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Abstract

Jonasson, M. 2018. Towards Clinical Implementation of Dynamic Positron Emission
Tomography in Neurodegenerative Diseases. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine 1429. 55 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-0238-6.

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most common
neurodegenerative disorders worldwide. Positron emission tomography (PET), together with
suitable biomarkers, can aid in the clin-ical evaluation as well as in research investigations
of these diseases. Straightforward and quantitative assessments of the parameters of inter-est
estimated on a voxel-level, as parametric images, are possible when PET data is acquired over
time. Prerequisites to facilitate clinical use of dynamic PET are simplified analysis methods and
scan protocols suita-ble for clinical routine.

The aim of this thesis was to validate simplified analysis methods, suitable for clinical use, for
quantification of dopamine transporter (DAT) availability in patients with parkinsonism using
['"C]PE2I PET and tau accumulation in AD patients with ["*F]THK5317 PET.

The included subjects comprised of both healthy controls and pa-tients with parkinsonism,
AD or mild cognitive impairment and each subject underwent a dynamic PET scan with
either ["'CJPE2I or ["*F]THK5317. Models for quantitative voxel-based analysis, resulting in
parametric images of tracer binding and overall brain function, were validated in both patients
and controls. These parametric methods were compared to region-based values acquired using
both plasma- and refer-ence-input models. Clinically feasible scan durations were evaluated
for both ["'C]PE2I and [“F]THK5317, and a clustering method to obtain a reference time
activity curve directly from the dynamic PET data was validated. Furthermore, images of DAT
availability and overall brain functional activity, generated from one single dynamic [''C]PE2I
PET scan, were compared to a dual-scan approach using ['*I]FP-CIT single photon emission
computed tomography (SPECT) and ["*F]FDG PET, for differential diagnosis of patient with
parkinsonism.

Study I-III supply valuable information on the feasibility of dynamic [''C]PE2I in a clinical
setting for differential diagnosis of parkinsonian disorders, by having easily accessible images
of DAT availability and overall brain functional activity. The work in study IV-V showed
that reference methods can be used for quantification of tau accumulation, and suggests that
simplified analysis methods and shorter scan durations can be applied to further facilitate
applications of dynamic [*F]THK5317 PET.
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Binding potential
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Magnetic resonance imaging
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Positron emission tomography
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Social anxiety disorder
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Single photon emission computed tomography
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Standard uptake value ratio
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Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most
common neurodegenerative disorders worldwide. Functional molecular imag-
ing methods such as positron emission tomography (PET), using different ra-
diotracers, can aid in the clinical evaluation as well as in research investiga-
tions of these diseases. Parkinsonism is a group of neurodegenerative disor-
ders, where PD is the most common one, but with several other disorders that
are often misdiagnosed. The use of PET with [''C]PE2I, a tracer that binds to
dopamine transporters (DAT), can support the differentiation between parkin-
sonian disorders since the central dopaminergic and overall brain functional
activity are altered differently. AD is characterized by a cascade of complex
pathophysiologic processes, for example accumulation of tau proteins, which
is closely associated with neurodegeneration and cognitive impairment.
['®F]THKS5317 is a tau-specific PET tracer, showing high retention in patients
with AD and can possibly aid in the diagnosis.

To facilitate clinical use of dynamic PET there are some prerequisites:
straightforward visual assessments, as parametric images, where the parame-
ters of interest are estimated for each voxel, simplified analysis methods and
scan protocols suitable for clinical routine. This thesis aims to evaluate sim-
plified methods for acquisition and quantification of dynamic PET data for
clinical use in neurodegenerative diseases, with focus on AD and PD.
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Background

Positron emission tomography
Basic principles

PET is a molecular imaging technique used for investigations of a variety of
physiological and molecular functions in-vivo by measuring the distribution
of radiolabelled compound, so called radioligands or tracers, after intravenous
injection. The PET tracers are labelled with short-lived radioisotopes that de-
cay by positron emission and the most commonly used positron emitting nu-
clides are fluorine-18 (**F), carbon-11 (*'C) and oxygen-15 ('°0O). When the
radioisotope decays, the emitted positron travels a very short distance from
the initial decay site before it interacts with an electron and a positron-electron
annihilation occurs. This produces two photons with an energy of 511 keV,
that are emitted simultaneously in opposite direction and detected by an op-
posing pair of detectors in the PET scanner. A simplified drawing of this pro-
cess is showed in Figure 1.
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Figure 1. Schematic drawing of the positron emission and annihilation, resulting in
two 511 keV photons. The ring represents the PET scanner where the photons are
detected by two opposing detectors.

The PET system consists of rings of detector blocks where each detector ele-

ment is operating in coincidence with multiple elements on the opposite side
to record the annihilation photons. The detector blocks commonly consist of
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bismuth germinate (BGO) or lutetium oxyorthosilicate (LSO) scintillation
crystals, segmented into arrays of smaller elements, and photomultiplier tubes.
The axial field of view is determined by the extent of the detectors and is typ-
ically in the range of 15-25 cm. The near simultaneous detection of the anni-
hilation photons by the PET system makes it possible to determine a line be-
tween the detection sites, which gives an indication of where in the body the
positron emission occurred and defines the volume from where they were
emitted. The coincidence events collected by the PET detectors are recon-
structed into a tomographic image. The reconstructed PET images are cor-
rected for attenuation, random coincidences, scattered radiation, dead time and
physical decay of the radioisotope, and show the distribution of the tracer as
the radioactivity concentration (Bg/mL). The resolution of the PET image is
in the order of mm, and is affected by several different parameters such as the
size of the detector elements, the range that the positron travels before the
annihilation occurs, which is dependent on the positron energy, and the non-
collinearity of the emitted photons, meaning that due to residual momentum
of the positron and the electron, the photons are not exactly emitted at 180-
degree opposing direction [1].

Quantification

In order to quantify the physiological parameters of interest, such as the bind-
ing of the tracer to a specific target or the blood flow, from the PET image,
there is a need for information regarding the rate of change of the radioactivity
concentration over time. Collecting the data in separate time frames, as a dy-
namic scan, will show how the concentration of the tracer in tissue changes
throughout the course of the PET study, as illustrated in Figure 2A. From the
dynamic scan, time activity curves (TACs) can be obtained, showing the radi-
oactivity concentration over time in a specific volume of interest (VOI) or a
voxel. The shape of the TAC is dependent on the properties of the tracer and
the tissue as seen in Figure 2B.

The measured radioactivity concentration in the PET image is a combina-
tion of the different states of the tracer in the tissue, such as radioactivity in
the blood within the tissue, tracer bound to its intended target or tracer bound
to other entities. These states are commonly depicted as different compart-
ments and there are different approaches to differentiate between the compart-
ments and estimate the parameters of interest.
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Figure 2. A) Examples of a range of frames from a dynamic ['!C]PE2I brain PET
scan with a duration of 80 min. Each frame is showing the distribution of tracer in
the brain, while the collection of frames shows the temporal changes of tracer con-
centration. B) Time activity curves, showing radioactivity concentration over time in
a region with high and with no specific binding.

Compartmental modelling

To calculate the parameters of interest, there is a need for a mathematical
model that describes the measured radioactivity concentration over time. The
most commonly used compartment models are the two tissue compartment
models (2TCM) and the one tissue compartment model (1TCM), shown in
Figure 3A and B respectively.

Figure 3. Schematic drawing of A) the two tissue compartment model and B) the
one tissue compartment model. Cy, Cy, C, and C; represents the radioactive concen-
tration in the different compartments and K, kz, k3 and k4 represents the rate con-
stants.
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C,, is the radioactivity concentration in arterial plasma, which is measured by
taking arterial blood samples during the PET scan. Cx is the free and non-spe-
cifically bound tracer in the tissue, while Cy, represents the tracer bound to the
target. The different rate constants K, ko, ks and k4 represent the exchange of
tracer between plasma and tissue, and between the different compartments.
The signal measured by PET in a certain VOI or voxel is a combination of Cs
and Cy plus a fractional blood volume in tissue. In case of regions with no
specific binding, or when the free and bound tracer are assumed to be indis-
tinguishable due to fast exchange between the compartments, the model can
be simplified to a 1'TCM. The compartment models can be described by dif-
ferential equations and the parameters of interest can be derived using non-
linear regression analysis. The parameters of interest are often the non-dis-
placeable binding potential (BPxp), where BPnp=ks/ks [2]. BPxp is not always
possible to be determined accurately, instead, the distribution volume (Vr) can
be estimated which under equilibrium equals Vr=K,/k, for the ITCM and
V1=(Ki/k2)(1+ks/ks) for the 2TCM. An alternative approach for parameter es-
timation is the Logan plot [3], a graphical analysis represented by linear equa-
tions that can be solved graphically where the resulting slope = Vr.

Reference region

A reference region is a region that is devoid of target, that is, with no specific
binding of the tracer, and with a non-specific distribution volume similar to
the target region. If it is not possible to determine BPxp directly by ks/ks, it
can be estimated as the ratio of the distribution volumes in the target tissue
and the reference tissue minus one. However, this still requires arterial blood
sampling. Arterial blood sampling during the PET investigation is invasive,
labour intensive and sometimes not feasible. It is possible to eliminate the de-
pendency of the model on the plasma input function if there is a proper refer-
ence region in the brain. A TAC from the reference VOI can then be used as
an indirect input function to a reference tissue model. The simplified reference
tissue model (SRTM) [4], as illustrated in Figure 4, is the most commonly
used reference tissue model. In addition to the two requirements mentioned
before, SRTM requires that both reference and target TACs can be approxi-
mated by the 1”TCM. SRTM estimates three parameters, BPnp, k2 and Rj,
where R is the relative tracer delivery, which is closely related to blood flow,
assuming that tracer extraction is uniform throughout the brain. A further sim-
plification of SRTM can be made by fixing ko, to a pre-defined value, and by
so, reducing the number of estimated parameters to two (SRTM2) [5], and
both models can be linearized using a set of basis functions, receptor paramet-
ric mapping (RPM and RPM?2) [6]. The Logan graphical approach can also be
calculated using a reference region instead of a plasma input function and the
slope of the graphical analysis then corresponds to the ratio of volumes of
distribution in the target and the reference region (DVR) [7]. Another refer-
ence tissue approach is the multilinear reference tissue models (MRTM),
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solved using multilinear regression after a certain equilibrium time. There are
three versions of MRTM, and as for RPM, either three or two parameters can
be estimated (MRTM, MRTMo, MRTM?2 [8, 9].

Figure 4. The simplified reference tissue model (SRTM) where C,, C; and C; repre-
sent the radioactivity concentration in the different compartments and K, K;’, k»a
and k,* represent the different rate constants.

VOI-based reference

Most commonly, the reference region VOI, as well as other regions of interest,
is obtained by manual definition of the volume. Due to the poor anatomical
information in the PET images, this is usually performed on co-registered im-
ages from other imaging modalities such as computed tomography (CT) or
magnetic resonance imaging (MRI), after which the VOIs are transferred to
the PET images. This process is both time consuming and prone to inter-user
variability. Automated software based on pre-defined VOI template, matched
to the individual subjects MRI scan by non-rigid co-registration, can over-
come these limitations and the advantage is that a whole set of VOIs can be
defined simultaneously.

SVCA-based reference

An automatic way to define the reference region VOI directly from the dy-
namic PET data, without the need for a structural MRI for manual or template-
based region definition, is the supervised cluster analysis (SVCA) method.
The SVCA algorithm segments voxels in the dynamic PET volume based on
the shape of their TACs with no spatial constraint, i.e. the whole brain is con-
sidered. Voxels with kinetic behaviour most resembling the TACs of the pro-
posed reference region are included in the reference VOI. The SVCA method
has demonstrated to be a robust and reliable alternative as an automatic way
of extracting a reference region in previous studies for (R)-[''C]PK1119 [10,
117, ["'CIPIB [12], [''C](R)-rolipram [13] and [''C]TMSX [14].

Parametric images

In addition to estimating the parameters of interest on a VOI-basis, the esti-
mation can also be performed on a voxel-level. This results in a spatial map,
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also known as a parametric image, of the parameters of interest and gives a
straightforward visualisation of the parameter estimates. Using a standard
non-linear regression analysis for the parameter estimations is very time con-
suming and sensitive to noise, and thus not practical for voxel-based analysis.
Instead, linearization of the models such as the RPM- and MRTM-methods
for calculation of BPnp and R; parametric images, as well as voxel-level esti-
mation of DVR using reference Logan, are implemented. Quantification of
dynamic PET data, where both the specific binding and flow characteristics
of the tracer are assessed, resulting in BPxp and R; [15, 16], can make dynamic
PET investigations even more attractive for clinical use.

Semiquantitative measures

A semi-quantitative estimate of the binding is the standard uptake value ratio
(SUVR), relating the radioactivity concentration in the target region to that in
the reference region. The optimal time for assessment of SUVR, in terms of
agreement with BPnp, is at transient equilibrium (TE) which is the time when
the specific binding curve, calculated as the different between target and ref-
erence tissue, peaks [17] and theoretically BPxp equals SUVR-1. Since SUVR
can be obtained using a static scan, and can be estimated on a VOI-basis as
well as on a voxel-level, it is an attractive alternative to the more advanced
methods requiring dynamic scanning.

PET in Parkinson’s disease and Alzheimer’s disease

The application of PET in brain research is growing and PET is used in a wide
variety of applications within neurology [18]. This includes investigation of
pathophysiological processes, disease diagnosis and progression, monitoring
treatment response, drug development as well as increasing the understanding
of normal brain functions. In this thesis, the focus lies on PET in neurodegen-
erative diseases, specifically parkinsonian disorders and Alzheimer’s disease,
and the clinical applicability of dynamic PET, utilizing its full potential in
these disorders.

Parkinsonian disorders

Parkinsonism is a clinical syndrome characterized by the typical motor symp-
toms such as bradykinesia, rigidity, tremor and postural instability. There are
also several non-motor symptoms associated with parkinsonism, for example
depression, cognitive impairment and sleep disorders [19]. The different par-
kinsonian disorders include Parkinson’s disease, which is the most common
one, and other neurological conditions, such as multiple system atrophy
(MSA), progressive supranuclear palsy, dementia with Lewy bodies and cor-
ticobasal degeneration, with overlapping clinical symptoms. There are also
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some non-neurodegenerative causes for PD-like symptoms, such as vascular
parkinsonism and drug-induced parkinsonism. Although progression and pa-
thology differs between different parkinsonian syndromes, an unambiguous
diagnosis can be difficult to achieve based on the clinical symptoms, espe-
cially at early stages of the disease [20, 21].

Several brain regions and neurotransmitter systems are affected in parkin-
sonism where the degeneration of dopaminergic neurons in the nigrostriatal
pathway, which is responsible for the classic motor symptoms in PD, are the
most prominent. PET can aid in the differentiation between parkinsonian dis-
orders because the central dopaminergic and overall brain functional activity
are altered differently [22-27]. There are several PET tracers targeting the do-
paminergic system such as [''CJraclopride [28], ['*F]JFDOPA [29], ['*F]FP-
CIT [30] and ["*F]FE-PE2I [31], as well as the single photon emission com-
puted tomography (SPECT) tracer ['*I]FP-CIT [32] and ['*I]PE2I [33]. To
aid in the differentiation between various parkinsonian disorders, ['*F]JFDG
PET is commonly used to examine the metabolic activity in the brain which
is closely related to the overall brain function. However, the focus of this the-
sis, when targeting patients with parkinsonism will be the dopamine trans-
porter (DAT) PET tracer [''C]PE2I. DAT is a transmembrane protein respon-
sible for the reuptake of dopamine in the synaptic cleft. Decreased DAT avail-
ability is associated with different neurodegenerative disorders such as Park-
inson's disease [34, 35].

["'CIPE2I

The cocaine analog N-(3-iodoprop-2E-enyl)-2-carbomethoxy-33-(4-methyl-
phnyl)nortropane (PE2I) has shown an excellent binding to DAT, in both in-
vitro autoradiography studies, using ['**I]PE2I [36] and in-vivo PET studies
with [''C]PE2I [37-39]. It has shown a high accumulation in striatum, where
the concentration of DAT is high, an intermediate binding in midbrain, and no
or very little specific binding in the cerebellum. The high selectivity of
[''C]PE2I for DAT offers a high potential for in-vivo exploration of DAT
function [40] and has been used in both research studies [41, 42] and in clinical
trials [43, 44]. [''C]PE2I PET studies can thus be a valuable tool for early
detection and differentiation of neurological disorders where changes in DAT
concentration are involved, such as parkinsonism. In Figure 5, examples of
[''C]PE2I PET images 60-80 min post-injection (p.i.) are shown from one pa-
tient with PD and one healthy control (HC).

It has been shown that reference tissue methods on a VOI-basis using
SRTM, although underestimating BPxp, show a high correlation to plasma-
input compartment models [37, 45] and also a good reproducibility and relia-
bility in test-retest studies [38]. [''C]PE2I BPxp has previous been estimated
on a voxel-level [46-48], but no extensive validation of parametric methods
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had been performed for [''C]PE2I. Previous studies have proposed an acqui-
sition time of 70 up to 120 min for [''C]PE2I to be able to robustly determine
DAT binding in the striatum [37-39, 45].

PD patient

Healthy control

Figure 5. [''C]PE2I PET images of the uptake 60-80 min post-injection in a PD pa-
tient, top row, and a healthy control, bottom row. The reduced DAT availability is
clearly visible in the PD patient compared to the control. PET images are fused with
the subjects’ MRI images.

Alzheimer’s disease

AD is an irreversible neurodegenerative disease that is characterized by pro-
gressive decline in cognition, personality changes and other symptoms com-
mon for dementia. As for PD, differential diagnosis between different causes
of dementia can be difficult based on the clinical symptoms alone. The devel-
opment of molecular imaging has provided valuable biomarkers for accurate
and early detection of AD and has also led to proposal of new diagnostic cri-
teria [49, 50]. There are several complex pathophysiological processes that
characterizes AD, such as deposition of amyloid-beta plaques, tau filaments
in the form of neurofibrillary tangles and neurodegeneration. Several tracers
that bind to amyloid-beta plaques have been investigated and are widely used
in both clinical settings and research studies, such as [''C]PIB [51],
['*F]flutemetamol and ['*F]florbetapir. However, the amyloid pathology plat-
eaus quite early in the progression of the disease [52] and PET-imaged amy-
loid pathology appeared not to correlate with clinical symptoms [53]. Because
of the close association between tau pathology, neurodegeneration and cogni-
tive impairment [54] there is an increasing interest in developing PET tracers
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that binds specifically to tau [55, 56]. A number of them has undergone tracer
kinetic studies in humans, such as ["*F]THK5351 [57], [''C]PBB3 [58] and
['*F]AV1451 [59]. The part of this thesis targeting patients with AD will focus
on quantification of the PET tracer ['*F]THK5317.

['SF]THK5317

One of the promising tau tracers developed in recent years is 6-[(3-['*F]fluoro-
2-hydroxy)propoxy]-2-(4-methylaminophenyl)quinoline (["*F]THK5117),
which has shown good affinity for the tau protein aggregates and fast uptake
and clearance [60]. ['"*F]THKS5117 is a racemic compound and for further
analysis of the assessment of tau accumulation the S-enantiomeric form was
used ((S)-['*F]TKHS5117) which from here on will be referred to as
['"®F]THK5317. Examples of ['"*F]THK 5317 PET images 60-90 min p.i. in one
AD patient and one HC are given in Figure 6.

AD patient

e

6 Healthy control
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Figure 6. ['F]THK5317 PET images of the uptake 60-90 min post injection in an
AD patient, top row, and a healthy control, bottom row. PET images are fused with
the subjects MRI images.
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Aims of the thesis

The overall aims of this thesis were: 1) to facilitate clinical use of dynamic
[''C]PE2I PET by easy accessible images of DAT availability and overall
functional activity for use in differential diagnosis of parkinsonian disorders,
and 2) to evaluate models for quantification and simplified methods for as-
sessment of tau accumulation in AD patients using dynamic ['*F]THK5317
PET.

More specifically, the aims of each study were the following:

I To validate different methods for producing parametric BPxp and R;
images of dynamic [''C]PE2I data.

II To compare [''C]PE2I R; and BPxp images to imaging-based evalua-
tion of parkinsonian disorders with ["*F]JFDG PET and ['*I]FP-CIT
SPECT.

III To investigate a shorter scan protocol for [''C]JPE2I and to validate a
supervised cluster analysis method for automatic extraction of a refer-
ence time activity curve directly from the dynamic [''C]PE2I data.

v To evaluate different tracer kinetic models for quantitative analysis of
["®F]THK5317 binding to tau, based on plasma and reference tissue
input data.

v To determine optimal timing for SUVR-1 and R, measures for

['®F]THK 5317 and to validate a supervised cluster analysis method for
automatic reference region extraction.
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Materials and methods

Participants

This thesis is based on data from a total of 61 subjects, including healthy
controls, subjects with social anxiety disorder (SAD) and patients with
parkinsonism, AD or mild cognitive impairment (MCI). Briefly, the
participants were included as follow: Paper I-11I comprise of a set or subset of
16 patients with parkinsonism (10 women and 6 men, mean age 69 + 6 years).
In Paper I, 6 of these patients were included (5 women and 1 man, mean age
68 + 6 years) together with 6 SAD subjects (3 women and 3 men, mean age
35 + 11 years ). Paper II included all 16 parkinsonism patients and paper 111
comprised of 12 of the patients with parkinsonism (7 women and 5 men, mean
age 70 £ 6 years), 12 HC (4 women and 8 men, mean age 47 + 8§ years) and 5
additional healthy subjects (men, mean age 25 + 4 years) included as a
separate set of data for definition of kinetic classes in the SVCA algorithm. In
paper IV, 5 AD patients (57-74 years) and 4 MCI patients (65-79 years) were
included. Paper V comprise of a total of 9 AD patients (57-75 years) and 9 HC
(21-71 years). Ten of the subjects (5 AD and 5 HC) were included for the
analysis and remaining subjects were included for definition of SVCA kinetic
classes. Patients were included based on their clinical diagnosis and each
subject signed a written informed consent and the studies were approved by
regional ethical review boards.

Data acquisition

All subjects underwent a dynamic PET scan, with either an 80 min [''C]PE2I
PET duration (Paper I-III) or a 60 or 90 min ["*F]THK5317 PET duration (Pa-
per IV-V). All ['"'CJPE2I and ["*F]THKS5317 PET investigations were per-
formed on an ECAT Exact HR+ scanner (Siemens/CTI, Knoxville) in 3D
mode after a 10 min transmission scan with rotating **Ge rod sources for at-
tenuation correction. The scans were reconstructed using ordered subset ex-
pectation maximization (OSEM) with 6 iterations and 8 subsets, and a 4 mm
Hanning post-filter, with all appropriate corrections applied as included in the
scanner software. Each subject received a T1-weighted structural MRI scan
for VOI definition. In addition to the [''C]PE2I scan, all patients in Paper II
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also underwent a dual examination with a 10 or 20 min ['*F]JFDG PET scan
and a 30 min ['*’I]JFP-CIT SPECT scan.

[''C]PE2I

Simultaneously with the start of the PET scan, 350-400 MBq of [''C]PE2I was
administered to the subjects in paper I-III. Data were acquired dynamically
for 80 min and reconstructed into 22 frames of increasing duration (4 x 60, 2
x 120, 4 x 180 and 12 x 300 s). [''C]PE2I was synthesized using previously
described methods [38, 61].

[SF]THKS317

In Papers IV-V, circa 3 MBg/kg ["*F]THK5317 was administered to the sub-
jects at the start of the scan. Nine AD patients, four MCI patients and nine HC
received a 90 min dynamic PET scan (25 frames; 6 x 10, 3 x 20, 2 x 30, 2 x
60, 2 x 150, 4 x 300 and 6 x 600 s) while remaining subjects received a 60
min scan (22 frames; 6 x 10, 3 x 20, 2 x 30,2 x 60, 2 x 150, 4 x 300 and 3 %
600 s). The radiosynthesis of ['"*F]THK 5317 are described in the supplemen-
tary material of Paper IV.

Blood sampling

All subjects in Paper IV underwent arterial blood sampling during the
["®F]THK5317 PET scan. Discrete arterial blood samples were used for me-
tabolite analysis and for measurement of whole-blood and plasma radioactiv-
ity to be applied as an input function in the analysis. Blood was drawn contin-
uously during the first 10 min of the scan (3 mL/min) and discrete blood sam-
ples (5 mL) were taken at 5, 10, 15, 20, 30, 45, 60, 75 and 90 min p.i.

Image analysis

Image processing and VOI definition

All PET data were realigned to correct for subject movement using a rigid
frame-to-frame realignment procedure in VOlager (GE Healthcare, Uppsala,
Sweden). The MRI scans were co-registered to the first part of their respective
[''C]PE2I or ["*F]THKS5317 PET images, 0-3 min and 0-5 min respectively,
and segmented into grey matter, white matter and cerebrospinal fluid (CSF),
using Statistic parametric imaging (SPM5 or SPMS; Wellcome Trust Center
for Neuroimaging, University College London, UK). Volumes of interest
were defined on the co-registered MRI images using a probabilistic VOI tem-
plate implemented in the PVElab software [62]. Figure 7 shows the PVELab-
obtained VOIs from one HC. In Paper II, the ["*F]FDG scans were summed
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over all frames, and the ['*I]FP-CIT SPECT data were analysed by an auto-
mated VOI template [63] using the BRASS software (Hermes Medical Solu-
tion).

Figure 7. Example of PVElab VOIs from one healthy control fused with the sub-
jects” MRI image. Different VOIs are shown in different colors.

Tracer kinetic analysis

Plasma input models

In order to obtain a plasma input function for the subjects in Paper IV, where
blood sampling had been performed, the measured whole-blood data was mul-
tiplied by a single exponential fit to plasma—to—whole-blood ratios and a sig-
moid fit to the measured fraction of intact ['"*F]THK5317 in plasma. 1TCM
and 2TCM were applied to the ['"*FJTHK5317 data in Paper IV, using the
plasma input function. BPxp values were calculated both directly and indi-
rectly as DVR-1 and DVR-1 was also computed using plasma-input Logan.

Reference tissue models

SRTM was used for VOI-based analysis of [''C]PE2I in Paper I, calculating
both BPxp and Rj, which in previous studies has shown a good correlation
with compartmental modelling using plasma input [37, 45]. VOI-based anal-
ysis with SRTM was also performed for ['*F]THK5317, including the calcu-
lated BPnp values in Paper IV and the R values in Paper V. In both Paper IV
and V, DVR-1 values were estimated for ['"*FJTHK5317 on a VOI-basis using
reference Logan. For the reference region methods, grey matter cerebellum
was considered the standard reference region for both [''C]PE2I and
["®F]THK5317, since it is a region with no concentration of both DAT [61]
and tau.

Parametric images

Voxel-wise analysis was performed for all [''C]PE2I and ['*F]THK 5317 data
included in this thesis. First, in order to validate the models for generation of
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parametric [''C]JPE2I BPxp and R, images in Paper I, two basis function meth-
ods (RPM and RPM2) and three multilinear reference tissue models (MRTM,
MRTMo and MRTM2) were applied. Additionally, DVR-1 images were gen-
erated using reference Logan using a time interval of 30-80 min, and SUVR-
1 was estimated for each voxel for the last 20 min of the scan, 60-80 min.
Voxel-level analysis of ['*F]THK 5317, in Paper IV was performed using RPM
and RPM2 for generation of parametric BPxp images. Reference Logan DVR-
1 images were generated on a time interval of 30-90 min and SUVR-1 images
were estimated at 70-90 min.

Furthermore, RPM was used to generate BPxp and R; images for [''C]PE2I
in Paper II and 111, for both quantitative and visual comparison to ['*’I]JFP-CIT
and ['"*F]JFDG images, respectively, and for comparison to the simplified anal-
ysis methods implemented in Paper III. In Paper V, parametric DVR-1 images
of ["®F]THK5317 were generated using reference Logan and R; images was
calculated with RPM.

In Paper 11, the ["*F]FDG volumes were co-registered to the [''C]PE2I R,
image of the respective subject, in order to be able to apply the same set of
VOIs to both images. The summed ['*F]JFDG images were then normalized to
cerebellum to obtain uptake ratio images.

Simulations

Simulations were performed in Paper [ and IV to assess accuracy and precision
of the models. Time-activity curves were simulated using 2TCM with a
plasma input curve. The kinetic parameters were based on typical values from
the literature for [''CJPE2I [39, 45] in Paper I and with typical values from the
clinical data for ["*F]THK5317, in Paper IV, and a plasma input function from
one typical subject. For each set of parameters, 100 TACs were created and
Gaussian noise was added randomly. The noise level was set to 2% to resem-
ble the noise of a typical striatum- or cortical-VOI for [''C]PE2I and
['"*F]ITHK5317 respectively and to 10% to resemble the noise of a typical
["'C]PE2I striatal-voxel. Two set of rate constants were used for both
[''C]PE2I and ["*F]THK5317, to reflect both high and low binding.

Shorter acquisition time

Different durations of the acquired PET data were considered in order to eval-
uate the possibility of a shortened scan protocol. For [''C]PE2I, the first 20
min (10 frames), 30 min (12 frames) and 40 min (14 frames) of the original
80 min data were considered in Paper III, as shown in Figure 8. DAT availa-
bility was approximated as SUVR-1 for the last two frames of each data set
(14-20 min, 20-30 min and 30-40 min). In addition, parametric R; images were
generated for each shortened data set using RPM.
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Figure 8. Schematic overview of the different durations of the acquired [!!C]PE2I
and ['8F]THK5317 PET data considered for analysis.

For ['*F]THK 5317, the initial 40 min (20 frames) and 60 min (22 frames) were
evaluated in addition to the full 90 min data in Paper IV. For the shortened
data sets, plasma-input Logan and reference Logan analysis were performed
at a time interval of 20—40 min and 30-60 min, and SUVR-1 were calculated
for 20-40 min and 40—-60 min. The optimal timing of the SUVR measurements
of ['"®F]THK 5317 was investigated in Paper V. The time at which TE occurred
was determined as the peak of the specific binding curve for each considered
VOI, calculated by subtraction of the grey matter cerebellum TAC from the
VOI TAC. SUVR-1 was calculated for a 20 min interval centred around TE
as well as for seven consecutive 20 intervals between 10 and 90 min p.i., see
Figure 8.

Supervised cluster analysis

Although the principles of an implementation of the SVCA algorithm are sim-
ilar for each tracer, this method needs to be validated for both [''C]PE2I and
[""F]THK5317. An SVCA algorithm specific for [''CJPE2I and
["*F]THK 5317 was developed in Papers 11 and V. A set of kinetic classes was
predefined on the dynamic PET data from the set of subjects that were in-
cluded specifically for this purpose. Different regions were used for the defi-
nition of kinetic classes for [''C]PE2I and ['®*F]THK5317, but common for
both tracers were the use of a grey matter cerebellum VOI as a class corre-
sponding to non-specific binding. The definition of the classes other than grey
matter cerebellum was aimed at avoiding inclusion of their associated voxels
in the cerebellum class. The TACs from each kinetic class were normalized to
their respective area under the curve. In order to generate reference TACs
from the subjects included in the analysis, the TAC of each voxel in the dy-
namic data sets was also normalized to its area under the curve and a non-
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negative least-squares algorithm was used to find a linear combination of the
probability for each voxel to correspond to each kinetic class. Voxels with a
probability higher than a specific limit, investigated for each tracer separately
as described in Paper 1l and V, were assigned to that specific class. The voxels
selected for the cerebellum class were regarded as reference region and a mean
of the TACs of the selected voxels was calculated. The SVCA-extracted ref-
erence TAC was then used as input function to generate new parametric im-
ages for [''CJPE2I and ["®F]THK5317.

[M'C]PE2I

In Paper III, five HC subjects were included for the predefinition of five ki-
netic classes. Except for the grey matter cerebellum class, striatum (corre-
sponding to high specific binding), white matter, blood and a class to collect
remaining voxels were defined. The SVCA-extracted reference TAC was then
used as input function to generate new parametric BPxp and R, images for the
full 80 min [''C]PE2I data, as well as SUVR-1 and R, images for the shortened
data sets in the 12 HC and 12 patients with parkinsonism that were included
for the analysis.

[SF]THK5317

In Paper V, a set of four kinetic classes was predefined on dynamic
["*F]THK5317 data from 4 AD patients and 4 HC. Except for the grey matter
cerebellum class, grey matter, white matter and a blood pool class were de-
fined. The cerebellum class was defined on the HC subjects, to ensure that
only healthy tissue was included, while the grey matter, white matter and
blood pool classes were defined on the AD patients. New parametric SUVR-
1 images for the optimal time window as well as RPM R, images were gener-
ated with the SVCA extracted reference TAC as input function.

All modelling, simulations and SVCA analysis were implemented in Matlab
(Mathworks Inc., Natick, MA, USA).

Data evaluation

For quantitative evaluation of the parametric methods, regionally averaged
voxel values were retrieved by projecting the MRI based PVElab VOIs onto
the parametric images. The VOIs considered were specific for each study.
Correlation and agreement between the different methods were assessed using
the square of the correlation coefficient (R?) and slope of a linear or orthogonal
regression analysis.
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Paper [

Evaluation of the parametric methods for [''C]PE2I in Paper I was performed
by comparing regionally averaged BPxp, DVR-1 and SUVR-1 values, as well
as R; values, from the parametric images to VOI-based STRM values. Seven
different VOIs were considered: putamen, caudate, thalamus, midbrain, hypo-
thalamus, amygdala and hippocampus, averaged over left and right. Mean val-
ues of the within subject correlation and agreement in these seven VOIs were
assessed for both BPxp and Ri. BPnp and R values of the parametric methods
and VOI-based SRTM were also compared across subjects in a striatal VOI
(mean of caudate and putamen) and in thalamus. In the simulation study, per-
formance of the parametric methods was assessed by calculating the bias and
coefficient of variation (COV) for the BPnp and R, estimates of the parametric
models considered.

Paper I1

For comparison of the DAT availability of [''C]PE2I and ['*I]FP-CIT SPECT
images, VOIs over caudate and putamen were considered. Regionally aver-
aged voxel values from the [''C]JPE2I BPxp images were retrieved using the
PVElab VOIs while for ['*I]FP-CIT, regional uptake values were normalized
to occipital cortex, and retrieved using an automated VOI template as imple-
mented in the BRASS software (Hermes Medical Solution). For comparisons
of [''C]PE2I R, and normalized ["*F]FDG images, four different sets of VOIs
were considered including anterior cortical regions (cingulate and frontal cor-
tex), posterior cortical regions (occipital-, parietal and somatosensory-motor
cortex), striatal region (putamen and caudate) and a limbic region (amygdala,
hippocampus, hypothalamus and thalamus). The imaging data was evaluated
visually by two blinded nuclear medicine specialists. The image-based diag-
nosis was based on DAT availability in the [''C]PE2I BPxp or ['*I]FP-CIT
images, rated as normal or abnormal, and the overall brain functional activity
using the [''C]PE2I R, or ["*F]JFDG images, based on specific pathological
patterns for glucose metabolism a reported for various parkinsonian disorders
[24, 25, 64]. The most probable type of parkinsonism was determined for the
set of BPnp and R images and for the ['"*F]JFDG and ['*I]JFP-CIT images sep-
arately.

Paper 111

In Paper 111, the regions considered for evaluation of [''C]PE2I BPxp were, as
in Paper I and II, putamen and caudate. For Ry, three set of VOIs were consid-
ered; striatum (caudate, putamen), a cortical group (frontal-, parietal, occipi-
tal, somatosensory and motor cortex) and a limbic group (thalamus, hypothal-
amus and amygdala). SUVR-1 and R; values of the shortened data sets; 20,

30



30 and 40 min, were compared to the BPxp and R; values of the complete 80
min data. BPxp and R; values obtained using of the full 80 min [''C]PE2I data
with either an MRI-based or SVCA-based reference were compared. In the
same way, SUVR-1 and R, values of the shortened data sets with SVCA-based
reference were compared to the BPxp and R; values with MRI-based refer-
ence. The standardized difference between the mean BPxp and SUVR-1 val-
ues (Cohens d), between the HC and the subjects with parkinsonian disorders,
was calculated for each scan duration and with both MRI- and SVCA-based
reference.

Paper IV

Eleven VOIs were included in the evaluations of the tracer kinetic analysis of
['"®F]THK5317; thalamus, putamen, hippocampus, amygdala, midbrain, pari-
etal-, frontal-, temporal entorhinal- occipital- and sensory motor cortex, all
averaged over left and right hemispheres. The optimal plasma-input compart-
ment model was determine using Akaike [65] and Schwarz [66] criteria. Fur-
thermore, VOI-based BPxp and DVR-1 from the reference tissue models,
SRTM and reference Logan, were compared to the optimal plasma input com-
partment model and plasma input Logan. The parametric methods were quan-
titatively evaluated by comparison to the VOI-based values from the optimal
reference method. Bias and COV were calculated for the BPxp, DVR-1and
SUVR-1 estimates of the simulated ['*F]THK 5317 data.

SRTM BPnp, reference Logan DVR-1 and SUVR-1 of the shortened data
sets, 40 and 60 min, were compared their respective binding estimates when
using the full 90 min data.

Paper V

The relationship between SUVR-1 of the different time interval for the
['"®F]THK 5317 scan and reference Logan DVR-1 were assessed by correlation
and bias analysis. SUVR-1 values at the optimal time interval calculated with
SVCA-based reference were compared to those using an MRI-based reference
region. Parametric RPM R; values of the shortened scan duration, matching
that of the optimal time found for SUVR-1 estimations, were compared to
SRTM R;.
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Results

[''C]PE2I

Parametric images

For [''C]PE2I, the results of Paper I showed that the receptor parametric meth-
ods, RPM and RPM2, provided qualitatively the best images for both the par-
kinsonism patients and SAD subjects, especially with regards to the R; im-
ages. None of the multi linear reference tissue models could provide qualita-
tively good images. The within-patient comparison of the parametric methods
to VOI-based SRTM showed a high correlation for the BPxp estimates for all
methods, while only RPM- and RPM2-based R; values showed a high corre-
lation to SRTM R; values. In the across-subject comparison in thalamus and
striatum separately, RPM and RPM2 showed the highest correlation to SRTM,
regarding both BPxp and R;. Both DVR-1 values obtained using reference
Logan and SUVR-1 showed a high correlation to SRTM BPnp, whereas
SUVR-1 values were greatly overestimated as compared to BPnp. Parametric
RPM BPnp and R images are shown in Figure 9.

Simulations

The highest accuracy and precision of [''C]JPE21 BPxp and R; estimates of the
different parametric method was found for the receptor parametric mapping
methods, with a better accuracy for RPM than RPM2, for both high and low
BPxp values.

Relationship between [''C]PE2I and the dual scan approach

Comparison between [''C]PE2I BPxp and ['*’I]FP-CIT uptake ratio values
showed a high correlation in putamen, R*=0.92 and a lower correlation in cau-
date, R?=0.57. Relationship between the [''C]PE2I R; and normalized
["*F]JFDG values showed a variety of correlation values over different brain
regions, ranging from R?*=0.37 — 0.88, with the lowest correlations in the mid-
brain and limbic regions and the highest correlations in the cortical regions.
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Figure 9. Parametric [''C]PE2I images from one patient with parkinsonism and one
HC. Top row comparing BPxp and SUVR-1 and bottom row R; for different scan
durations with either an MRI- or SVCA-based reference region.
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Figure 10. Parametric [''C]PE2I BPnp and R; images compared with ['?)[]JFP-CIT
and ['8F]FDG images from one patient with parkinsonism.
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Visual image assessment

Regarding the diagnosis of the patients, based on the visual image assessment
of both DAT availability and overall brain function, there were 4 discrepan-
cies between the two data sets of [''C]JPE2I R; and BPxp or normalized
["*F]JFDG and ['*I]FP-CIT uptake images. Discrepancies from the clinical di-
agnoses was found in 9 cases compared to parametric [''C]PE2I images and
in 8 cases compared to the dual scan approach. An example of a comparison
between the [''C]JPE2I BPxp and R; images and normalized ["*F]FDG and
['ZI]FP-CIT uptake images is given in Figure 10.

Acquisition time

Striatal SUVR-1 calculated on time intervals of 20-30 and 30-40 min showed
a high correlation to BPxp values of the full 80 min scan (R*=0.82 and 0.87,
respectively), while correlation was lower for SUVR-1 at 14-20 min.

SUVR-1 values were underestimated compared to BPxp values, with the
underestimation increasing for decreasing scan time. R; values of the short-
ened data sets showed a high correlation to R; of the full 80 min data in all
regions and for all scan durations. One subject was found to deviate in terms
of high R; values. This outlier corresponds to a parkinsonism subject with
probable MSA with cerebellar atrophy. The decreased blood flow in cerebel-
lum of this subject (see Figure 3 in Paper II) resulted in excessively high R;
values when using cerebellum as a reference region.

Supervised cluster analysis

The relationship between BPnp using an MRI- and SVCA-based reference re-
gion at the full scan duration showed a high correlation, R*=0.99. R; values
computed with SVCA-based reference region also showed high correlations
compared to an MRI-based reference. When comparing the parametric esti-
mates of the shortened scan durations with SVCA-based reference to BPxp
and R; values of the full scan duration calculated using MRI-based reference,
the correlation was high regarding striatal SUVR-1 estimates with SVCA-ref-
erence region for all scan durations, R*>0.85. R; values calculated with
SVCA-based reference showed a high correlation to MRI-based R; values for
all scan duration, in both striatal and limbic regions (R*=0.84-0.94), but with
an overestimation compared to 80 min R; with MRI-based reference. A lower
correlation was found between the R; values of the shortened scan durations
and SVCA-based reference compared to 80 min R; with MRI-based reference
in cortical regions. A comparison between 80 min BPxp and R; images with
MRI-based reference and 30-40 min SUVR-1 and 40 min R; images with
SVCA-based reference are shown in Figure 9. BPxp and SUVR-1 values in
putamen for the two groups separately, is shown in Figure 11A, for all scan
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durations using an SVCA-based reference, as well as for the full 80 min data
using MRI-based reference. The effect size (Cohen’s d) is shown in Figure
11B, with values >4 for all acquisition times with SVCA-based reference, in-
dicating a high degree of discrimination between patients with parkinsonism
and HCs.
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Figure 11. A) BPnp values for the full 80 min acquisition time with both MRI- and
SVCA-based reference region, and SUVR-1 values for the shorter scan durations
with SVCA-based reference, in putamen, for the HCs and the patients with parkin-
sonism. Horizontal bars show mean and standard deviation of each group. B) Stand-
ardized difference of the mean (Cohen’s d) of BPxp and SUVR-1 values in putamen
between the patients with parkinsonism and the HCs for varying scan durations

[SF]THK5317

Tracer kinetic analysis

The 2TCM showed a better fit to the data than 1TCM and was also the pre-
ferred method according to both Akaike and Schwarz criteria in all cases ex-
cept two. However, BPxp was not possible to determine directly with any ro-
bustness using 2TCM. A high agreement between 2TCM DVR-1 and plasma-
input Logan DVR-1 was found, and plasma-input Logan was used for evalu-
ation of the reference methods. Both reference Logan DVR-1 and SRTM
BPwp showed high accuracy when compared to plasma input models, with R?
and slope values close to, or equal to, one. SUVR-1 values for a late time
window of 70-90 min showed a poor correlation and were overestimated com-
pared to both plasma input Logan DVR-1 and SRTM BPnp.
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Parametric images

Three of the four methods used for generating parametric methods; RPM
RPM2 and reference Logan, showed a very high correlation to VOI-based
SRTM values, with R*>0.98. However, the agreement, as indicated by the
slope was best for reference Logan. SUVR-1 at 70-90 min was overestimated
compared to the other methods and showed only moderate correlation to
SRTM. Parametric reference Logan DVR-1 and RPM R; images are shown in
Figure 12 for one AD and on HC.
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Figure 12. Parametric ['8F]THK5317 images from on AD patient and one HC. Top
row comparing DVR-1 and SUVR-1 and bottom row R, for different scan durations
with either an MRI- or SVCA-based reference region.

Simulations

Accuracy and precision of the simulated BPxp, DVR-1 and SUVR-1 values
for the different methods were in general better for low binding than for high
binding. Reference Logan performed best among the reference methods and
showed a lower COV than plasma input Logan.SUVR-1 was the least accurate
for both high and low binding.

Acquisition time

There was no appreciable effect on SRTM BPxp and reference Logan DVR-1
when decreasing the scan duration to 60 min, while the correlation was poorer
with the 40 min data set. SUVR-1 at 20-40 min values were underestimated
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compared to the 70-90 min interval. Time to TE varied across regions, which
is shown in Figure 13A, but over all subjects and regions, SUVR-1 for a 20-
40 min time window correlated best with reference Logan DVR-1, and
showed the lowest mean bias. Cohen’s d between AD patients and HCs of
DVR-1 and SUVR-1 at TE and the different time intervals, for amygdala, pa-
rietal-, temporal- and entorhinal cortex are shown in Figure 13B.

Supervised cluster analysis

High correlation was found both between SUVR-1 for an 20-40 min time win-
dow, with MRI- and SVCA-based reference (R’=0.93) and between 40 min
R, values with SVCA-based reference and 90 min R, values with MRI-based
reference (R*=0.94). A comparison between reference Logan DVR-1 and R
images with MRI-based reference and 20-40 min SUVR-1 and 40 min R im-
ages with SVCA-based reference is shown in Figure 12. Highest Cohen’s d
values were found for parietal cortex for time windows centred around 30 min
and higher.
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Figure 13. A) Mean time to TE for the investigated regions. B) Cohen’s d as a func-
tion of DVR-1 and SUVR-1 at TE and the different time intervals, between AD pa-
tients and HCs.
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Discussion

[''C]PE2I

The first step in this thesis was to validate parametric methods for voxel-wise
quantification of [''CJPE2I. The results in Paper I showed that the receptor
parametric mapping methods, RPM and RPM2, showed robust and quantita-
tively correct results, both for clinical data and simulated data. Previous stud-
ies have shown an underestimation of 30-50% for BPxp in DAT rich regions
when using a reference region method compared to plasma-input models [38,
39]. It has been discussed previously that the kinetics of the cerebellum may
be affected by possible uptake of metabolites retaining the ''C label. In this
case, the reference tissue methods will show an underestimation compared to
BPxp estimated using plasma-input method. However, if metabolites are not
binding specifically, and their uptake is uniform across brain regions, this
should not affect correlation between plasma- and reference-tissue-based
BPxp estimates. The importance of an underestimation of BPxp is small as
long as there is a good correlation between the estimates obtained from the
reference tissue and plasma input model [67].

The results from Paper II shows that [''C]PE21 BPxp and R; images com-
prised information equivalent to the dual scan approach with ['*IJFP-CIT
SPECT and ["®F]FDG PET scans, in terms of specific pathologic patterns and
correlations of quantitative values. In about half of the patients, the clinical
diagnosis deviated from the imaging results. A previous study has reported
similar results, with more than 50% of the initial clinical diagnosis changed
after imaging with ['**1]JFP-CIT SPECT [68]. To date, no long-term follow-up
is available to assess the correctness of the image-based diagnosis for the in-
cluded patients.

The major challenge for clinical use of [''CJPE2I is the long scan acquisi-
tion time required which is not suitable in a clinical setting and especially not
for patients suffering from movement disorders, as well as the need for an
additional structural MRI scan for reference region definition. These issues
were addressed in Paper III, where a clinically feasible scan protocol and anal-
ysis methods were evaluated. For the shorter scan duration, the DAT availa-
bility was estimated as SUVR-1, with the time window of 30-40 min showing
the highest correlation the 80 min BPxp values. For [''C]JPE2I, TE occurs at
around 30 min which further supports use of the 30-40 min time interval for
SUVR estimations.
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Irrespective of the use of an MRI- or SVCA-based reference region,
SUVR-1 values for scan durations shorter than 40 min showed a low correla-
tion and agreement to the 80 min BPxp values, and a lower difference between
SUVR-1 of the group of parkinsonism patients and the control group.

The shorter scan durations did not to any major extent affect the accuracy
of R; values as long as an MRI-based reference region was used. A lower
correlation to R; values for the original 80 min data with an SVCA-based ref-
erence was however observed in cortex Ri. One reason for this may be the
relatively narrow range of cortical R; values. However, the within-subject cor-
relation between the R; values of the based on an SVCA reference region and
the 80 min R; values with MRI-based reference was high for all scan dura-
tions.

A limitation in the study in Paper III is the significantly higher age of the
patients then of the controls. Previous PET studies have reported an age-re-
lated decline of DAT in both caudate and putamen of 6 -8 % per decade [69,
70]. This suggests that the different between the two groups in Paper 111 would
have been lower if they had been of the same age. Recently, we investigated
the age related-effect of DAT availability measured with [''C]PE2I, using
both BPxp and SUVR-1 measures and using the methods presented in this
thesis. In line with a previous study with ['*F]FE-PE2I, there was a mean de-
cline of 7.6% and 6.2% per decade of BPxp and SUVR-1, respectively, in
caudate. However, no significant decline of either BPnp or SUVR-1 was ob-
served in putamen, see Appendix A. These results, deviating from previous
studies, need to be further investigated. Thus, while using the same analysis
methods as implemented for [''CJPE2I analysis in Paper III, these findings
indicates that there would be no further decrease of the difference between the
two groups in putamen, regardless of using age-matched controls. However,
for clinical assessment of DAT availability, the age-related decline needs to
be considered for both BPnypand SUVR-1 values in caudate.

Another challenge for the clinical application of [''C]PE2I, is the short
half-life of ''C, 20.4 min. This requires access to a cyclotron and on-site tracer
production, in contrast to for example ['*I]FP-CIT or '*F-labelled DAT lig-
ands such as ['*F]FE-PE21. However, in generally, the differential diagnosis
of parkinsonism takes place at specialized hospitals that often have access to
a tracer production facility.

Advantages of using [''C]PE2I PET over ['*I]FP-CIT are the higher reso-
lution of PET compared to SPECT as well as the inherently quantitative nature
of PET, which is further utilized by generating parametric images. [''C]PE2I
also has a higher selectivity to DAT than ['*I]FP-CIT, which also binds to
serotonin and norepinephrine transporters [71]. In addition, there is a reduc-
tion of the radiation dose of about 70% when using a single [''C]PE2I PET
scan compared to the dual scan approach with both ['*I]FP-CIT and
['"®F]FDG, and the need for a single hospital visit only, to assess both DAT
availability and overall brain functional activity.
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[SF]THK5317

The results from Paper IV showed that the ["*F]THK 5317 kinetics were best
described applying the 2TCM, with tau binding estimated as DVR-1. Both
SRTM BPnp and reference Logan DVR-1 agreed well with plasma-input mod-
els. Reference Logan DVR-1 performed best when applied on a voxel-level
and agreed best to VOI-based SRTM values. The evaluation of shorter scan
durations in Paper IV showed that 60 min was sufficient for accurate quanti-
fication using reference Logan DVR-1 measures. The results from Paper V
demonstrated that the scan duration could be further decreased when estimat-
ing ["®*F]THK5317 binding using SUVR-1. There was a high variation of time
to TE across the different brain regions, and between AD and HC, which com-
plicates the definition of a general time interval for SUVR-1 calculations.
However, SUVR-1 for the 20-40 min time interval showed highest correlation
and agreement to the DVR-1 values overall, for both AD and HC subjects.

As shown in Paper IV, there is a high white matter uptake primarily because
of the lower clearance rate in white matter than in grey matter regions. The
parametric BPxp or DVR-1 images considerably reduced the high with matter
signal as compared with SUVR-1 at 70-90 min. Partial volume corrections
were not assessed in this work but could possibly improve the quantitative
accuracy by accounting for white-matter spill-over.

SUVR-1 at the time interval of 20-40 min using an SVCA-based reference
showed a high agreement to SUVR-1 with MRI-based reference indicating
that the SVCA method can be used to provide a reference TAC directly from
the dynamic ["*F]THK5317 scan.

As previously shown, R; estimate from the dynamic ['*F]THK5317 scan
demonstrates a high correlation to ['*F]JFDG uptake [72] and as shown here, a
40 min scan duration is sufficient for measuring R; with an SVCA-based ref-
erence. This makes it possible to use dynamic ['"*F]THK5317 for dual-bi-
omarker investigations and could potentially serve as a substitute for
["*F]FDG.

There has been some concern about binding of tau tracers such as the struc-
turally related tracer ['*F]THK5351 to monoamine oxidase-B (MAO-B) pre-
sent in astrocytes [73]. A recent in vitro study of the racemic compound
[*"H]THK5117 showed relatively low affinity to monoamine oxidase-B indi-
cating that competitive binding of the corresponding ["*F]THK 5317 would not
present a problem at the concentrations encountered during clinical PET stud-
ies [74, 75], although in vivo, an off target binding is evident in the basal gan-
glia [76]. However, newly developed tau tracers that are being evaluated, such
as ["*FIMK 6240, are showing much lower off-target binding [77, 78].
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General discussion

The use of short, static scans is attractive for clinical applications. A dynamic
PET scan can however result in parametric images showing both the binding
of the tracer and also the relative tracer delivery, which can be used for assess-
ment of overall brain function. Using simplified analysis methods and de-
creased scan duration, while maintaining quantitative accuracy, can facilitate
the use of dynamic PET in clinical practice as well as in research investiga-
tions.

Even though an MRI in many cases is performed in patients with neuro-
degenerative disease, an automated way of extracting the reference region can
still be of value to simplify the analysis of dynamic PET data. In some cases,
as seen for example in the MCI subject with degeneration of cerebellum, in
Paper 111, the use of an SVCA-based reference provided more correct quanti-
fication than when cerebellum was used as reference. This may also apply to
other types of brain injuries with associated tau pathology, as for example
brain trauma patients where the cerebellum can be impaired.

The results in this work are not directly applicable to other PET tracers.
Issues such as differing kinetics may influence the choice of cluster classes
for implementation of SVCA and an optimal time window for calculations of
semi-quantitative values, such as SUVR-1, should be evaluated carefully for
each tracer. However, the underlying methods evaluated in this thesis can be
useful for many different applications.
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Concluding remarks

The overall focus of this thesis has been to evaluate models for quantification
of dynamic [''C]PE2I and ['®F]THK5317 PET data, and to validate simplifi-
cations of these methods, suitable for use in a clinical setting.

[''C]PE2I

Papers I-1II supply valuable information on the feasibility of the clinical use
of dynamic [''CJPE2I for differential diagnosis of parkinsonian disorder. The
main findings in Papers I-11I were the following:

I

II

I

Parametric [''C]PE2I images showing DAT availability, BPxp, and
the relative tracer delivery, Ry, can be robustly obtained using RPM.
The parametric BPxp and R images from a single dynamic [''C]PE2I
scan can be used to evaluate parkinsonian disorders and their use is a
powerful alternative to a dual scan approaches with ['*I]FP-CIT and
["*F]FDG.

Simplification of the acquisition and analysis methods for [''C]PE2I
is possible by shortening the scan acquisition time to 40 min and using
a clustering method to obtain a reference region directly from the dy-
namic scan, while still adequately being able to discriminate between
control subjects and patients with reduced DAT availability.

In 2015, [''C]PE2I was introduced clinically at Uppsala University Hospital
and in 2017 over 120 patients with parkinsonian disorders have been investi-
gated with [''C]PE2I and the methods developed in this thesis.
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[SF]THK5317

The work in Papers IV-V showed that simplified analysis methods can be ap-
plied for quantification of ["*F]THK 5317 and the main findings were the fol-
lowing:

I A reference tissue method can be used for quantification of tau pathol-
ogy with ['"®F]THK5317 on both VOI- and voxel-level, overcoming
the need for arterial blood sampling.

1I An SVCA-based reference region combined with a scan duration of
40 min, for assessment of both SUVR-1 and R; measures, can be ap-
plied to further exploit applications of ['*F]THK 5317 PET.

Future perspectives

The methods developed and validated in this thesis have shown great potential
for clinical applications. Although these results are not directly applicable to
other PET tracers, evaluation of these methods for quantification of dynamic
PET data using other tracers could possibly further facilitate use of dynamic,
multi-parameter PET in clinical settings.

For example, as mentioned in the discussion, the use of [''C]PE2I is limited
to hospitals with access to a cyclotron and tracer production facilities. There-
fore, implementation of these methods for a '*F-labelled tracer such as
['®*F]FE-PE2I would make the methods described for [''C]PE2I available out-
side of the university hospitals. This could also enable multi-centre research
collaborations to increase the knowledge of Parkinson’s disease and similar
syndromes.

The use of a supervised clustering method could also be of great potential
when investigating diseases where the cerebellum may be affected and imple-
mentation of SVCA could be a strategy for accurate quantification of dynamic
PET data these patients.
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Summary in Swedish

Positronemissionstomografi (PET) 4r en funktionell avbildningsmetod som
bygger pa att en sparsubstans markt med en radioaktiv isotop, till exempel kol-
11 ('C) eller fluor-18 (**F), administreras i kroppen. Den strdlning som spér-
substansen ger upphov till kan registreras av PET-kameran och distributionen
av sparsubstansen i kroppen kan métas. Genom att goéra PET-métningen 6ver
tid, en sé kallad dynamisk undersdkning, fis information om hur koncentrat-
ionen av sparamnet i kroppen forandras over tid. Med den informationen, och
med hjélp av olika matematiska modeller, kan kvantitativa parametrar som till
exempel relativa blodflédet och bindning av sparsubstansen till specifika mal
i kroppen, berdknas. Dessa berdkningar kan goras for varje pixel i PET-bilden,
sé kallade parametriska bilder, vilket ger en tydlig visuell uppskattning av de
parametrar som &r av intresse. Pa detta sétt kan alltsa mycket mer information
fés fran en PET-undersokning &n om man bara en statisk bild hade tagits, men
det kriver vanligtvis en langre undersdkningstid (60-90 min istillet for 10-20
min) och i vissa fall samtidig blodprovstagning, vilket gor undersdkningen
svar for patienterna.

Alzheimers sjukdom och Parkinsons sjukdom ar de tva vanligaste neuro-
degenerative sjukdomarna i vérlden. Vid Parkinsons sjukdom och andra
parkinsonliknande tillstind &r hjdrnans dopaminsystem och Overgripande
funktion foréndrad i olika grad. Gemensamt for dessa sjukdomar &r att det kan
varas svart att erhédlla en entydig diagnos utifrdn enbart kliniska undersok-
ningar. Med hjilp av PET och sparimnet [''C]PE2I sa kan tillgingligheten av
dopamintransportdrer (DAT) i hjdrnan mitas. Hos patienter med parkinson-
ism foreligger det vanligtvis en nedsatt DAT-tillgénglighet. Alzheimers sjuk-
dom karaktériseras av en médngd olika komplexa patofysiologiska processer.
En av dessa ar ackumulering av proteinet tau i hjdrnan, vilket &r nira ldnkat
till neurodegeneration och forsdmrad kognitiv formaga. PET och spardmnet
[""F]JTHK5317 kan mita tillginglighet av tau-protein in hjirnan, som &r en
tidig markor for Alzheimers sjukdom.

PET kan spara relativt smé biologiska fordndringar i hjarnans funktion och
kan var till stor nytta bdde vid forskningsstudier och vid klinisk utvirdering
av dessa sjukdomar. For att berdkna parameterbilderna fran dynamiska PET-
undersdkningar utan att behdva ta blodprover kréavs att det gar att definiera en
region i hjdrnan som inte har ndgon bindning av sparsubstansen, en sa kallad
referensregion. Detta gors vanligtvis manuellt eller med automatiska metoder
som krdver att man har tillgang till en strukturell bild av patientens hjirna, tex

44



frdn en magnetresonanstomografi (MRT) undersokning. For att forenkla an-
vandningen av dynamisk PET é&r det onskvért att de relativt ldnga undersok-
ningstiderna kan forkortas och att det gar att anvidnda forenklade analysme-
toderna for kvantifiering av de parametrar som ar av intresse samt att kunna
definiera en referens-region direkt frén det dynamiska PET-datat.

Syftet med den hér avhandlingen var dels att utvirdera metoder for att ta
fram kvantitativa matt for bade bindningen och relativa fldet fran dessa PET-
undersokningar och att validera forenklade analysmetoder. Forkortade under-
sOkningstider och automatiserade sétt att ta fram den referensregion som krévs
for att kunna berdkna parameterbilderna for bade [''C]JPE2I och
["®F]THK5317 data undersoktes ocksé. Dessutom jimfordes bilder av DAT-
tillgéingligheten och relativa blodflodet, som beriknats fran en [''C]PE2I
undersokning, mot tidigare bilddiagnostiska metoder for differentialdia-
gnostik av parkinsonism, som har krdvt tva separata undersokningar. Bade
friska kontroller och patienter med parkinsonism och Alzheimers sjukdom in-
kluderades for PET-undersokningarna.

Resultaten fran de ingdende arbetena i avhandlingen har visat att de para-
meterbilder som tagits fram fran en dynamisk [''C]JPE2I PET undersdkning i
hog grad 6verensstimmer med de upptagsmonster som man ser vid de tidigare
undersokningsmetoderna. Det har ocksé visats att det &r mdjligt att korta ner
den dynamiska PET-undersokningen frén 80 till 40 min och fortfarande be-
halla den kvantitativa informationen avseende DAT-tillgdnglighet och relativt
blodflode. Dessutom kan en klustermetod anvéndas for att ta fram en referens-
regionen direkt frdn den dynamiska PET undersokningen, vilket ytterligare
forenklar analysen av bilderna. Liknande resultat sags for ['"*F]THK 5317, dir
bade reducerad undersokningstid, fran 90 till 40 min, och férenklade analys-
metoder for kvantifiering av tau-bindning och relativt blodfléde kan anvéndas
for att dra nytta av dynamisk ['*F]THK 5317 PET.

Metoderna som har utvecklats i denna avhandling gor det mojligt att till
fullo anvinda de mojligheter PET ger ndr det géller att méta flera olika pro-
cesser 1 hjarnan under en och samma undersdkning, med en undersdkningstid
som ér tillrdckligt kort for att kunna anvéndas i kliniken och med néistan helt
automatiskt bildanalys. Sedan 2015 har ["'C]PE2I, och de metoder som ut-
vecklats och validerats i den hir avhandlingen, anvints kliniskt pd Akade-
miska sjukhuset i Uppsala for differentialdiagnostik av patienter med parkin-
sonism.
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Appendix A

Age-related dopamine transporter availability measured
using [''C]PE2I PET

Introduction

[''C]PE2I is a positron emission tomography (PET) ligand with high affinity
and selectivity for the dopamine transporter (DAT). Decreased DAT availa-
bility is associated with various neurological disorders such as Parkinson’s
disease. We have recently shown that an 80 min dynamic [''C]PE2I PET scan
can be used for differential diagnosis of patients with parkinsonian disorder,
(Paper II). For routine clinical application, we have validated the use of shorter
acquisition times, with DAT availability estimated using standard uptake
value ratio (SUVR)-1 at 30-40 min p.i. (Paper III). Age-related decline of
DAT availability has previously been investigated with PET using ['*F]FE-
PE2I, showing a reduction of striatal DAT of about 7% per decade as meas-
ured with BPxp. The purpose of this study was to investigate the age-related
changes of DAT availability measured with [''C]PE2I PET using both BPxp
and SUVR-1 estimates.

Materials and Methods

Thirty healthy controls (HC) were included, age 20-67 years, as given in Sup-
plemental Table 1. Each subject underwent an 80 min dynamic PET scan after
injection of 350-400 MBq [''CJPE2l. Each subject also received a TI-
weighted MRI scan, for structural information, to be co-registered to the PET
scan. Volumes of interest (VOIs) were defined on the MRI image applying an
automated probabilistic VOI template (PVElab).

Supplemental Table 1. Mean age + standard deviation (SD) and numbers of males
and females included in each age-group.

Number of HC

Age-group (males / females) Mean age £ SD
20-30 6(3/3) 2442
30-40 6(3/3) 3342
40-50 73/4) 44 +3
50-60 5471 54+3
60-70 6(3/3) 65+2
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Parametric BPnp images were calculated using receptor parametric mapping
(RPM) for the full 80 min data set and SUVR-1 images were calculated for a
30-40 min time window. Cerebellar grey matter was used as reference region.
BPxp and SUVR-1 values in caudate and putamen were retrieved from the
parametric images by projecting the MRI-based VOIs, mean of left and right
side. Relation between the BPxp and SUVR-1 values and age was assessed
using linear regression and mean changes per decade were calculated.

Results

The relationships between age and DAT availability measured with BPxp and
SUVR-1 are given in Supplemental Figure 1. A decrease of BPxp was found
in both caudate and putamen with 7.6 and 2.5 % mean decrease per decade
respectively, although the decrease was only significant in caudate (p<0.05).
A significant decrease was also found for SUVR-1 values in caudate, 6.2 %
per decade, while no age-related effect on SUVR-1 values was observed in
putamen.

Supplemental Figure 1. Relationship between age and a) 80 min BPxp and b) 30-40
min SUVR-1, in putamen and caudate.

Discussion

The decline of 7.6 % of DAT availability per decade in caudate, measured
with BPp, is in line with previous studies. When estimating DAT availability
with SUVR-1 on a 30-40 min interval the age-related decrease is lower, which
may be explained by the previously demonstrated underestimation of SUVR-
1 compared to BPxp which decreases with decreasing BPnp values (Paper I1I).
Our result regarding the non-significant decline of DAT in putamen deviates
from previous studies and needs further investigation. While using these meth-
ods for clinical assessment of DAT availability, age effects need to be consid-
ered for both BPxp and SUVR-1 values in caudate.
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