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As a functional imaging technique, PET allows the in vivo visualization and 

characterization of tissue function and underlying physiological mechanisms, some of which 

may otherwise be invisible on conventional anatomical images. Moreover, PET allows the 

quantification of these physiological mechanisms, which is one of the main advantages of this 

technique over other medical imaging modalities. However, the quantitative analysis of PET 

images can pose many challenges in a clinical routine, as well as in the research setting.  

A large number of mathematical models are available for the quantification of PET by 

pharmacokinetic analysis; nonetheless, most of these models have restricted applicability. This 

is often due to the complexity of the implementation or to dynamic scanning protocol 

requirements, which do not match the practical needs of clinical routine for which static 

acquisition protocols are preferable. As a consequence, full quantitative analysis using 

pharmacokinetic modeling does not find its way into the clinic. Consequently, clinical trials, 

population studies and clinical examinations are mostly visually or quantitatively interpreted 

using simple and semi-quantitative uptake metrics. In the preclinical setting, there are 

additional challenges, and many studies are therefore also limited to the use of semi-

quantitative parameters. Moreover, back-validation is often not performed, and it is unclear 

whether pharmacokinetic models and analysis methods which have been successfully applied 

in the clinical setting are valid and applicable for animal studies. As a result, a direct translation 

of quantitative analysis methods between human and animal studies is often done without prior 

validation, potentially introducing bias and leading to erroneous conclusions.  

In order to address some of the challenges mentioned above, this thesis explored 

opportunities for the quantification of brain PET images. More specifically, the first two 

chapters aimed at reducing the scanning time needed to obtain quantitative parameters from 

pharmacokinetic models in a clinical setting.  

In Chapter 2 a dual-time point reference tissue approach (DTPREF) was proposed for 

the quantification of irreversible tracers. Based on the equations of the Reference Patlak model, 

the DTPREF approximation aimed at reducing the scan duration by estimating the tracer 

trapping rate (Ki) from two short static scans. In addition, the DTPREF method does not require 

arterial blood sampling, as it is a reference based method. For that reason, the DTPREF is 



 

 

restricted to radiotracers displaying a reference region. The model was validated for the 

quantification of [18F]FDOPA, an irreversible tracer with a well-defined reference region, the 

occipital cortex. Results indicated that DTPREF accurately quantified Ki from two static scans, 

the first starting at 40min, and the second starting at 90min post-injection. Moreover, DTPREF 

displayed a discriminative power similar to Reference Patlak and to striatal-to-occipital ratio 

(SOR), a clinically relevant and widely applied semi-quantitative metric. While the standard 

kinetic model (Reference Patlak) requires dynamic scanning of at least 90min for [18F]FDOPA, 

DTPREF estimated Ki from only two static scans of 10min each, greatly reducing the scanning 

time. Although SOR remains the alternative with the shortest protocol (6min), it does only 

provide a surrogate for the trapping rate Ki. In fact, this study also demonstrated that the 

relationship between SOR and Ki can differ between regions, compromising a direct translation 

between the two parameters. Therefore, DTPREF represents a model simplification which can 

greatly reduce the overall scanning time, while still obtaining physiological information of 

dynamic processes in the quantification of [18F]FDOPA brain PET scans. Moreover, while the 

method was validated for [18F]FDOPA, its equations are, in theory, applicable to any irreversible 

radiotracer, provided the method assumptions remain valid. On the other hand, DTPREF 

requires the use of a population based average curve of the reference tissue. Such a requirement 

could be a limiting factor for its implementation, and further validation of the model 

assumptions is required before applying DTPREF for other tracers or a different population. 

A similar dual-time point approach was presented in Chapter 3 for the quantification 

of reversible tracers. In fact, the model equations presented in this chapter are the result of a 

mathematical approximation of the simplified reference tissue model (SRTM). Therefore, this 

method is also exclusively applicable for radiotracers displaying a reference tissue. The aim of 

the approximation was the same as for Chapter 2: to reduce the image acquisition time without 

compromising dynamic information from full pharmacokinetic modeling. However, in this 

case, the resulting equation could not be solved directly from information of two static scans. 

In turn, it required estimates of the washout rate constant (k2), which can only be obtained from 

dynamic scanning combined with full pharmacokinetic modeling. As a consequence, this dual-

time point method was applied to a study design where such information would be available: 

dose occupancy studies.  



 

 

In order to assess receptor occupancy by a certain drug, two PET scans are performed 

per patient, one before, and one after drug administration. Generally speaking, both scans are 

dynamic and the receptor occupancy is estimated by a change in binding potential between 

them. In order to apply the dual-time point method to such a setting, we assumed k2 (washout 

rate constant) of both target and reference region do not change between scans due to the drug 

administration. As a consequence, it would be possible to re-utilize k2 values from the first scan 

(baseline) and, therefore, apply the dual-time point method to the second scan (post-dose).  

This hybrid quantification method was retrospectively tested in a dose occupancy study 

using [11C]raclopride, a reversible radiotracer with the cerebellum as validated reference region. 

Following the aforementioned assumption, the dual-time point method was able to estimate 

the binding potential of the post-dose [11C]raclopride scan with great accuracy. Receptor 

occupancy values were also in excellent agreement with the original values. In fact, results 

indicated that even if considerable changes in k2 would occur between scans, the resulting error 

in parameter estimation would remain under 10%. Moreover, the method was more accurate 

and time-independent than estimates of binding potential by SUVR. In summary, the method 

proposed in Chapter 3 combined a dynamic baseline with a dual-time point post-dose scan and 

was able to reduce the overall scan time in dose occupancy studies. In addition, the resulting 

equation of this method is, in principle, applicable for all reversible tracers displaying a 

reference tissue. Yet, the stability of k2 and the possible impact of the administered drug on 

tracer kinetics should be assessed prior to applying this method in different tracers and settings.  

In summary, chapters 2 and 3 demonstrated two successful applications of dual-time 

point approximations. Both enabled the quantification of pharmacokinetic parameters from a 

combination of short static scans, effectively reducing the standard overall image acquisition 

time. Even though the applicability of both methods to other tracers and study settings requires 

validation, the results obtained in these chapters highlight the potential that mathematical 

approximations based on static scanning have in providing meaningful dynamic information. 

The next three chapters of this thesis focused on the translation of quantitative methods 

from human to animal studies with [11C]flumazenil. Driven by the further improvements of 

small imaging PET systems, arterial blood sampling techniques, and the development of animal 



 

 

models mimicking human disease conditions, a lot of effort has been put into shifting from 

visual assessment to quantitative analysis of PET animal studies. However, full pharmacokinetic 

analysis of animal PET studies remains challenging. In addition, direct translation of models 

and methods between human and animal studies might not be optimal, as differences in the 

underlying physiology as well as in the imaging systems can affect model performance. Within 

this context, [11C]flumazenil represented an interesting tracer for the testing of the validity of 

such a translation, since it was first applied in human studies, and only later used for preclinical 

research in animals. Therefore, the second part of this thesis assessed the performance of some 

of the models and methods applied for the quantification of [11C]flumazenil in human studies 

in the context of preclinical studies in rats. 

As a radiotracer for the GABA-ergic system, [11C]flumazenil has been used in the study 

of several diseases and conditions such as neuronal damage in head injury1, epilepsy2, stroke-

induced penumbral areas of infarction3, and Alzheimer’s disease4. In many human studies, the 

pons was used as a reference tissue for [11C]flumazenil, although it is known that this region is 

not entirely devoid of GABAA receptors. Despite the noticeable amount of specific tracer 

binding to the GABAA receptors in the human pons, a reference tissue based modeling approach 

is still applied since the specific binding in the pons was not affected by the pathological 

conditions for which it was used until now. However, there are conditions known to affect the 

pons, and in such a scenario, its reference tissue status would not remain valid. Since the GABA-

ergic system is also involved in neuroinflammatory processes, it was hypothesized that 

neuroinflammation could affect [11C]flumazenil binding to GABAA receptors. As a result, 

neuroinflammation could affect the pons, which would compromise the use of this region as a 

reference tissue, and would thus require arterial blood sampling for a proper quantitative 

analysis of the data. 

 Therefore, Chapter 4 was designed to 1) assess whether changes in [11C]flumazenil 

binding could be observed after acute neuroinflammation by the herpes encephalitis virus 

(HSE) and 2) evaluate the pons as a reference tissue under this condition and validate it against 

quantitative endpoints obtained from standard plasma input modeling. The results of the study 

showed that neuroinflammation did not affect [11C]flumazenil binding, and no individual or 



 

 

group parameter changes were observed in the rat pons. However, using full kinetic modeling, 

this study also indicated that the amount of binding seen in the pons of the rat is considerably 

higher from what has been observed in humans. In that sense, the rat pons is even less of a true 

reference tissue than the human pons. Fortunately, the lack of group differences in 

[11C]flumazenil binding to the rat pons indicated that this region could still be applied for 

reference based modeling under acute neuroinflammation, considering the pons as a pseudo-

reference region. Nonetheless, it is possible that other immune challenges could affect GABAA 

expression in the rat pons. Therefore, reference tissue modeling of [11C]flumazenil rat brain 

PET scans should be validated by plasma input kinetic analysis for each specific pathological 

condition. 

During the data analysis for Chapter 4, it was observed that validated kinetics models 

for the quantification of [11C]flumazenil human studies were not able to provide reliable 

quantitative parameter estimates for specific regions of the rat brain. Moreover, there were no 

studies available reporting on the performance of different pharmacokinetic models specifically 

for the quantification of [11C]flumazenil binding in the rat brain. In fact, most animal studies 

using this radiotracer presented a quantitative analysis limited to SUV and SUVR using pons 

as reference region. Nonetheless, pharmacokinetic modeling can be of particular relevance in 

the preclinical setting. Animal studies are often applied in drug development and disease 

progression or treatment response monitoring, scenarios where assessing the full tracer kinetic 

profile in tissue is preferable to semi-quantitative measures.  

Therefore, Chapter 5 evaluated several pharmacokinetic models for the quantitative 

analysis of [11C]flumazenil binding in the rat brain. Results from this study showed a region-

dependent model preference. While in human studies the one tissue compartment model 

(1TCM) was sufficient to describe [11C]flumazenil kinetics, this was only a valid model for 

regions in the rat brain with high density of GABAA receptors. In regions with low receptor 

density, a two tissue compartment model (2TCM) was essential for accurate parameter 

estimation. In fact, a statistical difference was observed between the quantitative endpoints of 

the parameters obtained from the 1TCM and 2TCM models for low density regions. On the 

other hand, both models provided equivalent estimates for the tracer distribution volume in 



 

 

high-binding regions. Moreover, reference based modeling using pons as a reference tissue was 

not only biased due to specific binding in that region but also due to the violation of the model 

assumptions. Most reference models assume a 1TCM configuration in the reference tissue, but 

as we showed, the rat pons requires a 2TCM for an accurate description of its kinetics. 

Consequently, the preferred reference model based on AIC values was a version of the 

Simplified Reference Tissue Model (SRTM) with two compartments for the reference tissue 

(SRTM-2C). However, this model involves more parameters than SRTM, which reduces its 

robustness and test-retest reproducibility, increasing the uncertainty associated with the 

parameters estimates. In conclusion, the quantification of [11C]flumazenil binding in the rat 

brain was most accurate when the 2TCM was applied. However, this model requires arterial 

blood sampling and metabolite correction, which can hinder its application for animal studies. 

In that context, the SRTM with pons as a pseudo-reference region can be considered a valuable 

alternative provided that, as mentioned in Chapter 4, the pathological conditions of the animal 

model do not affect GABAA expression and subsequent tracer delivery and binding in the pons. 

As a next step, Chapter 6 evaluated the performance of several methods for the 

generation of parametric images of [11C]flumazenil binding in the rat brain. Parametric 

methods estimate quantitative pharmacokinetic parameters for each voxel of an image. Thus, 

parametric imaging is independent of pre-defined regions of interest; however, it is limited by 

the spatial resolution of the image being analyzed. Such an analysis can be of importance when 

subtle changes are expected, particularly when the effects of the condition under study do not 

fully coincide with the pre-defined regions used for a VOI based analysis. Although these 

methods have often been applied to human studies, their application in a preclinical setting is 

limited. Moreover, even though previous (human) studies have defined the most appropriate 

parametric methods for the analysis of [11C]flumazenil, the differences in model performance 

between human and rat studies as demonstrated in the previous chapter suggested that a 

validation of such methods should also be performed for the analysis of rat data. Therefore, 

several parametric methods were tested and the results were validated against the 

corresponding regional analysis, as well as against the reference values obtained from the 2TCM 

(defined as model of choice in Chapter 5). Results from this study showed that all methods 

provide visually similar parametric images of [11C]flumazenil binding. However, when 



 

 

comparing quantitative results and method performance in relation to reference 2TCM values, 

Logan and Reference Logan (RLogan) provided the most region-independent and robust 

parameter estimates. Moreover, these two methods do not rely on an underlying 

compartmental configuration, which can be an advantage for tracers such as [11C]flumazenil, 

where compartmental models perform differently for different regions. However, other 

methods could be of value when additional information is of interest, such as tissue perfusion 

or model order. In conclusion, the performance of parametric methods in the analysis of 

[11C]flumazenil rat data suggests voxel-based analysis could be applied to animal studies more 

frequently, provided method validation is performed.  

In summary, chapters 4, 5 and 6 demonstrated that pharmacokinetic analysis methods 

and models applied in clinical studies are not necessarily valid in a preclinical setting. Therefore, 

assessment of appropriate models and parametric methods as well as the validation of reference 

regions are warranted prior to their extensive use in preclinical studies. 

 

  



 

 

REFERENCES 

1. Geeraerts, T. et al. Validation of reference tissue modelling for [11C]flumazenil positron 
emission tomography following head injury. Ann. Nucl. Med. 25, 396–405 (2011). 

2. Lamusuo, S. et al. [11 C]Flumazenil binding in the medial temporal lobe in patients with 
temporal lobe epilepsy: correlation with hippocampal MR volumetry, T2 relaxometry, 
and neuropathology. Neurology 54, 2252–60 (2000). 

3. Heiss, W. D. et al. Probability of cortical infarction predicted by flumazenil binding and 
diffusion-weighted imaging signal intensity: A comparative positron emission 
tomography/magnetic resonance imaging study in early ischemic stroke. Stroke 35, 
1892–1898 (2004). 

4. Pascual, B. et al. Decreased carbon-11-flumazenil binding in early Alzheimer’s disease. 
Brain 135, 2817–25 (2012). 
 
 

 

 

 

 

  




