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1. Abstract

Background

Quantification of molecular processes by means of non-invasive positron emission tomography
(PET) is a challenging task of nuclear medicine, involving oncological as well as neurological and
cardiological questions. In this context, the pharmacokinetic and regional concentration of radio-
tracers are approximated using various models and methods and characterized in terms of spe-
cific parameters and parametric PET images. In order to develop such quantifying approaches,
preclinical and clinical studies are necessary in which correlations and validations are performed
with mostly invasive gold-standard methods.

Purpose

This thesis aimed at establishing and evaluating two approaches using non-invasive PET instead
of invasive gold-standard methods to visualize cellular mechanisms in the context of radiation-
induced cellular damage and cerebral processes in neurological issues.

Methods

First approach: Longitudinal PET imaging with the proliferation radiotracer 3'-[*8F]fluoro-3'-deox-
ythymidine ([*®F]FLT) and apoptosis radiotracer 2-(5-['8F]fluoropentyl)-2-methyl malonic acid
([*®F]ML-10) was performed over a six-month period at defined time points in wild-type mice irra-
diated with different irradiation doses (0 Gy, 0.5 Gy, 1 Gy, 3 Gy). On the one hand, this was
correlated and validated with histological and immunohistochemical examinations with Hematox-
ylin-Eosin (HE), Ki-67 and cleaved Caspase3 staining. On the other hand with analyses of white
blood cells (WBC), red blood cells (RBC) and platelets (PLT). Furthermore, biodistribution studies
with the radiotracers [*8F]FLT and [*8F]ML-10 were performed. Second approach: In healthy con-
trols and patients with Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP), ag-
gregated tau deposits were visualized by [18F]P1-2620 PET and, in this context, arterial input func-
tions were obtained by continuous sampling of radial artery whole blood. These were validated
with non-invasive image-derived input functions (IDIF) generated by manual and automated ex-
traction of the carotid artery in the corresponding PET image. Volumes of distribution (Vr) and
volume of distribution ratios (V1r) were calculated with the input functions using Logan plots and
compared with quantitative parameters such as standard uptake value ratios (SUVr) and distri-
bution volume ratios (DVr) determined by simplified reference tissue modeling.

Results

First approach: The [*®F]FLT signal of the hematopoietic bone marrow correlated strongly with
blood parameters, especially WBC, and histological as well as immunohistochemical data. Re-
garding other organs, such as the gastrointestinal tract and thymus, there were some correlations
between the data of [*®F]FLT PET and invasive gold-standard methods, but also unexpected,
non-correlating data that need further investigation, as it does the ['8F]ML-10 signal of the hema-
topoietic bone marrow. The biodistribution data showed strong variations with high standard de-
viations, which were attributed to difficulties in the technical performance. Second approach: AlF
highly correlated with IDIF regardless of the manual or automated extraction method. Vrrevealed
considerable variance across groups, which was strongly reduced by calculating Vr. Vrr and DVr
outperformed Vt and SUVr in detecting differences between healthy controls and PSP patients,
whereas all quantification parameters performed similarly in comparison of healthy controls and
AD patients.
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Conclusion

With appropriate radiotracers, non-invasive PET can visualize and quantify biological processes
such as proliferation and apoptosis or tau deposition in vivo. In the course of testing and evaluat-
ing these quantifications, there are often performed validations with invasive gold-standard meth-
ods: Histology is suitable for the validation of PET imaging cellular processes, the measurement
of activity concentration in tissue or blood is suitable for the validation of image-based determina-
tions of activity concentration. It is important to be aware of sources of error and limitations, even
with gold-standard methods, as the example of biodistribution showed.
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2. Zusammenfassung

Hintergrund

Die Quantifizierung molekularer Prozesse mittels der nicht-invasiven Positronen-Emissions-To-
mographie (PET) ist ein anspruchsvolles Aufgabengebiet der Nuklearmedizin, das sowohl onko-
logische, als auch neurologische und kardiologische Fragestellungen betrifft. Dabei werden die
Pharmakokinetik und die regionale Konzentration von Radiotracern mittels verschiedener Mo-
delle und Methoden naherungsweise beschrieben und in Form von spezifischen Parametern und
parametrischen PET-Bildern charakterisiert. Um solche quantifizierenden Ansétze zu entwickeln,
sind préklinische und klinische Studien notwendig, in denen Korrelierungen und Validierungen
mit Goldstandard-Methoden, meist invasiver Art, durchgefiihrt werden.

Zielsetzung

Ziel dieser Arbeit war es, zwei Ansétze zu entwickeln und zu evaluieren, die mittels nicht-invasiver
PET anstelle von invasiven Goldstandard-Methoden zellulare Mechanismen im Kontext von
strahleninduzierten Zellschaden und zerebrale Prozesse bei neurologischen Fragestellungen vi-
sualisieren.

Methoden

Erster Ansatz: Longitudinale PET-Bildgebung mit dem Proliferations-Radiotracer 3'-[*8F]fluoro-3'-
deoxythymidine ([*8F]FLT) und dem Apoptose-Radiotracer 2-(5-['8F]fluoropentyl)-2-methyl malo-
nic acid ([*®F]ML-10) wurde Uber einen Zeitraum von sechs Monaten zu definierten Zeitpunkten
an Wildtyp-Mausen durchgefuhrt, die mit unterschiedlichen Bestrahlungsdosen (0 Gy, 0.5 Gy, 1
Gy, 3 Gy) bestrahlt worden sind. Dies wurde einerseits mit histologischen und immunhistochemi-
schen Untersuchungen unter Verwendung von Hematoxylin-Eosin- (HE), Ki-67- und cleaved
Caspase3-Farbungen korreliert und validiert. Andererseits mit Analysen der weien (WBC) und
roten (RBC) Blutkdrperchen sowie der Blutplattchen (PLT). AuRerdem wurden Biodistributions-
untersuchungen mit den Radiotracern [*8F]FLT und [8F]ML-10 durchgefiihrt. Zweiter Ansatz: Bei
gesunden Kontrollen und Patienten mit Alzheimer-Krankheit (AD) und progressiver supranukleé-
rer Blickparese (PSP) wurden aggregierte Tauablagerungen mittels [*8F]PI-2620 PET dargestellt
und dabei arterielle Eingangsfunktionen durch die kontinuierliche Entnahme von aus der Radial-
arterie stammendem Vollblut erhoben. Diese wurden mit Eingangsfunktionen validiert, die durch
manuelle und automatisierte Segmentierung der Arteria Carotis im zugehodrigen PET-Bild ermittelt
wurden. Aus den Eingangsfunktionen wurden mittels Logan-Plots volumes of distribution (V1) und
volume of distribution ratios (V1r) berechnet und mit quantitativen Parametern wie standard upt-
ake value ratios (SUVr) und durch simplified reference tissue modeling ermittelte distribution vo-
lume ratios (DVr) verglichen.

Ergebnisse

Erster Ansatz: Das [*®F]FLT Signal des hamatopoetischen Knochenmarks korrelierte stark mit
den Blutparametern, insbesondere den WBC, und den histologischen und immunhistochemi-
schen Daten. Bei anderen Organen, wie dem Gastrointestinaltrakt und Thymus, lagen stellen-
weise Korrelationen zwischen den Daten des [*F]FLT PET und der invasiven Goldstandard-Me-
thoden vor. Es gab aber auch unerwartete, nicht-korrelierende Daten, die weitere Untersuchun-
gen erfordern, ebenso wie das ['8F]ML-10 Signal des hamatopoetischen Knochenmarks. Die Da-
ten der Biodistribution zeigten eine starke Streuung mit hohen Standardabweichungen, die auf
Schwierigkeiten in der technischen Durchfiihrung zurtickgefiihrt wurden. Zweiter Ansatz: Die ar-
teriellen Eingangsfunktionen korrelierten in hohem Maf3e mit den aus dem PET-Bild abgeleiteten
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Eingangsfunktionen, unabhangig davon, ob die Segmentierung der Arteria Carotis manuell oder
automatisiert durchgefiihrt wurde. V1 wiesen gruppentbergreifend erhebliche Schwankungen
auf, die bei der Berechnung von Vrr stark verringert wurden. Vrr und DVr zeigten in der Erken-
nung von Unterschieden zwischen gesunden Kontrollen und PSP Patienten bessere Ergebnisse
als V1 und SUVr. Beim Vergleich von gesunden Kontrollen und AD Patienten haben alle Quanti-
fizierungsparameter &hnlich abgeschnitten.

Schlussfolgerung

Die nicht-invasive PET kann mit geeigneten Radiotracern biologische Prozesse, wie die Prolife-
ration und Apoptose oder Tau-Ablagerungen, in vivo darstellen und quantitativ bestimmen. Im
Zuge der Erprobung und Evaluierung dieser Quantifizierungen werden haufig Validierungen mit
invasiven Goldstandard-Methoden durchgefiihrt: Zur Validierung von im PET-Verfahren darge-
stellten zellularen Prozessen eignet sich die Histologie, zur Validierung von bildbasierten Bestim-
mungen der Aktivitdtskonzentration die Messung der Aktivitdtskonzentration im Gewebestuck
oder Blut. Dabei gilt es auch bei den Goldstandard-Methoden auf Fehlerquellen und Limitationen
zu achten, wie sich am Beispiel der Biodistribution zeigte.
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3. Introduction

3.1 Overview

Positron emission tomography (PET) is an important part of diagnostics and research in nuclear
medicine. Due to the development of PET scanners with improved temporal and spatial resolu-
tion, higher sensitivity and a larger axial field of view, molecular processes in tissues and organs
can be quantified with increasing precision in vivo (1). This is useful for many medical questions,
such as the visualization of cellular mechanisms in the context of cellular damage or cerebral
processes in neurological issues. To fulfill the requirements of clinical day-to-day PET examina-
tions, sensitive and specific radiotracers are fundamental, as well as a detailed knowledge of their
pharmacokinetics, sophisticated imaging protocols and convenient quantification approaches.
These components are developed and tested in preclinical and clinical studies and need valida-
tion with gold-standard methods (2, 3).

3.2 Objective of this thesis

This thesis aimed at establishing and evaluating two PET-derived, non-invasive approaches to
replace invasive gold-standard methods.

The first approach included longitudinal PET imaging in a mouse model of increased proliferative
and apoptotic cell processes induced by whole body irradiation. This was validated with several
invasive gold-standard methods, some of them requiring euthanasia, namely histological and im-
munohistochemical examinations, biodistribution, and analysis of blood parameters (Figure 1A).

The second approach was performed in a clinical setting in the context of the detection of the
activity concentration in blood over time for absolute [18F]PI1-2620 PET quantification used in the
diagnosis of neurodegenerative diseases. Here, non-invasive image derived input functions (IDIF)
were obtained as an alternative to arterial input functions (AlF), which represent the gold-standard
but involve an uncomfortable, invasive procedure associated with high personnel effort and bur-
den to the patients. Two different methods were used to determine the IDIF, one that involved
manual segmentation and one that involved automated segmentation (Figure 1B). With both the
IDIF and AlF, several quantification parameters were calculated and compared.
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Figure 1: Thesis objective. Establishment and evaluation of non-invasive, PET derived approaches to re-
place invasive gold-standard methods. (A) Preclinical study: Longitudinal PET imaging with proliferation and
apoptosis radiotracers in a mouse model after whole-body irradiation with different irradiation doses. Valida-
tion with euthanasia-requiring, invasive gold-standard methods: histological and immunohistochemical ex-
aminations with Hematoxylin-Eosin (HE), Ki-67 and cleaved Caspase3 staining; analysis of white blood cells
(WBC), red blood cells (RBC) and platelets (PLT); biodistribution with a proliferation and apoptosis radio-
tracer. (B) Clinical study: Acquisition of IDIF by manual und automated segmentation of the carotid artery as
an alternative to gold-standard AlF obtained by continuous arterial blood sampling. Calculation and compar-
ison of several ['8F]PI-2620 quantification parameters using AIF and IDIF.
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3.3 Positron emission tomography (PET)

PET is a nuclear medicine in vivo imaging technique for visualization and measurement of mo-
lecular processes in tissues and organs of humans and animals. The physical principle underlying
PET is annihilation coincidence detection. Therefore, it is necessary to inject (usually intrave-
nously) a radiotracer into the bloodstream of the subject. This is a carrier substance labeled with
a radioisotope (e.g. 18F, %8Ga, 1?4l, 64Cu), which takes part in a biological process in the tissue of
interest. To gain stability, the radioisotope decays, converting a proton from the nucleus into a
neutron and forming a positron and neutrino:(4, 5)

T o+ +

As the emitted positron makes its way through the surrounding material associated with direc-
tional changes and kinetic energy losses, it collides with an electron, which leads to annihilation
of both particles. Thereby two photons are emitted simultaneously at almost exactly 180° to each
other, both with an energy of 511 keV (Figure 2 A). The photons are detected by so-called elec-
tronic collimation, which involves the detection of coincidence events with two opposing detectors
contained in a ring of scintillation crystals (Figure 2 B). Through the process of scintillation, the
energy of the detected photons is converted into light, which is then quantified using a photomul-
tiplier. The detection follows a temporal acceptance criterion, which means that only photons de-
tected in a certain time window are assumed to originate from the same annihilation and are thus
detected as coincidence event. With the line of response (LOR), which connects the centers of
the detector pair used for the detection of the two photons, it is possible to narrow down the
localization of the positron-electron annihilation and photon emission (Figure 2 B).(5, 6)

A B
511 keV Positron-electron
photon ®++se..., annihilation
.......................... (-_W [i;*
Effective positron AR s . 511keV A
el photon

[ 22><Y) ], Positron path

" Positron emitting radionuclide

Figure 2: Principles of annihilation coincidence detection (6). (A) B*-decay with positron-electron-annihilation
and creation of two 511 keV photons. (B) Detection of a co-incidence event with a detector ring consisting
of scintillation crystals.

Depending on the imaging protocol, the PET scan starts during the radiotracer injection or a cer-
tain time after radiotracer injection. In both cases, the coincidence events and their related time
points are recorded according to the mentioned functionalities and criteria, which are the basis
for the reconstruction of a tomographic, three-dimensional PET image using mathematical algo-
rithms such as backprojection techniques or iterative methods. Thereby static or dynamic PET
images can be generated depending on whether the coincidence events are integrated over the
entire acquisition time interval or over several split time frames. In order to avoid image artefacts
and to achieve the best possible agreement between the intensity of the PET image and the
actual activity concentrations, some corrections are performed, such as corrections for random
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coincidences, scattered radiation, attenuation and dead time. By calibrating the PET scanner with
a phantom, the activity concentration ([Bg/ml]) can be specified for each voxel. Meanwhile, most
PET scanners are hybrid devices, meaning that they also contain computed tomography (CT) or
magnetic resonance tomography (MRT). This makes it possible to generate fusion images that
facilitate anatomical or structural assignment.(4, 5)

3.3.1 Radiotracer

In the following, the mechanisms, properties and current clinical applications of the radiotracers
used in the investigations of this thesis are characterized. All of them incorporate the radionuclide
18F with a half-life of 109.8 minutes.

3.3.1.1 3'-[*¥F]fluoro-3'-deoxythymidine ([*®F]FLT)

Proliferation is a physiological metabolic process in which cells multiply through cell division and
cell growth. Increased proliferation occurs after cell damage or in cancer. The radiotracer 3'-
[*8F]fluoro-3'-deoxythymidine ([*F]FLT) is used for PET imaging of proliferation.(7)

The binding mechanism of ['8F]FLT is based on the thymidine salvage pathway and deoxyribo-
nucleic acid (DNA) thymidine synthesis pathway. In simple terms, proliferating cells thereby re-
ceive increased amounts of the circulating molecule thymidine and closely related analogs, which
are phosphorylated and then support DNA synthesis. [*F]FLT is very similar to thymidine and
binds to the DNA of proliferating cells.(8)

[18F]FLT has been mostly used in preclinical and clinical observational studies concerning tumor
patients. These showed that [8F]FLT was suitable for detection, diagnosis and staging of several
tumor types (8). [*®F]FLT PET has also been found to be useful in early predicting treatment
response to therapeutic interventions such as chemotherapy, radiotherapy and chemoradiother-
apy (9, 10). This involved obtaining information on tumor biology, more specifically tumor prolif-
eration heterogeneity before, during, and after treatment, which was not possible by biopsy sam-
ples (9). In some studies, [*¥F]FLT has been shown to have higher tumor specificity and fewer
false-positive signals due to infection or inflammation compared with [8F]Fluorodeoxyglucose
([*®F]FDG), which is the standard radiopharmaceutical used for tumor diagnosis (11-13). A few
studies have been performed using ['8F]FLT PET to investigate the detection of radiation-induced
tissue injury, particularly of the bone marrow (14-18). They showed statistically significant corre-
lations between the irradiation dose and [*®F]FLT uptake.

3.3.1.2 2-(5-[*®F]fluoropentyl)-2-methyl malonic acid ([*®F]ML-10)

Apoptosis is a form of cellular suicide program that, unlike other cell death mechanisms such as
necrosis, does not involve inflammatory processes. It occurs in the context of cell homeostasis
as well as in a number of diseases. Apoptosis can be activated by external cellular stimuli (extrin-
sic pathway) or by internal cellular stress signals (intrinsic pathway). The radiotracer 2-(5-
[18F]fluoropentyl)-2-methyl malonic acid ([18F]ML-10) is used for PET imaging of apoptosis.(7,
19)

The binding mechanism of [*¥F]ML-10 is based on processes that occur in early stages of apop-
tosis, namely changes in plasma membrane potential, phospholipid scramblase activity, and cel-
lular acidification (20). [*8F]ML-10 recognizes cells undergoing such processes, crosses their
plasma membranes and accumulates in their cytoplasm (21).
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[18F]ML-10 has been used in many preclinical but also clinical studies. A frequently investigated
topic was its suitability for measuring apoptosis as an indicator of cancer treatment response with
the aim of avoiding ineffective treatment in non-responders (22-27). Depending on tumor type
and treatment method, conflicting results were obtained (22). There have also been studies in-
vestigating whether [18F]ML-10 PET can be used to visualize apoptotic processes due to myocar-
dial infarction (28, 29), cerebral stroke (21) or atherosclerosis (30). Studies evaluating [*F]ML-10
PET for the investigation of radiation-induced tissue injury have not been published so far.

3.3.1.3  ['®F]PI-2620

The pathology of tauopathies, a group of neurodegenerative diseases such as Alzheimer’s dis-
ease (AD), progressive supranuclear palsy (PSP) or corticobasal syndrome (CBS), is character-
ized by the aggregation of hyperphosphorylated microtubule-associated tau protein in neurons
and glia of the brain. ['8F]PI-2620 is a so-called second generation tau-PET radiotracer used for
diagnosis of such diseases.(31)

The binding mechanism of [18F]PI-2620 depends on the structural, energetic, and kinetic proper-
ties of the tau proteins accumulating in the respective tauopathie (32). According to these, ['8F]PI-
2620 binds to the surface sites, core sites or entry sites of the tau proteins (33).

Many clinical studies have been performed to investigate and evaluate the diagnostic value of
[18F]PI1-2620 PET. In contrast to some first generation tau-PET radiotracers, [*8F]PI-2620 showed
less off-target binding and good properties to detect not only tau accumulation in AD but also in
non-AD tauopathies (34-41). Due to this, [18F]PI-2620 is meanwhile used in tertiary centers.

3.3.2 Quantification of radiotracer pharmacokinetics

In the following, the essential quantification parameters and methods used in the investigations
of this thesis are described.

3.3.2.1 Standard uptake value (SUV)

Besides the visual interpretation of PET images, the determination of standard uptake values
(SUV) is a simple and widely used quantification method in preclinical and clinical routine:

. . B
activity concentration [761]

Suvi-l= injected activity [Bq] X subject weight [g]

The activity concentration derives from the PET signal. For this, regions of interest (ROI) or vol-
umes of interest (VOI) are placed in specific organs or tissues displayed on the PET image. Based
on their mean or maximum voxel value, the activity concentration is obtained. Whereas the SUV
calculated with the mean voxel value may be biased by distorted voxel values at the boundary of
the ROI or VOI due to limited resolution, the SUV calculated with the maximum voxel value may
be inaccurate because it is based on only one voxel. Concerning this, there is an approach to
calculate the maximum voxel value based on the five hottest voxels of the ROI or VOI.(42, 43)

By calculating dimensionless SUV and thus avoiding variability due to subject-specific weight and
injected radiotracer dose, inter- and intrapatient comparisons can be performed. To further reduce
variability, it may be useful to perform a normalization with the SUV of a reference tissue in which
no specific radiotracer accumulations are expected. The resulting parameter is called standard
uptake value ratio (SUVr).
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3.3.2.2 Volume of distribution (V)

The pharmacokinetic of a radiotracer describes its temporal and spatial distribution within the
body. It depends on the interaction of a number of components such as the radiotracer dose,
absorption, blood flow, tissue binding, metabolisation and elimination.(4)

To characterize these physiological and biochemical processes in an approximate way, compart-
ment models can be used. Here, the body is divided into one or more compartments, which rep-
resent a fictive volume (e.g. organs, organ clusters, parts of organs, tissue types) wherein the
injected radiotracer is homogenously distributed, with gradients in time but not in space. Rate
constants are used to describe mass transport into, out of and between the different compart-
ments.(44)

In the one-compartment model, the entire body or a certain tissue is seen as a single central
compartment, named the tissue compartment, in which the radiotracer is distributed with the time-
dependent concentration C+(t). This interacts with the blood compartment, into which the radio-
tracer is delivered after its injection. The time-dependent radiotracer concentration in the arterial
plasma of the blood compartment is named Cr(t). By the rate constants k1 and k2, the reversible,
bidirectional mass transport between the two compartments is described:(4)

k1 >

Cp(t Cq(t
P()4 K2 T(t)

Figure 3: One-compartment model. Reversible, bidirectional mass transport between the blood and tissue
compartment with the time-dependent concentrations Cp(t) and Cr(t) described by the rate constants k1 and
k2.

The mass balance between the blood compartment and the tissue compartment can be ex-
pressed with a first-order ordinary differential equation by subtracting the flux out of the tissue
compartment from the flux into the tissue compartment:

dCr(t)
dt

= k1 Cp(t) — k,Cr(t)

Based on this kinetic model and its differential equation, the volume of distribution (V7) is an im-
portant parameter in pharmacokinetics. It relates the amount of radiotracer in the entire body to
the concentration of the radiotracer in arterial plasma and describes the volume of arterial plasma
that would be required to absorb the same amount of radiotracer as contained in the entire body.
In the one-compartment model, V1 can be determined at equilibrium by the quotient of C+(t) and
Ce(t), which equals the quotient of the rate constants:(45)

der(®) _ Cr(®) k1

dt C =0 T ke

3.3.2.3 Input function

In order to determine Cp(t), an accurate knowledge of the unmetabolised radiotracer concentra-
tion in arterial plasma over time (so-called input function) is necessary.

AIF represent the gold-standard using continuous sampling of blood from the radial artery with an
external detector. This is a complex procedure that involves inconvenience and risks to the patient
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as well as a high personnel effort (1). Although considered to be the gold-standard, the measure-
ment can be prone to errors, such as clotting on the tube walls. For the best possible estimation
of the original time-activity-curve, the whole-blood-to-plasma ratio should be determined and ra-
diometabolite analyses should be performed. Furthermore, corrections for dispersion and delay
are necessary (46). Especially the correction for dispersion is not trivial, as it requires kinetic
modeling (47).

A non-invasive alternative to the described invasive approach are IDIF. They are obtained directly
from the dynamic PET image, preferably from the PET signal of large vascular structures such as
the heart, aortic segments or femoral arteries. In brain PET scans, these areas are usually not in
the field of view, so blood vessels must be used, the most popular being the carotid artery. PET
signals from these regions can be extracted by various approaches, such as manual placement
of a VOI, automated voxel intensity based segmentation, use of an atlas, or matching with an
associated CT or MRT image. Since the diameter of blood vessels is often smaller than the spatial
resolution of PET scanners, artefacts may occur due to partial volume effects, which in turn may
distort the obtained IDIF. Due to this, corrections of the partial volume effects may be necessary,
which depend on many parameters and are error-prone. There are approaches to calibrate the
IDIF with blood samples instead. Discrete blood samples should be collected anyway, as blood
to plasma ratio determinations and radiometabolite analyses should also be performed for
IDIF.(48-50)

One approach to reduce, but not completely eliminate, arterial blood sampling is so-called minimal
invasive blood sampling. This involves the acquisition of an IDIF in combination with the collection
of discrete blood samples at defined time points. A commonly used concept is to collect an arterial
blood sample at an early and late time point after injection, supplemented with the collection of a
few venous blood samples in between. Based on these time-activity values, the IDIF is scaled. In
some cases, they are used for the fitting of a population-based input function. As for AlF, radi-
ometabolite analyses, blood-to-plasma ratio determinations, and delay corrections should be per-
formed. Although this approach can circumvent the complex and with several disadvantages as-
sociated continuous arterial blood sampling, it cannot achieve the same accuracy.(1, 48, 51)

3.3.2.4 Logan plot

The Logan plot is a graphical analysis method using simplified regression analysis to estimate
Vr. By rearranging and integrating the differential equation describing the one-compartment
model introduced in chapter 3.3.2.2, and assuming equilibrium in the two compartments after a
certain time t*, Logan et al. proposed the following expression:(52)

Lcr@dr [ Cp(ndr
Cr® T Cr(®)

The linear fitting of the two fraction terms of the equation results in a linear regression line whose
slope, starting from the equilibrium time t*, corresponds to Vr. Cp(t) is determined by one of the
methods for obtaining input functions described in chapter 3.3.2.3, whereas Cx(t) is given by the
time-activity-curve of a tissue VOI placed in the PET image. Here it should be considered that
tissue VOI are sensitive to noise, which can result in an underestimation of V1.(53, 54)

To reduce variability, it is common to calculate volume of distribution ratios (V+r). This is done by
dividing the Vt of a specific region by the Vr of a reference region in which no specific radiotracer
accumulations and no influence of disease or treatment are expected.
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3.3.2.5 Simplified reference tissue model

The simplified reference tissue model is based on the assumptions of the one-compartment model
and describes the reversible, bidirectional mass transport between the blood compartment and
the tissue compartment without measuring an AlF. Instead, the input function is derived from a
reference tissue in which no or only little specific radiotracer binding and a similar nonspecific
radiotracer binding as in the tissue of interest is expected. In the plasma of the blood compart-
ment, the radiotracer is distributed with the time-dependent concentration Cr(t), in the tissue com-
partment with Ct(t) and in the reference tissue compartment with C+(t)’. The mass transport be-
tween the blood compartment and the tissue compartment is described with the rate constants
k1 and k2, that between the blood compartment and the reference tissue compartment with the
rate constants k1’ and k2’:(55)

kK1 |
<K Cr(t)
Chr(t)
k1 |
< k2° CT(t)‘

Figure 4: Simplified reference tissue model. Reversible, bidirectional mass transport between the blood,
tissue and reference tissue compartment with the time-dependent concentrations Ce(t), Cr(t) and Cr(t)’ de-
scribed by the rate constants k1, k2, k1’ and k2'.

The mass balance between the blood compartment and the tissue and reference tissue compart-
ment can be expressed with first-order ordinary differential equations:
dCr(t)
dt
dCr(t)'
dt

= k1Cp(t) — k2Cr (0)

= k1’CP(t) - kZICT(t)

As it is assumed that the distribution volume of the non-specifically bound radiotracer in the tissue
of interest and in the reference tissue is the same, the time-dependent concentration of the tissue
compartment can be expressed as follows (56):

k1 k2 k1 k1

=— Cr(t) = —Cr ()
kll kz! = T() kl, T() +k1,

(ky — ky)Cr(t) @ 2t

The distribution volume ratio (DVr) is an important parameter in the simplified reference tissue
model and describes the ratio of the V1 of the tissue and reference tissue:
Cr(t) k1 ,
Vi Cp(t) Cr(t) N7 k1k2
Vo' Cr(®) T Cr () k1T k1'k2
Cp(t) k2’

DVr =
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3.4 Validation methods

In the following, the validation methods used in the preclinical investigations of this thesis are
described. They obtain long-established parameters, which are thus considered as reliable gold-
standard for verification of PET. All have the disadvantage of requiring anaesthesia and mostly
even euthanasia, which complicates or even prevents longitudinal experiments and results in high
mouse numbers that are not consistent with the 3R-guidelines (reduce, refine, replace).

3.4.1 Histology and immunohistochemistry

Histology and immunohistochemistry are invasive procedures that provide cellular information of
tissue samples. In preclinical experiments on mice, these are euthanized and their organs and
tissues of interest are dissected, paraffin embedded and sectioned. The sections are stained,
digitalized, and magnified for histological descriptive evaluations and semiquantitative scorings.
These can be correlated with the signals and parameters obtained by PET.

Staining with HE is routinely used in research to get an overview before doing immunohistochem-
ical stainings. It reveals characteristics of the cytoplasm, nucleus and extracellular matrix of a cell
(57). In addition, other stainings can be performed, depending on the aspect to be examined. To
visualize proliferative and apoptotic processes in cells, immunohistochemical staining with Ki-67
and cleaved Caspase3 is suitable (58).

With respect to proliferation measurement in a variety of human cancers, there is sufficient data
that indicates a strong significant correlation between [*8F]FLT uptake and Ki-67 marker expres-
sion. Here, it is considered challenging that [18F]FLT PET allows evaluation of a quite large tissue
volume with information about regional heterogeneities, whereas Ki-67 immunohistochemistry
examines a small tissue sample that often cannot account for such heterogeneities. One ap-
proach to compensate regional increases or decreases is to measure the average Ki-67 expres-
sion instead of the maximum Ki-67 expression.(8, 59)

Regarding the correlation of cleaved caspase3 immunohistochemistry and [18F]ML-10 PET, there
are only few published data. A preclinical study concerning neoadjuvant chemotherapy for triple-
negative breast cancer showed an increased cleaved caspase3 level in the treated tumors com-
pared to the tumor controls, but a decreased [18F]ML-10 uptake. As a reason for this, the authors
consider insufficient sensitivity of the radiotracer, problems in quantitative analysis or pH varia-
tions of the tumor microenvironment during the chemotherapy affecting [*8F]ML-10 uptake (60).

3.4.2 Biodistribution

Biodistribution is an invasive, ex vivo method to quantify and assess the in vivo behaviour and
kinetics of radiotracers. In preclinical experiments on mice, the radiotracer is injected into their tail
vein and they are euthanized at certain time points. Then the organs and tissues of interest are
collected, weighed and measured for the amount of radioactivity, e.g. with the gammacounter
Hidex AMG (Hidex, Mainz, Germany), which determines the amount of gamma-emitting nuclides
in a sample using the scintillation principle. The resulting parameter is the percentage of injected
dose per gram of tissue (%ID/g). This allows the pharmacokinetics and accumulation of the radi-
otracer to be evaluated and compared with the in vivo biodistribution obtained by PET.(61, 62)
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It should be mentioned that although biodistribution is considered to be a gold-standard method,
there are some sources of error in the technical performance, which can result in biased param-
eters. For example, it should be ensured that blood is removed from the collected organ, as this
could contaminate the organ and thus increase the measured radiotracer amount. Tissues that
do not belong to the organ, such as skin or fat, should also be completely removed. Following
strict handling, the instruments would need to be changed after each collected organ or tissue to
avoid contamination of the next one. Moreover, when using a gammacounter designed to meas-
ure low radioactivity, it should be ensured to keep dead times low. Thus, it can be concluded that
biodistribution is sensitive to personnel or institutional variation due to different and not standard-
ized techniques.(62)

A biodistribution study was planned and performed for publication I. We found strong variations
in the measurement data with high standard deviations, which we assigned to the described po-
tential error sources. As it was not possible to repeat the biodistribution study and improve the
technical performance, the data were not included and discussed in the publication.

3.4.3 Blood analysis

A blood analysis includes examinations of the different blood cells and blood parameters and
allows conclusion about blood formation, inflammation, infections or deficiencies. In preclinical
experiments on mice, these are anesthetized and blood is collected from their facial vein. By
means of a mouse blood analyser, e.g. scil VET abc (scil animal care company GmbH, Viernheim,
Germany), and manual leukocyte differentiation, the number of WBC, RBC and PLT can be de-
termined. The number of blood cells over time represents hematopoiesis and related proliferation
and apoptosis and can be correlated with PET signals of the hematopoietic bone marrow.
Whereas the blood parameters represent hematopoiesis globally, PET signals from the hemato-
poietic bone marrow can also provide regional information.
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4. Conclusion

This thesis demonstrated that there are promising approaches for non-invasive, high-technology
PET quantification that might serve as correlating surrogate for invasive, inconvenient methods.

The evaluation of the first approach of this thesis indicated that PET with the radiotracer [*8F]FLT
has potential to visualize and detect proliferative processes due to irradiation induced cell dam-
age. Especially with regard to proliferation in bone marrow, there was good agreement with the
histological findings as well as the blood parameters. In contrast, PET with the radiotracer [*8F]ML-
10 did not show such correlations and seemed to be not sensitive enough for imaging apoptotic
processes due to irradiation induced cell damage.

The evaluation of the second approach of this theses showed promise that IDIF can facilitate the
guantification of the diagnostic PET radiotracer [8F]P1-2620 binding in brain, negating invasive
arterial blood sampling. In order to differentiate patients with PSP and AD and healthy controls,
the quantification parameter Vr was not sufficient enough for the examined cohort size, but Vr
ratios or DV ratios using the inferior cerebellum as reference region were required. Additional
studies need to focus on larger cohorts, radiometabolite analysis as well as plasma to whole blood
ratios.

Overall, it was demonstrated that quantification approaches need to be evaluated and validated
with gold-standard methods and that it can be challenging to identify the reason for non-correlat-
ing data. Especially the first approach of this thesis indicated that often many different aspects
have to be included, such as the comparability of examination volumes, the sensitivity of radio-
tracers, the correct anatomical assignment of tissues and organs in the PET image and the pre-
cise technical performance with avoiding of personnel and institutional variations. The second
approach of this thesis highlighted the importance of sufficiently large cohorts and, when scaling
quantification parameters, the correct choice of reference tissues.

In conclusion, with the development of improved PET scanners and with the development of bet-
ter performing quantification methods, in the future probably also with increasing use of artificial
intelligence, invasive gold-standard methods may be gradually replaced by non-invasive PET.
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5. Publications

5.1 List of publications

Original publications

This cumulative dissertation is in accordance with the graduation regulation for human biology in
the medical faculty of the Ludwig-Maximilians-Universitat Minchen and based on the following
two publications (publication | and I1):

Meindl M, Blaske A, Steiger K, Lindner S, Lindheimer F, Lauber K, Brix N, von Ungern-Sternberg
B, Oos R, Palumbo G, Boning, G, Schile S, Majewski M, Port M, Ziegler S, Bartenstein P. Prolif-
eration and Apoptosis after Whole-Body Irradiation: Longitudinal PET Study in a Mouse Model.
European Journal of Nuclear Medicine and Molecular Imaging. 2024;51:395-404.
https://doi.org/10.1007/s00259-023-06430-x

Meindl M, Zatcepin A, Gndrich J, Scheifele M, Zaganjori M, GroR M, Linder S, Lindner S,
Schaefer R, Simmet M, Romer S, Katzdobler S, Levin J, Hoglinger G, Bischof A, Barthel H, Sabri
O, Bartenstein P, Saller T, Franzmeier N, Ziegler S, Brendel M. Assessment of [18F]PI1-2620 Tau-
PET Quantification via Non-invasive Automatized Image Derived Input Function. European Jour-
nal of Nuclear Medicine and Molecular Imaging. 2024;51:3252-66.
https://doi.org/10.1007/s00259-024-06741-7

Conference abstracts

The results of the investigations related to this doctoral thesis were additionally presented at na-
tional conferences:

Meindl M, Franzmeier N, Dilcher R, Wall S, Ferschmann C, Scheifele M, Beyer L, Eckenweber
F, Bui N, Janowitz D, Rauchmann B, Katzdobler S, Perneczky R, Levin J, Birger K, Barthel H,
Sabri O, Bartenstein P, Ziegler S, Brendel M. Automatized image derived input function for quan-
tification of 18-F-PI-2620 tau-PET imaging. Nuklearmedizin-NuclearMedicine. 2022;61(2):40.

Meindl M, Blaske A, Lindner S, Steiger K, Lauber K, Felbermeier M, Oos R, von Ungern-Stern-
berg B, Schiile S, Majewski M, Port M, Ziegler S, Bartenstein P. Anderung von Proliferation und
Apoptose nach Strahlenexposition: Longitudinale PET-Studie im Mausmodell. Nuklearmedizin-
NuclearMedicine. 2023;62(2):69.

Further publications

Within the scope of the investigations related to this doctoral thesis, contributions to the following
publication were made:

Hong J, Brendel M, Erlandsson K, Sari H, Lu J, Clement C, Bui NV, Meindl M, Ziegler S, Barthel
H, Sabri O, Choi H, Sznitman R, Rominger A, Shi K. Forecasting the Pharmacokinetics With
Limited Early Frames in Dynamic Brain PET Imaging Using Neural Ordinary Differential Equa-
tion. IEEE Transactions on Radiation and Plasma Medical Sciences. 2023;7(6):607-17.
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5.2 Contribution to publication |

My contribution to publication I, which was based on data collected in a preclinical setting, in-
cluded in the first step an intensive examination of the already established study design. This
involved the implementation of some changes, for example with regard to the time schedule or
the subject numbers. In this context, | submitted an amendment request to the authority respon-
sible for the approval of animal experiments, which was successfully accepted.

In the second step, | organized and performed all necessary experiments, starting with the pro-
cedure of ordering and receiving the animals as well as the mandatory daily health check of the
animals and its documentation. | was responsible for the irradiation of the animals, for the perfor-
mance of the positron emission tomography (PET) scans including the injection of the radiotracers
and for the reconstruction of the PET images. | conducted invasive examinations such as biodis-
tribution as well as organ removal and preservation for the histological and immunohistochemical
investigations, which were subsequently performed at an external institute.

The third step involved the analysis and statistical testing of all data. Therefore | evaluated and
quantified the PET images with the AMIDE software (open source) and correlated them with the
results of the other examinations. In order to interpret the emerging trends and hypotheses cor-
rectly, a detailed literature review was necessary.

In the final step, | drafted an initial manuscript based on all findings, including self-designed figures
and tables. This was further refined trough collaboration with the coauthors. As first and corre-
sponding author, | was responsible for the submission and revision of the manuscript and the
communication with the journals. Furthermore, | presented the results to the funder of the re-
search project and at the conference of the German Society of Nuclear Medicine.

5.3 Contribution to publication Il

My contribution to publication Il was initially to support the conception and design of the studies,
which were performed in a clinical setting. In this context, | established invasive blood sampling
on study subjects for the determination of arterial input functions (AIF). This included the commis-
sioning of the measuring device, the elaboration of the spatial arrangement of the entire meas-
urement system, the testing of the measurement procedure and the performance of calibrations
and error analyses. Apart from this, | developed a method using the PMOD software (PMOD
Technologies, Zirich, Switzerland) to manually segment the carotid artery from a [*8F]PI-2620
PET image and determine image derived input functions (IDIF) for Logan plots. | was also in-
volved in the development of an automated carotid artery segmentation method using Python.

After developing and establishing all methods, | applied them to a larger cohort consisting of
controls and patients. With the determined input functions, | calculated various quantification pa-
rameters by again using the PMOD software. | performed a large evaluation of the input functions
and quantification parameters and compared them by extensive statistical analysis.

I summarized the results and findings in a manuscript with several self-created figures and tables,
which was iteratively extended and improved though collaboration with the coauthors. | was again
responsible for the submission and revision process of the manuscript and the communication
with the journals. | presented first results at the conference of the German Society of Nuclear
Medicine.
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