests, whether clinical or 

preclinical studies, involve the use pharmacologic stress agents that are administered to induce cardiac 

hyperaemia (increase in blood flow rate) (Johnson and Peters 2010). The pharmacological stress agent 

(often a vasodilator) is administrated if the subject is unable to increase cardiac stress via exercise, 

whether due to pathological conditions or if the imaging protocol does not allow movement or a 

change of position (Johnson and Peters 2010; Tyrankiewicz et al. 2013; Puhl et al. 2016).  

The most extensively used vasodilators are adenosine, dipyridamole, and dobutamine but they 

differ in sensitivity and specificity for detecting ischemia of protocols (McGuinness and Talbert 1994; 

Croteau et al. 2004; Johnson and Peters 2010). An ideal stress agent must be effective, safe and have 

a simple administration protocol (Puhl et al. 2016). The choice of the agents should be made according 

to the design of the experiment, ensuring optimum results (Puhl et al. 2016). In addition, Puhl and his 

co-worker have tested different dobutamine protocols in C57/Bl6J mice, and they reported 

comparable stressing effects on the heart when dobutamine was administrated via IV (infusion) and 

IP (with bolus injection) (Puhl et al. 2016).  

In our designed imaging protocols, we performed two sets of experiments using adenosine injected 

IV and dobutamine injected IP.   

5.4 Objectives:  

In this chapter, I will develop and standardize cardiac PET imaging protocols in healthy mice and 

use 18F-FDG and 13N-NH3 to assess MGM and MBF, respectively. Following standardization, the 

results of both MGM and MBF will be used as a baseline to test their repeatability. In addition, our 

results will be compared to studies where other imaging modalities have been used. 

The layout of the chapter will be in the following order: 

1. Develop and standardize imaging protocols and test the ability of pharmacological stress 

agents, namely adenosine and dobutamine, to induce a physical stress effect that our Mediso 

micro-PET/CT scanner can detect. 

2. Quantifying MBF using 13N-NH3 in healthy mice to generate baseline datasets and assess their 

accuracy and repeatability. 
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3. Quantifying MGM using 18F-FDG in healthy mice to generate baseline datasets and assess 

their accuracy and repeatability. 

4. Evaluate the correlation between the 18F-FDG uptake (MGM) and the metabolic trapping of 

13N-NH3 in rest conditions and the possibility to use the later one as a predictive biomarker in 

CVDs.  

5. Assess the correlation between 18F-FDG and 13N-NH3 (in rest scan) SUV results and whether 

it can provide additional insight to the kinetic modelling results. 

5.5 Material and methods: 

5.5.1 Animal and the sample size: 

All animal experiments performed in this chapter were carried out according to the guidance and 

approval of the British Home Office and Bristol University (under PPL 30/3373) using the Care and 

Use of Laboratory Animals Guide (The Institute of Laboratory Animal Resources, 1996). Two sets of 

healthy female C57BI/6J mice aged about eight weeks (bodyweight 25–30 g) were obtained from 

Charles River, one of the main Cardiff university suppliers. The first set (n= 6) was used to assess the 

ability of adenosine to induce stress effect in mice when injected via IV route of administration. The 

other set of mice (n= 12) tested the ability of dobutamine to induce physical stress via bolus IP 

injection that our Mediso micro-PET/CT scanner can detect. The mice were housed in standard cages 

with an environment of a 12-hours light-dark cycle during which both temperature and humidity were 

monitored daily. Mice had free access to water and food. In order to calculate the number of animals 

needed in our experiments, we used power calculations. 

5.5.2 The micro-PET/CT Scanner: 

The Mediso Nano-Scan 122S small-bore PET/CT imaging system manufactured by the Mediso 

medical imaging system, Budapest, Hungary. All the scanner specifications have been previously 

mentioned in the methodology chapter.  

5.5.3 Radiotracers: 

18F-FDG and 13N-NH3 were used to quantify MGM and MBF, respectively.  

5.5.4 Type of pharmacological stress agent: 

Our imaging protocol involves injecting 13N-NH3 under two physical conditions rest and stress. To 

induce stress effect, two drugs were used and compared, adenosine and dobutamine. The applied 

imaging protocols for the two pharmacological stress agents are illustrated in figures 5.2 and 5.3.  
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5.5.4.1 Adenosine: 

It is a drug that induces hyperemic coronary flow to the myocardium by stimulating the A2A 

adenosine receptors that are found on the smooth muscle of the coronary vessels (Layland et al. 2014). 

This stimulation causes a vasodilation response in the coronary vessels (Layland et al. 2014). Previous 

clinical studies suggested that intravenous administration of adenosine decreases HR variability and 

increases the HR by reducing parasympathetic and raising the cardiac sympathetic tone (Rongen et al. 

1999). These effects of the adenosine made it relevant to be used in stress scan to diagnose ischemia, 

or in heart failure (Rongen et al. 1999; Guieu et al. 2020). Importantly, adenosine is known of its 

effects in vasodilation, and reducing both the heart rhythm and blood pressure (Guieu et al. 2020). 

Adenosine has a fast onset of action, which occur in less than 10 seconds following administration, 

and a short half-life of 20 seconds (Layland et al. 2014). In our protocol, adenosine was injected via 

i.v. cannula with a dose of 2.5 μg/kg in 50 µL to promote the vasodilation and increase the blood flow 

(Layland et al. 2014). 

5.5.4.2 Dobutamine: 

Dobutamine is a ß1-adrenergic receptor agonist, which binds specifically to this receptor type 

generating a hyperaemic response through increasing cardiac output and HR (Vallet et al. 1991; Puhl 

et al. 2016). Its action is rapid (onset of action within 2 minutes) with a short half-life requiring repeated 

injections for prolonged effects, which won’t be a problem in mice if injected via IP route (Puhl et al. 

2016). In our imaging protocols, the dobutamine was administered via a single bolus IP injection with 

a dose of 0.75 μg/g as previously tested and justified by Puhl et al. (Puhl et al. 2016). This protocol 

proved its reliability and accuracy and was applied mainly to avoid breaking the IV cannula, especially 

with multiple i.v. injections and the limited volume allowed to be injected intravenously in mice. 

5.5.5 Study design: 

5.5.5.1 Animal Preparation: 

On the day of the scanning, mice were kept fasting for one hour and warmed up at 37oC for about 

5 minutes for better vein visualization. It is important to emphasize that the blood glucose was not 

measured following fasting. Next, each mouse was anaesthetized in a closed induction box with 3% 

of isoflurane in oxygen for 2-5 minutes until immobile. Following induction of anaesthesia, the mouse 

was weighed and placed in the prone position in a pre-warmed scanner bed, which was supplied with 

a small tooth bar (attached to a nose cone to maintain anaesthesia), a breathing pad and ECG pads 

measure breathing and heart rate, respectively. A hand-made 27G cannula (polyethylene tube with I.D 
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0.28 mm and O.D 0.61 mm) with an approximate length of 2 cm was made one hour before the 

scanning time. The cannula was flushed with heparin to prevent blood clotting due to the prolonged 

imaging time and to limit the dead volume of the various radiotracers and drugs. the tail vein was 

canulated gently and carefully, with several layers of tape applied on the top of the cannula and tail to 

limit motion. If dobutamine was to be used, an IP cannula was inserted and fixed after positioning on 

the scanner bed, prior to the IV cannulation.  

Since all mice should undergo only non-recovery procedures as stated in the project license (Bristol 

University Project License PPL 3003373), all required imaging scans were performed sequentially for 

each mouse which was then terminated following the completion of the scans. Imaging protocols 

were acquired for each mouse with the following order: CT Scout view, 13N-NH3 rest scan, 13N-NH3 

stress scan,18F-FDG scan, and CT scan, using two different pharmacological agents as illustrated in 

figures 5.1. and 5.2. 

5.5.5.2 13N-NH3 rest scan: 

13N-ammonia (30±2 MBq) was injected in each mouse acquisition through the tail vein cannula. 

Following administration, a 10 min dynamic PET scan was performed. The actual acquisition started 

a few seconds before administering 13N-ammonia to catch all the myocardial flow processes.   

5.5.5.3 13N-NH3 Stress scan:  

Ten minutes later the stress scan was initiated without moving the animal by injecting 

pharmacologic stress stimuli using adenosine or dobutamine. In the case of the adenosine group, the 

adenosine was infused using the i.v. cannula over 2 minutes at 2.5 μg/kg in 50 ul (0.0625 μg per 25g 

mouse, n=6), as outlined in the figure 5.1. In the dobutamine group, the dobutamine was injected 10 

minutes after completing the rest scan as a single IP injection (0.75 μg/g, n = 12) as in figure 5.2. 

In both groups, when the heart rate increased to about 600 bpm (measured by ECG pads placed 

on paws), the second dose of 13N-NH3 (30±2 MBq) was injected. Image acquisition was initiated a 

few seconds before the radiotracer injection by applying the same image acquisition as in the rest scan.  

5.5.5.4 18F-FDG scan:  

Following the ammonia scans, an injection of ~20 MBq of 18F-FDG  20 ul was administrated via 

the same iv cannula line, and a 40-minute whole-body dynamic PET scan acquired immediately.   

5.5.5.5 CT scan: 

Following FDG scans, a 2.5-minute whole-body CT scan was performed with acquisition 

parameters that include: 480 projections in a semi-circular method, one rotation, 50 kVp, 300 ms 
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exposure time, 1-4 binning and a maximum FOV was used. The CT scan was used to calculate 

attenuation corrections as well as allow co-registration of images which in turn give a better 

visualization of structural and functional information from the CT and PET respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: The imaging protocols that were developed to assess MGM and MBF in healthy mice, 
in which the adenosine was used as stress pharmacological agent. 

 

Figure 5.2: The imaging protocols that were developed to assess MGM and MBF in healthy mice, 
in which the dobutamine was used as stress pharmacological agent. 
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5.5.6 Reconstruction of PET images: 

All PET scans were acquired in list mode acquisition, and images were reconstructed using iterative 

reconstruction with a voxel size of 400 µm using interview fusion software. The framesets of both 

ammonia rest and dynamic stress scans were 35 frames (1x60 secs; 24x5secs;4x30sec; 6x150sec, with 

a whole duration of 20 minutes).  

In contrast, the FDG scans were reconstructed with a total of 47 frames with framesets of 36x5secs; 

6x30secs;4x60secs;1x1800secs and a whole duration of 40 minutes. Additionally, CT scans were 

reconstructed with a 250 µm voxel size and Sinograms were produced using the 2-dimensional filtered 

back-projection method. Attenuation (CT based) and scatter corrections, as well as normalization, 

were applied to the reconstructed images. Following the reconstruction, all images were exported to 

PMOD software for further Kinetic modelling and data analysis. All PET images were corrected for 

dead time, scatter, and radiation decay. The CT images were also used to apply attenuation correction.  

5.5.7 Data analysis and the used software: 

PMOD was the software of choice in all the analyses due to the sophisticated capability of kinetic 

modelling and the wide range of parameters that could be obtained. The investigation was divided 

into three sections which included: firstly, the measurement of MBF in both rest and stress using 1TC 

model and ammonia dynamic scans along with repeatability assessment of the obtained results, 

through Coefficient of variation (COV) and STD%, and accuracy through comparing our calculated 

values with values in literature measured with other imaging modalities or protocols.  

Secondly, the assessment of MGM using FDG scans and 2TC model along with repeatability and 

accuracy assessment as in MBF values. The last section of analysis comprises quantifying the metabolic 

trapping of ammonia using ammonia rest scan and 2TC model, comparing it to the glucose uptake 

that was measured from FDG scan, and evaluating the degree of correlation between these two data 

sets.  

In PMOD and Prior to applying the kinetic model relevant to the radiotracer and the required 

biomarker, two steps need to be performed, including the orientation of images, and defining the 

dynamic ranges through which the VOIs of IDIF and LV will be drawn.  

5.5.7.1 Orientation of PET images and dynamic range of the VOIs: 

Both PET and 2D echocardiography, which are the most used cardiac imaging modalities, have 

identified the orientation of the heart in reference to the long axis of the LV, which is the line 

connecting the ventricular apex to the centre of the mitral valve (Cerqueira et al. 2002). The planes 
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include short axis (SA), Horizontal long axis (HLA) and vertical long axis (VLA) (Cerqueira et al. 

2002). This orientation approach ensures the best display of the myocardial chambers for viewing the 

distribution of coronary blood flow to the heart (Cerqueira et al. 2002). For these reasons, this 

orientation approach has been applied widely in clinical and preclinical studies (Cerqueira et al. 2002). 

Therefore, the SA refers to the plane perpendicular to the long axis of the LV, as illustrated in figure 

5.3. In contrast, HLA is parallel to the plane of the long axis of the LV, as seen in the figure 5.3. The 

HLA is the line drawn from the mid ventricle level between the LV centre and the transition between 

the diaphragm free wall of the RV as in the figure 5.3. Moreover, The VLA is the plane perpendicular 

to the HLA plane, as seen in the figure 5.3. Accordingly, after loading all PET images, the first step is 

to fit the reorientation of the myocardium. The three LV axes in PET images including SA, VLA, and 

HLA are illustrated in figure 5.4. 

The next step was to define the dynamic range from which the VOIs and corresponding TACs 

were derived, as seen in the figure 5.5. The main two VOIs that need to be drawn are LV, which is 

the largest chambers representing the myocardium, and the LVBP that is used to derive the IDIF as 

illustrated in figure 5.6. As we have three analysis steps, including MBF, MGM, and metabolic trapping 

of ammonia, the dynamic range was identified differently. Indeed, the dynamic range did vary slightly 

among mice due to the differences in the injection time.  

5.5.7.2 Deriving Image Derived Input Function (IDIF): 

For IDIF, VOI was drawn in the left ventricular cavity, which is the blood pool region also called 

LVBP as in figure 5.6. Note that the VOI was positioned manually in the LV blood pool during the 

initial time of the dynamic frames, where the tracer bolus injection was clearly visible. The RC for the 

measured LVBP radioactivity was estimated by convolving LVBP VOI with the 2D gaussian PSF 

(previously measured by the manufacturer engineer), which represents the resolution of the Mediso 

micro-PET scanner. Another VOI was generated in the background region (RV region as in figure 

5.6 A) and used to correct for spill-in of radioactivity from the RV into the LVBP region. Finally, the 

true LVBP activity was calculated; this approach of applying IDIF was justified by several lines of 

evidence (Thorn et al. 2013; Thackeray et al. 2015; Huang et al. 2019).  
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5.5.7.3 MBF analysis: 

Following the estimation of the IDIF curve, other VOIs were drawn over the LV in the three 

planes, including its outer and inner wall, as seen in figure 5.6. TACs were generated for the dynamic 

frames in the specified VOIs for the LV and LVBP. The two TAC curves, including the LV and the 

LVBP (IDIF), were used for the compartmental (kinetic) modelling. For MBF quantification with 13N-

NH3, the 1TC DeGrado model was used, as seen in the figure 5.7.   

 

Figure 5.4: shows the three LV axes. A. is the SA of the myocardium, B. is the VLA, and C. is the HLA. 

 

Figure 5.3: Cardiac planes definition and display for in PET imaging. 
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Figure 5.5: The dynamic range step that need to be specified in deriving and drawing the 
VOIs for the LV and LVBP. A. shows the dynamic range from which IDIF was derived, 
while B. shows the dynamic range of the LV VOIs, but generally in MBF analysis, LV VOI 
was derived from the early 2-3 minutes of the ammonia scan. In MGM analysis, the VOI 
was derived from the last 20 minutes of FDG scan which is the equilibrium state. Finally, 
in the assessment of ammonia metabolic trapping, LV VOI was derived from the last 15-
20 minutes of the ammonia scan.   

 

Figure 5.6: The myocardium VOIs that were drawn in all the three planes. For clarity reasons, arrows for each 
VOI were identified in separate plane but they are all existed in all three planes in which, A. is the RV VOI, in the 
SA plane, to correct for spill-in activity from RV into LVBP for IDIF calculation. Both B, which represent the 
epicardium VOI or the outer wall, and C, which represent the endocardium VOI or the inner wall of the 
myocardium, are in the VLA plane. D. is the LVBP VOI in the HLA plane.   
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In the 1TC model, including the DeGrado model, the arterial radioactivity concentration is 

assumed to be the same throughout the body (DeGrado et al. 1996). The radiotracer concentration in 

the Cmyo proportionally increases with the extraction fraction of activity from the plasma blood, which 

is dependent on the used radiotracer (in our case, 13N-NH3 has 80-90% EF) (DeGrado et al. 1996). 

Because extraction can be expressed as a first-order deferential process, the transport of the radiotracer 

is also dependent on the plasma blood concentration (DeGrado et al. 1996).  

In addition, the backwards transfer of radioactivity from the myocardium to the blood compartment 

is proportional to the myocardium radioactivity concentration  (DeGrado et al. 1996). Consequently, 

both CP and Cmyo are competing, so that the change over time of the total radiotracer concentration in 

the myocardium (dC
myo

(t)/dt) can be written in the form of differential equation as in equation. 5.1: 

𝐸𝑞. 5.1     
𝑑𝐶𝑚𝑦𝑜(𝑡)

𝑑𝑡
= 𝐾1𝐶𝑃(𝑡) − 𝐾2 𝐶𝑚𝑦𝑜(𝑡)        

In which K1 is a flow-dependent component and has unit ml/cm3/min; in contrast, K2 is the 

fraction of mass that diffuses back in a unit of time. For example, if K2 is equal to 0.1 min-1, that means 

the radioactivity diffuses back from Cmyo into Cp at a rate of 10% per minute (DeGrado et al. 1996). 

Notably, the radioactivity concentration in the arterial blood function is then measured as the parent 

concentration, which means its need to be corrected for plasma percentage, and this was done 

 

Figure 5.7: Shows the 1TC (or DeGrado) model that was used for MBF estimation with 13N-NH3 
as a radiotracer. 

in which the: 

CP = The concentration of radioactivity in the plasma blood compartment or also 

called the input function. 

Cmyo = The radioactivity concentration in the myocardium compartment. 

K1 = The fraction of the radioactivity that diffuses from CP into Cmyo. It is the blood 

perfusion or blood flow with unit of ml/cm3/min. 

K2 = The fraction of tracer that diffuses back to the plasma with a unit of 1/min or 

min-1.  
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automatically in the PMOD used tool after loading the TACs (for both LV and LVBP) in the PKIN 

(compartmental modelling) tool.  

As we applied the 1TC (DeGrado) model, the MBF was calculated using only the first 4 minutes 

of the dynamic data following radiotracer administration. This was mainly to prevent the buildup of 

the metabolite as well as the washout fraction.  

5.5.7.4 MGM analysis: 

For MGM measurement, images were quantified using the 2TC model, as in the figure 5.8, and the 

10-40 minutes dynamic range during which the FDG came into an equilibrium state between all 

compartments.   

Following reorientation, specifying the dynamic range that was required for VOIs generation 

(including LV and LVBP), VOIs creation and generating their corresponding TACs, all curves were 

loaded in the kinetic tool of the PMOD in which the 2TC model for the FDG was used. Using both 

LV and LVBP TACs, the relative FDG uptake was estimated using the 2TC model. Rates constants 

were K1 (inward into CP in ml/cm3/min), K2 (outward to CP in a unit of min-1), K3 (phosphorylation in 

min-1), and K4 (dephosphorylation in min-1) of 18F-FDG as illustrated in the figure 5.8. Accordingly, 

the MGM constant of 18F-FDG, also denoted as KFDG (in a unit of ml/g/min), can be calculated using 

the following equation 5.2.  

𝐸𝑞. 5.2     𝑀𝐺𝑀 𝑜𝑟 𝐾𝐹𝐷𝐺 =  
𝐾1 .  𝐾3

𝐾2 +  𝐾3
        

5.5.8 Statistic: 

All data were analysed using GraphPad Prism (version 9.3.0). To assess the repeatability of the data, 

the coefficient of variation (CV) and STD% were used. The CV is defined as the STD divided by the 

mean. In addition, a paired two-tailed Student’s t-test was used to evaluate the statistical significance 

between rest and stress MBF values with P value less than 0.05 to be statistically significant. Moreover, 

the correlation between data was estimated using Pearson r, in which r is equal to or less than 1.  
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5.6 Results: 

5.6.1 MBF analysis results: 

Animals in this section were divided into two groups according to the type of stress-inducing drug 

given, as illustrated in figures 5.1-5.2. In the adenosine group, the MBF results for the rest scan had a 

COV of 15.12% (which is less than 20%, suggesting good repeatability), and STD% of 0.65, as seen 

in table 5.1. Similarly, the MBF stress values in the same group were also repeatable with a coefficient 

of variation of 10.99% and STD% of 0.406.  

There was no difference in MBF between the rest and stress states (as induced by adenosine) 

(p=0.0842), figure 5.9. In the dobutamine-treated group, the MBF values in rest and stress scans were 

different (p< 0.0001) and reproducible (STD% of 1.25 and 1.466 and COV of 19.98% and 11.03%, 

respectively, as shown in the table 5.2 and figure 5.10.  

Importantly, in both groups, the MBF values in rest scans were comparable to the MBF values in 

mice recorded previously  (Kober et al. 2005; Raher et al. 2007; Jogiya et al. 2013b).The MBF stress 

values in mice given dobutamine were also similar to previous studies, indicating the successful 

stimulation of hyperemic response caused by dobutamine injection (Kober et al. 2005; Raher et al. 

2007; Jogiya et al. 2013b). 

 

Figure 5.8: The 2TC model that was used for FDG uptake estimation. 

In which: 

CP = The concentration of the tracer in the plasma blood compartment. 

C1 = The concentration of the tracer in the tissue (under investigation) compartment representing the 

non-bond tracer.  

C2 = The tissue (under investigation) compartment representing the specifically bound tracer.  

K1 = The fraction of tracer transported from the plasma blood into compartment C1, with a unit of 

ml/cm3/min. 

K2 = The fraction of tracer that diffuses back to the plasma with a unit of 1/min or min-1. 

K3
 = The fraction of tracer that moves to compartment C2. It represents the fraction of the tracer 

that is specifically bound or the rate of 18F-FDG phosphorylation or uptake. It has a unit of min-1. 

K4 very small as the 18F-FDG trapped irreversibly.  

KFDG = 
𝐾1 .  𝐾3

𝐾2+ 𝐾3
     in unit of ml/min/g 
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Raher et al. measured the MBF in mice using microspheres and the values  were 6±0.5 ml/g/min 

during baseline scans and they raised to 14±2 ml/g/min following adenosine administration (Raher 

et al. 2007). In addition, the mean MBF at rest measured by Jogiya and his co-worker was 4.1± 0.5 

ml/g/min, which was increased to 9.6 ± 2.5 ml/g/min during the administration of dipyridamole 

(Jogiya et al. 2013b). Croteau et al. (Croteau et al. 2014) also reported MBF in mice to be 4.0 ± 1.3 

ml/g/min at rest state in mice. Furthermore, Naresh et al. (Naresh et al. 2015) measured the murine 

MBF using first-pass perfusion MRI, and it was 5.7 ± 0.8 ml/g/min, which reached 11.86 ± 0.6 

ml/g/min following Regadenoson administration. In another study that measured the effect of 

anesthesia on mice MBF, the MRI recorded MBF was 6.9 ± 1.7 ml/g/min at rest (Kober et al. 2005). 

 

 

 

 

 

 

 

 

 

 

Physical condition MBF (ml/min/g) 

at rest 

HR (BPM) at rest MBF (ml/min/g) at 

stress 

HR (BPM) at 

stress 

Mouse 1 5.33 450-490 3.33 213-370 

Mouse 2 3.45 388-430 3.16 160-281 

Mouse 3 4.21 350-440 3.67 120-147 

Mouse 4 4.35 323-430 3.82 90-176 

Mouse 5 3.87 260-388 3.91 110-190 

Mouse 6 4.69 430-560 4.28 200-390 

Mean 4.31 - 3.69 - 

Std.Deviation 0.6526 - 0.4060 - 

Coefficient of 

Variation (COV) 

0.2664 - 0.1657 - 

Table 5.1: The MBF values during rest and stress conditions in the adenosine group in unit of ml/min/g. 
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Physical condition MBF (ml/min/g) at 

rest 

HR (BPM) at 

rest 

MBF (ml/min/g) at 

stress 

HR (BPM) at 

stress 

Mouse 1 4.16 423-467 11.13 623-867 

Mouse 2 5.69 400-520 13.93 610-573 

Mouse 3 6.11 380-540 14.77 680-763 

Mouse 4 7.56 425-542 12.65 535-682 

Mouse 5 4.11 288-430 10.71 590-690 

Mouse 6 7.62 438-550 12.43 638-550 

Mouse 7  5.72 432-530 13.44 632-730 

Mouse 8 6.06 431-550 14.18 619-720 

Mouse 9 6.22 516-560 14.38 616-720 

Mouse 10  7.99 379-444 15.78 690-840 

Mouse 11 6.9 488-532 12.69 620-811 

Mouse 12 7.01 418-526 13.35 610-820 

Mean 6.263 - 13.29 - 

Std.Deviation 1.251 - 1.466 - 

Coefficient of 

Variation (COV) 

0.3612 - 0.4232 - 

Table 5.2: The MBF values during rest and stress conditions in the dobutamine group in unit of ml/min/g. 

 

Figure 5.9: The MBF values in rest and following the administration of adenosine as a 
pharmacological stress drug. The data are shown in mean, STD, SEM. There was no 
statistical difference reported and the p value of 0.0842 (>0.05) between the two physical 
states. The unpaired t-test was used for the statistical analysis in the data presented.   
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5.6.2 MGM analysis results: 

Table 5.3 shows the KFDG FDG uptake (MGM) derived using the 2TC model from the the18F-

FDG TACs during the 10-40 minutes dynamic range of FDG scans performed following ammonia 

scans in the dobutamine group. Note that there were no FDG scans for two mice in the dobutamine 

group. The MGM values were repeatable with STD% of 0.004 and a coefficient of variation of 

17.59%, representing good repeatability of the generated MGM data. Although few studies have 

measured MGM in mice, the values obtained from these studies were 0.025 ± 0.004, which were in 

the same range of our generated MGM values illustrated in table 5.3 (Wu et al. 2007; Kreissl et al. 

2011).  

5.6.3 SUVs for 18F-FDG and 13N-NH3 rest scans: 

The SUVs were calculated for both 18F- FDG and 13N-NH3 rest scans and the results are shown in 

table 5.4. The SUVs were estimated for 18F-FDG and 13N-NH3 using the whole duration of the 

dynamic scans, which is an independent weight value with no unit. There was a good positive 

correlation between the two parameters (r = 0.8216) within each mouse. Accordingly, this might be 

used as additional insight for the assessment of CVDs using perfusion tracer only, which was, in our 

case, 13N-NH3. In fact, several investigations have reported the SUVs in the myocardium to be 3.48± 

1.73 g/ml with the 18F-FDG, which was the same range as our recorded results confirming their 

accuracy (Lee et al. 2005; Fueger et al. 2006; Kreissl et al. 2011). 

 

Figure 5.10: Show the MBF values in rest and following the administration of dobutamine 
as a pharmacological stress. The data are shown in mean, STD, SEM. There was a statistical 
difference between MBF in the two physical states with a p value of 0.0001 (<0.05). The 
unpaired t-test was used for the statistical analysis in the data presented.   
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Physical condition 18F-FDG scan MGM (KFDG) in a unit of ml/g/min 

Mouse 1 0.027 

Mouse 2 0.025 

Mouse 3 0.026 

Mouse 4 0.021 

Mouse 5 0.014 

Mouse 6 0.019 

Mouse 7  0.024 

Mouse 8 0.025 

Mouse 9 0.026 

Mouse 10 0.025 

Std.Deviation 0.02326 

Std.Error of Mean 0.004091 

Variation Coefficient 0.001294 

Coefficient of Variation 17.59% 

Table 5.3: The MGM (KFDG) uptake in ml/min/g in healthy mice derived from the TACs of the LV 
during the 10-40 and 15-20 minutes of the FDG scan respectively.  

Physical condition SUV in 18F-FDG scan SUV in 13N-NH3 scan 

Mouse 1 4.18 1.15 

Mouse 2 3.4 1.03 

Mouse 3 3.002 1.027 

Mouse 4 2.39 0.3 

Mouse 5 2.13 0.68 

Mouse 6 3.07 1.03 

Mouse 7 3.45 1.02 

Mouse 8 3.3 1.024 

Mouse 9 2.2 0.308 

Mouse 10 4.19 1.08 

Mean 3.131 0.8649 

Std.Deviation 0.7351 0.3199 

Variation Coefficient 23.48% 36.99% 

Correlation coefficient (r) 0.8216 

Table 5.4: The SUVs for FDG and 13N-NH3 rest scans in healthy mice. The values were derived 
from averaging the VOIs of the LV during the whole duration of the dynamic scans. The 
correlation value between the two SUVs group was 0.8216, indicating a good positive correlation. 
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5.7 Discussion:  

5.7.1 Standard protocol analysis: 

Several attempts have been made to quantify MGM and MBF in various murine models using 

micro-PET imaging. However, there is still a lack of standard PET imaging protocols to quantify these 

biomarkers in mice. In this chapter, the concept of compartmental modelling along with micro-PET 

imaging was used to develop, standardize, and validate imaging protocols in a healthy murine model. 

It is important to emphasize that these protocols were designed based on the previous investigations 

that have handled one or multiple challenging aspects in mice PET imaging by applying different 

experimental conditions. The applied protocols were designed to ensure optimal accuracy and 

repeatability while maintaining the least methodological complexity.  

Our results of MGM and MBF, in adenosine rest and dobutamine groups, were repeatable and 

comparable to the scans obtained using MRI or electrocardiography imaging (Raher et al. 2007; Jogiya 

et al. 2013b; Naresh et al. 2015). In later sections, both MGM and MBF will be discussed separately 

and with more detail.  

Mice are sensitive to changes in the surrounding environmental conditions, it was critical to 

standardize the imaging protocols to minimize any variation that might originate due to the lack of 

consistency. Studies showed that mouse metabolism and blood flow are susceptible to any source of 

stress thus, this was minimized by allowing one week for mice to rest following delivery (Fueger et al. 

2006; Prior 2017; McDougald et al. 2020). The scanning protocols were designed to align with our 

project animal license, which only allowed only one non-recovery imaging session per mouse, thus 

scanning over multiple days was not possible. This led to the idea of performing three scans in a row 

considering the half-life of the radiotracers and any other injected drugs and the duration of their 

effects.   

The scanning began with standardizing the general animal handling variables including, 

temperature, fasting and anesthesia. Fasting for one hour is recommended to increase the uptake of 

the glucose. The use of anesthesia was essential to scan the mouse, but it might introduce another 

source of variation or errors if adjusted differently in each scan  (Hildebrandt et al. 2008). Previous 

studies demonstrated an improvement in 18F-FDG uptake in fasted and warm mice (Fueger et al. 2006; 

Hildebrandt et al. 2008). Consequently, on the day of the scanning, each mouse was warmed and 

fasted (before one hour and extra half an hour during the scan before FDG injection) to ensure 

maximum uptake of the 18F-FDG. In addition, the choice of anesthesia has a significant impact on the 
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metabolism and perfusion of the mice myocardium (Hildebrandt et al. 2008). In our protocols, the 

anesthetic agent given was isoflurane at 1-2% v/v, which should minimally alter MBF.(Kober et al. 

2005).  

Importantly, mice could only handle a limited injected volume, thus, increasing the total injected 

volume might interfere with the body hemostasis of the mouse (Kuntner et al. 2009; Thackeray et al. 

2015). (Lindsey et al. 2018). Therefore, two canulation routes were prepared, including the IV route 

to inject the radiotracers and the IP route to inject the pharmacological stressing agent.  

One tissue compartmental (1TC) model was the best fit with the mechanism of ammonia uptake. 

Ideally, the application of 1TC model should have been formally tested, as it may vary between species 

and experimental set-up. In our case, we have tested this model using our standardized imaging 

protocol settings before applying it in all our mice and then compared the MBF results with the 

literature which revealed a comparable result of MBF in mice with other MBF results produced by the 

MRI and microspheres. It is the simplest model, which consists of two-compartments, namely blood 

and cardiac compartments (Choi et al. 1999). The metabolite percentage in ammonia extraction was 

reported to be negligible by several studies in the early duration of the dynamic scan (Choi et al. 1999). 

Importantly, for the IF measurements, which were derived based on our dynamic images, LVBP VOI 

were created from placing a VOI in the LV blood pool region, and the LVBP VOI was convoluted 

with the PSF of the scanner as well as corrected for PVE and spill-in using the RV VOI (Huang et al. 

2019). Notably, this approach was verified by several previous studies and showed similar results when 

also using the inferior vena cava region to correct for PVE and spill-in activity within the same scan 

and mouse (Fang and Muzic 2008; Huang et al. 2019). The VOI of the myocardium was over the LV 

region, and it’s the largest chamber of the heart. In our 1TC model, the MBF over the whole LV is 

assumed to be uniform (Chang et al. 2020). However, in our data analysis, there was slight variation 

within the different LV regions generated, but this was expected due to the small size of the mouse 

heart and the limited SR of the system that generates spillover and PVE. Consequently, the images 

were reconstructed using the iterative reconstruction method while applying attenuation and scatter 

corrections to maintain maximum SR.  

PMOD was the software of choice, and it allows a variety of compartmental modelling options. 

For our ammonia scans, two models were used, including 1TC (DeGrado) and 2TC models, to 

quantify MBF and ammonia trapping, respectively. The main difference between the two models was 

the timing from which the LV VOIs were extracted. The 1TC (DeGrado) model only considers the 

first 2-3 minutes for the ammonia perfusion estimation, while the other 2TC model considers the last 
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15-20 minutes of the dynamic scan duration. The DeGrado model was applied to avoid the metabolite 

build-up, though Choi and his co-worker (Choi et al. 1999) reported negligible metabolite amounts in 

ammonia clinical studies. No previous literature was found regarding measuring the metabolite 

percentage interference during ammonia scan in mice; thus, 4 minutes was the best option to 

accurately represent the MBF.  

The MBF values during dobutamine stress were higher than the rest ones as expected. Visual 

interpretation and comparison between the two scans within each mouse also confirm a rise in the 

radioactivity concentration in the heart, considering sufficient time were allowed between the two 

scans to allow for ammonia to decay. However, no increase in MBF values was reported in our scans 

following the administration of adenosine.  

For 18F-FDG scans, the scans were 40 minutes duration because it has been reported by several 

investigations that FDG reaches the equilibrium state within 40 minutes (Cussó et al. 2014; Fischer et 

al. 2021b). Since FDG can be metabolically trapped or not trapped, the 2TC model was applied. Note 

that the compartment does not mean a physical entity; however, it describes the state of the radiotracer 

(Bertoldo et al. 2014).  

5.7.2 MBF quantification: 

A comprehensive understanding of the influence of genes, proteins and different metabolic 

pathways is a crucial aspect that explains the close connection between cellular level processes and the 

health state of the organ of interest and the whole animal body (Krueger et al. 2013). This integrated 

understanding, for example, of how genes work or how metabolic pathways might reflect the general 

health state and disease conditions, can be achieved through the assessment of many physiological 

biomarkers, one of which is MBF (Krueger et al. 2013). Animal models have been used extensively to 

generate structural and physiological information about normal or pathological conditions that 

obtainable in humans to facilitate the correlation of research findings between clinical and preclinical 

studies. Importantly, the evaluation of new treatments for CVDs can also benefit from the ability to 

monitor changes in biomarkers through scanning small animals repeatedly and non-invasively 

(Krueger et al. 2013).  

The myocardial blood flow is an important physiological biomarker because any reduction in its 

value may precede disease onset (Krueger et al. 2013). There were several validation studies to assess 

MBF in mice using microspheres, open chest Doppler perfusion imaging, MRI, and echocardiography 

(Kober et al. 2005; Makowski et al. 2010; Krueger et al. 2013; Phoon and Turnbull 2016). All the 

previous modalities do not provide absolute quantification of MBF; however, micro-PET imaging 



 

 

143 

allows quantitatively assessment MBF in mice through compartmental modelling (Sharp et al. 2005; 

Herrero et al. 2006). In addition, the various image acquisition options in micro-PET imaging also 

provide an evaluation of temporal changes of the physiological biomarker of interest, which can 

predict disease onset or assess the response to a new therapy (Herrero et al. 2006).  

Several PET perfusion tracers, such as 15O-water, 82Rb,11C-acetate and 13N-NH3, are used in 

conjunction with well-validated compartment models (Choi et al. 1999; Morris et al. 2004). In this 

research, 13N-NH3 was used to measure quantitively MBF in rest and stress conditions using Mediso 

micro-PET/CT scanner and compartmental modelling. Indeed, this chapter has mainly focused on 

developing PET imaging methodologies in mice for CVS assessment, a better understanding of 

substrate metabolism and MBF, and their baseline values in case of different physiological states. To 

achieve this, previous cardiac PET methodologies that were used in clinical and preclinical research 

were reviewed to apply the optimal choice in mice.   

13N-NH3 is a PET perfusion radiotracer used to assess regional blood flow in tissue in clinical and 

research studies. Following the injection, 13N-NH3, in its nonionic form, diffuses freely through the 

cell membrane with a high extraction fraction ( about 80%-90%) and a diffusion rate that is proportion 

to myocardial tissue blood flow, as explained in detail by previous studies (Walsh et al. 1977; 

Krivokapich et al. 1982; Ziessman et al. 2014). Therefore, it is one of the optimal radiotracers for the 

accurate representation of MBF (Krivokapich et al. 1982; Ziessman et al. 2014; Nkepang et al. 2019). 

After extraction, its cellular localization is not entirely explained, but previous evidence suggested that 

it converted to an ionic ammonium ion, which is a relatively impermeable cation to the cell membrane 

(Walsh et al. 1977). Therefore, ammonium does not diffuse back to the blood pool and become 

metabolically trapped, simplifying the compartment model. The backflow to the blood compartment 

could be assumed small or negligible (Krivokapich et al. 1982; Nkepang et al. 2019). The ammonium 

ion (NH4
+) is involved in many metabolic pathways in various body organs such as the heart, liver, 

and kidneys (Walsh et al. 1977; Krivokapich et al. 1982). In muscle, as in the case of the heart, NH4
+ 

plays a role in glutamine synthesis and is converted to glutamate, which is then transported via the 

bloodstream to the liver for further metabolism and excretion; thus, high liver uptake is something 

expected and was reported in later images of our scans (Walsh et al. 1977; Krivokapich et al. 1982; 

Nkepang et al. 2019). Consequently, only the first 5 minutes of the dynamic scan were used in our 

blood flow measurement, although the scan duration was 20 minutes. PMOD software, using the 

kinetic tool, allows the users to choose the dynamic duration for the generated TAC of the 

myocardium.  
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It is evident from our data in the table 5.2 that the measurements of MBF at rest and dobutamine 

stress, assessed by Mediso micro-PET using 13N-NH3 in mice, is accurate and repeatable with good 

correlation with other obtainable data from microspheres and MRI imaging (Raher et al. 2007; Jogiya 

et al. 2013b; Naresh et al. 2015). The imaging was performed using an isoflurane concentration of less 

than 2% to prevent the rise in MBF reported by Kober et al. (Kober et al. 2005) when raising the 

isoflurane concentration to 2% or more. In fact, most anesthetic agents are known to trigger slight 

coronary vasodilation if their concentration is not maintained carefully, but to a lesser extent when 

compared to the vasodilator dobutamine (Croteau et al. 2004). Clearly, our PET imaging cannot be 

performed without the use of anesthesia; thus, their influence cannot be avoided but can be controlled 

by the anesthetic type and its concentration.   

At rest, MBF values ranged 4.11-7.99 ml/g/min with a significant increase reaching 10.71 – 15.78 

ml/g/min following bolus IP injection of dobutamine as a pharmacological stress agent (Kober et al. 

2005). The IP route was mainly used to avoid injecting intravenously large volumes that interfere with 

the hemodynamics of the animal (Kober et al. 2005). In addition, our rest and stress imaging protocol 

indicated that the vasodilation of the coronary arteries, which was initiated by dobutamine, can be 

identified by micro-PET in mice. Dobutamine is an inotropic agent that activates the ß1-adrenergic 

receptors agonist, which subsequently raises the HR and the intensity of contraction (Croteau et al. 

2004; Croteau et al. 2014). Generally, it has been demonstrated that the pharmacological stress agent, 

such as dobutamine, is valuable for detecting and assessing the severity of the ischemic event and 

monitoring response to treatment intervention under different blood flow rates (Rust et al. 2006). The 

recorded differences between rest and stress 13N-NH3 scans using dobutamine were statistically 

significant, with a p-value of 0.0001, revealing that our imaging protocol could detect temporal 

differences in the blood flow. 

On the other hand, we didn’t report any effect of adenosine to induce a hyperemic response in the 

myocardium, and this was also reported previously by Kalkan et al. (Kalkan et al. 2010), but MBF 

values during both rest and stress scans were repeatable. Even though adenosine is known to control 

the CBF and has vasodilatory effects in most vessels among mammalian species, we haven’t reported 

increase in the MBF (Berne 1963; Mubagwa et al. 1996; Jackson et al. 2018). Importantly, we have 

recorded a decrease in the HR following the infusion of adenosine which was consistent with several 

studies that indicated its influence on slowing the heart rhythm and decreasing blood pressure (Zhao 

et al. 1997; Fromonot et al. 2016; Jackson et al. 2018).     
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Importantly, the MBF measurement in mice is not a simple process in the way that it requires 

careful management to sources of variability and errors. As described previously, several challenges 

were associated with mice imaging with respect to the imaging system, radiotracer of choice, the 

applied imaging protocol, reconstruction, and compartmental modelling. 

To begin with, MBF measurement requires high temporal and spatial resolution to generate images 

and subsequent TACs that genuinely represent the arterial input function, cardiac extraction, and 

uptake of the radiotracer. Moreover, the detection of MBF changes under two physical conditions 

requires a high temporal resolution of the PET scanner, which was achieved using a Mediso scanner 

with a temporal resolution of 1.2 ns.  

The fast heart rate and the small size of the mice LV were other challenges that were tackled to the 

best of our ability and knowledge. As reported by the Mediso scanner manufacturer, the SR with the 

iterative reconstruction method is 0.7 mm. However, the type of the injected radiotracer also affects 

the SR level because each tracer has its own positron range that adds more blurring to the images. To 

evaluate the SR for the used tracers, we assessed the scanner performance and calculated the RCs in 

different rod sizes using 18F-FDG and 13N-NH3. Although the two radiotracers have a different half-

life, the timing of image acquisition in the performance assessment test was the same for both 

radiotracers to be consistent with NEMA standard evaluation, which uses 18F-FDG as a reference 

radiotracer. The 18F-FDG images produce good SR images, but in the case of 13N-NH3, the images 

had relatively lower SR, which was expected as we didn’t consider the half-life. Consequently, 13N-

NH3 images can be significantly improved by injecting a higher dose. This was done by injecting a 

higher ammonia dose-ranging 30±2 MBq to compensate for the loss in counts and improve the image 

quality. After scan completion, the images were reconstructed with IR for maximum possible 

resolution as recommended by the Mediso manufacturer and applied all the corrections, including 

attenuation and scatter corrections.  

The compartmental modelling first requires the knowledge of IF to calculate the kinetic rate 

constant as in figures 5.5-5.8. Several studies have described the type of compartment models that can 

be applied when using ammonia (Kuhle et al. 1992; Muzik et al. 1993; Choi et al. 1999). Even though 

each applied compartment model tackles different problems related to 13N-NH3 and PET systems, all 

agree with a basic model configuration consisting of two compartments (Muzik et al. 1993; Choi et al. 

1999). Compartment one is the blood plasma compartment or IF, which represents ammonia 

concentration in the arterial blood, while compartment two reflects the cardiac compartment through 

which ammonia is freely diffusible, as illustrated in figure 5.7 (Muzik et al. 1993; Choi et al. 1999). 
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Other 13N-ammonia compartment models configurations involve a third compartment that describes 

the metabolically bound ammonia in the form of 13N-glutamine within the cardiac tissue. 

Several lines of evidence have justified that 1TC model for MBF quantification in which the data 

are derived from the first few minutes of the dynamic scan while disregarding the rest of the dynamic 

duration (Choi et al. 1993; Muzik et al. 1993; Choi et al. 1999; Carli et al. 2000). In fact, by only 

considering the first few minutes to measure MBF, the metabolite percentage and its correction can 

be neglected, as suggested by many studies (Choi et al. 1993; Choi et al. 1999). In addition, Croteau et 

al. (Croteau et al. 2004) demonstrated that both metabolites and the cardiac to blood spillover occurs 

in the later dynamic frame thus they have a minor effect on our MBF values which were derived from 

the first 5 minutes of our applied model (1TC) model.   

Describing the kinetics of ammonia in the DeGrado (1TC) model can be done mathematically 

using first-order differential equations in which rate constants are used to describe the tracer kinetics 

between compartments as in figure 5.7 and equation.1. In 1TC, which is the case in the DeGrado 

model, the rate constants K1 (mL/min/g) reflect the MBF; in contrast, K2 (min-1) represents the 

MBF/V in which V is the volume distribution of ammonia in free space (Choi et al. 1999).   

5.7.3 MGM quantification:  

This section aimed to assess the Mediso micro-PET scanner's ability and the concepts of 

compartmental modelling of 18F-FDG to quantify MGM to generate baseline quantitative and 

repeatable data among healthy mice. In addition, the myocardial glucose uptake was assessed using 

SUV and was compared to the 13N-ammonia uptake values in the next section.  

Our MGM results in the table 5.3 produced from healthy mice using 18F-FDG demonstrated the 

ability to generate repeatable and quantitative glucose metabolism results by integrating the Mediso 

micro-scanner with the 2TC model. Notably, data were comparable to results reported in mice by Wu 

and his colleagues using the 18F-FDG and 2TC model (Wu et al. 2007). Furthermore, both uptake 

images produced from 18F-FDG, and 13N-ammonia were strongly correlated (r= 0.8264), indicating 

the ability to use the uptake images generated from the SUV method as other methods to validate the 

compartmental modelling techniques, especially when comparing treatment within different animal 

groups. 

The myocardial metabolic pathways are highly flexible and complicated and they can use all types 

of energy substrates, mainly FAs and glucose, for energy production that is important for cell function 

and contractility (Simões et al. 2004). Moreover, recent investigation reported an increase in the 

glycolytic flux to cope with the higher energy need during pathological events such as hypertrophy or 
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heart failure (Schönekess et al. 1995; Depré et al. 1998; Simões et al. 2004). In addition, stimulation of 

the glycolysis process appears to play a protective role during acute ischemic events and myocardial 

infarction (Vanoverschelde et al. 1994; Kudej et al. 2002). These previous findings justify the 

importance of exploring the MGM of the heart besides its direct importance in developing new 

therapeutic interventions (Simões et al. 2004).   

Therefore, it is widely accepted that MGM quantification can be used as a biomarker to reflect 

myocardial viability and function. The assessment of myocardial viability with PET imaging includes 

the measurement of MBF and metabolic activity by using two radiotracers. Consequently, PET 

imaging protocols usually involve injecting 18F-FDG for MGM evaluation as well as flow tracers to 

detect myocardial infraction or irreversible defect. Accurate differentiation between viable (reversible) 

and nonviable (irreversible) myocardium has crucial diagnostic value regarding the decision of surgical 

intervention or assessing the severity of CADs and LV dysfunction.  

Importantly, it has been demonstrated by previous papers that the uptake of the FDG is 

significantly affected by many factors, including type of anaesthesia, dietary state, and ambient 

temperature, as previously discussed. Fueger et al. (Fueger et al. 2006) had reported an increase in 18F-

FDG when mice were kept fast and warm and anaesthetized using isoflurane concentration between 

1-2%. Therefore, these technical parameters were applied in which mice were kept fasted (1 hour) and 

warmed (1 hour) with isoflurane concentration in the recommended range. These parameters were 

standardized in all the scanning processes to eliminate any source of variability induced by technical 

factors.  

5.8 Conclusion: 

The results of this chapter confirm the accuracy and repeatability of non-invasive measurements 

of MGM and MBF in mice with 18F-FDG and 13N-NH3, using micro-PET imaging and quantification 

methods, including compartmental modelling and SUV.  The compartmental modelling method is a 

comprehensive method for describing physiological functions, but it is methodologically and 

mathematically more complicated certainly in mouse imaging. In contrast, SUV analyses are simple to 

implement; however, they might not provide a profound insight into physiological biomarkers. Both 

quantification methods have been applied and showed a good correlation between the two radiotracers 

results with the ability of compartmental modelling to measure quantitively regional MBF and glucose. 

The applied imaging protocols were based on previous clinical and preclinical investigations in which 

choices were made to produce as much information as possible with minimum complexity and the 
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simplest possible assumptions. Additionally, our findings indicate that, among the different 

compartment models available in PMOD software, our pilot studies results indicated that preference 

should be given to two-tissue compartment and Degrado models for MGM and MBF measurements, 

respectively. Our data were also accurate when compared to the MGM and MBF, produced either by 

other imaging modalities or different imaging protocols.  

In conclusion, Our Mediso micro-PET/CT scanner is able to evaluate the murine cardiac function 

through MBF and MGM in which the data were accurate and repeatable. Importantly, we have 

successfully developed baseline imaging protocols that could be applied to different disease models 

or conditions to evaluate therapeutic strategies for treating different CVDs. In next chapter, these 

developed protocols will be further validated using HLI model.  
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Chapter 6:  

The ability of the Micro-PET/CT system to 

detect metabolic and blood flow changes in 

the HLI model 

6.1 Introduction: 

Peripheral arterial diseases (PADs) are one of the main causes of morbidity and mortality in the world 

(Niiyama et al. 2009; Campia et al. 2019; Zemaitis et al. 2022). They are characterized by a decrease in 

the arterial perfusion in the lower extremity (Niiyama et al. 2009; Campia et al. 2019; Zemaitis et al. 

2022). The decrease in blood perfusion is mostly caused by atherosclerotic plaque formation which 

narrows the arterial lumen wall leading to a reduction in the blood supply or ischemia (Zemaitis et al. 

2022). However, there are other causes of PADs which could be blood vessel inflammation, injury, 

radiation exposure, or any other CVDs. PADs have a group of risk factors such as obesity, high blood 

pressure, DM and increasing age (Zemaitis et al. 2022). Diagnosing PADs has had a great clinical 

impact as it is often considered to be a marker for the onset of atherosclerosis. There are different 

treatment choices available for PADs, which, depending on the severity of the disease, might include 

a change in lifestyle or pharmacological, endovascular or surgical interventions. 

The murine model with induced hindlimb ischemia (HLI) has been used widely to test new 

approaches to therapies, such as therapeutic angiogenesis, stem cell therapy or gene therapy. The 

induction of HLI in mice often involves the ligation of the femoral or iliac arteries, both of which 

have easy surgical access with a low mortality rate (Niiyama et al. 2009). There are a variety of 

modalities available for assessing the blood flow in HLI and monitoring the recovery process 

following treatment (Kochi et al. 2013). Moreover, the assessment of HLI is usually performed using 

a combination of imaging modalities and molecular and histological tests, each of which has its own 

advantages and disadvantages (Orbay et al. ; Paek et al. 2002; Niiyama et al. 2009).  

CVDs have a major impact on both the heart and vascular components, thus studying vessel 

growth mechanisms and their potential repair could be a fundamental aspect in testing the efficiency 

of treatment (Niiyama et al. 2009; Tsatralis et al. 2016). The growth of new blood vessels involves 
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vasculogenesis, angiogenesis and arteriogenesis (Swift et al. 1999; Dikici et al. 2020). Both angiogenesis 

and arteriogenesis are vital mechanisms that respond to pathological conditions for adaptation and 

regeneration purposes of the infected tissue (Dikici et al. 2020).  

In clinical settings, the HLI could be assessed by Doppler ultrasonography, contrast angiography, 

and various molecular imaging techniques (Orbay et al. ; Paek et al. 2002; Hoinoiu et al. 2019). In 

preclinical studies, the HLI is often evaluated using laser Doppler perfusion imaging (Orbay et al. ; 

Peñuelas et al. 2007; Niiyama et al. 2009). Doppler imaging is only able to measure blood flow 

superficially, thus it could be a reliable tool in assessing subtle changes in blood flow (Gill 1985), 

however, it remains an inadequate tool for the estimation of changes in blood flow or for monitoring 

an angiogenesis process (Niu et al. 2019). Both high resolution MRI imaging and nuclear imaging 

could be a promising tool for an in-vivo assessment of the perfusion in a tissue or organ (Englund 

and Langham 2020). MRI imaging provides a good spatial resolution including the morphological and 

functional representation of the peripheral arteries without the need of radiation; but it is an expensive 

option (Englund and Langham 2020). On the other hand, nuclear medicine techniques such as SPECT 

and PET imaging are noninvasive imaging modalities that could be used to detect ischemic events, 

abnormal changes in blood flow at a molecular level in an early stage (Orbay et al. ; Hoinoiu et al. 

2019). The great development in the spatial resolution of the small PET/CT scanner has helped in 

providing more reliable and accurate in-vivo studies of small animal imaging with different diseased 

models, resulting in an easier translation of experimental trials between different species. 

Accordingly, in this chapter, we aim to evaluate the ability of our Mediso micro-PET/CT scanner 

to assess blood flow and detect changes following HLI induction. 

6.2 Objectives: 

• Assess the ability of our micro-PET/CT scanner to detect blood flow changes following 

surgical HLI.  

• Compare our PET results with both the Doppler imaging and histological data.  

6.3 Materials and methods:  

All procedures are approved by the British Home Office and Bristol University (Project License 

PPL 30/2911) using the Care and Use of Laboratory Animals Guide (The Institute of Laboratory 

Animal Resources, 1996). The surgical operations were carried out in Bristol Medical School, 

Translational Health Sciences (Bristol Heart Institute), University of Bristol (UOB). 
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6.3.1 The animals: 

Four healthy male mice C57BL/6 aged about 8 weeks (body weight 20–30 g), were obtained from 

Charles River which is one of the main Cardiff and Bristol university suppliers. The option of using 

healthy mice for the induced HL model was an appropriate choice as it created a baseline study without 

any ageing or pathological conditions which would have added other degrees of complexity to this 

study.  

6.3.2 Animal preparation and surgical HLI induction: 

The surgical HLI induction was performed by one of the research group members in Bristol 

university and not by the researcher who had only observed the surgical procedures.  Prior to each 

HL surgery, the heating pad was set to 37 °C and a nose cone tube was connected to an isoflurane 

vaporizer to ensure a continuous flow of anaesthetic gas. On the other side of the operation room, 

there was another anaesthesia system including an oxygen cylinder, induction box, scavenger, 

isoflurane liquid and vaporizer. Each mouse was placed in the induction box with an oxygen flow of 

1 L/min and isoflurane percentage of 1 - 2%. Before being transferred to the surgical bench, each 

mouse was tested to ensure it was anesthetized completely. It was then moved to the Doppler imaging 

panel for a blood flow assessment prior to surgery. The mouse was finally moved to the surgical bench, 

applying ophthalmic lubricant to both eyes to prevent dryness. Isoflurane was set to be between 1.5- 

3% and hair was removed from the left leg using hair removal cream. 

6.3.2.1 Induction procedures: 

An initial incision was made in the abdomen moving downwards to the center of the medial left 

thigh using fine scissors and a scalpel. A retractor was inserted and pulled out to expose the ligation 

site. For the acute HL induction, a transaction was performed for the left proximal femoral artery 

using a 7 – O thread suture under the artery and then the artery was ligated. After that, a second 

transection and ligation were performed 1mm distally from the proximal point of the left femoral 

artery. The incision was closed later using interrupted 5 - O vicryl sutures. Finally, a post-surgery 

Doppler imaging was performed on Day 0, Day 3, and Day 7.  

As advised by the UOB National Veterinary Services (NVS), the four mice were housed individually 

to avoid them fighting following HL surgery and not due to toe checking requirements. Thus, they 

were placed separately in four normal cages with an environment of a 12-hour light-dark cycle and 

daily monitoring of temperature and humidity. They were supplied with water and food. In addition 
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to that, their appearance, clinical signs, unprovoked behaviour, and behaviour responses to external 

stimuli were all monitored daily after IHL surgery. 

6.3.3 The doppler imaging: 

The doppler imaging was performed by one of the research group members in Bristol university 

and not by the researcher who had only observed the doppler imaging procedures The mice were 

positioned in dorsal decubitus, anesthetised with 4% isoflurane induction dose which was then 

reduced to 1.5-2% maintenance dose and oxygen with 1L/min. During doppler imaging, the mice 

were maintained at 36o C temperature to prevent hypothermia. The mice were shaved prior to ligation 

procedure. The doppler acquisition required 5 minutes under anaesthesia per each mouse. We allowed 

10 minutes following induction dose of anaesthesia to avoid unstable body temperature which might 

affect the blood flow readings.   

Doppler was performed using the moorLDI2 laser Doppler blood flow imager (Moor Instruments, 

Millwey Rise Industrial Estate, Weycroft Ave, UK). The laser source was moorLDI2-VR; 633nm 

wavelength, 1.2mm beam using the high resolution of 0.05 mm/pixel and scan speed of 4ms/pixel. 

The Doppler imaging is based on the principle of the doppler effect, in which the laser interacts with 

red blood cells and is translated as coloured dots in the computerized image with a chromatic scale 

ranging from blue to red which represent poor and good blood flow respectively and expressed in 

Volts. The blood flow values were calculated from the generated image through drawing ROIs in the 

hindlimb region and then the mean of the signal in the ROI was measured.  

After completing the Doppler imaging on Day 7, mice were transferred to Cardiff university for 

PET/CT imaging. 

6.3.4 The micro-PET/CT scanner: 

The Mediso Nano-Scan 122S small-bore PET/CT imaging system manufactured by the Mediso 

medical imaging system, Budapest, Hungary. All the scanner specifications are described in the 

methodology chapter. 

6.3.5 Radiotracers: 

In this chapter, two radiotracers were used, 18F and 13N, to quantify glucose uptake and blood flow 

(MBF) respectively in both legs. 

6.3.6 PET/CT imaging protocol: 

The four mice were transferred to the animal facility in Cardiff university within one week after 

surgery. PET/CT imaging was carried out a week to prevent discomfort or any stress conditions for 

the animals. The scanning and termination procedures were carried out over two days (two mice per 
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day) with the same imaging protocols and considerations standardised in chapter five. The imaging 

scans include 10-minute 13N-NH3 rest scan, 10-minute dobutamine 13N-NH3 stress scan, 40 minutes 

18F-FDG scan and then termination of the mouse. The total PET/CT scanning time for each mouse 

was approximately 35-45 minutes.  

6.3.7 Culling, tissue collection and histological analysis: 

The mice were then culled with an euthatal injection via the IV cannula and death was confirmed 

by cervical dislocation or onset of rigor mortis prior to the dissection process. Muscle collection was 

carried out to investigate arterial supply and necrotic events in the HLI leg and to compare them to 

the healthy leg. Thus, following termination, the mice were dissected in order to collect the muscles, 

including the gracilis and adductor muscles, from each leg. The dissected muscles were then dropped 

and fixed separately in 4% PFA, which is a fixative compound that fixes tissue by cross-linking 

proteins. The muscle samples were kept at laboratory temperature (around 20o C) in the PFA solution 

for 24 hours which was then replaced with normal PBS and kept at 4o C (in the fridge) for further 

histological analysis. Immunohistochemistry staining was performed to quantify the capillary and 

arteriole density in each muscle tissue using isolectin GS-IB4 (IB4, I21414, Life Technologies, USA) 

and specific antibody anti-α-smooth muscle actin (αSMA; C6198, Sigma, UK) as explained in the 

methodology chapter. Following staining, the sections were analysed using optical or fluorescence 

microscopy (Zeiss Axio observer microscope, Cat  1026044910, Germany). The staining with green 

colour (488 emission) lectin binding representing the capillaries, and red (Cy3 emission) αSMA staining 

identifying the arteries. All fields were saved in TIF (Tagged image file) format in an external hard 

drive-in order to be analysed with Image J software as explained in the methodology chapter.  

6.3.8 PET image reconstruction and analysis software:  

PET images were reconstructed with Mediso’s Nucline NanoScan reconstruction software (v 

3.04.010.0000) using the Tera-Tomo 3D reconstruction algorithm with four iterations and six subsets, 

on 0.4 mm isotropic 3D voxel grids and an energy-window of 400-600 KeV. Next, the images were 

imported to PMOD to carry out quantitative analysis. The analysis was divided into three sections 

which include:  

• The measurement of the blood flow in both legs during rest and stress conditions, and the 

data were compared to confirm the state of stress using the 13N-NH3 scans and 1TC model.   

• The blood flow data was compared in the normal and ligated legs.  

• The glucose uptake was measured in both legs using the 18F-FDG and SUV tool.  
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• PET data was directly compared with both the Doppler imaging and histological data through 

performing the correlation test and calculating the correlation factor (Pearson r coefficient).   

6.3.9 Statistical analysis: 

Statistical analyses were conducted using GraphPad Prism (version 9.4.0, USA), through which 

data were represented with their individual values, mean and STD. After testing for normality, 

comparisons were generated using Student’s t-test. Differences were considered significant when 

p<0.05. To assess the relation between the parameters produced with different imaging or tests, the 

correlation Pearson coefficient (r) was used in which values between 0.5-1 reflects good positive 

correlation.  

6.4 Results: 

6.4.1 Doppler imaging results: 

The surgical ligation of the HL was completed for all mice with no adverse effects. Laser Doppler 

imaging was performed for all mice prior and post-surgery, including day 0, day 3 and day 7. The 

blood flow values for both legs in all mice were illustrated in table 6.1, including the blood flow ratio 

between the two legs. In Figure 6.1, the pre-surgery images for both legs, showed a good blood flow 

with red colour. After ligation, there was significant decrease in the blood flow in the ligated (L) leg 

compared to the normal (N) leg as in table 6.1 and figure 6.1. In figure 6.2, there was a significant 

decrease in blood flow of the ligated leg at day 7 compared to the normal one with p<0.005.   

6.4.2 PET Results: 

The table 6.3 shows the rest and stress blood flow values measured in both hindlimb using 13N-

NH3 and 1TC model in Pmod. There was a significant decrease in the blood flow between the ligated 

leg compared to normal leg with p < 0.0001 as in figure 6.2, which confirm the state of ligation. In 

addition, there was a statistical difference between rest and stress scan in the normal legs which 

confirmed the effect of the pharmacological stress agent as in figure 6.3. However, there was no 

considerable increase in the blood flow in the ligated leg as in figure 6.4.   

Furthermore, semi quantification of the SUVs in both legs was performed using 18F-FDG scans 

after averaging the dynamic scan to generate a static image. The SUVs for both legs are illustrated in 

table 6.4.  A comparison between the blood flow (at rest) and the calculated glucose uptake in both 

legs revealed the presence of good correlation between the blood flow (13N-NH3) and the glucose 

uptake (18F-FDG) in both normal and ligated legs with correlation Pearson coefficient r = 0.93 and 

0.67 respectively as in figure 6.5-6.6.    
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Mouse ID Time of the doppler 

imaging 

Left leg Flow 

velocity      (ligated 

leg) ml/min 

Right leg Flow 

velocity       (normal 

leg) ml/min 

Blood flow ratio (Lf 

leg/Rt leg) 

AA01 Pre-surgery 

Day 0  

1435.8 1292.2 1.111 

Post-surgery 

Day 0  

123.4 2146.2 0.057 

Post-surgery 

Day 3  

218.6 1754.9 0.124 

Post-surgery 

Day 7 

156.4 1228.1 0.127 

AA02 Pre-surgery 

Day 0 

1098.8 949.4 1.157 

Post-surgery 

Day 0 

68.8 2046.9 0.034 

Post-surgery 

Day 3 

219.2 986.5 0.222 

Post-surgery 

Day 7 

401.8 2069.4 0.194 

AA03 Pre-surgery 

Day 0 

763.4 828.9 0.9210 

Post-surgery 

Day 0 

101 1718.8 0.059 

Post-surgery 

Day 3 

180.6 1271.1 0.142 

Post-surgery 

Day 7 

259.7 1016 0.255 

AA04 Pre-surgery 

Day 0 

1264.5 1551.8 0.815 

Post-surgery 

Day 0 

100.9 2726.7 0.037 

Post-surgery 

Day 3 

220.2 1102.7 0.199 

Post-surgery 

Day 7 

297.4 1067.3 0.278 

Table 6.1: The blood flow and blood flow ratio for both legs in all mice pre- and post-surgery at Day 0, 3, and 7. 
The flow in the left leg was reduced following surgical ligation.   
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Mouse ID Pre-surgery D0 D3 D7 

AA01 

Both normal 

 

L vs N L vs N  L vs N  

AA02 

Both normal  
L vs N  

L vs N  
L vs N  

AA03 

Both normal  
L vs N  

L vs N  
L vs N  

AA04 

Both normal  
L vs N  

L vs N  
L vs N  

Figure 6.1:  Demonstration of Doppler repeated scans for the four mice during Day 0,3 and 7. Perfusion 
signal which appeared in red colour represents good blood flow, while the blue colour represents the poor 
blood flow. The mouse is placed in dorsal recumbency. It visible that the ligated (L) leg in all mice had 
significant decrease in the blood flow following ligation at D0. The normal (N) leg showed good blood flow 
perfusion with red colour in all mice. 

 

Figure 6.2: The Doppler blood flow for the ligated and normal legs at day 7. The data are presented as the 

mean  STD, n=4/group. There was a statistical difference in blood flow between the normal leg group 
compared to the ligated leg. The symbol ** indicate statistical significance in which P ** < 0.005. The 
unpaired t-test was used for the statistical analysis in the data presented.   
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Mice ID 
Physical 

condition 

Blood flow 

(ml/min/g) 

Lf Leg 

Ligated leg 

Blood flow 

(ml/min/g) 

Rt Leg Normal 

leg 

AA01 

Rest state 

0.26 4.01 

AA02 0.35 4.34 

AA03 0.43 4.9 

AA04 0.45 5.9 

AA01 

Stress state 

0.32 9.5 

AA02 0.06 10.1 

AA03 0.90 12.88 

AA04 0.51 13.7 

Table 6.2: The blood flow values (ml/min/g) for both legs using 13N-NH3 and 
1TC.  

Mice ID SUVs using FDG scan  

Rt normal Leg Lf ligated Leg 

AA01 28 12 

AA02 26 17 

AA03 31 14 

AA04 36 19 

Table 6.3: The calculated SUVs for both legs using 18F-FDG scans.   

 

Figure 6.3: The 13N-NH3 resting blood flow values (ml/min/g) for the ligated (L) and normal (N) leg. 

The data are presented as the mean  STD, n=4/group. There was a statistical difference in blood 
flow between the normal leg group compared to the ligated leg. The symbol **** indicate statistical 
significance in which P ** < 0.0001. The unpaired t-test was used for the statistical analysis in the data 
presented.   
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Figure 6.4: The 13N-NH3 blood flow values (ml/min/g) for the normal legs during rest and stress scans. 

The data are presented as the mean  STD, n=4/group. There was a statistical difference in blood flow 
between the rest and stress. The symbol *** indicate statistical significance in which P ** < 0.005. The 
unpaired t-test was used for the statistical analysis in the data presented.   

 

 

 

 

 

 

 

 

Figure 6.5: The 13N-NH3 blood flow values (ml/min/g) for the ligated legs during rest and stress scans. 

The data are presented as the mean  STD, n=4/group. There was no statistical difference in blood flow 
between the rest and stress. The symbol ns indicate no statistical significance in which P > 0.05. The 
unpaired t-test was used for the statistical analysis in the data presented.   
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Figure 6.6: Scatter plot of the blood flow (ml/min/g) measured with 13N-NH3 versus the glucose 
uptake measured with 18F-FDG in the normal legs. The regression line was fitted using the least 
square method. The n=4. Pearson correlation coefficient r = 0.93 shows that there is a strong 
correlation between the blood flow and glucose uptake in the normal hindlimb.  
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Figure 6.7: Scatter plot of the blood flow (ml/min/g) measured with 13N-NH3 versus the glucose 
uptake measured with 18F-FDG in the ligated legs. The regression line was fitted using the least 
square method. The n=4. Pearson correlation coefficient r = 0.67 shows a good correlation between 
the blood flow and glucose uptake in the ligated hindlimb. 
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6.4.3 Capillary and artery density results: 

Immunohistochemical staining revealed that capillary and artery numbers were significantly higher 

in normal legs compared to ligated legs as in table 6.5 and figure 6.7- 6.8. Images of capillary and artery 

density stating are illustrated figure 6.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mice ID Capillary density 

n/mm2 

Arterial density    

n/mm2 

Rt Leg Lf Leg 

(ligated leg) 

Rt Leg Lf Leg 

(ligated leg) 

AA01 87 49 17 7 

AA02 86 52 19 8 

AA03 93 67 21 11 

AA04 95 69 23 9 

Table 6.4: The Capillary and artery density in (n/mm2) in both the normal 
and ligated legs.  

 

Figure 6.8: The capillary density (n/mm2) in both the normal and ligated legs. The data are presented 

as mean  STD, n=4. The capillary density in normal legs was statistically higher than the ligated legs. 
The symbol * represents significant difference with p values ** < 0.005. The unpaired t-test was used 
for the statistical analysis in the data presented.   
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Figure 6.9: The artery density (n/mm2) in the normal and the ligated legs. The data are presented as 

mean  STD, n=4. The artery density in normal legs was statistically higher than the ligated legs. The 
symbol *** represents significant difference with p values ** < 0.0005. The unpaired t-test was used 
for the statistical analysis in the data presented.   

 

 

              

A                                                 B 

              

C                                                  D 

Figure 6.10: Representative images of ischemic hindlimb samples after 
immunostaining with green colour (488 emission) lectin binding 
representing the capillaries, and red (Cy3 emission) αSMA staining 
identifying the arteries. Nuclei counterstained with DAPI (blue). A, B 
Quantitative analysis of the capillaries in normal and ligated legs 
respectively. C, D α-SMA-positive artery staining in normal and ligated 
legs respectively.  
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6.4.4 Comparison of PET results with the Doppler imaging and histology:  

The correlation was assessed between the resting blood flow (ml/min/g) measured by 13N-NH3 for 

both legs with both the Doppler imaging blood flow ratio as well as the histological results. The 

correlation was based on calculating Pearson correlation coefficient r, in which the values between 0.5 

and 1 reflect a strong positive correlation (Mukaka 2012; Schober et al. 2018).  

The was a good correlation between the PET blood flow in normal leg and the blood flow ratio 

measured by the doppler imaging at day 7 (as the most recent results generated by doppler) with 

correlation r= 0.9 as in figures 6.10-6.11. 

Furthermore, there was a strong positive correlation between the resting blood flow measured by 

PET scans and the capillary density calculated by the immunohistochemistry staining with r= 0.91 and 

0.94 in the normal and the ligated legs respectively as in figure 6.12-6.13. Similarly, there was a strong 

correlation between the blood flow at rest and artery density in both normal and ligated legs with r= 

0.97 and 0.81 respectively as in figure 6.14-6.15.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6.11: Scatter plot of the resting blood flow (ml/min/g) measured with 13N-NH3 versus the blood flow 
ratio measured with Doppler imaging in the normal legs. The regression line was fitted using the least square 
method. The n=4. Pearson correlation coefficient r = 0.9 revealed a good correlation between the blood flow 
(PET results) and blood flow ratio (Doppler results). 
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Figure 6.12: Scatter plot of the resting blood flow (ml/min/g) measured with 13N-NH3 versus the blood flow 
ratio measured with Doppler imaging in the ligated legs. The regression line was fitted using the least square 
method. The n=4. Pearson correlation coefficient r = 0.99 revealed a good positive correlation between the blood 
flow (PET results) and blood flow ratio (Doppler results). 
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Figure 6.13: Scatter plot of the resting blood flow (ml/min/g) measured with 13N-NH3 versus the capillary density 
(n/mm2) in the normal legs. The regression line was fitted using the least square method. The n=4. Pearson 
correlation coefficient r = 0.91 revealed a good correlation between the blood flow (PET results) and capillary 
density (histological results).  
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Figure 6.14: Scatter plot of the resting blood flow (ml/min/g) measured with 13N-NH3 versus the capillary density 
(n/mm2) in the ligated legs. The regression line was fitted using the least square method. The n=4. Pearson 
correlation coefficient r = 0.94 revealed a good correlation between the blood flow (PET results) and capillary 
density (histological results).  
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Figure 6.15: Scatter plot of the resting blood flow (ml/min/g) measured with 13N-NH3 versus the artery density 
(n/mm2) in the normal legs. The regression line was fitted using the least square method. The n=4. Pearson 
correlation coefficient r = 0.97 revealed a good correlation between the blood flow (PET results) and capillary 
density (histological results).  
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6.5 Discussion: 

Murine models have been used extensively to assess the efficiency of therapy which resulted in the 

development of various animal models. Among them, the HLI model which is used to study PADs 

through simple surgical steps with low death rate. Measuring the blood flow in murine HLI is 

frequently performed using Doppler imaging which is non-invasive technique that allows the 

evaluation of superficial blood flow in mice. However, it cannot measure absolute perfusion values, 

such as mL/min/g, which is essential to evaluate angiogenesis and new vessels formation in repone 

to therapy. Rather, its blood flow readings are expressed in arbitrary perfusion units (PU). Molecular 

imaging modalities , such as PET, have been used to detect alteration in the extremity blood circulation 

which might provide early and sensitive insight of ischemic defects at a molecular level (Dobrucki and 

Sinusas 2007; Cavalcanti Filho et al. 2011).  

13N-NH3 has been widely used in PET imaging as a perfusion agent that allows the assessment of 

regional MBF in both rest and stress heart conditions. In contrast, attempts to quantify the blood flow 

in skeletal muscle have rarely been reported particularly in murine model due to the associated 

challenge such as scanner resolution and animal preparation. In this chapter, our goal was to test the 

ability of our micro-PET/CT scanner to detect changes in the blood flow following surgical ligation 

of the mouse using 13N-NH3 as the perfusion tracer and compartmental modelling tool.  

 

Figure 6.16: Scatter plot of the resting blood flow (ml/min/g) measured with 13N-NH3 versus the artery density 

(n/mm2) in the ligated legs. The regression line was fitted using the least square method. The n=4. Pearson 

correlation coefficient r = 0.81 revealed a good correlation between the blood flow (PET results) and capillary 

density (histological results).  
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Our 13N-NH3 quantification successfully detected the reduction in the blood flow values in the 

ligated leg. The blood flow values were significantly higher in the normal leg compared to the ligated 

leg, confirming the poor blood supply following surgical ligation. Additionally, we detected a 

significant increase in the blood flow in the normal legs compared to its baseline values during the 

stress scan. This is likely due to the vasodilation process stimulated by the administration of 

pharmacological stress agent. In contrast, the blood flow values in the ligated legs were similar to their 

baseline values due to the ischemic defect in which the muscle fail to raise the blood flow in response 

to the pharmacological agent (Orbay et al. 2013; Hoinoiu et al. 2019).  

With regards to the glucose uptake values, we have reported a significant decrease of the glucose 

uptake in the ligated leg compared to the normal legs. Under normal condition, the skeletal muscle, 

such as the hindlimb, extract it oxygen supply from the blood vessels (Rivas et al. 1976). Since the 

metabolisim in muscle is mainly aerobic and the anaerobic metabolism is limited during ischemia, the 

metabolic change in the muscle depends on adequate blood supply (Rivas et al. 1976). Subsequently, 

the poor blood supply in ligation could be the cause of the reduction in the glucose uptake. In fact, 

this might explain the strong correlation between the blood flow and the glucose uptake results.  

Furthermore, we next sought to assess the correlation between our PET results and the Doppler 

imaging and histological data. It is important to emphasise that proper judgment of the feasibility and 

the accuracy of any imaging technique could be accomplished through performing a combination of 

other histological and functional tests. Consequently, we have assessed the relation between PET 

blood flow results and both the Doppler and vascular density results. The blood flow ratio values 

measured in doppler imaging were in strongly correlated with PET flow results suggesting that PET 

imaging can detect the flow defect as the case in Doppler imaging but in absolute value.  

Traditional assessment of ischemia and angiogenesis in murine model involve the use of invasive 

technique which include animal termination and tissue collection, which subsequently limits serial 

examination of the physiological process in living animals (Orbay et al. 2013). We have assessed the 

correlation between PET and histological results and there was a strong correlation between of the 

PET blood flow and vascular density results. The vascular density in the ligated legs reduced 

dramatically compared with the normal legs. It has been reported that the reduction in the 

microvasculature density, or vascular density, may contribute to the decrease in the blood flow and 

that is possibly the cause of the strong correlation found between the PET and vascular density results  

(Landers-Ramos and Prior 2018). Several studied have recorded the reduction in vascular density 

following ligation process, which was aligned with our vascular density results in which both the 
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capillary and artery density were significantly reduced in the ligated leg (Peñuelas et al. 2007; Hoinoiu 

et al. 2019; Tang and Kim 2021).  

6.6 Conclusion: 

In this chapter, we have shown that the Mediso-micro-PET/CT scanner can detect the changes in 

the blood flow and glucose metabolisim following induced HLI in mice using N13-NH3 and F18-FDG 

respectively. Our developed imaging protocols were applied for the quantitative assessment of blood 

flow in the ischemic hindlimb murine model. An advantage of using PET is it allows measuring blood 

perfusion in an absolute value ml/min/g (Orbay et al. 2013). The resulted biomarkers, that frequently 

are used to evaluate cardiac function, were applicable to be used in the murine hindlimb using our 

developed imaging protocols and PET quantitative tools. Importantly, the use of the traditional blood 

flow evaluation techniques, namely Doppler imaging, and histological analysis, were in good 

agreement with our PET results.  

In conclusion, we demonstrated that our micro-PETCT scanner can be used as a feasible tool in 

detecting blood flow and glucose uptake changes in disease model, such as HLI, in which the results 

were validated successfully with other measurement tests. Therefore, micro-PT/CT may permit of the 

evaluation of disease progresses and therapeutic intervention to be translated directly to humans.  In 

the next chapter, we will use our imaging protocols to evaluate the therapeutic effect of LAV-BPIFB4 

gene in protecting from cardiomyopathy in diabetic model.  
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Chapter 7:  

The therapeutic effect of longevity-associated 

variant (LAV)-BPIFB4 gene therapy on 

Diabetes mellitus (DM) murine models 

7.1 Introduction: 

DM is a group of metabolic disorders that is characterized by an abnormal rise in blood sugar 

resulting either from the inability of the body to produce enough insulin or not responding normally 

to it (D. 1979; Mellitus and World Health 1980). DM is difficult to classify, but the most common 

classifications include two types, T1D and T2D, as previously mentioned in the introduction chapter 

(Group 1979; Mellitus and World Health 1980).  

T1D is an autoimmune disease in which the immune system attacks and destroys the pancreatic 

beta cells that produce insulin (Group 1979; Mellitus and World Health 1980). It occurs mainly among 

children and the young population, whereas T2D is more common in older people (Group 1979; 

Mellitus and World Health 1980). T2D occurs when the body’s cells lose their ability to respond to 

insulin (“insulin resistance”) and is often associated with obesity (Group 1979; Mellitus and World 

Health 1980). DM is one of the risk factors for CVDs, especially vascular diseases, through its impact 

on initiating or accelerating atherosclerosis (Kolakalapudi and Omar 2015; Oikonomou et al. 2018).  

Generally, DM induces microvascular and macrovascular changes in the majority of the body’s 

organs. These changes include endothelial dysfunction, aortic stiffness, arterial stenosis and diabetic 

nephropathy (Kampoli et al. 2009). The effects of DM on the CVS, including the mechanisms that 

lead to vascular dysfunction and CVDs, has gained great interest from the medical communities. We 

will only briefly discuss the effects of DM on the endothelium because of its adverse outcomes and 

complications that could lead to PADs, CADs or MI.  

The endothelium is the inner most layer of the vasculature (Kampoli et al. 2009; Aaronson et al. 

2020). It consists of a monolayer of cells that acts as a barrier between the circulating blood and body 

tissues (Kampoli et al. 2009; Aaronson et al. 2020). Endothelium dysfunction results in abnormalities 

such as changes in the vasomotor ability of the vessel, increased production of inflammatory cytokines 
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and chemokines, and changes in platelet activity and coagulation (Kampoli et al. 2009; Aaronson et al. 

2020). These may ultimately lead to changes in vasoconstriction, inflammation, and thrombosis 

(Kampoli et al. 2009; Aaronson et al. 2020).   

In the case of DM, the endothelium has an increased probability of plaque formation due to a 

variety of factors that include hyperglycaemia, insulin resistance and increased free fatty acids in the 

blood (Kampoli et al. 2009; Aaronson et al. 2020). These factors might affect the endothelium, causing 

oxidative stress and endothelial dysfunction (Kampoli et al. 2009; Aaronson et al. 2020). Abnormal 

vasodilation in DM is a result of the reduction in nitric oxide (NO) production (Navab et al. 1996; 

Kampoli et al. 2009; Aaronson et al. 2020). NO is antioxidant, anti-inflammatory and anti-coagulant 

gaseous molecule that is associated with the maintenance of vascular vasodilation and blood pressure 

(Kampoli et al. 2009; Aaronson et al. 2020). It plays a significant role in regulating the functions of the 

CVS since any malformation in its production or availability might induce hypertension, angiogenesis 

disorders and atherosclerosis (Moncada and Higgs 2006; Pacher et al. 2007; Vanhoutte et al. 2009). 

Importantly, NO synthesizes through nitric oxide synthase (eNOS) which is a vital protective enzyme 

for vascular functions and the CVS (Dossena et al. 2020). Following NO production, it diffuses into 

the smooth muscle cell layer of the vasculature and induces the secretion of an enzyme called soluble 

guanylate cyclase (sGC) which activates the transformation of guanosine triphosphate (GTP) into 

cyclic guanosine monophosphate (cGMP) (Zhao et al. 2015; Hofmann 2020). In fact, cGMP is a 

messenger regulator molecule that modulates various mechanisms such as vasodilation, 

glycogenolysis, retinal phototransduction, calcium homeostasis, ion channel conductance and cellular 

apoptosis (Zhao et al. 2015; Hofmann 2020). Once synthesized, cGMP stimulates protein kinase G 

(PKG enzyme) that boosts many phosphorylation processes within the cell, decreases calcium levels 

as well as promoting vascular relaxation (Wolfertstetter et al. 2013; Zhao et al. 2015; Hofmann 2020).    

A genetic study among LLIs reported a gene variant that improved the NO production which 

subsequently reduced endothelium dysfunction and boosted the vascular reparative process that is 

often impaired in DM (Villa et al. 2015c). This gene is the longevity associated gene variant (LAV) of 

the bactericidal/permeability-increasing fold-containing family B member 4 (BPIFB4), a four-

missense single-nucleotide polymorphism haplotype allele, or LAV-BPIFB4 (Villa et al. 2015b; 

Faulkner et al. 2020). BPIFB4 belongs to a group of proteins that appear to be involved in innate 

immunity, many antimicrobial activities, cholesterol handling and the release of surfactant proteins 

with anti-infection and immunomodulatory properties (Villa et al. 2015c; Spinelli et al. 2017; Dang et 

al. 2020; Faulkner et al. 2020). Villa et al. (Villa et al. 2015b) noted that BPIFB4 is reduced in aged 
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mice and forcing the expression of LAV-BPIFB4 prevented endothelial dysfunction which is one of 

the common hallmarks of ageing. They also found that LAV-BPIFB4 enhanced angiogenesis and 

wound healing in murine HLI models following femoral artery ligation.  

Other studies showed that LAV-BPIFB4 stimulated proteostasis and adaptive stress responses 

which is known to be the key elements for enhancing cell survival (Nisoli et al. 2005; Vilchez et al. 

2014). Many investigations, which have been carried out to justify these remarkable therapeutic effects, 

demonstrated that LAV-BPIFB4 is more effectively phosphorylated and stimulated by protein kinase 

C alpha and protein kinase R-like endoplasmic reticulum kinase, triggers and increases calcium 

mobilisation, recruits heat shock protein 90 and stimulates endothelial NO synthase eNOS signalling 

pathways (Villa et al. 2015a; Spinelli et al. 2017; Villa et al. 2018; Malavolta et al. 2019). The eNOS is 

one of the three isoform enzymes responsible for synthesizing NO which is responsible for regulating 

vasodilation and blood flow through sGC in the vascular smooth muscle and monitoring 

O2 consumption of the mitochondria (Kukreja and Xi 2007; Chen et al. 2008). In addition, studies 

showed that the presence of the LAV- BPIFB4 gene, is associated with a lower incidence of ischemia, 

hypertension, and atherosclerosis (Villa et al. 2015a; Spinelli et al. 2017; Malavolta et al. 2019; Di Pardo 

et al. 2020; Faulkner et al. 2020). In our previous work (Dang et al. 2020), we revealed that the LAV-

BPIFB4 gene activates the expression of stromal derived factor-1 (SDF-1) in CD14+CD16+ 

intermediate monocytes. SDF-1 is a chemokine that belongs to a large family of secreted proteins 

involved in cell signalling through cell surface G protein-couple chemokine receptors (Valenzuela-

Fernández et al. 2002; Hughes and Nibbs 2018). Their major function is to regulate all protective and 

destructive inflammatory and immune responses through inducing cell migration, mostly leukocytes 

(Valenzuela-Fernández et al. 2002; Hughes and Nibbs 2018). Moreover, their receptors on white blood 

cells also regulate the biology of many non-leukocytic cell types (Hughes and Nibbs 2018). Therefore, 

they play a significant role in the development of the immune system and homeostasis (Valenzuela-

Fernández et al. 2002; Hughes and Nibbs 2018). Much evidence has reported that the chemokine 

receptor CXCR4 and its sole ligand stromal cell-derived factor-1 (SDF-1) (also called CXCL12) 

regulates the CVS and neural growth, and the homeostasis of hematopoietic lineages, modulates 

lymphocyte trafficking (the process in which lymphocytes and phagocytic cells adhere and migrate 

across the endothelium of the vasculature into an organ or the region of inflammation) (Nagasawa et 

al. 1996; Aiuti et al. 1997; Ma et al. 1998; Tachibana et al. 1998; Zou et al. 1998; Peled et al. 1999). In 

fact, SDF-1 and CXCR4 have constitutive (their genes are transcribed constantly) and large expression 

in the body tissues (Shirozu et al. 1995; Nagasawa et al. 1996). Additionally, several studies reported 
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that SDF-1/CXCR4 pairs participate in the pathogenesis of inflammatory and infectious processes 

through inducing platelet aggregation (platelets adhere to each other in the region of vascular injury) 

and subsequent development of atherosclerosis (Bleul et al. 1996; Feng et al. 1996).   

When gathering the above evidence, LAV-BPIFB4 gene therapy might be a novel treatment for 

fighting CVDs and age-related cardiovascular pathology. Therefore, in this chapter we will evaluate 

the ability of the LAV-BPIFB4 gene to prevent the progression of T2D using murine models through 

the assessment of cardiac function. The cardiac function was evaluated through the quantification of 

myocardial glucose uptake and metabolism using the SUV and compartmental modelling methods 

respectively.  

7.2 Objective: 

The main objective of the experiments described in this chapter was to determine whether the 

LAV-BPIFB4 gene treatment has a therapeutic effect on a murine model of diabetes. This was done 

through:  

1. Quantifying myocardial glucose uptake (through the SUVs) and metabolism (MGM through 

compartmental modelling) in four groups of mice (1 experimental group, 3 control groups: 

further details included in the method section). 

2. Assessing any differences in either the SUVs or MGM between the experimental group and 

the control groups.  

3. Comparing our PET data with the echocardiography and relevant histological data that were 

produced from the same groups of mice. Please note that the echocardiography and 

histological analysis in this chapter were carried out by other members of the research group.  

7.3 Material and Methods: 

7.3.1 Study design: 

Some of the data in this chapter has been published (Dang et al. 2020). The experimental design 

of this study can be seen in figure 7.1. Echocardiography scan results for the mice that underwent 

PET/CT imaging have been included in this chapter to enable a direct comparison with the PET scan 

results. The mice that were not sent to Cardiff underwent a histological assessment after the 

echocardiography (i.e., at the same timepoint as the PET/CT scans), as a further comparator to assess 

the potential therapeutic effect of the LAV variant on the diabetic models.  
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7.3.2 Animal groups: 

All animal experiments and imaging procedures in this research were approved by the British Home 

Office (Project License PPL 30/3373), at the University of Bristol and conducted according to the 

Care and Use of Laboratory Animals (The Institute of Laboratory Animal Resources, 1996).  

Twenty-four nine-week-old male C57BLKS/J-Leprdb/Leprdb/Dock7+[db/db] mice (Envigo, 

Bicester, Oxfordshire, UK) and eight age-matched lean non-diabetic mice [C57BLKS/J-Lepr 

db/LeprWT Dock7+ (wt/db), Envigo] received a base line echocardiogram (at week 8) before 

entering the study. One week later, when all the DbDb mice were fully diabetic (glycosuria tests), the 

mice were anaesthetised using isoflurane and given a single injection via the tail vein of vehicle (PBS), 

AAV9-LAV-BPIFB4 or AAV9-WT-BPIFB4 (100 μL at 1 × 1012 GC/mL) as can be seen in figure 7.1. 

Therefore, the mice were divided into four groups (8 mice each): 

1. No virus (NV) control group. 

2. AAV9-WT-BPIFB4 control group. 

3. AAV9-LAV-BPIFB4 experimental group. 

4. Lean non-diabetic (Dblean) control group.  

One month after the gene delivery (when the mice were 13 weeks old), the mice underwent a final 

echocardiography and then the mice (n=3/group) were randomly chosen to be sent from Bristol 

University to PETIC in Cardiff university to undergo PET/CT imaging under terminal anaesthesia. 

The remaining animals (n=5/group) underwent histological assessment in Bristol. 

 

 

Figure 7.1: The experimental design for the diabetic model groups. 
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7.3.3 Micro PET/CT scanner: 

The specifications for the Mediso Nano-Scan 122S small-bore PET/CT imaging system manufactured 

by the Mediso medical imaging system, Budapest, Hungary have been outlined in the methodology 

chapter.  

7.3.4 The used radiotracers: 

18F-FDG was used to assess the glucose uptake and metabolism through the SUVs and MGM. It 

was not possible to use 13N-ammonia in these mice, as the manufacture and supply logistics had not 

been finalized. In any case, the aim of this study was to assess glucose uptake and metabolism in these 

diabetic mice, and to compare the results of the echocardiography and PET/CT in the same animals.  

7.3.5 Animal preparation: 

Following the echocardiography, the mice were examined by the Bristol university veterinarian 

(National veterinarian services NVS) prior to their transfer to Cardiff. The scanning procedures were 

started after waiting for at least 5 days following the transfer to avoid mice distress. Each mouse was 

fasted for one hour and then warmed up to 37oC for 5 minutes (for better vein cannulation) before 

being anaesthetised with 2-3% isoflurane in O2 (1L/min). An IP injection of 100 µl of Iohexol CT 

contrast agent (647 mg/ml) was given to the mouse just before injecting 18F-FDG to help distinguish 

between the kidneys and the liver in the CT images.  

Next, the mouse was transferred to a pre-warmed imaging scanner bed which was supplied with a 

small tooth bar (attached to a nose cone) and a pad, in order to position the mouse, maintain 

anaesthesia (~1.5-2% isoflurane in O2), and measure the heart rate.  

7.3.6 Animal PET/CT imaging: 

A 16 second CT scout scan was acquired for accurate mouse positioning followed by an 18F-FDG 

injection via the lateral tail vein route (~20 MBq in 0.1 ml). A 60-minute whole body dynamic PET 

scan was initiated immediately following the injection. This was followed by a 2.5-minute whole body 

CT scan (480 projections in a semi-circular method, one rotation, 50 kVP, 300 ms exposure time, 1-4 

binning and a maximum FOV was used). The CT scan was used to calculate attenuation correction. 

The co-registration process of images was automatically applied to allow a better visualisation of 

structural and functional information from the CT and PET respectively. 

7.3.7 Reconstruction of PET images: 

All PET scans were acquired in list mode acquisition, and images were reconstructed using 

Mediso’s proprietary Teratomo-3D reconstruction algorithm with a voxel size of 400 µm using 

Nucline software. The FDG scans were reconstructed with a frame set of 6x10 sec, 4x60 sec,1x300 
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sec, 5x600 sec (total duration 1 hour). The difference in reconstruction frameset was due to the 

different in the injection time. CT scans were reconstructed using a 250 µm voxel size, and sinograms 

produced using the 2-D filtered back-projection method. Attenuation (CT based) and scatter 

corrections, as well as normalization, were applied to the reconstructed images. Following the 

reconstruction, all images were exported to PMOD software for SUV and MGM quantifications using 

data analysis and kinetic modelling tools. Importantly, PET images were corrected for dead time, 

scatter, and radiation decay.  

7.3.8 Data analysis: 

As described previously, PMOD was the software of choice for all image analysis due to its 

sophisticated ability of performing all quantification methods in PET imaging. In this chapter, cardiac 

analysis was carried out using the heart SUVs and compartmental modelling (for MGM calculation). 

7.3.9 SUV measurements:  

Standard uptake value (SUV) is the simplest semi-quantification PET method that is applied using 

static PET images (Turkheimer et al. 2014). It is performed routinely for clinical and preclinical studies 

because it can generate an approximate metabolic uptake of the radiotracer in the region of interest 

(Turkheimer et al. 2014). However, it is only applicable to irreversibly binding radiotracers, such as 

13N-NH3 and FDG (Boellaard 2009). 

Since SUV measurements can be only generated for static PET images, the dynamic FDG scan 

was averaged for the duration of the final 30 minutes (which is the time that FDG reached the 

equilibrium as previously explained), and the regions of interest (ROIs) were delineated over the 

myocardium using the manual delineation tool. Following this, the SUV, which is independent of the 

dimension of the object, was calculated through the following the formula in equations 2.5-2.6, and it 

has no unit. 

7.3.10 Myocardial glucose metabolism (MGM) measurements: 

The MGM for the four groups was assessed using FDG scans and a 2TC model that was explained 

previously.  

7.3.11 Echocardiography: 

The echocardiography was performed by two Bristol-based members in our research group. A 

depilatory cream was used on the chest prior to scanning. The Vevo 3100 echocardiography system 

(Fujifilm VisualSonics Inc, Toronto, Canada) was used with a MX400 transducer to measure cardiac 

dimensional and functional parameters such as SV, EF%, fractional shortening (FS%) and CO  

(Katare et al. 2010; Katare et al. 2011; Dang et al. 2020). The results were obtained from the 13-week 
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echocardiography using the parasternal long-Axis (PLAX View) and short-axis views placed at the 

papillary muscle level in M-mode imaging. The mice were anaesthetized using isoflurane at 2.5% in 

air, then the proportion of isoflurane was altered to maintain the heart rate at 450 bpm (± 25 bpm). 

The procedure lasted for about 1 hour.   

7.3.12 Histological analysis: 

The tissue harvest and histological examinations were performed on the mice that had not 

undergone PET/CT by other members of the research group (based in Bristol), and not by the 

researcher. This data has been included as a comparator for the PET/CT study. After fixation in PFA 

and cryopreservation in sucrose, the hearts were embedded in OCT and the cryosections were cut. 

Capillary density was assessed after staining with isolectin IB4 and an antibody specific for α-SMA 

staining to identify capillaries and arteries, respectively. The sections were examined using fluorescence 

microscopy (Zeiss Axio observer microscope, 20 X magnification). Photomicrographs were taken and 

image analyses were performed using the image J software. The total number of the capillary and 

arteriole (at <10 um, 10-50 um and >50 um) were identified in at least 20 fields. Final data were 

expressed as the number of capillary or arteriole per mm2. 

7.4 Statistics: 

Statistical analysis was performed using GraphPad Prism (version 9.3.0). Data are shown as 

individual values and/or mean with ± standard error of the mean. Comparisons were made using the 

student’s t-test and one- or two-way analysis of variance (ANOVA), as appropriate. The Brown–

Forsythe test was used to determine equal variance between groups. Post-hoc analysis of ANOVA 

included Tukey and Welch tests, as appropriate. A P value of less than 0.05 was considered to be 

statistically significant. 

7.5 Results: 

All mice were given the tail vein injections (virus or control) and underwent echocardiography 

without complications. As expected, the diabetic mice had gained a considerable amount of weight by 

the end of the experiment at week 13 (figure 7.2, appendices A.1-A.4). The mice underwent hair 

removal (with depilatory cream) prior to the echocardiography. A serendipitous observation identified 

differences in hair regrowth, with the diabetic mice having impaired regrowth compared with the non-

diabetic animals (figure 7.3, Appendix B.1). Interestingly, when evaluating the appearance of all the 

groups (8 mice/group), including both the harvested and the PET/CT scanned mice, there was a 

significant increase in the hair re-growth rate within the AAV9-LAV-BPIFB4 treated group compared 
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with the other diabetic groups (p<0.0001), while both the LAV and lean groups showed a similar hair 

re-growth trend (p=0.20). 

During PET/CT imaging, all mice recorded stable and normal heart rates (HR) (with little 

fluctuation), with a value of approximately 463-509 beats/min as reported previously in literature and 

under isoflurane anesthesia (Doevendans et al. 1998; Low et al. 2016). This is slightly elevated 

compared with the HR maintained in the mice during echocardiography. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: Mice body weight (g) of all groups at 13 weeks. Diabetic mice gained more weight over the study 
than lean mice. Data shown as individual values, mean and SEM. A significant increase in the body weight at 
week 13 among the diabetic mice, including NV, WT and LAV groups, compared to the LAV group. Symbols 
*p<0.05, **P<0.005, *** < 0.0005 and **** P < 0.0001 indicate statistical difference.  The one-way ANOVA 
was used for the statistical analysis in the data presented.   
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7.5.1 SUV measurements: 

We investigated whether a single intravenous injection of the AAV9-LAV-BPIFB4 gene could 

promote glucose uptake, using the 18F-FDG images and the semi-quantitative assessment (represented 

by SUVs). As previously explained, the SUV is a general index that represents the radiotracer uptake 

within a ROI or volume of interest (VOI). The uptake of the radiotracer was measured by averaging 

the final 30 min of the 60 min 18F-FDG scan for each individual mouse. Table 7.1 illustrates the SUVs 

of the four groups. As shown in figure 7.4, the healthy LC group reported the highest SUVs compared 

to the other three groups with p < 0.005, suggesting a significant difference between its values and 

the SUVs of the three diabetic groups. Generally, the SUV results (figure 7.4) suggested a reduction 

in the 18F-FDG uptake among diabetic groups compared with the uptake in lean mice (LC). No 

significant differences were found between the three diabetic groups, as illustrated in figure 7.4, 

possibly because of the low numbers of animals involved. Consequently, we cannot say that the gene 

treatment of mice with the AAV9-LAV gene improved the glucose uptake in the LAV group.  

 

 

 

 

Figure 7.3: Chest hair regrowth after depilation. Chest hair regrowth evaluation at week 4 (after 
depilation for echocardiography) was faster in LAV-treated mice than in mice given NV or WT 
gene therapy. The symbol **** indicates there is a statistical significance between the compared 
groups (p < 0.0001). Both the LAV and lean groups were similar in the hair re-growth rate (P = 
0.20). The one-way ANOVA was used for the statistical analysis in the data presented.   
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   Model Mice 
group 

Mouse ID SUVs for the 18F-FDG scan 

 
 
 
 

Diabetic mice 

NV PA85 2.7 

PA86 2.6 

PA87 2.01 

WT PA91 2.7 

PA92 1.56 

PA93 1.7 

LAV PA88 3.1 

PA89 2.2 

PA90 2.27 

Non-diabetic mice Lean PA94 4.1 

PA95 5.56 

PA96 4.22 

Table 7.1: The SUVs for all the groups. There was a significant difference between the lean 
group (non-diabetic) and the diabetic groups (P<0.005). 

  

Figure 7.4: The SUVs for the four groups. The symbol ** indicates a significant difference (P 
< 0.005) between the LC (non-diabetic) and the three diabetic groups. The SUVs were similar 
among the diabetic groups (p>0.05). The one-way ANOVA was used for the statistical analysis 
in the data presented.   
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7.5.2 MGM measurements through compartmental modelling: 

To further understand and investigate the impact of the single intravenous injection of the AAV9-

LAV gene on glucose uptake and metabolism among diabetic mice, the data were fitted into a two-

tissue compartment model as explained previously. The compartmental modelling was used to assess 

the rates of 18F-FDG phosphorylation through the myocardial glucose metabolism (MGM) or KFDG 

(Cochran et al. 2017).  

The MGM or KFDG (in the unit of ml/g/min) of the four groups can be seen in table 7.2. Data 

from each group were tested for normal distribution using the Shapiro-Wilks test and the p values 

were greater than 0.8301 suggesting normal distribution. Thus, the two-way ANOVA was carried out 

between the four groups to test the statistical difference between them. From these table 7.2 and figure 

7.5, it is apparent that the treatment with the AAV9-LAV-BPIFB4 gene did not significantly increase 

the MGM in the LAV group compared to the other two diabetic groups (NV&WT). In addition, it 

can be seen from this graph that the LC group had significantly higher MGM values, as expected when 

compared to NV and WT groups with *P < 0.005.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model Mice 
group 

Mouse ID MGM or KFDG in the unit of 
ml/min/g 

 
 
 
 

Diabetic mice 

 
NV 

PA85 0.018 

PA86 0.021 

PA87 0.019 

 
WT 

PA91 0.017 

PA92 0.019 

PA93 0.018 

 
LAV 

PA88 0.021 

PA89 0.020 

PA90 0.019 

Non-diabetic 
mice 

 
LC 

PA94 0.026 

PA95 0.027 

PA96 0.024 

Table 7.2: The MGM values for all the groups in the unit of ml/g/min. There 
was a significant difference between the lean group (non-diabetic) and the 
diabetic groups (P values were <0.005). 
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7.5.3 Echocardiography: 

Echocardiography was used to characterize the role of LAV in functional studies. Many different 

parameters can be obtained using echocardiography, but we have chosen to focus on cardiac output 

(CO) and left ventricular ejection fraction (LVEF) as better comparators with our PET/CT results 

(table 7.3-7.4).  Table 7.3 provides the mean HR, EF%, CO and LV mass for all mice (mice for 

PET/CT that were also used in histological studies). The CO and LVEF% was significantly higher in 

the lean control group (non-diabetic) compared to the diabetic groups (Figure 7.6-7.7), while both 

parameters were similar in the three diabetic groups. However, when adding the echocardiography 

data for the harvested mice, we observed a statistical difference between the diabetic groups as can be 

seen in table 7.4 and figures 7.8-7.9. The larger sample size in the echocardiography data, when 

including both the scanned and harvested mice, revealed a statistical difference between the LAV 

group compared to the other diabetic groups for both functional parameters (the CO and LVEF%) 

as in figures (7.8-7.9). 

 

 

 

Figure 7.5: The MGM values for the four groups in the unit of ml/g/min. Data shown as individual 
values, mean and SEM. There was no significant difference (P > 0.05) between the three diabetic groups. 
However, there was a significant difference between the LC group and both NV and WT groups with p 
values less than 0.0186 and 0.0052 respectively. Notably, there was no significant difference between the 
LC and the LAV-treated groups (p = 0.341). The one-way ANOVA was used for the statistical analysis 
in the data presented.   
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 Mice 
Group 

Mice ID HR Ejection fraction% Cardiac 
output 

(ml/min) 

LV mass 
(mg) 

Diabetic 
mice 

NV PA85 433.930993 62.610172 15.699646 84.700259 

PA86 448.109538 76.474949 15.435991 112.939812 

PA87 443.008768 78.466467 14.437056 107.968245 

WT PA91 458.160993 65.119227 17.72038 89.149981 

PA92 449.929698 75.477833 14.963909 84.155673 

PA93 449.648712 79.685441 12.86803 72.544914 

LAV PA85 459.550024 82.426317 15.557526 80.780513 

PA86 456.780333 71.790507 17.320126 79.4936 

PA87 455.62411 84.847426 18.160426 88.577606 

Non-
diabetic 

mice 

LC PA94 460.358056 97.444579 21.224636 122.979011 

PA95 459.110473 98.506749 22.24266 152.688008 

PA96 459.256897 97.664174 21.874793 99.85695 

Table 7.3: Echocardiography (at week 13) for all mice groups that were scanned with PET/CT scanner. 

Parameter Age (weeks) NV WT LAV LC 

HR 

(beats/min) 

8 431 ± 7 439 ± 6 430 ± 8 453 ± 5  

13 448 ± 8 449 ± 4 446 ± 4 464 ± 5 

LVEF% 8 74.9 ± 1.4 76.3 ± 2.0 75.4 ± 1.1 78.0 ± 0.7 

13 70.8 ± 0.9  70.5 ± 1.5  76.3 ± 0.9  77.3 ± 2.1 

CO (mL/min) 8 19.9 ± 0.7 18.6 ± 0.8 17.8 ± 0.7 20.1 ± 0.8 

13 19.5 ± 0.7 17.7 ± 1.0 21.9 ± 0.7  19.9 ± 0.8 

LV Mass (mg) 8 117 ± 9 111 ± 7 116 ± 4 138 ± 13 

13 132 ± 9 133 ± 11 148 ± 11  145 ± 12 

Table 7.4: The echocardiography results for all mice in the four groups. The healthy LC group was 
significantly higher in all the parameters compared to the diabetic groups at 13 weeks. Importantly, there was 
a statistical difference between the LAV group vs. the other two diabetic in terms of LVEF%, CO and LV 
mass at 13 weeks.  



 

 

182 

 

 

  

  

Figure 7.6: The CO (ml/min) measured by the echocardiography (at week 13) for the PET/CT scanned mice 
groups. Data shown as individual values, mean and SEM. There was no statistical difference between the diabetic 
groups in which p > 0.05. However, the CO was significantly higher in the LC (non-diabetic) group compared 
to the diabetic groups. Symbols *p<0.05, **P<0.005 indicate statistical difference. The one-way ANOVA was 
used for the statistical analysis in the data presented.   

   
 

 

 

  

Figure 7.7: The LVEF% measured by the echocardiography (at week 13) for the PET/CT scanned mice groups. 
Data shown as individual values, mean and SEM. There was no statistical difference between the diabetic groups 
in which p > 0.05. However, the LVEF% was significantly higher in the LC (non-diabetic) group compared to 
the diabetic groups. Symbols *p<0.05, **P<0.005 indicate statistical difference. The one-way ANOVA was used 
for the statistical analysis in the data presented. The one-way ANOVA was used for the statistical analysis in the 
data presented.   
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Figure 7.8: The echocardiography CO (ml/min) for all mice groups (at week13) including the scanned and 
harvested ones (n=8/group). There was a statistical difference between the LC compared to the WT and NV 
(diabetic groups). The CO values of the LAV group were statistically higher than the other diabetic groups 
(WT and NV). Symbols *p<0.05, **P<0.005 indicate statistical difference. The one-way ANOVA was used 
for the statistical analysis in the data presented.   

 
  

 

 

 

  

Figure 7.9: The echocardiography LVEF% for all mice groups (at week 13) including the scanned and harvested 
ones (n=8/group). There was a statistical difference between the LC compared to the diabetic groups. The 
LVEF% values for the LAV group were statistically higher than the WT and NV (diabetic) groups. Symbols 
*p<0.05, **P<0.005, *** < 0.0005 and **** P < 0.0001 indicate statistical difference. The one-way ANOVA 
was used for the statistical analysis in the data presented.   
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7.5.4 Histological data: 

The results of capillary and arteriole density measurements are presented in table 7.5 and figures 

7.10 and 7.11. The LAV group has a significant increase in the capillary and artery density compared 

with the other diabetic groups including NV and WT as in figures 7.10 and 7.11.  In addition, the LC 

group exhibited the highest capillary density and artery density, as expected, when compared to the 

NV and WT groups.  

 Mice 
Group 

Mice ID Capillary density 
(number/mm2) 

Artery density 
(number/mm2) 

Diabetic 
mice 

NV PA21 118.9 55.1 

PA22 133.1 46.8 

PA24 118.1 35.5 

PA26 153.0 65.2 

PA15 136.4 57.2 

PA16 140.5 29.9 

PA40 171.9 34.7 

WT PA7 139.8 34.0 

PA8 147.4 51.4 

PA9 144.8 63.8 

 PA10 156.0 52.0 

 PA11 140.3 66.4 

 PA12 143.6 37.7 

 PA27 144.2 31.2 

LAV PA17 176.3 50.7 

PA18 179.8 67.7 

PA19 155.6 64.3 

PA20 174.7 49.7 

PA32 207 87.9 

PA37 180.3 72.5 

PA42 194.4 78.9 

Non-diabetic 
mice 

LC PA52 173.4 95 

PA53 186.2 95.1 

PA58 240.8 90.7 

PA59 222.8 81.1 

PA60 241.8 79.4 

PA62 237.6 85.3 

PA63 195.8 76.1 

 

Table 7.5: The capillary and artery density of all the harvested mice groups. 
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Figure 7.10: The Capillary density (unit of n/mm2) in the four groups. There was a significant difference between 
the LC (non-diabetic) and the three diabetic groups. In addition, there was also a significant increase in the 
capillary density in the LAV group compared to the other diabetic ones. Symbols *p<0.05, **P<0.005, *** < 
0.0005 and **** P < 0.0001 indicate statistical difference. The one-way ANOVA was used for the statistical 
analysis in the data presented.   

   

  

 

Figure 7.11: The artery density (unit of n/mm2) in the four groups. There was a significant difference between 
the LC (non-diabetic) and the three diabetic groups. In addition, there was also a significant increase in the artery 
density in the LAV group compared to the other diabetic ones. Symbols *p<0.05, **P<0.005, *** < 0.0005 and 
**** P < 0.0001 indicate statistical difference. The one-way ANOVA was used for the statistical analysis in the 
data presented.   
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7.5.5 PET comparison with echocardiography: 

There was a strong positive correlation between our MGM results (as a full quantitative tool) and 

the echocardiography functional parameters, including CO and LVEF%. Both the PET and 

echocardiography data were measured using the same mouse. The correlation Pearson r was 0.893 

between the MGM and CO, while it was 0.760 between MGM and LVEF% as in figures 7.12-7.13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.12: The MGM (ml/g/min) versus the CO (ml/min) measured using PET and 
echocardiography respectively. Both parameters were generated from the same mouse. The graph 
shows a strong correspondence between the MGM and the CO. There was a strong positive correlation 
between the two parameters in which the Pearson r was 0.893.   
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Figure 7.13: The MGM measured using the PET data (ml/g/min) versus the LVEF% measured by the 
echocardiography. Both parameters were generated from the same mouse The data in the graph shows 
a strong correspondence between MGM and the LVEF%. There was a strong positive correlation 
between the two parameters in which the Pearson r was 0.760.   
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7.5.6 PET comparison with the histology data: 

The capillary and artery density data were compared to the MGM PET results although the 

histological data were not generated from the same mouse. There was a strong positive correlation 

between our MGM results and the capillary and artery density as in figures 7.14-7.15. The correlation 

Pearson r was 0.710 between the MGM and the capillary density, while it was 0.876 between MGM 

and the artery density.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.14: The MGM (ml/g/min) versus the capillary density (n/mm2) values. The two parameters 
were not generated from the same mouse. The graph shows a strong correspondence between the 
MGM values and the capillary density. There was a strong positive correlation between the two 
parameters in which the Pearson r was 0.710.   
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Figure 7.15: The MGM (ml/g/min) versus the artery density (n/mm2) values. The two parameters were 
not generated from the same mouse. The graph shows a strong correspondence between the MGM 
and the capillary density. There was a strong positive correlation between the two parameters in which 
the Pearson r was 0.876. 
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7.6 Discussions: 

DM is a complex metabolic disorder that results from an imbalance in the level of circulating 

glucose caused by an abnormality in the secretion of insulin (as in T1D) or its absorption (T2D) 

(Tsalamandris et al. 2019). In fact, persistent hyperglycaemia (high blood glucose) in DM might lead 

to many pathophysiological changes because it can promote oxidative stress resulting in an abnormal 

level of reactive oxygen species (ROS) that inhibits Ca+2 mobilisation and activates proapoptotic 

signals (Galicia-Garcia et al. 2020). Moreover, hyperglycaemia could boost the formation of advanced 

glycation end-products (AGEs) and finally, may alter gene expressions or cause organ failure (Giri et 

al. 2018; Tsalamandris et al. 2019; Galicia-Garcia et al. 2020). Importantly, there is a well-established 

relation between DM, as a metabolic disorder and inflammatory disorders (Giri et al. 2018; 

Tsalamandris et al. 2019). Therefore, many investigations have focused on using diabetic models while 

suppressing or enhancing various inflammatory pathways and monitoring their effects on the disease 

progression (Wendt et al. 2002; Alexandraki et al. 2006; Rajesh et al. 2010; Tabas and Glass 2013; 

Wada and Makino 2013; Wang et al. 2016b).   

A genetic study reported that the presence of the LAV-BPIFB4 gene under a homozygous genetic 

model is related to the extreme age of LLIs (Villa et al. 2015a; Spinelli et al. 2017; Villa et al. 2018; 

Faulkner et al. 2020). The authors hypothesised that this gene variant could play a protective role 

against disease and ageing processes, possibly due to its ability to enhance endothelial vasorelaxation 

and revascularisation through increasing eNOS activation, and stimulating a stress response by 

upregulating the heat shock proteins, proteostasis (protein homeostasis), and protein synthesis (Villa 

et al. 2015a; Puca et al. 2020; Ciaglia et al. 2022).  

In this study we sought to explore whether LAV-BPIFB4 gene therapy can inhibit the early 

development of cardiomyopathy in T2D murine models, and how LAV may exert any positive effect. 

The PET/CT arm of the study was an arm of a larger study which we published in 2020 (Dang et al 

etc). Glucose uptake and metabolism can be used as biomarkers for cardiac function which we chose 

to evaluate through the measurement of SUVs and MGM, respectively. We then compared the SUVs 

and MGM generated from the LV region of the dynamic PET scans with echocardiography and 

vascular density measurements of the LV.  

We found a decreased FDG uptake (SUV assessments) and increased subcutaneous fat in all 

animals in the diabetic groups. This, plus the glucosuria measurements, confirmed the state of T2D 

in these mice (Thorn et al. 2013; Ko et al. 2017). We similarly found that MGM (representing glucose 
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metabolism and phosphorylation) was lower in the diabetic animals than the lean animals. The LAV 

group values were similar to other diabetic groups, suggesting that AAV9-LAV-BPIFB4 gene therapy 

does not promote glucose uptake (SUVs) and metabolism (MGM). These results were consistent with 

our work (Dang et al. 2020) in which the plasma glucose level values were similar among the diabetic 

groups including the LAV treated one (Dang et al. 2020). Importantly, we have not measured the 

plasma glucose levels before PET scanning. Before discussing possible explanations for these findings, 

it is important to reiterate that T2D has a complicated pathological basis that is linked with multiple 

metabolic or signalling pathway disorders. 

A possible explanation might be not having allowed enough time for the LAV-BPIFB4 gene 

therapy to produce the potential therapeutic effect that can raise the SUVs and MGM in the treated 

group. This is unlikely, however, as the timeframe was sufficient for us to observe the benefits of the 

LAV therapy in the echocardiography, histological and molecular biology measurements as 

represented previously (Dang et al. 2020)). Shoghi et al. (Shoghi et al. 2008) performed PET imaging 

on Zuker fatty rats and found that metabolic alterations, such as glucose uptake and metabolism, were 

apparent only at the later stages of diabetes. It is possible that extending the time of our study in 

DbDb mice may have allowed us to observe changes in SUV and MGM. Our PET/CT scanning was 

performed at week 14, which might be considered as neither early nor late stage T2D.  

Although the LAV-BPIFB4 gene therapy did not cause changes in glucose uptake and metabolism 

in its treated mice, we noted increased hair regrowth in the LAV-treated mice compared with the other 

diabetic mice. This observation may be explained by previous findings by our collaborators, which 

included upregulation in eNOS activity and increased production of NO resulting in increased 

vasorelaxation (Villa et al. 2015a; Spinelli et al. 2017; Malavolta et al. 2019). Hair loss in diabetes is 

thought to be caused by many factors including inflammation and a reduction in NO availability 

(Cotsarelis and Millar 2001; Sasaki et al. 2018). While NO is associated with changes in innate 

immunity, it also contributes to vascular relaxation and may act in promoting hair growth by increasing 

blood flow in the hair root (Cotsarelis and Millar 2001; Clark et al. 2010; Lombardo and Lamattina 

2012; Jampa-Ngern et al. 2017). Accordingly, the higher rate of hair re-growth in the LAV-BPIFB4 

treated mice may be due to the upregulation of eNOS activity and the subsequent rise in NO caused 

by the LAV-BPIFB4 gene. Importantly, we demonstrated that the LAV gene induced the SDF-

1/CXCR4 duo signalling pathways (Dang et al. 2020). A subset of haematopoietic cells, which is part 

of the pro-angiogenic bone marrow (BM) cells, offers vascular support as well as endothelial 

progenitor cells (EPCs) which could differentiate into vascular cells during certain conditions 
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(Valenzuela-Fernández et al. 2002; Ratajczak et al. 2006; Petit et al. 2007). Recent studies indicated 

that the SDF-1/CXCR4 duo play a crucial role in recruiting CXCR4+ BM cells towards the neo-

angiogenic niches, and subsequently, in enhancing the vascularisation process (Valenzuela-Fernández 

et al. 2002; Ratajczak et al. 2006; Petit et al. 2007). In fact, this is a likely explanation for the increased 

capillary and artery density that we recorded in the LAV-treated group, which will be addressed in the 

next sections.  

The echocardiography data (at week 13) for the twelve mice that were scanned using PET/CT 

imaging revealed a reduction in the echocardiography parameters in the diabetic groups compared to 

the LC group. This was reported previously in diabetic mice due to the possible effect of diabetes in 

inducing LV dysfunction (Hamdani et al. 2014). When comparing the echocardiography data of the 

diabetic mice, we found no significant difference among them in terms of EF%, CO and LV mass 

(despite a trend to improvements in the LAV-treated group), and these results was comparable to our 

PET data. However, it is likely that these findings are because of the small number of animals in each 

group. When data from the remaining animals were added, LAV-treatment was found to be beneficial, 

resulting in increased end systole, end diastole, SV, and CO, leading to a considerable improvement 

in their EF% values as can be observed in figures 7.8-7.9. Indeed, many parameters were similar to 

those found in the lean (control) animals. The improvement in the cardiac performance, represented 

by the CO and LVEF%, are most likely due to the ability of the LAV gene to induce both eNOS 

signalling as well as the SDF-1/CXCR4 signalling pathways. As addressed earlier in this chapter, the 

eNOS enzyme is one of the NOS enzymes responsible for synthesising NO molecules, which is 

known to cause vasodilation and increase blood flow (Zhao et al. 2015; Spinelli et al. 2017; Dossena 

et al. 2020). The SDF-1/CXCR4 signalling also has been linked with improved vascularisation and 

angiogenesis, possibly through increasing the expression of MyHC-𝛼 protein and reducing myocardial 

fibrosis (Dang et al. 2020). We reported an increased level of circulating SDF-1 in the LAV treated 

mice as well as an increased expression of MyHC-𝛼, which is a contractile protein important for the 

restoration of the endothelium (Korte et al. 2005; Dang et al. 2020). A study using diabetic murine 

models, reported a downregulation of  MyHC-𝛼 protein among them (Rundell et al. 2004).  

In our histological analysis, we reported an increase in the capillary and artery density (figures 7.10-

7.11) which was expected due to the above discussed reasons including the induction of the SDF-

1/CXCR4 duo that induced the expression of MyHC-𝛼 and enhanced vascularisation and 

angiogenesis. 
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One last thing to mention is the reason behind having an improved contractile function, 

represented by the CO and LFEF%, but having similar MGM values among the four groups. As 

previously outlined, fatty acid oxidation is the primary energy source in normal myocardium, followed 

by glucose and lactate (Taegtmeyer et al. 1980). In diabetic myocardium, the contribution of glucose 

to the total myocardial energy supply is reduced due to insulin resistance, leading to an increased 

reliance on fatty acids as the main energy source (Saddik and Lopaschuk 1994). Indeed, glucose only 

contributes to a part of the total ATP synthesis by the oxidative metabolism (Kolwicz et al. 2013). 

Interestingly, a study using a transgenic mouse, which was deficient in an insulin independent glucose 

transporter (GLUT1), reported a rise in glucose uptake and glycolysis without a change in the cardiac 

output values (Luptak et al. 2007). Their results might explain the reason behind having a rise in the 

CO without observing an alteration in the glucose uptake and metabolism.  

Gathering these results can explain the strong correlation that we measured between our PET data 

and both the echocardiography and histological data.   

7.7 Conclusion: 

Small PET/CT imaging allows the quantification of the metabolic state of the heart; thus, it 

provides a unique platform to evaluate novel therapeutic attempts that can possibly be translated 

clinically. In this chapter, we used micro-PET/CT with 18F-FDG to quantify myocardial glucose 

uptake and metabolism in T2D murine models. Our work was a part of larger study (Dang et al. 2020) 

in which we did not detect changes in glucose uptake and metabolism within the LAV-BPIFB4 treated 

mice. We performed a direct comparison between PET data and echocardiography results at week 13, 

and found that they were comparable, with no significant changes in EF%, CO and LV mass between 

the four groups. However, this lack of effect for LAV-treatment is likely to be due to the small number 

of animals in each group. When data from all the animals were included, a significant improvement in 

EF%, CO, and LV mass in the LAV-BPIFB4 group with respect to the other diabetic ones as our 

previously published work (Dang et al. 2020). Our histological analysis showed interesting findings, in 

which the LAV group had a significant increase in capillary density with respect to the control diabetic 

groups.  

The present results are significant in two major respects, including the echocardiography of all mice 

as well as the histological analysis. Overall, those findings demonstrated that LAV-BPIFB4 gene 

therapy enhances the cardiac function allowing the myocardium to withstand diabetes-induced stress 

through improving its systolic performance and contractility.  
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In conclusion, the LAV-BPIFB4 gene enhanced capillary density which resulted in an increase in 

vascularisation, angiogenesis, blood flow and ultimately, a significant improvement in the cardiac 

performance. In the next chapter, we will investigate the effect of LAV-BPIFB4 gene in ageing mice.  
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Chapter 8:  

The therapeutic effect of longevity-associated 

variant (LAV)-BPIFB4 gene therapy on 

ageing model 

8.1 Introduction: 

8.1.1 Aging and Cellular Senescence: 

Ageing is a biological phenomenon that is characterized by progressive deterioration in the tissues 

and organs of the body, resulting in a general decline in physiological homeostasis (the capability  of 

the body to maintain vital physiological parameters such as blood pressure and blood glucose) and 

death (Balcombe and Sinclair 2001; Melzer et al. 2020). Common hallmarks of ageing, which occur at 

molecular and cellular levels, include hair loss, loss of skin elasticity, muscle weakness, decrease in 

immune competence, and increased susceptibility to many common diseases such as CVDs, 

osteoarthritis, T2D and Alzheimer’s disease (Balcombe and Sinclair 2001; Melzer et al. 2020).  

Senescent cells have a reduction in replicative capacity due to telomere attrition (Balcombe and 

Sinclair 2001). They also undergo morphological and organelle alterations, such as cell and 

mitochondrial enlargement, increased ROS and oxidative stress, and changes to the cytoskeleton 

(Hwang et al., 2009; Zhang et al., 2007). While cellular senescence occurs in all cells, tissues, and organs 

(Hwang et al. 2009), CVDs poses the greatest burden on older adults (Balcombe and Sinclair 2001). 

With age, the CVS exhibits several structural and functional alterations in the myocardium and the 

vascular components (Ferrari et al. 2003).  

The aged myocardium can be quite anatomically and physiologically different from young animals 

(Khan et al. 2001). These changes include a reduction in the total number of cardiomyocytes, increased 

LV wall thickness, endothelial cell dysfunction, arterial stiffening and fibrosis, all of which can lead to 

a higher risk of MI and heart failure (Gerstenblith et al. 1977; Anversa et al. 1990; Anversa et al. 1994; 

Lakhan and Harle 2008). With age, there are often considerable decreases in the LV diastolic filling, 

myocardial oxygen consumption and coronary blood flow (Lakatta et al. 1975; Schulman 1999; 
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Fajemiroye et al. 2018). These age-related changes are responsible for the generalized decline the 

physical condition among the aged individuals.  

CVS ageing in healthy mice is similar to that found in humans (Dai and Rabinovitch 2009), and 

their short lifespan makes them a good model to study ageing. A mouse at the age of 24 months is 

approximately equivalent to a human in the seventh decade as illustrated in figure 8.1 (Dutta and 

Sengupta 2016). The echocardiography of C57Bl/6 24 months aged mice revealed a significant 

increase in LV mass index, and a reduction in both the fractional shortening (FS) and the diastolic 

function (Dai and Rabinovitch 2009). The same study also reported that the aged mice suffered from 

cardiac hypertrophy, significant decline in the oxygen consumption, less exercise capability and a 

considerable reduction in the cardiac performance and output. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

Figure 8.1: life phase equivalent for C57BL/6J mice compared with humans beings (Catherine 
Hagan 2017). 
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Recent research aims to improve health and disease prevention through anti-ageing using gene 

therapy. This therapeutic approach is a promising field in preventing or treating chronic or polygenic 

diseases that is linked with age. Recent study in elderly mice showed that LAV-BPIFB4 gene therapy 

increases endothelial vasorelaxation and revascularization through potentiating eNOS activity and 

enhancing NO production thus delaying ageing (Malavolta et al. 2019). This findings was further 

supported by other investigations where the authors reported that the high level of BPIFB4 isoforms 

in LLIs serum stimulated adaptive stress responses and proteostasis, which are two vital aspects linked 

with exceptional longevity, the maintenance of the stem cells, and the improved survival of the 

organism (Vilchez et al. 2014; Villa et al. 2015a).  

In the previous chapters we reported that while the LAV variant didn’t induce glucose metabolic 

changes in T2D model, but it increased the LV capillary density, accelerated hair growth, and reduced 

endothelial dysfunction via unknown mechanisms (Dang et al. 2020).  

In this chapter we will investigate the therapeutic effect of LAV therapy on ageing through 

measuring its impact on the MBF, during rest and stress conditions, and MGM using 13N-NH3 and 

18F-FDG respectively. Additionally, we will also examine the short- and long-term effect of LAV 

gene therapy in aging.  Finally, a direct comparison between the PET results and the echocardiography 

and capillary data will be performed.  

8.2 Objective: 

1. Evaluate the effect of the LAV-BPIFB4 gene on MBF and MGM with respect to three 

control groups.  

2. Assess the short and long effects of the LAV-BPIFB4 therapy, using MBF.  

3. Compare the data from our PET/CT scans with histological and high-performance 

echocardiography results.  

8.3 Materials and Methods: 

8.3.1 Study design: 

All procedures conformed to the guidelines of British Home Office and Bristol University (Project 

License PPL 30/3373) and The Care and Use of Laboratory Animals Guide (The Institute of 

Laboratory Animal Resources, 1996). The first cohort of mice were included in the ‘early treatment’ 

experiments and consisted of 42 14-month-old C57BL/6 female mice and 12 14-month-old male mice 

(12 female and 3 male mice per group) as in figure 8.2. These mice were followed up for 4 months. 

Forty 18-month-old C57BL/6 female mice were used in the ‘late treatment’ experiments (10 
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mice/group), and these mice were followed up for 1 month as in figure 8.3. Twelve female mice from 

each experiment were transferred to PETIC at the end of each study for PET/CT scanning and 

harvest of tissues (figures 8.2- 8.3).  

In the early treatment group (figure 8.2), all mice underwent baseline echocardiography on arrival 

(ie at the age of 14 months). One week later, AAV or control solution was injected via the tail vein. 

Mice were assessed at least weekly for health and clinical signs. Four months after the gene therapy, 

the mice underwent echocardiography assessment, and the cohort of 12 mice (n=3 per group) 

transferred to PETIC to be scanned using micro-PET/CT and tissue harvest (for later capillary and 

artery density assessment).  

Similarly, the late treatment group (figure8.3) had a baseline echocardiography at age of 18 months. 

One week later, they were injected intravenously with the virus or control solutions. One month later 

the mice were assessed using echocardiography and then 12 mice transferred to PETIC for scanning 

and tissue harvest.  

 
 
  

 

Figure 8.2: The experimental design for the ageing model of the early treatment group.  
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8.3.2 Animal groups: 

As mentioned above, mice (Envigo, Bicester, Oxfordshire, UK) were divided into two groups, the 

early and late treatment groups, both of which were divided further into 4 groups (3mice/ group). 

The four groups were first anesthetized (with isoflurane 1.5-2%) and injected intravenously with 

either:  

1. Control group: No virus (NV).  

2. Control group: Wild-type isoform (WT) of the gene BPIFB4 or WT-BPIFB4. 

3. Control group: A virus marker with green fluorescent protein (GFP) group.  

4. Experimental group: Longevity-associated variant (LAV) of the gene BPIFB4 (LAV-

BPIFB4). 

8.3.3 Micro PET/CT Scanner: 

The Mediso Nano-Scan 122S small-bore PET/CT imaging system manufactured by the Mediso 

medical imaging system, Budapest, Hungary. All the scanner specifications have been previously 

mentioned in the methodology chapter.  

8.3.4 The used radiotracers: 

13N-NH3 and 18F-FDGwas used to quantify the MBF and MGM respectively.  

 

 

 

Figure 8.3: The experimental design for the ageing model of the late treatment group. 
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8.3.5 Animal preparation, scanning and tissue harvesting: 

The previously validated imaging protocol sets were applied in this chapter. Mice were allowed to 

rest for one week following transfer from Bristol group, to avoid distress that could affect the 

quantification of the PET results. They were housed in normal cages with an environment of a 12-

hour light-dark cycle. Cages were monitored on daily basis for temperature, humidity, water, and food 

supply. Furthermore, Weekly checks were also carried out in terms of appearance, weight and other 

signs that may originate due to their age.  

From one week after transfer, PET/CT imaging was carried out for each mouse (with a maximum 

of 3 mice on each day). The scanning and termination procedures were performed in one day with the 

same imaging protocols and considerations explained in chapter 6.  

On the scanning day, each mouse was fasted for one hour and warmed up to 37Co (inside a warming 

box for 5 minutes) for better visualization and cannulation process of the tail vein. After that, it was 

anesthetized using 3-5% of isoflurane and then transferred to a pre-warmed imaging scanner bed 

which was supplied with a small tooth bar (attached to a nose cone) and a pad to maintain both 

anaesthesia (using ~1.5-2% isoflurane of O2 (1L/min) nose tube) and heart rate measurement 

respectively. Next, the mouse was cannulated in two different areas including IV and IP routes for the 

injection of the radiotracers and the pharmacological stress agent (dobutamine) respectively. Each 

mouse had three scans in total including a 10-minute 13N-NH3 rest scan, a 10-minute 13N-NH3 stress 

scan, 40-minute 18F-FDG and a CT scan. As our purpose in this chapter was only to measure the MBF 

only and not its metabolic trapping, the scanning duration of the 13N-NH3 was reduced to 10 minutes 

dynamic scan. The total PET/CT scanning time for each mouse was approximately 35-45 minutes 

which was comparable to the scanning duration of the echocardiography (approximately one hour).  

8.3.5.1 13N-NH3 rest scan: 

During the image acquisition of each mouse, 13N-NH3 (30-100 MBq in 20-60 ul) was injected 

through an IV cannula. Following the injection, a 10-minute dynamic PET scan was performed. The 

actual acquisition started a few seconds prior to the administration of 13N-NH3 to catch all the 

myocardial flow process.  

8.3.5.2 13N-NH3 stress scan:  

Ten minutes later, the stress scan was initiated (without moving the animal) by IP injection of the 

dobutamine as a pharmacological stress stimulus (2.5 ug/kg in 50 ul). A 5-minute period was allowed 

in order for the cardiac stress event to occur before initiating the stress scan. When the heart rate 
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increased to about 600 bpm (measured by ECG pads placed on the paws), a second dose of 13N-NH3 

(30-100 MBq in 20-60 ul) was injected intravenously. Image acquisition was also initiated a few seconds 

prior to the radiotracer injection by applying the same image acquisition process as in the rest scan.   

8.3.5.3 CT scan: 

Following the 13N-NH3 stress scan, a whole-body CT scan with a duration of 5 minutes (480 

projections, 2 rotations, 50 Kev) was performed to calculate attenuation corrections as well as allowing 

the co-registration of images which in turn give a better visualisation of the structural and functional 

information from the CT and PET respectively.   

8.3.5.4 18F-FDG scan:  

Following the ammonia scans, an injection of ~20 MBq of 18F-FDG  20 ul was administrated via 

the same iv cannula line, and a 40-minute whole-body dynamic PET scan acquired immediately.   

8.3.5.5 Mice termination, tissue collection and histological analysis: 

Following scanning completion and while the mouse was under anaesthesia, 0.1-1 mL of blood 

was taken directly from the heart using an EDTA-coated syringe with 23-gauge needle (the syringe 

was kept in ice before blood withdrawal) via cardiac puncture technique. Death was confirmed by 

tissue harvest.  

After determination of heart weight and dimension, the heart was cut into pieces (a top 2/3 section, 

and a lower third section). The top section of the heart, right kidney, aorta, chest skin, and the right 

adrenal gland were all drop-fixed in 4% PFA at RT for 24 h. The PFA was then replaced by PBS and 

the samples kept at 4oC.  

The lower part of the heart was divided into LV (2 pieces) and RV and these, along with chest skin, 

left kidney, liver, plasma, left adrenal gland and urine, were flash-frozen in liquid nitrogen and kept in 

-800C for later use.  

8.3.6 Image Reconstruction for the PET/CT scans: 

All PET scans were acquired in list mode acquisition and images were reconstructed with the same 

voxel size of 400 µm using interview fusion software. The frame sets of both rest and stress scans 

were as follow: 35 frames (12x5 secs; 18x30 secs, with a whole duration of 10 minutes).  

CT scans were reconstructed with a 250 µm voxel size and the sinograms were produced using 2-

dimentional filtered back projection method. Attenuation (CT based) and scatter corrections as well 

as normalization were applied to the reconstructed images. Following the reconstruction, all images 

were exported to PMOD software for data analysis using the kinetic modelling tool.  
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8.3.7 Medical Image analysis software for PET/CT scans: 

PMOD was the software of choice for the MBF quantification using the kinetic modelling tool. 

The measurements of MBF in both rest and stress were carried out using 13N-NH3 dynamic scans and 

1TC model. The MGM quantification were performed using the FDG scans and 2TC model. 

8.3.8 Echocardiography: 

The echocardiography results were added to this chapter to explore the impact of LAV gene on 

the cardiac contractility and output in the aged mice groups and during early and late treatment (Dang 

et al. 2020). The procedures in this section were carried out by one of members in our research group. 

As described in the previous chapter, we used a Vevo3100 echocardiography system (Fujifilm 

VisualSonics Inc, Toronto, Canada) and MX550D transducer to measure a number of cardiac 

dimensional and functional parameters (Katare et al. 2010; Katare et al. 2011). During the experiment, 

each mouse was anesthetized using isoflurane starting with 2.5% and then this percentage was adjusted 

as appropriate to keep the heart rate close to 450 bpm. The echocardiography procedure generally 

lasted for about one hour.  

8.3.9 Histological analysis: 

I performed the histological analyses reported in this chapter. We wished to explore the effect of 

LAV therapy on capillary and arterial density in aged mice. Capillary and arterial density were assessed 

using sections of myocardium after immunohistochemistry staining, as described in the methodology 

chapter.  

Sections were stained with isolectin GS-IB4 (IB4, I21414, Life Technologies, USA) and anti-α-

smooth muscle actin (αSMA; C6198, Sigma, UK) to identify capillaries and arteries, respectively. 

Following successful staining, the sections were photographed using optical fluorescence microscopy 

(Zeiss Axio observer microscope, Cat  1026044910, Germany). Next, the number of vessels were 

assessed with the aid of Image J software (Fiji version 2.5.0, USA). The total number of capillaries 

(IB4) (represented by the green colour) and mature arterioles (αSMA; represented by the red colour) 

were identified in at least 20 fields (20 X magnification). Final data were generated as the number of 

capillaries or arteries per mm2. 

8.3.10 Statistical analysis: 

Statistical analyses were carried out using GraphPad Prism (version 9.4.0, USA), through which 

data were represented with their individual values, mean and STD. After testing for normality, 

comparisons were generated using 1‐ or 2‐way analysis of variance (ANOVA), as appropriate. 
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Moreover, the means of the four treated groups with respect to one variable were compared using 1-

way ANOVAs, whereas 2-way ANOVA tests were used to examine the effect of gene treatment in 

the four groups with respect to two different variables (the response to the gene therapy at different 

time points). Differences were considered significant when P<0.05. 

 

8.4 Results: 

The rest/stress myocardial perfusion imaging was performed successfully for most of the mice 

using 13N-NH3 without complications. However, I experienced a cannula break in four mice during 

the stress. Importantly, during the MGM analysis of the FDG scans, we observed significant changes 

in the myocardium dimensions which was important issue will be investigated in future work. 

Therefore, the MGM analysis was excluded for future investigations. The overall PET/CT imaging 

time was approximately 35 to 45 minutes.  

8.4.1 Rest perfusion imaging: 

13N-NH3 was injected intravenously via the tail vein and the MBF values at rest for the early and 

late treatment groups are presented in tables 8.1. Interestingly, the LAV groups in both the early and 

late treatment experiments scored the highest resting MBF with a mean value of 5.058 ml/min/g, 

which was statistically different from the other control groups, as in figure 8.4.  

The MBF values in the control groups were similar in both early and late treatments, as in figure 

8.5. In contrast, the late treated LAV group had higher rest MBF values compared to the early treated 

group, suggesting that its therapeutic effect might diminish over time, as in figure 8.5.   

8.4.2 Stress perfusion imaging: 

Although the stressor (dobutamine IP injection) resulted in an increased HR in all mice, we did not 

observe a corresponding increase in the MBF values in the NV, GFP or WT (table 8.1 and figure 8.6): 

in some mice, the injection of dobutamine lowered the MBF. In contrast, the MBF stress values for 

LAV were significantly higher than its values at rest condition (p<0.005).  

The LAV groups had the highest MBF values under stress conditions, which was significantly 

different from the stress MBF in the control groups (P <0.005; figure 8.7).  
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Mice 

group 

Longevity 

group 

Mouse 

ID 

Resting 

MBF in 

ml/min/g 

HR 

(BPM) 

at rest 

Stress MBF 

in 

ml/min/g 

HR 

(BPM) 

at stress 

CFR CO 

ml/min 

 

 

NV 

 

Early 

treatment 

PA 134 1.7 118-460 1.2 575-590 0.5 15.44 

PA 135 2.2 450-496 1.7 580-600 0.7 13.31 

PA 136 1.2 387-400 - 458-500 - 15.02 

 

Late 

treatment 

PA 214 1.09 270-340 1.2 390-420 1.10 14.23 

PA 215 1.3 211-323 2.01 390-450 1.5 13.9 

PA 216 0.9 240-260 2.69 470-500 2.9 13.8 

 

 

WT 

 

Early 

treatment 

PA 149 0.2 118-460 - 480-500 - 12.60 

PA 150 2.3 450-496 0.4 500-580 0.17 15.06 

PA 153 1.03 387-400 0.2 290-313 0.19 14.22 

 

Late 

treatment 

PA 225 1.07 270-340 0.06 70-181 0.05 11.6 

PA 226 0.65 211-323 1.3 101-147 2 10.6 

PA 228 0.7 240-260 0.9 80-120 1.28 14.06 

 

 

GFP 

 

Early 

treatment 

PA139 2.69 225-307 2.7 433-630 1.3 14.35 

PA140 2.89 300-400 2.3 574-670 2.04 14.52 

PA142 2.76 380-504  570-600 - 14.89 

 

Late 

treatment 

PA219 3.1 225-312 3.34 380-410 0.90 14.46 

PA222 2.01 198-230 3.6 440-580 1.75 10.8 

PA223 3.08 338-350 3.7 460-500 1.12 10.24 

 

 

 

LAV 

 

Early 

treatment 

PA144 3.97 336-506 8.8 559-670 2.21 18.15 

PA146 4.03 331-450 8.22 500-620 2.03 17.5 

PA148 5.1 516-530 - 150-230 - 19.68 

 

Late 

treatment 

PA229 7.1 289-344 12.1 380-410 1.70 16.76 

PA230 4.9 387-392 11.36 411-570 2.31 17.37 

PA231 5.25 318-326 8.8 350-578 1.67 16.6 

Table 8.1: The MBF values (ml/min/g) under the rest and stress conditions during early and late treatment 
phases along with their recorded HR, CFR, CO. The CO (measured by the echocardiography in ml/min) 
were recorded for each mouse. The CFR values (MBF at stress/MBF at rest) were calculated for all groups. 
The Pearson correlation coefficient (r) measured between the MBF at rest and the CO was 0.713 indicating a 
strong positive relation between them. 
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Figure 8.4: The MBF values (ml/min/g) at rest condition for all the mice groups during early and late 

treatment. The data are presented as the mean  STD, n=6/group. There was a statistical difference 
between the LAV group compared to the other control groups. The symbol * indicate statistical 
significance in which P values is * < 0.05, ** < 0.005, *** < 0.0005). The one-way ANOVA was used 
for the statistical analysis in the data presented.   

 

 

Figure 8.5: The MBF values at rest condition for all groups during early and late treatment. The data are 

presented as the mean  STD, and the n=3/group at early treatment phase as well as the late one.  There 
was no significant difference between the early and late treatment within all group. The LAV scored higher 
MBF values in the late treatment but not to the level of statistical significance. ns indicate no significance 
(P>0.05). The two-way ANOVA was used for the statistical analysis in the data presented.   
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Figure 8.7: The MBF values (ml/min/g) at stress condition for all the mice groups during early and late treatment 

(n=6/group). The data are presented as the mean  STD There was a statistical difference between the LAV 
group MBF stress values compared to the other control groups (P values * < 0.05, ** < 0.005, *** < 0.0005). 
The one-way ANOVA was used for the statistical analysis in the data presented.   

   

 

Figure 8.6: The MBF values at rest and stress conditions among the four group. The data are presented as the 

mean  STD. Both early and late treatment mice were included in the graph (n=5/group at rest as well as stress 
conditions). The stress MBF had increased significantly in the LAV group compared to the rest values (P<0.005). 
The rise in the stress MBF was not significant in the control groups (P>0.05). The WT group scored lower MBF 
during stress compared to rest conditions. The two-way ANOVA was used for the statistical analysis in the data 
presented.  
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8.4.3 Echocardiography results: 

The LVEF% values were similar within the control groups at the early and late treatment phases, 

as in table 8.2 and figures 8.8-8.10. However, the LAV group scored a significantly higher LVEF% 

value in the late treatment compared to the early treatment as in figure 8.10. Additionally, there were 

no significant differences in the LAV LVEF% compared to the other control groups at early 

treatment, as in figure 8.8. However, the LAV-treated mice scored a significantly higher LVEF% 

compared to the control groups at late treatment group, as in figure 8.9.   

The CO values (ml/min) were significantly higher in the LAV group compared to the NV, WT 

and GFP in the other control groups at early and late treatments, as in table 8.2 and figures 8.11-8.12 

(with p values of **<0.05). There were no significant changes in the CO between the early and the 

late treatment phases within each group as in figure 8.13.  

8.4.4 Capillary and artery density results: 

Immunohistochemical staining revealed that the capillary and artery numbers were significantly 

increased in the LAV-group mice compared to the other control groups at both early and late 

treatments, as in table 8.3 and figures 8.14-8.16.  

8.4.5 Comparison of the PET results with the echocardiography and histological data: 

We compared the resting MBF in all the aged mice at early and late treatments with the resting 

MBF values of the healthy young mice measured in Chapter 5, as in figure 8.18. There was a significant 

reduction of the MBF in the aged control groups (NV, WT and GFP) compared to the MBF of the 

healthy young mice (p<0.0001). In contrast, the LAV-treated aged mice showed no statistical 

difference compared with healthy young ones (p>0.05). 

Furthermore, the correlation was assessed between the resting MBF PET results with both the 

echocardiography and histological results. The correlation was based on calculating the Pearson 

correlation coefficient r, in which the values between 0.5 and 1 reflect a strong positive correlation 

(Mukaka 2012; Schober et al. 2018). There was a strong positive correlation between the MBF values 

(at rest condition) and the CO during both the early and late treatment phases with the correlation 

coefficient r = 0.713, as in figure 8.19. The comparison of the MBF at rest with the capillary density 

revealed a strong positive correlation between them with r= 0.818 (figure 8.20). Finally, there was also 

a strong positive correlation between the CO and the capillary density with r=0.683, as in figure 8.21.  
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Treated group Longevity group Mouse ID LVEF% CO 

ml/min 

 

 

NV 

 

Early treatment 

PA 134 68.57 15.44 

PA 135 62.45 13.31 

PA 136 71.25 15.02 

 

Late treatment 

PA 214 54.59 12.5 

PA 215 48.97 13.9 

PA 216 63.56 13 

 

 

WT 

 

Early treatment 

PA 149 65.79 12.60 

PA 150 55.12 15.06 

PA 153 63.08 14.22 

 

Late treatment 

PA 225 62.10 11.6 

PA 226 45.19 10.6 

PA 228 61.13 14.06 

 

 

GFP 

 

Early treatment 

PA139 58.99 14.35 

PA140 58.07 14.52 

PA142 73.24 14.89 

 

Late treatment 

PA219 48.36 14.46 

PA222 51.76 10.8 

PA223 54.00 10.24 

 

 

LAV 

 

Early treatment 

PA144 68.8 18.15 

PA146 61.09 17.5 

PA148 66.41 19.68 

 

Late treatment 

PA229 84.62 16.76 

PA230 81.56 17.37 

PA231 75.02 16.6 

Table 8.2: The echocardiography measurements for all the groups at early and 
late treatment.  
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Figure 8.8: The LVEF% values among the four groups at early treatment. LVEF% was similar during 

the early treatment phase within all the groups with P>0.05. The data are presented as mean  STD, 

n=3/group. The symbol ns represent no significant difference in which p0.05. The one-way 
ANOVA was used for the statistical analysis in the data presented.   
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Figure 8.9: The LVEF% values among the four groups at late treatment. The LVEF% of the LAV 
group was significantly higher compared to the other control groups with P<0.005. The data are 

presented as mean  STD, n=3/group. The symbol ** represent significant difference in which 

p0.005. The one-way ANOVA was used for the statistical analysis in the data presented.   
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Figure 8.10: The LVEF% values among the four groups at early and late treatment. LVEF% was 
similar during the early and late treatment within the control groups with P>0.05. However, the 
LAV group had a significantly higher value in the LVEF% during the late treatment compared with 

their values at early treatment phase. The data are presented as mean  STD, n=6/group in which 
it subdivided equally into early and late treatment groups. The symbol *represent significant 
difference in which p <0.05. The two-way ANOVA was used for the statistical analysis in the data 
presented.   

 

 

Figure 8.11: The CO values (ml/min) among the four groups at early treatment. There was a 
statistical difference between the LAV group with respect to the other control ones (n=3) (P<0.004). 

The data are presented as mean  STD.  The symbol **represent significant difference in which 
P<0.005. The one-way ANOVA was used for the statistical analysis in the data presented.   
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Figure 8.12: The CO values (ml/min) among the four groups at late treatment. There was a statistical 
difference between the LAV group with respect to the other control ones (n=3) (P<0.004). The data 

are presented as mean  STD. The symbol *represent significant difference in which P<0.05. The one-
way ANOVA was used for the statistical analysis in the data presented.   

 

 

 

Figure 8.13: The CO values (ml/min) at early and late treatment phases within each group. The data 

are presented as mean  STD, n=3/treatment phase/group. There was no statistical difference 
between the early and late treatment across all the groups.  The symbol (ns) represents no significant 
difference in which P>0.05. The two-way ANOVA was used for the statistical analysis in the data 
presented.   
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Treated group Longevity group Mouse ID Mean 

number of 

capillaries 

(/mm2)  

Mean 

number of 

Arterioles 

(/mm2) 

 

 

NV 

 

Early treatment 

PA 134 7534 69.7 

PA 135 8311 66.65 

PA 136 7175 57.78 

 

Late treatment 

PA 214 7430 106.74 

PA 215 8400.3 125.35 

PA 216 9005.9 73.81 

 

 

WT 

 

Early treatment 

PA 149 8434 67.5 

PA 150 7834 86.5 

PA 153 7987 90.02 

 

Late treatment 

PA 225 7501 93.74 

PA 226 8429 134.25 

PA 228 8525 131.80 

 

 

GFP 

 

Early treatment 

PA139 8910 63.44 

PA140 7630 88.54 

PA142 8053 47.83 

 

Late treatment 

PA219 8165 69.86 

PA222 8255 65.56 

PA223 6971 93.21 

 

 

LAV 

 

Early treatment 

PA144 9285 116.32 

PA146 11475 98.54 

PA148 12042 124.71 

 

Late treatment 

PA229 14546 257 

PA230 13565 194.5 

PA231 14153 210.3 

Table 8.3: The capillary and artery density (/mm2) for all the groups at early 
and late treatment.  
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Figure 8.14: Comparison of the capillary density (n/mm2) for all groups at early treatment. The data 

are presented as mean  STD, n=6/group. The capillary density in the LAV group was statistically 
higher than the other control groups. The symbol * represents significant difference with p values * 
< 0.05, ** < 0.005, *** < 0.0005. The one-way ANOVA was used for the statistical analysis in the 
data presented.   

 

   

 

Figure 8.15: Comparison of the artery density (n/mm2) for all groups at early treatment. The data are 

presented as mean  STD, n=6/group. The artery density in the LAV group was statistically higher 
than the other control groups. The symbol * represents significant difference with p values * < 0.05, 
** < 0.005, *** < 0.0005, ****<0.0001. The one-way ANOVA was used for the statistical analysis in 
the data presented.   
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Figure 8.16: Comparison of the capillary density (n/mm2) for all groups at late treatment. The data 

are presented as mean  STD, n=6/group. The capillary density in the LAV group was statistically 
higher than the other control groups. The symbol * represents significant difference with p values 
* < 0.05, ** < 0.005, *** < 0.0005. The one-way ANOVA was used for the statistical analysis in 
the data presented.   

 

   

 

Figure 8.17: Comparison of the artery density (n/mm2) for all groups at late treatment. The data 

are presented as mean  STD, n=6/group. The artery density in the LAV group was statistically 
higher than the other control groups. The symbol * represents significant difference with p values 
*** < 0.0005. The one-way ANOVA was used for the statistical analysis in the data presented.   
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Figure 8.18: Representative images of isolectin B4 (green) positive endothelial cells (representing the 

capillary density) and 𝛼-smooth muscle actin (red) positive smooth muscle cells (representing the 
artery density), with nuclei identified by DAPI (blue). There was a significant increase in the capillary 
and artery density in the LAV group compared to the other control groups at both early and late 
treatment.  
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Figure 8.19: Comparison of the rest MBF values (ml/min/g) for all the aged mice groups during early and 

late treatment and the rest MBF values of the healthy young mice. The data are presented as the mean  
STD, n=6/group. There was a significant increase in the MBF values in the healthy mice compared to the 
control groups including NV and WT (p value < 0.005). The LAV group showed similar rest MBF compared 
to healthy young group with no statistical difference (ns). The symbol * indicate statistical significance in 
which P values is * < 0.05, ** < 0.005, *** < 0.0005 and ****<0.0001). The one-way ANOVA was used for 
the statistical analysis in the data presented.   

  

 

 

Figure 8.20: Scatter plot of the CO (ml/min) as a function of the MBF (ml/min/g). The regression 
line was fitted using the least square method. The n=6/group. Pearson coefficient r = 0.713 shows 
that there is a strong correlation between the CO and the MBF. 
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Figure 8.21: Scatter plot of the capillary density (n/mm2) as a function of the MBF (ml/min/g). The 
regression line was fitted using the least square method. The n=6/group and Pearson coefficient r = 
0.818 shows the existence of positive significant correlation between the capillary density and the 
MBF. 
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Figure 8.22: Scatter plot of the capillary density (n/mm2) as a function of the CO (ml/min). The 
regression line was fitted using the least square method. The n=6/group and Pearson coefficient r = 
0.683 shows the existence of positive significant correlation between the capillary density and the CO. 
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8.5 Discussion: 

The young myocardium is capable of renewal and repair; however, the extent of the ability to 

regenerate positively correlates with the lifespan of the animal (Maier et al. 2004; Hosoda et al. 2011). 

The recent study by Villa el at.(Villa et al. 2015a) among LLIs revealed a high level of BPIFB4 proteins 

that might be associated with longevity and a lower incidence rate of CVDs among them. In our work 

(Dang et al. 2020), we showed that the LAV-BPIFB4 gene 216 variant exerted therapeutic effects in 

diabetic mice through improving the cardiac systolic and diastolic ventricular function. In this chapter, 

we wished to assess the effects of the LAV-BPIFB4 gene on older mice and whether its influence 

might diminish over time. Therefore, the mice were divided into two groups which included the early 

treatment (gene delivery followed by evaluation after 4 months) and late treatment in which the 

evaluation was performed one month after the gene delivery. The evaluation was performed through 

quantifying the MBF at rest and under stress conditions using our micro-PET/CT scanner and 

correlating the data with the echocardiography and histological analyses.   

Our data indicated that the LAV-BPIFB4 gene raised the MBF significantly compared to the other 

control groups during both the rest and stress conditions. Notably, its effect showed a higher trend in 

the late treatment group compared to the early one but not to a significant level, which might indicate 

that its benefits might be reduced over time.  

To begin with, MBF is a key parameter in CVDs, particularly in ischemia, and is often measured at 

rest and stress conditions (Gould et al. 1990). During stress, the heart systolic performance should 

increase to match the body global demand for oxygen and other metabolic needs, unless there is a 

narrowing in the coronary circulation as the case in many CADs (Vleeming et al. 2018; Guerraty et al. 

2020).  Therefore, assessing the myocardium under induced stress has been used widely as a diagnostic 

technique for identifying ischemic defects in CADs as well as assessing the impact of experimental 

therapies aimed to treat CVDs as the case in our research (Gould et al. 1990; Guerraty et al. 2020). In 

addition, through stress MBF measurement, the coronary flow reserve (CFR) (flow at stress/flow at 

rest) can be calculated to be used as a physiological index in evaluating the extent of coronary 

microvascular dysfunction (Dal Lin et al. 2015). The reduction in resting MBF and CFR is known to 

be linked with abnormal vasodilation, increased vasoconstriction, or changes in the coronary 

microvasculature which are all common hallmarks in ageing (Dal Lin et al. 2015; Sinha et al. 2021). A 

previous study assessed the resting cardiac flow velocity in aged male C57Bl/6 mice using Doppler 

imaging. They reported a decrease in resting MBF and CFR at later stages of their lifespan which 
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might be due to abnormal endothelial or microvasculature changes (Hartley et al. 2010). Their findings 

agreed with our results in which there was a significant reduction in the MBF at rest among the control 

groups when compared to the resting MBF of the healthy young group measured previously (p< 

0.0001). However, our LAV group (at early and late treatment phases) showed similar MBF values 

compared to the healthy young mice during rest and stress conditions with no significant difference 

suggesting an improvement in the MBF. This improvement might be due to an enhancement in 

vasodilation or changes in the coronary microvasculature (Dal Lin et al. 2015; Sinha et al. 2021). The 

coronary microvasculature consists of capillaries (which are responsible for transporting oxygen and 

metabolites to cardiomyocytes) and arterioles (that are responsible for coronary vasoconstriction and 

vasodilation in response to stimuli) (Dal Lin et al. 2015; Sinha et al. 2021). Accordingly, improvement 

in the myocardial microvasculature density, or vascular density, may contribute to the increase in the 

MBF (Landers-Ramos and Prior 2018). Indeed, the LAV group scored significantly higher capillary 

and arteriole density values compared to the other control groups and this is possibly the reason 

behind the observed rise in their MBF. These findings were also validated through the strong 

correlation that we observed between the MBF and capillary and arteriole density.  

Furthermore, the increase in the vascular density is known to be linked with multiple cardiac 

regenerative mechanisms that aim to restore tissue architecture, particular in case of injury and wound 

healing, through the activation of sequential processes involved in cellular proliferation, 

differentiation, and new blood vessel formation such as angiogenesis and revascularisation. In our 

work (Dang et al. 2020), we showed that the LAV group has a high circulating SDF-1, i.e. chemokines, 

that appears to recruit cardiac and bone marrow derived stem cells and activate myocardial 

vasculogenesis and angiogenesis based on paracrine manner (Abbott et al. 2004; Hiasa et al. 2004; 

Elmadbouh et al. 2007). Villa et al. (Villa et al. 2015a) reported that the SDF-1/CXCR4 might be 

involved in the ability of the LAV gene to stimulate M2 macrophage polarization using an 

atherosclerotic model. Therefore, there is a possibility that the LAV gene acted through inducing the 

SDF-1/CXCR4 signaling pathways, angiogenesis, and new blood formation, which subsequently 

increased the vascular density and MBF.  

 Another possible explanation for the rise in MBF during the short- and long-term treatment of 

the LAV group might be due to the stimulation of the eNOS pathways which resulted in a rise in NO, 

vasodilation and enhanced blood flow (Dossena et al. 2020). Evidence suggested that impaired 

angiogenesis in old mice might be due to endothelial dysfunction that may lead to a decreased 

expression of a vascular endothelial growth factor (VEGF) as well as the reduction in the eNOS 
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signalling pathways (Swift et al. 1999; Westvik et al. 2009). Our collaborators also showed the link 

between endothelial dysfunction and the decreased eNOS activity that occurred due to the 

downregulation of BPIFB4 protein in old mice (Villa et al. 2015b). The eNOS is vital for 

neovascularisation as well as the bioavailability of NO which is reported to enhance vasodilation and 

increase blood flow (Mees et al. 2007; Villa et al. 2015b). Accordingly, the increased activity of the 

eNOS signalling might be one of the causes of enhanced vascular density and MBF in the LAV treated 

mice. 

In our echocardiography data, our LVEF% values were similar across the control groups at the 

early and late treatment phases. It is well known that ageing causes a generalized degeneration of the 

cardiac structure and performance, and thus, aged individuals are expected to have a higher rate of 

arterial stiffness, hypertension, stroke or MI compared to healthy young individuals (Puntmann et al. 

2012; AlGhatrif et al. 2013; Chia et al. 2014). Zhang et al. (Zhang et al. 2021) showed that ageing 

causes impairment in the cardiac diastolic function, but not the systolic functional measures (including 

fractional shortening, FS and LVEF%), among aged female mice. Additionally, ageing is known to 

not significantly alter the LVEF% (Leibowitz and Gilon 2012). In our results, we observed a similarity 

in the LVEF% values across the control groups during both the early and late treatments. In contrast, 

although the LAV group showed similar values of LVEF% at early treatment compared to the other 

control groups, there was a significant increase in its LVEF% values compared to the control groups 

at the late treatment phase, which might suggest that its effects might decrease over time.  

Moreover, we also observed a significant increase in the CO values (measured by the 

echocardiography) in the LAV groups compared with the control groups at both the early and late 

treatments, suggesting that the therapeutic effects of the LAV-BPIFB4 is continuing to occur even 

after a long period of time (about 4 months). An improved blood supply to the myocardium (as we 

found in the LAV group) may result in an improvement in its pumping capability and thus a greater 

CO. Additionally, the senescent mouse heart appeared to have significant decrease in its contractile 

ability and thus a reduction in its efficiency to pump the blood (lower CO) (Yang et al. 1999). Noda 

et al. (Noda et al. 2020) reported age-related contractile dysfunction in aged C57BL/6 mice that might 

be due  to mitochondrial impairment. Another study reported that the dysregulation of the motor and 

structural proteins, such as decreased myosin expression, could contribute to the contractile 

dysfunction in old mice (Fanjul et al. 2020). In our previous work, we reported that the LAV-BPIFB4 

gene increased the MyHC-𝛼 expression in the cardiomyocytes which improved the endothelial 

function and enhanced vascular eNOS phosphorylation in the diabetic mice model (Dang et al. 2020). 
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The enhancement in the expression of MyHC-𝛼, which could be due to induced SDF-1/CXCR4 

signaling pathways as reported by others (Tang et al. 2009; Chiriac et al. 2010), is likely to be behind  

the improvement in cardiac performance and thus the observed rise in the CO values among the LAV 

group (in the early and late treatments) (Nakao et al. 1997; Korte et al. 2005; Lv et al. 2011).  

What is more, a previous study demonstrated that the LAV-BPIFB4 gene transfer could be a factor 

in improving cardiac function and contractility, primarily through boosting multiple mitochondrial-

related pathways (Faulkner et al. 2020). Consequently, this might be one of the therapeutic pathways 

in which the LAV gene exerts its effect in improving cardiac function through enhancing contractility, 

CO and LVEF% among LAV treated mice.   

In addition, the enhanced CO among the LAV group could be attributed to the increase in their 

capillary and artery density as revealed by our histological results. Microvasculature plays a 

fundamental role in oxygen and nutrient delivery to the cardiac muscle, particularly during exercise or 

when under stress (Gliemann 2016). Therefore, an increase in capillary and artery density, which 

represents the microvasculature, will result in an increase in the exchange surface area between the 

muscle and blood. As a consequence, this will also decrease the distance required for oxygen diffusion,  

all of which will result in an improved MBF (Gliemann 2016). The rise in the MBF, due to the increase 

in vascular density, leads to a higher oxygen supply to the myocardium, enhances its contractile 

performance and improves the CO, which we reported in our LAV treated mice (Gliemann 2016). 

This could explain the strong correlation found between MBF values compared to both the vascular 

density and the CO. 

Taken together, our study in this chapter confirms the beneficial effects of the LAV gene that may be 

involved in several cardiac reparative mechanisms through stimulating SDF-1/CXCR4 and eNOS 

signalling pathways, several mitochondrial-related pathways, and many other unknown pathways. The 

stimulation of these pathways among LAV-treated mice is likely to be responsible for the increase in 

vascular density, MBF and CFR, which all could improve cardiac performance and CO. Our results 

also indicate that the effect of the LAV-BPIFB4 treatment might persist for several months, but its 

effect may be diminished with time. 

8.6 Conclusion: 

The measurement of MBF using 13N-NH3 and PET quantification tools can provide vital 

information regarding cardiac function following treatment intervention. The purpose of the current 

study was to determine the beneficial effect of the LAV-BPIFB4 gene on old mice at various times of 
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intervention. The micro-PET/CT scanner and compartmental modelling were used to investigate its 

beneficial impact through quantifying the MBF during rest and stress conditions at different points 

on the timeline. Our PET/CT results were also compared and correlated to the vascular density and 

echocardiography data.   

We demonstrated that the LAV-BPIFB4 improved cardiac function and contractility, enhanced 

cell survival and proliferation, decreased inflammatory response, and improved cellular 

communication, angiogenesis, vascularisation, and molecular regulation and proliferation of the cell 

cycle, all of which subsequently maintains the repair of the heart  and its regenerative ability (Spinelli 

et al. 2017; Malavolta et al. 2019; Dang et al. 2020; Ciaglia et al. 2022). The beneficial effects of the 

LAV gene could be due to the stimulation of SDF-1/CXCR4 and eNOS signalling, several 

mitochondrial-related pathways and many other unknown pathways and mechanisms.  

In conclusion, LAV-BPIFB4 gene delivery can attenuate the deteriorative impact of age on the 

CVS through the activation of many reparative mechanisms, but its effects may be reduced over time.  
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Chapter 9:  

Final Discussion: 

PET imaging using small animal models has been used widely as a powerful tool in assessing the 

efficiency of therapeutic interventions, standardizing, or refining imaging protocols, and validating 

new radiotracers to be used clinically (Cherry and Gambhir 2001; Slomka et al. 2014). Indeed, the 

strength of PET imaging is that it allows the semi or absolute quantification of various biological 

biomarkers such as cardiac metabolism, blood flow to different organs, receptor binding or gene 

expression (Inubushi et al. 2004; Turkheimer et al. 2014).  

The primary objective of this research project was to assess the feasibility of using the Mediso 

micro-PET imaging to evaluate murine cardiac function. This evaluation was performed through the 

quantification of vital physiological biomarkers, namely MGM and MBF. Micro-PET/CT imaging 

and quantification was used to examine the effectiveness of LAV-BPIFB4 gene therapy on cardiac 

function. In order to do this, we first had to test the performance of the micro-PET scanner, and then 

develop and standardize imaging protocols to assess the accuracy and repeatability of our PET data. 

Further validation of the feasibility of our micro-PET was achieved by combining different assessment 

tools including echocardiography and histological tests. An early experiment was to assess whether we 

could detect changes in the FDG uptake and blood flow following induced HLI. Following the 

successful completion of these experiments, evaluation of LAV-BPIFB4 gene therapy was carried out 

on murine models of diabetes and ageing.  

In order to do these assessments, we first needed to test the accuracy of our Mediso micro-

PET/CT scanner. We did this through evaluating its physical performance in terms of the overall 

image quality when using 18F and 13N. The evaluation of the performance was carried out according 

to the NEMA NU 4 – 2008 standard and the manufacturer guidelines which recommended 

performing the IQ test before quantitative studies for any used radiotracers (Daube-Witherspoon et 

al. 2002; Cañadas et al. 2011). In line with these NEMA and manufacturer recommendations, the IQ 

performance was carried out for every radiotracer before carrying out PET quantitative analysis. This 

test covers most of the important physical factors that are dependent on the radiotracer choice, such 

as SR and count rate. The IQ test enables measuring the RCs% which is defined as the ability of the 

PET system to recover radioactivity concentration at different object sizes (Srinivas et al. 2009; 

Disselhorst et al. 2010; Teuho et al. 2020). The measurements of the RCs reflect the level of SR 
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particularly in using different radiotracers that have different positron ranges. Generally, a low RCs% 

reflects a poor resolution and a higher PVE (Srinivas et al. 2009; Disselhorst et al. 2010; Kim et al. 

2021). 

The RCs of 18F were within the NEMA acceptable ranges, reflecting the good SR of the produced 

images. The 13N RCs were lower than those of 18F, but this was expected considering that we did not 

increase the scanning time to compensate for the loss in counting statistics. This issue could be 

minimised through increasing the imaging time or the injected dose of 13N, and thus, improving both 

the RCs and the SR (Choi et al. 1999; Maddahi and Packard 2014). Another important factor that 

contributes to the SR and the accurate quantification of the PET images is the partial volume effects 

(PVEs) which result from the false estimation of reginal radioactivity due to spill-out and spill-in of 

the radioactivity from the neighbouring regions. Our study on both radiotracers shows that all SOR 

values were in the required NEMA range.  

We have shown that our Mediso 122S small-bore PET/CT scanner offers appropriate levels of 

sensitivity and SR for small animal imaging when using either 18F-FDG and 13N-NH3. However, we 

wished to further improve 13N-NH3 image quality by altering aspects of the scanning protocol, 

including scan duration and the amount of the injected dose. Therefore, we have increased the 13N-

NH3 injected dose to compensate for the loss in counting statistics due to its short half-life.  

The next aim of this research was to assess the accuracy and repeatability of our micro-PET system 

in quantifying MGM and MBF in healthy control mice using 18F-FDG and 13N-NH3 respectively. Both 

MGM and MBF are used as biomarkers that may reflect some aspects of cardiac function, hence, they 

are often quantified to assess response to treatments (Schelbert et al. 1981; Khorsand et al. 2005; 

Medical Advisory 2005; Ziadi and Beanlands 2010; Prior 2017). In Chapter 5, we developed a set of 

imaging protocols that could produce as much information as possible with minimum mathematical 

complexity and the simplest possible assumptions. These imaging protocols were design based on 

previous clinical and preclinical investigations, and then they were tested for their accuracy and 

repeatability.  

Our imaging protocols were designed to fit with our project animal license which currently only 

allows non-recovery procedures. Each mouse underwent three scans followed by termination on the 

same day. This experimental design was designed to take advantage of the short (10 minute) half-life 

of 13N-NH3. The scanning protocols started with fasting the mouse for approximately one hour to 

enable maximal FDG uptake. The mouse was transferred to a prewarmed bed (to avoid hypothermia 

(Lee et al. 2005; Cates et al. 2014)). Anesthesia was induced using low-concentration isoflurane (1.5-
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2%) in oxygen, in order to prevent the dramatic increase of the MBF under higher isoflurane 

concentration that was observed by Kober et al. (Kober et al. 2005).  Cannula placement was 

performed via two routes, IV and IP, for the injection of the radiotracer and dobutamine respectively. 

We decided to use two different routes to avoid injecting large volumes that may interfere with the 

haemostasias of the mouse (Kuntner et al. 2009; Thackeray et al. 2015; Lindsey et al. 2018). As 

previously reported, administration of dobutamine via the IV or IP routes had no difference in both 

cases (Puhl et al. 2016). A resting ammonia dynamic scan (duration of 10 minutes) was performed 

following IV injection. After a 10-minute gap to allow the ammonia to decay, the dobutamine was 

injected via the IP route. Five minutes later, the second dose of ammonia for the stress test was 

injected (Puhl et al. 2016) and the stress scan performed for 10 minutes. A further 10-minute gap was 

allowed for the ammonia to decay, and the FDG was injected, and the scan was initiated. Finally, the 

CT scan was acquired, and the animal was terminated. To ensure maximum SR, all dynamic PET 

images were reconstructed using a 3D OSEM. Both 1TC and 2TC models were used for the 

quantification of MBF and MGM respectively. The choice of models was conditioned to the 

mechanism of the radiotracer uptake (Choi et al. 1999). Importantly, the IF measurements were 

derived from the dynamic images in which a VOI were placed over the LV blood pool region (Huang 

et al. 2019). The LVBP VOI was convoluted with the PSF that was calculated by the scanner 

manufacturer. In fact, this technique was applied and validated by previous investigations, and they 

reported similar results with regards to IDIF derivation (Fang and Muzic 2008; Huang et al. 2019). 

The myocardium VOI was derived from the LV region. 

Our MBF results, during rest and dobutamine stress, were repeatable and comparable to the MBF 

measured previously in mice (of the same strain) using an intraventricular injection of microspheres, 

MRI, and echocardiography (Raher et al. 2007; Jogiya et al. 2013b; Krueger et al. 2013; Naresh et al. 

2015). In addition, our MGM results were accurate, repeatable, and consistent with previous MGM 

values measured in mice under a similar protocol (including animal fasting, anesthetic agent type and 

concentration) (Wu et al. 2007; Cochran et al. 2017).  

We then tested the ability of our micro-PET scanner to detect changes in blood flow and glucose 

metabolism following the induction of HLI in healthy mice, using 13N-NH3 and 18F-FDG. Both blood 

flow and glucose metabolisim measurements were significantly reduced in the ligated leg compared to 

the normal one, as expected. Next, the blood flow and glucose metabolism results were compared 

with doppler imaging to assess blood flow, and for changes in vascular density (using histological 

analyses). There was a strong correlation between the blood flow assessed by our micro-PET/CT 
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scanner and doppler imaging, validating our PET protocols. In our histological analyses, we found a 

considerable reduction in capillary and arteriole density in the muscle of the ligated leg of each mouse. 

As the case with doppler imaging, our histological data strongly correlated with our PET-derived 

blood flow results. These results demonstrate the capability of our micro-PET/CT system to detect 

changes in blood flow and metabolisim after surgical ischemia. Importantly, our results confirm that 

13N-NH3, a flow radiotracer, allows the quantification of hindlimb perfusion in murine models 

following induced hindlimb ischemia and the data were strongly correlated across different imaging 

or assessment techniques. Therefore, both 13N-NH3 and 18F-FDG quantitative imaging can be used as 

an effective imaging modality to evaluate treatment through quantifying blood flow and glucose 

metabolism respectively.   

We then used PET imaging to examine the therapeutic efficiency of the LAV- BPIFB4 gene in 

animal models of diabetes and ageing. These animals had already undergone hair removal for 

echocardiography imaging. Hair loss has long been associated with diabetes and has been attributed 

to stress (cortisol levels) and changes to the circulatory and immune systems (Sasaki et al. 2018; Singh 

et al. 2018). In the experiments on the diabetic mice, we noted a considerable increase in the hair re-

growth rate among the LAV-treated mice compared with control mice (NV and WT groups). This 

observation suggests that LAV treatment may stimulate signaling pathways related to hair re-growth 

processes. An alternative hypothesis is that LAV therapy results in improved blood flow, and this may 

be by a number of possible routes. The role of NO in modulating blood flow is well known (Moncada 

1991; Nakanishi et al. 1992; Partovian et al. 2005; Raher et al. 2007). LAV-BPIFB4 gene therapy is 

known to increase eNOS phosphorylation and translocation, and increases the release of NO in the 

in endothelial cells (Villa et al. 2015b). LAV can also improve blood flow by other routes. LAV-

treatment of eNOS knockout mice still have improved vasodilation even though eNOS was not 

present. This was probably via endothelium-derived hyperpolarising factor (EDHF) mediated 

pathways in smaller blood vessels, thus improving tissue blood flow (Garland et al. 2011; Spinelli et 

al. 2017). Yet another alternative is that LAV exerts its positive effect on hair growth by improving 

local blood flow by angiogenesis. We have demonstrated this as an increased density of arteries (aged 

animals only) and capillaries.  

Furthermore, our calculated SUVs and MGM values, which represent myocardial glucose uptake 

and metabolism respectively, showed a significant reduction within the diabetic groups compared to 

the lean control (non-diabetic) group, with the MGM in LAV-treated group not as severe as in the 

control diabetic groups (NV and WT groups). The echocardiography data for our scanned mice at 13 
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weeks was similar and revealed no statistical difference in CO, LVEF%, or LV mass among the 

diabetic groups. The lean control showed a considerable increase in both the CO and LVEF%, 

compared to the diabetic groups.  However, this lack of effect is due to the small number of animals 

in these experiments. When the data obtained from the remaining animals given each treatment (the 

animals that remained in Bristol), LAV-treatment resulted in significantly different echocardiography 

characteristics. CO and LVEF% were significantly higher in the LAV group compared with the 

diabetic NV and WT groups and approached that found in the lean mice. The histological analysis of 

capillary and arteriole density revealed a significant decrease in two of the diabetic groups, namely the 

NV and WT groups, compared to the lean control group, and a remarkable increase in both capillary 

and arteriole density in the LAV-treated group. The capillary density and the MGM values were 

strongly correlated in the lean control group. 

The reduction in the FDG uptake and metabolisim, represented by the SUVs and MGM values, 

by the heart in all the diabetic groups (NV,WT and LAV) confirmed the state of T2D which is known 

to have a decrease in insulin-stimulated glucose uptake because of the general reduction in the 

endogenous insulin (Thorn et al. 2013; Ko et al. 2017). Although our LAV-treated group exhibited a 

higher value with respect to the other diabetic groups, this group did not reveal a significant change 

in the glucose metabolic rate. Additionally, the further analysis performed by our groups, also recorded 

no difference in the plasma glucose level among the LAV treated group (Dang et al. 2020). Another 

possible explanation might be that we did not allow the model to be sufficiently advanced to detect 

changes in the MGM following the LAV gene treatment. Previously, researchers performed micro-

PET imaging and quantification of glucose uptake and metabolism in Zuker fatty rats. They found 

that changes in glucose uptake and metabolisim occurred only at a late stage of the T2D model (Shoghi 

et al. 2008). We performed PET/CT scanning on our mice when they were 14 weeks old (ie not in an 

advanced diabetic state). There is a possibility that through extending the time of the study or 

commencing LAV-treatment at a later age, we might detect MGM changes.   

Using echocardiography, we identified a reduction in the CO and LVEF among the two control 

diabetic groups compared to the treated group. We have observed that hearts from mice treated with 

LAV-therapy had a considerable increase in the expression of MyHC-𝛼 protein when compared to 

the diabetic groups (Dang et al. 2020). The MyHC-𝛼 is a protein involved in the contractile function 

of the myocardium and a previous study reported its downregulation in diabetic mice (Lv et al. 2011).  

Therefore, the increase in its expression within the LAV mice may justify the improved systolic 

performance among these mice (Rundell et al. 2004; Villa et al. 2015b; Dang et al. 2020). The improved 
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CO and LVEF in the LAV group are likely to be related to the increase in capillary and artery density. 

The coronary microvasculature consists of arterioles and capillaries both of which have their own 

function. The arterioles are responsible for resistance in coronary vessels, and they dilate according to 

the changes in myocardial demand for oxygen (Sinha et al. 2021). The capillary bed transfers the 

oxygen and substrates to the cardiomyocytes. Therefore, increasing the capillary and arteriole density 

will increase the oxygen supply and improve the CO. Our collaborators have reported that the SDF-

1/CXCR4 is involved in LAV-BPIFB4 stimulated macrophage polarization in atherosclerosis (Puca 

et al. 2020), and we have found that LAV-treatment in diabetic animals is also at least partially exerted 

via the SDF-1/CXCR4 axis (Dang et al). SDF-1 is a chemokine that is involved in the activation of 

many physiological processes such as foetal development and organ haemostasias (Ratajczak et al. 

2006). SDF-1 and its receptor CXCR4 play a key role in embryonic vasculogenesis through modulating 

haematopoietic stem cell (HSCs) trafficking and proper engraftment (Ara et al. 2005; Ratajczak et al. 

2006). In addition, multiple studies have demonstrated that the increased expression of the SDF-

1/CXCR4 duo in injured tissue strongly related to the new blood vessel formation through 

angiogenesis (Tachibana et al. 1998; Peled et al. 1999; Ara et al. 2005; Ratajczak et al. 2006). In our 

related work, we had higher levels of circulating SDF-1 in the LAV treated mice group (Dang et al. 

2020). Therefore, there is a possibility that the SDF-1 is involved in the therapeutic effect of the LAV 

gene through its role in preventing contractile dysfunction, increasing the expression of MyHC-𝛼, and 

decreasing myocardial fibrosis (Petit et al. 2007) 

Even though CO reflects myocardial metabolism as well as coronary circulation, we did not detect 

changes in MGM (glucose metabolism) in the diabetic animals, which might be due to not allowing 

enough time to observe changes (Vincent 2008). One reason is based on the results from our RNAseq 

study on the diabetic mice (Faulkner et al 2020). In this study we found that hearts from LAV-treated 

diabetic mice had altered mitochondrial metabolism with LAV-treatment resulting in elevated genes 

and proteins associated with FA metabolism, ketone synthesis, ATP synthesis and acetyl-CoA/TCA 

cycle progression. This suggestion that glucose metabolism is just one component of myocardial 

metabolism that has been proposed previously (Kolwicz et al. 2013). A study conducted in transgenic 

mice engineered to have an overexpression of insulin-independent glucose transporter (GLUT1), 

denoted a substantial rise in glucose uptake and glycolysis with no change in the normal contractile 

function (Luptak et al. 2007). This finding also suggests that CO is regulated by multiple metabolic 

pathways and changes in its value may not directly be as a result of an alteration in the glucose 

metabolism. This may explain why the LAV-treated group had similar MGM values with respect to 
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other diabetic mice but experienced a significant increase in their systolic performance represented by 

the improvement in the LFEV% and CO. Due to the therapeutic effect of the LAV gene that was 

observed in the diabetic model, we continued to investigate its influence in an ageing model.  

In our ageing experiments we reported a substantial increase in the MBF values within the LAV-

treated group, during rest and induced stress, compared to the control groups, in both early and late 

treatments, resulting in an improvement in the CFR in the LAV group. Moreover, the increase in 

MBF, following pharmacological stress agent administration, was statistically significant in the LAV 

group in comparison with the control groups.  In the stress scan, the other diabetic groups, including 

NV and WT, didn’t have a significant rise in MBF. As in the results using the diabetic model, the 

echocardiography results indicated a significant improvement in the CO and LVEF% among the LAV 

group with respect to the other control groups. Importantly, and consistent with our previous findings 

in the diabetic model, we reported an increase in capillary and arteriole density in the LAV group in 

contrast to the other control groups. There was a strong positive relation between the MBF values at 

rest (in late and early treatments) and both CO and LVEF results measured by the echocardiography.  

MBF and CFR quantifications are thought to be prognostic biomarkers in many CVDs (Herzog et 

al. 2009; Fukushima et al. 2011; Farhad et al. 2013; Valenta et al. 2013; Nesterov et al. 2014) and are 

thought to be a good representation of coronary microvascular function (Guerraty et al. 2020). In 

clinical studies, a low CFR has been associated with various pathological and physical conditions 

including CADs, diabetes, obesity and ageing (Chow et al. 2014; Murthy et al. 2014; Shah et al. 2016; 

Guerraty et al. 2020). We reported a decrease in the MBF values (in rest and stress) in our control 

groups, including NV, WT and GFP in early and late treatments, in contrast to our MBF values that 

we measured in healthy young mice previously in Chapter 5, but consistent with a previous study 

which also used aged C57BL/6J mice (Rammos et al. 2016). The LAV-treated group showed a 

considerable increase in MBF during rest and stress and in the early and late treatment stages, 

suggesting the beneficial effect of the LAV-BPIFB4 gene. It is likely that the observed increase in the 

MBF values within the LAV group was due to the significant increase in the capillary and arteriole 

density which was also the case in our diabetic LAV-treated mice.    

 Many CADs are thought to be due to structural changes in the microvascular structure and 

endothelium dysfunction (Sinha et al. 2021). The microvascular changes might be caused by 

microvascular obstruction, due to narrowing in the capillaries and arterioles wall, and capillary 

rarefaction (Mosseri et al. 1986; Sinha et al. 2021), but we did not observe any changes in arteriole 

diameter in our mice (data from aged studies submitted for publication). These microvascular changes 
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can occur with endothelial dysfunction and can result in impaired vasodilation, reduced 

vasoconstriction in response to a stimulus, and a reduction in the CFR (Mosseri et al. 1986; Taqueti 

and Di Carli 2018; Sinha et al. 2021). We outlined previously that the LAV-BPIFB4 gene treatment 

resulted in increased expression of SDF-1/CXCR4, which has been linked to the improvement in 

angiogenesis and vasculogenesis following injury. It is possible that activation of the SDF-1/CXCR4 

signalling pathways resulted in the increased MyHC-𝛼 expression as reported earlier (Dang et al. 2020).  

Age is often associated with endothelial dysfunction and a reduction in NO bioavailability (Villa et 

al. 2015b). Our collaborators found that LAV-treatment resulted in increased the phosphorylation of 

eNOS in circulating mononuclear cells (Villa et al. 2015b; Spinelli et al. 2017). The increased eNOS 

phosphorylation might increase the production of NO which plays a major role in the endothelial 

function through regulating the vascular tone by inducing vasorelaxation, decreasing oxidative stress, 

stimulating anti-apoptosis and anti-inflammatory functions, angiogenesis activation and the regulation 

of blood flow (Karbach et al. 2014; Villa et al. 2015b; Spinelli et al. 2017; Sinha et al. 2021). There is a 

possibility the increase in eNOS activity noted in the LAV group could be the reason of enhancing 

the MBF (Villa et al. 2015b; Spinelli et al. 2017; Dang et al. 2020).  

The MBF and CFR values in the LAV group during the late treatment trial are higher than those 

in the early treatment experiments. It is possible that LAV-treatment may be more effective in older 

animals or that a single injection of the LAV-AAV loses efficacy with time, but this is a consideration 

open for further investigation (Dang et al. 2020).  

There was a strong positive relation between the MBF values at rest in the late and early treatments 

and the CO results, which could be because the increase in the MBF led to a sufficient oxygen supply 

to the myocardium and thus an enhancement in its pumping performance and contractile ability 

(Gliemann 2016; Sinha et al. 2021).  

To sum up, our studies have shown that 18F-FDG and 13N-NH3 can be used to assess aspects of 

cardiac function in mice with our Mediso nanoscan 122S PET/CT scanner in both diabetic and ageing 

models. We have also demonstrated that 13N-NH3 imaging can be used to assess the therapeutic effect 

of the LAV-BPIFB4 gene which has been shown to improve cardiac performance, reduce capillary 

rarefaction fibrosis and endothelial dysfunction, and enhance MBF possibly through increasing SDF-

1/CXCR4 and eNOS signalling pathways, as well as other unknown mechanisms to be investigated.  
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Chapter 10:  

Conclusion, limitations, and future work: 

10.1 Summary and conclusion: 

There is a paucity of literature using small PET/CT imaging in mice to assess cardiac function, 

resulting in a lack of standardized imaging protocols.  This is due to many challenges associated with 

resolution, animal handling, tracer availability, preparation, and access to the scanner. In this research, 

we successfully revealed the robustness of micro-PET CT scanner in evaluating cardiac function 

across different murine models. Additionally, we developed imaging protocol sets through which 

cardiac function could be assessed in terms of MBF and glucose metabolism. Our Mediso micro-

PET/CT scanner produced accurate and repeatable results that were congruent with the histological 

analysis, echocardiography and doppler imaging. The feasibility of these developed protocols has 

enabled us to extend our work to investigate the therapeutic effect of the LAV gene in diabetic and 

ageing models. In our study, we also demonstrated that LAV-BPIFB4 therapy increased the MBF and 

CFR, increased the capillary and arteriole density, decreased endothelial dysfunction, and enhanced 

the cardiac contractility performance through mechanisms that might be involved in increasing SDF-

1 and eNOS signalling pathways and other unknown ones.  

In conclusion, we demonstrated the accuracy and repeatability of our Mediso micro-PET/CT 

scanner as a powerful tool in evaluating cardiac function in mice through the absolute quantification 

of MBF and MGM using the concept of compartmental modelling. A noteworthy outcome was the 

feasibility of our micro-PET/CT scanner in making it possible to assess the therapeutic effect of LAV-

BPIFB4 gene therapy in diabetic and ageing models. Our results confirmed that the LAV-BPIFB4 

gene exerted its beneficial effects through increasing capillary and arteriole density that subsequently 

resulted in an improvement in the blood flow and contractile performance of the myocardium and 

these benefits lasted for several months following treatment intervention.   
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10.2 Novelty of the research: 

The novelty of the research can be outlined as follows:  

• Demonstrating the ability of the Micro PET/CT scanner in assessing cardiac function in 

murine models using PET quantitative techniques.  

• Standardising PET imaging protocols in murine models for the evaluation of cardiac function 

through absolute quantification using compartmental modelling and two radiotracers 

including 13N-NH3 and 18F-FDG.  

• This study is the first to evaluate the effects of LAV-BPIFB4 gene therapy using a Mediso 

micro-PET/CT scanner and compartmental modelling that provided absolute quantification 

of MBF and MGM.   

10.3 Research limitations: 

Micro PET/CT imaging suffers from multiple challenges associated with the use of short-lived 

radiotracers which require an on-site cyclotron and coordination with the production team in terms 

of the time to prepare the radiotracer, the animal cannulation process, and access to the scanner room. 

In our research, one of the major limitations against smooth imaging processes was due to the 

cyclotron being located in a different building (about 8-10 minutes delivery time).  

Another limitation was calculating the IF, which is a crucial aspect in compartmental modelling. It 

requires a series of blood withdrawals and tissue specimens to derive the arterial IF and then correlate 

it with our ammonia flow results. However, this was not possible, and the IF was derived from the 

image, which was previously validated by several researchers. Although PMOD can extract all heart 

segments for regional myocardial analysis, the resolution of the scanner might not cope with the small 

size of each myocardial region.   

This research was designed to help in developing a computational cardiac model of the mouse, 

however this was not possible due to the Covid pandemic which delayed the imaging analysis process 

and the ability to stay in contact with the assigned supervisors in Bath university. All this delay resulted 

in a lack of the time necessary to carry out this goal.  
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10.4 Future work: 

Additional experiments might be needed to assess the physical performance of our micro-PET/CT 

scanner with 13N-NH3. Indeed, NEMA only provided a standard acceptable limit for the preclinical 

scanner resolution using 18F-FDG and according to our knowledge, no previous work has been 

conducted to set standard IQ test values for ammonia in a small PET/CT scanner. It would be useful 

to test the performance of the micro-PET scanner by performing an IQ performance test using 

different radiotracers considering their physical half-life and positron range differences which are 

important factors in designing imaging protocols. 

Interestingly, our quantitative MBF data, that we measured using 13N-NH3, was of interest to the 

Pmod developers who we met at the Pmod training course in Switzerland in September 2019. They 

showed interest in using our 13N-NH3 data for MBF quantification in murine models for the purpose 

of developing their analysis software. This was agreed but unfortunately, this process has been 

attenuated by the Covid pandemic crisis. One of our future goals is to contact them again for future 

collaboration in developing imaging protocols that may play a role in drug development.  

Another important goal is the further refinement of our developed imaging protocols to investigate 

the influence of imaging duration on the produced quantitative data in murine models. In fact, we had 

problems with changes in the heart dimension in the 18F-FDG scans of the aged mice which might be 

related to scan duration or the injected pharmacological stress drug. Repeating the protocols, while 

changing some of the technical variables such as scan duration, might identify the cause behind these 

results.   

One of the aims of this research was to use quantitative gated data in developing computational 

mice models but due to the limitation addressed above, this was not the case. Therefore, performing 

gated micro-PET/CT scans to produce functional parameters, such as LVEF%, and then comparing 

the values with echocardiography values will be an interesting aspect to investigate.  

Finally, our collaborators in Bristol university aim to further evaluate the LAV-BPIFB4 gene 

therapeutic effect by monitoring its effect when it is administrated orally in old mice models.   
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Appendices:  

10.1 Appendix A: The gain in body weight (in gram) for all the diabetic groups 

at week 6,8,9 and 13. 

 

  

Group Name: NV (diabetic injected with vehicle) 

 

 

Mouse ID 

Weight in grams (g) 

Week 6 Week 8 Week 9 Week 13 

PA30 29 38 37 48 

PA31 30 37 36 49 

PA40 30 41 36 45 

PA41 34 41 40 49 

PA45 32 38 37 42 

PA46 32 39 38 47 

PA50 26 37 34 51 

PA51 37 35 32 50 

Mean 31.25 38.25 36.25 47.63 

Table A.1: The gain in the body weight (in gram) for the NV group at week 6,8,9 and 13. 

Group Name: LC (healthy mice) 

 

 

Mouse ID 

Weight in grams 

Week 6 Week 8 Week 9 Week 13 

PA52 34 28 25 32 

PA53 23 26 25 32 

PA54 22 24 24 28 

PA55 24 26 26 32 

PA56 22 24 24 28 

PA57 25 27 26 31 

PA58 24 27 27 31 

PA59 23 24 24 29 

Mean 24.63 25.75 25.13 30.38 

Table A.2:  The gain in the body weight (in gram) for the LC group at week 6,8,9 and 13.   
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Group Name: WT (diabetic injected with AAV9-WT-BPIFB4) 

 

 

Mouse ID 

Weight in grams 

Week 6 Week 8 Week 9 Week 13 

PA27 30 38 36 45 

PA28 30 38 37 51 

PA29 26 34 33 47 

PA35 30 36 36 51 

PA36 29 35 35 47 

PA47 28 36 34 51 

PA48 30 38 36 51 

PA49 29 36 33 49 

Mean 29.00 36.38 35.00 49.00 

Table A.3:  The gain in the body weight (in gram) for the WT group at week 6,8,9 and 13. 

Group Name: LAV (diabetic injected with AAV9-LAV-BPIFB4) 

 

 

Mouse ID 

Weight in grams 

Week 6 Week 8 Week 9 Week 13 

PA32 33 36 36 52 

PA33 33 39 39 37 

PA34 33 40 35 53 

PA37 33 41 38 54 

PA38 34 39 39 49 

PA39 36 41 40 50 

PA42 30 38 35 48 

PA43 32 38 36 46 

PA44 33 40 38 47 

Mean 33.00 39.11 37.33 48.44 

Table A.4:  The gain in the body weight (in gram) for the LAV group at week 6,8,9 and 13. 
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10.2 Appendix B: The chest hair regrowth (# of grids) in all the diabetic groups. 

 

 

 

 

 

 

Group 

 

 

Mouse 

ID 

 

 

DOB 

 

 

Hair 

removal date 

Week 1 

later 

Week 2 

later 

Week 3 

later 

Week 4 

later 

Chest 

hairiness 

(# of 

grids) 

Chest 

hairiness 

(# of 

grids) 

Chest 

hairiness 

(# of 

grids) 

Chest 

hairiness 

(# of 

grids) 

NV 

control 

PA85 18/01/2017 13/03/2017 0 2 2 2.5 

NV 

control 

PA86 18/01/2017 13/03/2017 0 0 0 0.5 

NV 

control 

PA87 18/01/2017 13/03/2017 0 0 0 0 

LAV 

virus 

PA88 18/01/2017 13/03/2017 0 0 2 2 

LAV 

virus 

PA89 18/01/2017 13/03/2017 0 1 1 3.5 

LAV 

virus 

PA90 18/01/2017 13/03/2017 0 2.5 3 4 

WT 

virus 

PA91 18/01/2017 13/03/2017 0 0 2 2.5 

WT 

virus 

PA92 18/01/2017 13/03/2017 0 0.5 1 2 

WT 

virus 

PA93 18/01/2017 13/03/2017 0.5 1 1.5 1.5 

lean 

control 

PA94 18/01/2017 13/03/2017 1 4 7 7 

lean 

control 

PA95 18/01/2017 13/03/2017 3 7 9 9.5 

lean 

control 

PA96 18/01/2017 13/03/2017 9 9 9 9.5 

Table B.1: The chest hair regrowth (# of grids) in the diabetic groups.  
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10.3 Appendix C: Image demonstratiom for the 13N-NH3 dynamic scans at rest 

and stress for all the ageing groups during the early and late treatments.  

 

 
  

Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

NV 
Early 

treatment 

PA134 

  

PA135 

  

PA136 

  

Table C.1: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the NV group at early 

treatment phase. 
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Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

NV 
Late 

treatment 

PA214 

  

PA215 

  

PA216 

 
 

Table C.2: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the NV group at late 

treatment phase. 
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Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

WT 
Early 

treatment 

PA150 

 
 

PA153 

  

Table C.3: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the WT group at early 

treatment phase. 
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Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

WT 
Late 

treatment 

PA225 

  

PA226 

 
 

PA228 

  

Table C.4: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the WT group at late 

treatment phase. 
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Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

GFP 
Early 

treatment 

PA139 

 
 

PA140 

  

Table C.5: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the GFP group at early 

treatment phase. 
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Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

GFP 
Late 

treatment 

PA219 

  

PA222 

  

PA223 

  

Table C.6: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the GFP group at late 

treatment phase. 
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Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

LAV 
Early 

treatment 

PA144 

  

PA146 

  

Table C.7: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the LAV group at 

early treatment phase. 
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Mice 

Group 

Treatment 

phase 
 Rest scan Stress scan 

LAV 
Late 

treatment 

PA229 

  

PA230 

  

PA231 

  

Table C.8: Image demonstratiom for the 13N-NH3 dynamic scans at rest and stress for the LAV group at late 

treatment phase. 
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10.4 Appendix D:  

10.4.1 Publications: 

1. Dang, Z. et al. 2020. Transfer of a human gene variant associated with exceptional longevity 
improves cardiac function in obese type 2 diabetic mice through induction of the SDF-
1/CXCR4 signalling pathway. 

 
10.4.2 Expected to be published: 

 
1. LAV-BPIFB4 rejuvenates human heart pericytes and improves aged cardiac function and 

vascularization. 
Corresponding Author(s): 
Dr. Paolo Madeddu 
Contributing Author(s): 
Monica Cattaneo, Antonio Paolo Beltrami, Anita Thomas, Gaia Spinetti, Valeria Alvino, Elisa Avolio, 
Claudia Veneziano, Irene Giulia Rolle, Sandro Sponga, Elena Sangalli, Anna Maciag, Fabrizio Dal 
Piaz, Carmine Vecchione, Aishah Alenezi, Stephen Paisey, Annibale Alessandro Puca. 
 

10.4.3 Presentation: 

1. 5th of October 2018- Wales Research and diagnostic Imaging Center PETIC, University 
Hospital of Wales UHW, Cardiff, UK, “Quantitative Analysis in cardiac PET Imaging”. 
 

2. 25th of October 2019- PETIC Research Roadshow Autumn 2019, Wales Research and 
diagnostic Imaging Center PETIC, University Hospital of Wales UHW, Cardiff, UK, 
“Quantitative Analysis in cardiac PET Imaging”.  

10.4.4 Poster: 

1. 16th of April 2021, The 35th student-led Cardiff Medical and Dental School Research 

Symposium, University Hospital of Wales UHW, Cardiff, UK, “Quantitative Analysis in 

cardiac PET Imaging”.  

2. 6th -8th of September 2021-British Society of Cardiovascular Research BSCR Autumn Meeting 
and Early Career Symposium 2021, “Quantitative cardiac micro-PET/CT Imaging to evaluate 
murine cardiac function”, Bristol Medical school, University of Bristol. Online (Zoom) & 
Gather.Town.  
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List of Abbreviations: 

MBF Myocardial Blood Flow 

MGM Myocardial glucose metabolism 

CVDs cardiovascular diseases 

LAV-BPIFB4 gene bactericidal/permeability-increasing fold-

containing- family-B-member-4 longevity 

associated variant gene 

CADs Coronary Artery Diseases 

PADs Peripheral Artery Diseases 

DM Diabetes Mellitus 

CVS Cardiovascular System 

US Ultrasound Imaging 

MRI Magnetic Resonance Imaging 

CT X-ray Computed Tomography 

PET Positron Emission Tomography imaging 

CM Cardiac Metabolism 

MGM Myocardial Glucose Metabolism 

LAV Longevity Associated Variant 

NEMA National Electrical Manufacturers Association 

18F-FDG 18Fluorine labelled Fluorodeoxyglucose 

13N-NH3
 13Nitrogen labelled Ammonia 

HLI Hindlimb Ischemia 

MI Myocardial Infarction 

RA Right Atrium 

RV Right Ventricle 

LA Left Atrium 

LV Left Ventricle 

CMs Cardiomyocytes 

FBs Fibroblasts 

ECs Endothelial cells 
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SMCs Smooth Muscle Cells 

ECM Extracellular Matrix 

FA Fatty Acid 

ECG Electrocardiogram 

FR Frame Rate 

2D 2-Dimensional 

3D 3-Dimensional 

AC Attenuation Correction 

ß+ Positron 

Bq Becquerel 

Ci Curie 

PMTs Photomultiplier Tubes 

PHA Pulse Height Analysers 

ACD Annihilation Coincidence Detection Window 

LOR Line of Response 

TOF Time of Flight 

SC Scatter Corrections 

SNR Signal to Noise Ratio 

NF Normalization Factors 

SUV Standard Uptake Value 

FOV Field of View 

CNR Contrast to Noise Ratio 

FBP Filtered Back-Projection 

DFT Discrete Fourier Transform 

IFT Inverse Fourier Transform 

IR Iterative Reconstruction Algorithm 

OSEM Ordered Subset Expectation Maximization 

RATIO Tissue Plasma Ratio 

PKIN Pharmacokinetic Modelling 

2TC Two-Tissue Compartment  

1TC One-Tissue Compartment 
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IDIF Image-Derived Input Function  

CFR Coronary Flow Reserve  

LLIs Long-Living Individuals  

T1D Type 1 Diabetes  

T2D Type 2 Diabetes  

SR Spatial Resolution  

IP Intraperitoneal  

IV Intravenous  

SF Scatter Fractions  

IQ Image Quality  

PR Positron Range  

RC Recovery Coefficient  

SOR Spill-Over Ratios  

PVE Partial Volume Effect  

NO Nitric Oxide  

eNOS Nitric Oxide Synthase  

sGC Soluble Guanylate Cyclase  

GTP Guanosine Triphosphate  

cGMP Cyclic Guanosine Monophosphate  

PKG Protein Kinase G enzyme 

SDF-1 Stromal Derived Factor-1  

ROS Reactive Oxygen Species  

BM Cells Bone Marrow Cells 

MyHC-𝛼 Myosin Heavy Chain, α Isoform 

CO Cardiac output 

LVEF Left Ventricular Ejection Fraction 

FS% Fractional Shortening  
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