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1. Nuclear Medicine 

Within the field of medical imaging, nuclear medicine relates to imaging techniques that 

provide detailed information about a wide range of biological processes at the molecular and 

cellular level. In contrast to conventional medical imaging modalities such as x-ray, computed 

tomography (CT), and magnetic resonance imaging (MRI), which produce excellent 

anatomical images, nuclear medicine allows for the in vivo visualization and analysis of the 

underlying physiology and tissue function.  

In order to provide such functional images, nuclear medicine involves the administration 

of trace amounts of a radiolabeled compound (or radiotracer) to diagnose and characterize 

disease states. After injection, the radiotracer circulates and distributes through the body. The 

ensuing distribution is determined both by the pharmaceutical properties of the compound and 

by the (patho-)physiology of the tissue under investigation. At the same time, its radioactive 

part decays and emits energy in the form of gamma rays. These gamma rays are detected by a 

camera and this information is used to reconstruct an image of the distribution of the tracer in 

tissue. One of the greatest advantages of nuclear medicine is the large selection of available 

radiotracers, which allows this imaging technique to target specific biological targets or 

processes, and to study several distinct mechanisms underlying disease.  

Although other modalities and areas of application are within the range of nuclear 

medicine techniques, this thesis focuses on Positron Emission Tomography (PET) imaging of 

the brain.  

2. Positron Emission Tomography 

As the name implies, PET imaging is based on the radioactive decay by positron 

emission. In short, the emitted positron combines with an electron in a process called 

annihilation, which results in the generation of two gamma rays of equal energy and opposite 

direction. The PET system detects these two opposing gamma rays (coincidence detection) and 

thus knows on which line the original decay occurred, although the exact position remains 

unknown. By combining the measurement of many coincidences, the system can reconstruct 

the 3D distribution as a function of time. As PET scanners use a full ring of detectors and the 



 

 

use of collimators is not required1, PET has several advantages with regard to normal single 

photon emission scanners, including a better signal-to-noise ratio and higher spatial resolution. 

Perhaps more importantly, PET images can be corrected for physical effects such as photon 

attenuation, randoms and scatter. As a result, the information on radioactivity concentration 

available from PET images can be accurately measured, and the biological processes under 

study can be analyzed in a quantitative manner. Moreover, in combination with anatomical 

information from other imaging modalities, the quantitative 3D functional information of PET 

can be accurately localized and related to specific structures. 

Since the distribution of the radiotracer within the body is a dynamic process, 

understanding its kinetic behavior is important, as it will differ depending on the underlying 

biological process and the physiological state of the patient. With dynamic PET imaging, it is 

possible to follow the course of a radiotracer in tissue over time, and time-activity curves 

(TACs) of different tissues can be derived and analyzed (Figure 1). Based on a first concept of 

the expected biological outcome of the radiotracer in a certain tissue, mathematical models can 

be defined in order to explain the observed TAC. As a consequence, quantitative parameters 

can be estimated from these models and related to specific biological processes, thereby 

objectively characterizing the condition under study. The corresponding model parameters can 

relate to several functions, such as tissue perfusion2, metabolism3, neurotransmitter release4, 

receptor density5, among others. However, this unique and quantitative character of PET is not 

always explored to its full potential.  

 

 



 

 

 

Figure 1. Graphical representation of time-activity curves of different tissues, which can be recorded by a PET 
scanner over time. From the profile of a TAC it is possible to understand the underlying biological process. For 
example, the TAC of the tissue 1 displays a low perfusion, in the beginning of the scan, but the tracer becomes 
trapped with time. On the other hand, the TAC of tissue 2 shows a highly-perfused tissue, but the tracer is not 
retained. 

 

In the context of clinical diagnostic routine, for example, physicians mostly rely on 

visual assessment for the interpretation of PET images. Normally, this is done by acquiring a 

static image after a certain period of tracer uptake in tissue, providing a snapshot of the 

underlying kinetic profile. The concept behind late static scanning is based on the assumption 

that, at that moment, the observed PET signal in the tissue of interest is mostly determined by 

the fraction of the tracer which represents the underlying process of interest. However, a more 

detailed and quantitative assessment might be required when information about multiple states 

is required, or when late static scan does not properly correspond to the state of interest. This 

may be essential when evaluating disease progression, treatment response, or when subtle 

physiological changes, which may not be dominating the signal in a late phase of the tracer 

uptake, need to be extracted. In those cases, the quantitative analysis of PET images can provide 

specific and objective information on disease mechanisms.  

However, there is a clear gap between the practical and short imaging protocols 

preferred for daily clinical routine and the requirements of full quantitative PET analysis, 

despite its great potential. To bridge this gap, we first need to understand the concept of 

pharmacokinetic PET modeling and then consider potential simplifications. 



 

 

2.1  Quantitative PET imaging: pharmacokinetic modeling and the need for 

simplified methods 

In simple terms, PET imaging can be understood as an input-output system. As input, 

we have the delivery of the radiotracer to the different tissues, which can be characterized by 

the radioactivity concentration in the plasma, for example, and as output, the radioactivity 

concentration in tissue measured by the PET camera. The goal of a quantitative analysis is to 

measure and characterize the system responsible for transforming the input into output, i.e., 

the underlying biological process of interest. For that purpose, a model is defined and applied 

to the data and, based on the model and the measured input and output, quantitative 

parameters can be derived and subsequently related to the biological process. In PET data 

analysis, this is done by pharmacokinetic modeling, and the most common approach is the use 

of compartment models6.  

Compartment models describe and characterize systems which vary in time, but not in 

space7. This is especially useful for the analysis of PET data, since the total radioactivity 

concentration measured from each image voxel is a sum of tracer concentrations in different 

tissues and physiological states. In this context, different compartments can describe the 

different specific states in which the radiotracer can be found, e.g., unbound in plasma, 

unbound in brain tissue, metabolized, or bound to a specific receptor8 (Figure 2). After fitting 

a model to the measured data, the resulting parameters and combinations can be related back 

to specific biological events, allowing a detailed understanding of the underlying physiology. 

Another important advantage of kinetic modeling is that it can derive quantitative parameters 

of interest based on individual input functions. In that way, this type of analysis does not assume 

equal input functions between subjects, and can accurately account for between-subject 

variations.   

 



 

 

 

Figure 2. Left: Schematic representation of two compartments in a tissue of interest (C1 and C2), and the rate of 
tracer exchange between them as well as from/to plasma. Right: The total signal in tissue and its decomposition in 
the different compartments, as a result of the modeling process. 

 

However, the dynamic character of the system under study and the kinetic profile of the 

tracer often require long image acquisition protocols for accurate pharmacokinetic modeling9. 

Moreover, obtaining the input function can be challenging, as arterial blood sampling is 

invasive and uncomfortable for patients, and in the case of animal studies, the extraction of the 

necessary amount of blood can lead to the termination of the animal and complicate 

longitudinal study designs10. As a consequence, the need for long acquisition protocols and 

arterial blood sampling represent important challenges in most settings - clinical and 

preclinical. In order to provide alternatives to minimize these challenges, a number of 

approximations and simplifications have been proposed and are widely applicable. Here, we 

will focus on avoiding the need for arterial blood sampling and reducing overall image 

acquisition time. 

Avoiding arterial blood sampling 

Common alternatives for the measurement of an arterial input function include image 

derived input functions11, population based input functions12 and the most frequent in brain 

PET imaging, the use of reference regions13. The use of reference regions as indirect input 

functions is based on the assumption that target and reference regions share a common non-

specific tracer uptake, and that the reference region does not display the behavior which is 

characteristic of the target tissue, i.e., the expression of specific receptors or neurotransmitters 



 

 

of interest, for example. Under these assumptions, reference based models relate the tracer 

kinetics in reference and target regions to indirectly obtain information over the tracer delivery, 

serving as input function for the pharmacokinetic model (Figure 3). Unfortunately, reference 

tissue modeling is not always possible, since many radiotracers are not receptor specific, and 

some receptors are not restricted to particular anatomical regions. Regardless of the method for 

the measurement of an input function, these alternatives reduce invasiveness and simplify 

analysis, but may still require dynamic scanning.  

 

Figure 3. Schematic representation of the different compartments in a reference tissue based model. The target 
and reference tissue exchange tracer with the plasma in a similar way, while the reference tissue does not display 
the compartment of interest present in the target tissue (C2).  

 

Reducing image acquisition time 

Since long image acquisition protocols are not only costly but also reduce the patient’s 

comfort, static imaging is frequently preferred. The most known metric extracted from static 

images is the Standard Uptake Value (SUV).  

The SUV is a parameter which normalizes the radioactivity concentration in a certain 

region by the injected activity and the patient’s body weight, according to Equation 1. As such, 

it facilitates comparisons between subjects, within subjects, and across different studies. It can 



 

 

also enable the construction of standardized thresholds for diagnosis and the assessment of 

disease progression, for example. 

 

 

��� ��� = 	
�� ��� [���/��]
�������� ���� [���]/ ����  �!"ℎ� [�"] 

Equation 1. Equation to calculate SUV from the PET measurement. CPET is the radioactivity concentration 
measured in the PET image, and the injected dose is the amount of radioactivity administered to the patient. The 
SUV is then expressed in g/mL. 

 

 

Static imaging is, by definition, a snapshot of a dynamic process, and the 

correspondence between SUV and the underlying biological process will depend on the time 

chosen for image acquisition. Since different compartments display distinct kinetic profiles, the 

contribution of each compartment to the overall signal and total SUV is also a function of time 

(Figure 4). What is important to understand is that SUV is not able to decompose the PET signal 

into the contributions from the different compartments. As a consequence, the success of SUV 

in many settings is related to the concept of late imaging. The idea behind determining late 

static SUVs is that, for some tracers, the PET signal at late frames is mostly dominated by the 

specific component. In that case, a late SUV will highly correlate with quantitative parameters 

describing specific tracer uptake and serve as surrogate parameter for full pharmacokinetic 

modeling.  

 

 



 

 

 

Figure 4. Representation of the composition of a SUV value as seen in different TACs. (a) An example of a TAC 
of a tracer with a signal dominated by the specific compartment. Taking the SUV at t1 does not differentiate 
between specific and non-specific, while determining the SUV at t2 provides a value which is closely related to the 
specific component and can be used as surrogate parameter for specific binding. (b) Example of a TAC which does 
not provide a SUV determined by the specific component for either of the time points t1 or t2. In this case, a late 
SUV is not a good surrogate for specific binding.   

 

However, a strong relationship between SUV and a kinetic parameter of interest is not 

always possible, as some tracers might not display a signal clearly dominated by specific uptake 

at a late phase, for example. In addition, the kinetics of two independent tissues of interest might 

be different, which might compromise the use of one late static scan to analyze several tissues. 

Moreover, SUV has been known to be affected by several factors, both technical and biological, 

limiting its direct use in most study designs14. In fact, SUV is dependent on the clearance of the 

tracer by the kidneys, for example, and it is also affected by changes in tissue perfusion or blood 

flow. Moreover, SUV does not take into account individual variations in input functions, which 

can result in increased variability in group comparisons or longitudinal studies. In fact, these 

are the reasons why SUV is sometimes referred to as a semi-quantitative metric. 

To overcome some of these drawbacks, a ratio between target and reference tissue SUVs, 

called the SUVR, is also frequently used. This metric is mostly used for receptor studies, as it 

has the advantage of normalizing the radioactivity concentration by the non-specific activity in 

a reference tissue. Moreover, when concentration of receptor-bound tracer is at its peak 



 

 

(transient-equilibrium), SUVR is directly related to the binding potential15. Although useful, 

SUVR can still be affected by regional changes in perfusion, for example, and as is the case of 

SUV, SUVR is still slightly dependent on the acquisition time. Moreover, as is the case for 

reference modeling, SUVR is not applicable when a reference region is not available.  

It is important to notice that these simplified metrics are both constrained by variations 

in perfusion and individual input functions, for example. Such variations can be related to 

systemic changes in metabolism, which may vary not only per subject and condition, but also 

over time, potentially affecting the use of SUV and SUVR in longitudinal studies. Therefore, 

although SUV and SUVR do represent simple and attractive alternative parameters for large 

studies and daily clinical practice, they remain approximations to a full pharmacokinetic 

quantification of PET data.   

Nonetheless, both metrics are also frequently applied to preclinical and clinical PET 

studies, and more complex study designs and analysis methods such as kinetic modeling are 

still very limited in that setting. 

2.2     Pharmacokinetic modeling of PET images in animal studies 

Recently, a lot of effort has been put into bringing quantitative analysis into small animal 

PET imaging studies. These efforts were mainly driven by the development and technical 

improvements of small imaging PET systems16. This is important if preclinical studies are to 

fully reach their potential in terms of sensitivity, specificity and reproducibility when providing 

physiological information on disease mechanism and drug development. Moreover, exploring 

the analysis of preclinical PET images to its fullest could only improve the translation of animal 

study findings to the clinical setting.  

Since several models and image analysis techniques have been available and successfully 

implemented in human studies, it may seem natural to directly translate them to the preclinical 

setting. However, physiological variations between species and technical differences between 

PET systems can both influence the applicability and performance of pharmacokinetic 

models16. As a consequence, direct translation between the two environments is not advisable, 

and a validation of the models under different conditions should, ideally, be performed for each 



 

 

species. In fact, this is generally the case when translation is done from the preclinical to the 

clinical setting. This direction of translation is also the most frequent, as the evaluation of 

pharmacokinetic models and analysis methods generally coincide with the development of new 

radiotracers. However, some radiotracers are directly applied in humans due to being 

previously established as medication compounds. Unfortunately, when such a direct 

introduction of radiotracers to the clinical setting happens, back-translation is frequently 

forgotten. Yet, the analysis of small animal PET imaging studies would certainly benefit from 

such validations. Ensuring the translation of models and analysis techniques from human to 

animal studies would mean preclinical studies could share the same advantages in terms of 

sensitivity and specificity that many complex human PET studies have. Moreover, it is 

important to notice that simple and semi-quantitative metrics can only serve as alternatives for 

pharmacokinetic modeling after careful validation, as a valid simplification can only derive 

from complexity.  

3. Thesis aim 

In an ideal scenario, models for the quantification of brain PET images would allow the 

estimation of physiological information from dynamic processes while maintaining the 

simplicity of static imaging protocols necessary for the clinical routine. In addition, quantitative 

methods previously validated for human studies should also be validated and implemented for 

animal studies. In that way, the preclinical setting would be able to benefit from a wider range 

of quantitative image analysis methods.   

With this in mind, this thesis aims at addressing some of the challenges in quantitative 

brain PET imaging. In particular, the goals were twofold: 1) to develop and test protocols 

derived from pharmacokinetic models which significantly reduce the scanning time while 

maintaining quantitative accuracy, and 2) to translate quantification methods and 

approximations used in human studies to the preclinical framework. 

4. Thesis outline 

For the first goal, this thesis presents two studies. Chapter 2 presents a dual-time point 

approximation of the Patlak graphical analysis. This approximation can be applied for 



 

 

irreversible tracers with a reference tissue to obtain the dynamic parameter $% (trapping rate) 

using only two short static scans. The proposed method was validated for [18F]FDOPA, a 

radiotracer used, among others, to study Parkinson’s Disease17. Chapter 3 utilizes a similar 

approach for the analysis of reversible tracers in the context of dose occupancy studies18 and 

aims at eliminating the need for a dynamic scan during the post-dose phase of the study, thereby 

reducing the overall image acquisition time. It was validated for a drug dose occupancy study 

with [11C]raclopride, a radiotracer targeting the dopamine D2 receptors 19.  

For the second goal, three studies are presented. Chapter 4 evaluates and validates the use 

of a reference tissue based quantification approach for the analysis of [11C]flumazenil binding 

in the rat brain. Since this approach has only been applied in clinical studies so far20, our study 

was designed to validate its use in rats, and in particular, in a model of neuroinflammation. 

Using a subset of the data of Chapter 4, Chapter 5 determines the performance of several 

quantification methods for the analysis of [11C]flumazenil binding in the rat brain. For this 

study, a more comprehensive comparison between models was performed, including not only 

reference tissue models, but also models using an arterial plasma input function. Finally, the 

search for an optimal model for the analysis of [11C]flumazenil PET imaging of the rat brain was 

extended to parametric methods, which provide a map of specific quantitative parameters, with 

a parameter value for every image voxel. For that purpose, Chapter 6 investigates the 

performance of various methods for the generation of parametric images of [11C]flumazenil 

binding in the rat brain and compares the different methods with the model of choice, 

previously determined in Chapter 5.  

Finally, Chapter 7 summarizes the findings of this thesis, and Chapter 8 presents the 

reader with some overall discussion and future perspectives on brain PET quantification.  
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