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Concluding remarks and future perspectives 

 

 



 

 

 

 

 

 

 

 

  



 

 

This chapter briefly discusses the relation between the chapters of this thesis and some 

future perspectives in quantitative brain PET imaging. In addition, it critically addresses the 

potential impact of this work on both clinical routine and research practices.  

Dual time point quantification (Section I) 

The first section of this thesis encompassed Chapter 2 and Chapter 3, as they shared a 

number of similarities, even though one chapter was devoted to irreversible tracers whereas the 

other is devoted to reversible tracers. More specifically, both chapters proposed and validated 

dual-time point (DTP) approximations intended to shorten the acquisition time needed to 

obtain quantitative parameters usually determined from dynamic scans and pharmacokinetic 

modeling. While the proposed methods demonstrated excellent performance in the setting in 

which they were tested, their potential application extends further. First and foremost, both 

DTP approximations were generally developed and not for a particular radiotracer or research 

question. Therefore, the DTP method equations could be applied to other tracers and study 

designs, provided the model assumptions are validated and met. In order to explore some of the 

potential alternative settings in which DTP methods could prove useful, we will discuss both 

preliminary data analyses not included in the previous chapters, as well as some recent 

developments and trends in quantitative PET imaging.  

1) DTPREF method for irreversible tracers (Chapter 2) 

In the case of the reference dual-time point method for irreversible tracers, two 

additional areas of interest can be identified: 

1.1.  Extension of the DTPREF method to 3 time-points 

The first involves an extension of the DTPREF method which could be specifically 

interesting for the analysis of [18F]-FDOPA brain PET scans, and it is based on preliminary 

findings not included in Chapter 2. This potential extension of the DTPREF method directly 

relates to the observation that the irreversible character of [18F]-FDOPA kinetics is no longer 

valid after 90min. Based on this observation, a reversible model has been previously developed 

and applied to the analysis of [18F]-FDOPA1. From that model, it is possible to determine two 

parameters associated with the shift from an irreversible kinetic profile towards a reversible 



 

 

kinetic profile: kloss and the effective dopamine turnover, EDVR. In addition, previous studies 

have shown kloss and EDVR to be sensitive markers for disease severity and progression1–3. 

Unfortunately, the current reversible model developed for the quantification of these 

parameters require dynamic scans longer than 90min, as information from both the irreversible 

and the reversible phases of the [18F]-FDOPA uptake is required for the analysis. As a 

consequence, the current model is essentially impractical for the quantification of dopamine 

turnover with [18F]-FDOPA in large human studies and clinical practice.  

In order to overcome the long scans necessary for the determination of kloss and EDVR, 

the DTPREF method proposed in Chapter 2 could be adapted and used to incorporate the 

dopamine turnover effect. The idea behind this adaptation would be to relate kloss to a change 

in KDTP at later time frames. As previously mentioned and observed in our dataset, the linear 

part of the Patlak curve displays a small curvature after 90min – indicating the reversibility of 

tracer uptake at that time. Based on this observation, a three-time point approximation could 

be designed, where two different KDTP would be computed: one from 40-90min (as before), and 

one from 40-240min (to include the reversible phase of tracer uptake). Then, the difference in 

KDTP between early (40-90min) and late times (40-240min) could serve as a proxy for kloss, while 

the ratio between KDTP(40-90min) and kloss would serve as surrogate for EDVR.  

Results from a preliminary analysis (not shown) have, in fact, showed that this 

“surrogate EDVR” was able to discriminate patients from healthy controls in our dataset. 

Therefore, if explored further, a three-time point extension of the DTPREF method could help 

improve the applicability of the dopamine turnover method.  

1.2.  DTPREF for whole-body quantitative PET 

A potential second application for the DTPREF method can be found in whole body 

quantitative PET. In fact, the feasibility of a similar dual-time point method for [18F]FDG in the 

context of whole-body PET imaging has been previously demonstrated by van den Hoff and 

colleagues4. It has been shown that a two-phase scan protocol can help the differentiation 

between benign and malignant tumors in many oncological applications, although mainly in 

the context of [18F]FDG PET5–7. Although these approaches are based on semi-quantitative 

metrics such as SUV or SUVR, DTPREF could serve as an important alternative, providing 



 

 

quantitative information on the underlying physiological processes. Thus, it could be of interest 

to assess the feasibility and to validate a DTPREF approach for a whole-body quantification of 

tumor malignancy. In such a scenario, however, some of the assumptions of the model will need 

revision, since the analysis would not be restricted to the brain. In that case, either an extra-

cerebral reference region could be considered (such as muscle tissue), or the approach could be 

adapted for the use of an image derived input function (IDIF). Both of these alternatives, 

however, have disadvantages and may pose additional challenges. In the case of using a muscle 

as reference tissue, common issues would include the variable blood flow in muscle in the awake 

state8 and the possibility of radiometabolites entering both tumor and muscle tissue, affecting 

modeling results. In the case of IDIF, limitations might include partial volume effect induced 

bias, as well as the use of whole blood instead of parent tracer plasma radioactivity 

concentration as input9. Nonetheless, there is a clear interest in exploring irreversible tracer 

uptake in different phases of the kinetic profile for oncological applications, and DTPREF might 

be able to contribute to these efforts.  

There is also one important potential challenge of DTPREF: it requires the patient to be 

positioned twice in the PET camera. Unfortunately, such a protocol may bring additional 

challenges, such as the need for a second anatomical scan for attenuation correction and proper 

coregistration between the two scans. In a general sense, this could lead to an increase in 

radiation dose due to an extra CT scan. However, the advances in attenuation correction from 

MRI scans indicate low-dose CTs might not be strictly necessary10. In this case, no additional 

radiation dose would be necessary for a DTPREF protocol.  

2) DTP method for reversible tracers (Chapter 3) 

Similarly to DTPREF, the DTP method of Chapter 3 might have additional applications 

outside the scope of dose occupancy studies, such as the particular case of activation, as was 

briefly mentioned in the discussion of the corresponding Chapter.  

2.1.  Reversible DTP method for activation studies 

Activation studies are most common in functional MRI (fMRI), where changes in 

cerebral blood flow (CBF) are analyzed as being the result of a cognitive task11. However, when 



 

 

performed by PET, activation studies can relate cognitive tasks to changes in neurotransmitter 

release, measuring changes in receptor specific parameters. Currently, PET activation studies 

are analyzed by an extension of the SRTM called the linearized simplified reference region 

modeling LSSRM12. The idea behind the LSSRM model is to assess the task-induced changes in 

neuroreceptor concentration by allowing the SRTM model parameters to change over time. 

More specifically, LSSRM allows the dissociation rate of the target tissue k2a (apparent washout 

rate constant from SRTM13) to change in response to fluctuations in neuroreceptor 

concentration. In order to do so, this model estimates gamma, which represents the amplitude 

of the tracer displacement after the activation task. However, previous studies using [18F]-

fallypride have made use of a protocol which includes two consecutive dynamic scans of around 

70min each14–16. As a consequence, the applicability of such a method is very limited, despite the 

potential that arises from performing activation studies with PET instead of fMRI.  

In such a scenario, the DTP described in Chapter 3 might be of interest, since it was also 

derived from the SRTM equations, and could greatly reduce the overall image acquisition time. 

For that purpose, the washout rate constants (needed for the DTP equation) would be estimated 

from an SRTM fit of the first part of the protocol (first scan), and applied to the activation scan 

to derive BPND from a DTP protocol, following the equations presented in Chapter 3. As a 

consequence, the amplitude of displacement could be quantified not by gamma, but by a 

difference in BPND between activation and baseline scan – similar to what is done in dose 

occupancy studies.   

3) General advantages of dual-time point imaging  

In general, both DTP methods could represent valuable alternatives for quantitative 

brain PET in the clinical setting, since one of the main difficulties with implementing full 

pharmacokinetic modeling in the clinical setting relates to the need of dynamic scanning. In 

fact, in the case of the irreversible DTP method of Chapter 2, for example, the implementation 

of a protocol with two static scans could increase patient throughput compared to dynamic 

scans. More specifically, it would be feasible to schedule a static [18F]FDG scan between the two 

static scans of a DTP [18F]FDOPA study, for example.  



 

 

Another important advantage of DTP methods is that neither of the proposed DTP 

settings depend on the simultaneous injection of the tracer and start of the PET camera, which 

can be an important advantage of these types of methods. Often, specific information about the 

beginning of a TAC is essential for an accurate quantification from pharmacokinetic modeling. 

As a consequence, when there are problems at the beginning of a scan, it is possible that the 

resulting data cannot be properly analyzed; in that case, the scan would need to be repeated. By 

applying a DTP method, this would not be the case, and the data could still be used. In addition, 

the DTP methods can be satisfactorily applied to different combinations of time points, 

providing more flexibility to scanning protocols. From the patient perspective, the DTP 

protocols are also advantageous, as they can increase patient comfort by reducing time in the 

PET scanner.  

As a result, the aforementioned advantages are not only interesting for patient care and 

clinical applicability, but also for the research setting, since shorter protocols are also more 

attractive to research volunteers. Moreover, although the need for simplified methods in human 

studies was the main motivation for the development of the DTP approximations, both could 

also prove useful in the preclinical setting. There, static imaging and the use of semi-quantitative 

metrics are still common practice in most research centers, despite the possibility of dynamic 

scanning and pharmacokinetic modeling in animal studies. This could be explained by the 

many challenges of pharmacokinetic modeling of small animal PET imaging, which include 1) 

the difficulties of arterial blood sampling in small animals17, 2) the effects of anesthetics in tracer 

kinetics18,19 and 3) the fact that, some centers do not have the expertise nor the necessary 

software for pharmacokinetic modeling. In addition, the reproducibility of physiological 

conditions in animal experiments require thorough monitoring of parameters such as body 

temperature, heart rate and breathing rate. As a result, many centers cannot yet fully explore 

the quantitative potential of the data they collect. Although the DTP methods do not solve many 

of the issues, they represent simplifications which might be considered of easier implementation 

compared to standard pharmacokinetic modeling. Moreover, since it does not use data from 

the start of the dynamic scan, a DTP method could allow for the uptake phase of the tracer 

kinetics to be performed without anesthesia. In that case, the effects of anesthesia could be. 



 

 

Nonetheless, before simplifications such as DTP methods can be applied to new settings, 

validations are necessary.  

It is important to notice, however, that a validation of a new method for different settings 

is not required for DTP methods. In fact, it is also mandatory for previously well-defined and 

successfully implemented methods, which brings us to the second part of this thesis.  

Back-translation of quantitative methods: from clinical to preclinical studies (Section II) 

Generally speaking, radiotracers are developed and first tested in animals.  Later, when 

these radiotracers are translated to human studies, it is common practice to first validate the 

findings from the animal studies. After that, simplified metrics are often evaluated in order to 

facilitate the application of a new radiotracer in large clinical trials and, ultimately, in clinical 

routine. Unfortunately, the same cannot be said in terms of back-translation. In particular, 

models and simplifications validated in human studies are sometimes translated back to animal 

studies without testing their use and validity in a preclinical setting. However, there are many 

differences between human and animal studies, ranging from technical differences in a PET 

system to physiological differences between species18. Therefore, back-validation is essential for 

accurate quantification, since models and methods for data quantification which were validated 

in human studies might not be applicable in the preclinical setting.  

The importance of back-validation was, in fact, the common topic addressed in the 

second section of this thesis. There, each of the three Chapters analyzed the kinetics and 

possibilities for quantification of [11C]flumazenil in the rat brain. Although most radiotracers 

are first evaluated with animal studies, the versatile [11C]flumazenil was first validated for PET 

imaging in humans. As such, it served as a great example of why back-validation is just as 

important as the standard animal-to-human translation. Through Chapters 4, 5 and 6, it was 

possible to make a comparison with results from human [11C]flumazenil studies and notice that, 

despite the similarities between the two settings, a direct back-translation was not acceptable. 

In fact, each of these Chapters brought to light a difference between human and animal 

[11C]flumazenil studies.  

 



 

 

1) Optimizing pharmacokinetic models for the different species 

In Chapter 4, it became clear that the VT in the rat pons is considerably higher than what 

is observed in humans and that the pseudo-reference character of this region is of special 

importance for rat studies. In Chapter 5, it was observed that both pharmacokinetic models 

applied and validated in human studies (1TCM and SRTM)20 were not optimal for the analysis 

of [11C]flumazenil rat data. 

Together, these two Chapters bring forward the relevance of method validation in 

different species. Interestingly, this relevance is very clear when the direction of the translation 

is from the preclinical to the clinical setting, and the kinetic profile of radiotracers developed 

and tested in small animals are consistently validated in non-human primates and human 

subjects prior to its application in those settings. However, the same cannot always be said in 

the case of back-translation, likely due to how rarely radiotracers start directly in human studies. 

In the particular case of [11C]flumazenil, the differences between human and rat kinetics are, 

however clear, marked by some overlap. As it was discussed in Chapter 5, although the 1TCM 

is not the optimal model for the rat, it does provide virtually equivalent parameters as the model 

of choice (2TCM) in target regions. In addition, Chapter 4 showed that, despite the sub-optimal 

character of the pons as a reference region in the rat, reference region modeling remains 

possible and interesting in specific scenarios.  

As a consequence, the keyword for the findings of these chapters is optimization. 

Optimizing the accuracy, sensitivity and specificity of results is and should remain an essential 

part of quantitative brain PET imaging. In that context, validation is crucial for both forward 

and back-translation, and direct reproduction of models between settings must be avoided.  

2) Validating analysis methods in different environments 

After defining optimal pharmacokinetic models for the analysis of [11C]flumazenil 

specifically for the rat brain, the next step was to explore different analysis methods in the same 

context. There, Chapter 6 was dedicated to evaluate the potential to analyze the available dataset 

through parametric imaging, a technique which is not often applied to small animal PET 

imaging.  



 

 

When comparing the results of Chapter 6 to clinical studies, they once again differed 

from the experience with the analysis of human data, and the results did not fully match the 

observations from similar clinical studies21. However, Chapter 6 was able to demonstrate that 

parametric imaging of [11C]flumazenil does not need to be restricted to the clinical setting.  

The use of parametric imaging methods brings opportunities for data analysis that can 

be of great interest for preclinical studies, and the results from Chapter 6 indicate the feasibility 

of such analyses. In particular, a powerful analysis technique related to parametric imaging is 

statistical parametric mapping (SPM). In this type of analysis, it is possible to determine, at a 

voxel-by-voxel level, the statistical differences between groups in the spatial distribution of a 

certain parameter. One important advantage of performing voxel-based analysis is the fact that 

it does not rely on pre-defined regions of interest. As such, voxel-based analysis has the potential 

to detect subtle changes which might not correspond to anatomical delineations. These types 

of changes might not be substantial enough to be picked up in a regional analysis. SPM analysis 

is very common in the fMRI field, and it has been successfully used for the analysis of human 

brain PET data. However, it has not been fully explored in the setting of small animal imaging 

yet, despite recent developments in the availability of dedicated-software packages and tracer 

specific templates for animal data22. At the moment, most preclinical studies making use of SPM 

perform the analysis on SUV or SUVR images23. In this way, although they explore the 

advantage of avoiding predefining regions of interest, these studies rely on metrics which, as 

previously discussed, can be sensitive to changes in perfusion.  

However, the results from Chapter 6 show that a shift towards voxel-based analysis of 

parametric images generated by pharmacokinetic models might also be feasible for animal 

studies. This is important, as SPM analysis of parametric images generated from 

pharmacokinetic models might improve analysis, as they are based on potentially more specific 

and sensitive parameters. Although such an analysis is frequent in human studies, animal 

studies are often the first step in PET research, playing an important role in drug, for example. 

As such, it could be valuable for the preclinical setting to benefit from the same advantages 

parametric imaging and SPM analysis have been providing for human studies. 

 



 

 

3) Back-translation in brain PET imaging quantitative analyses 

In summary, it is clear that quantification of dynamic PET data by pharmacokinetic 

modeling offers the potential to obtain specific parameters, which might contribute to the 

improvement of discriminative power. As a result, it becomes essential to critically investigate 

these quantitative results – be it on a regional (VOI) basis or by means of parametric imaging -

, and to compare them with attractive simplified methods such as DTP or SUV(R). As it was 

shown in this thesis, a direct translation of the results between the clinical and preclinical 

settings can result in erroneous conclusions and sub-optimal analysis, and should, thus, be 

discouraged. 

Although the dataset explored in Chapters 4, 5 and 6 encompassed only the case of 

[11C]flumazenil, the conclusions regarding the importance of back-translation of both 

pharmacokinetic modeling and image analysis methodology are not limited to this radiotracer. 

As an example, new generation amyloid tracers such as [18F]florbetaben24 and 

[18F]flutemetamol25, as well as tau targeting radiotracers such as [18F]AV-145126, could have 

similar trajectories as [11C]flumazenil and undergo a back-translation to the preclinical setting. 

As novel animal disease models for Alzheimer’s Disease (AD) develop27, detailed quantitative 

analysis of these radiotracers in small animal imaging might become relevant. In that scenario, 

as was the case for [11C]flumazenil, it should not be assumed that the quantitative methodology 

applied to clinical studies will be the optimal choice for the analysis of animal images.  

Regarding the back-translation of analysis methods, many additional opportunities can 

be mentioned which could be considered for further development in small animal imaging. 

Recently, a number of more advanced methods such as radiomics28, network analysis29, graph 

theory analysis30, and other more complex statistical methods are being applied to human PET 

datasets, providing new means to maximize the information available from a dataset. In that 

context, the advances in dedicated small animal imaging hardware31 have the potential to enable 

the translation of these types of analysis to the pre-clinical environment and, ultimately, 

optimize results also in animal studies.   

 



 

 

Concluding remarks 

In conclusion, there are several opportunities to be explored in quantitative brain PET 

imaging, both in the clinical and the preclinical setting. Although it may seem that a need for 

optimization of imaging protocols is most present in clinical research and routine practice, 

there is certainly room for improvement in the analysis of preclinical data as well. In general, 

the role of quantitative analysis of PET images relies on optimization of methodology, and 

optimizing an analysis process can have distinct meanings depending on the setting and 

application of interest. For the clinical routine, optimizing quantitative analyses might mean to 

bridge the gap between simple static scans and full pharmacokinetic modeling. For the 

preclinical research setting, on the other hand, optimization might translate to the increase and 

improvement of quantitative information which can be extracted from the data. The work 

presented in this thesis explored a number of possibilities for optimization, proposing shorter 

dual-time point approximations for human studies and validating models and analysis methods 

in animal studies. Yet, future possibilities are plenty, as optimization is a continuous process. 

The future of quantitative brain PET imaging may still present many challenges, but that means 

it will also be filled with new opportunities.  
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