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Parkinson’s Disease 

Parkinson’s disease is the second most common neurodegenerative disease after 

Alzheimer’s disease and the most common movement disorder. It is best known for 

its clinical motor symptoms, bradykinesia, tremor, and rigidity, which were first 

described by James Parkinson in 1817 in his “Essay on Shaking Palsy”: 

“Involuntary tremulous motion, with lessened muscular power, in parts not in 

action and even when supported; with a propensity to bend the trunk 

forwards, and to pass from a walking to a running pace: the senses and 

intellects being uninjured.” [1] 

Over 200 years after the first description by James Parkinson, more clinical 

symptoms of Parkinson’s disease, not related to movement, have been 

recognized. Non-motor symptoms, which include constipation, hyposmia, rapid eye 

movement sleep behavior disorder, and depression, can precede the onset of 
motor symptoms by years or even decades (Figure 1). Moreover, after the onset of 

motor symptoms, non-motor symptoms like dementia, incontinence or 

hallucinations are observed in the majority of Parkinson’s disease patients [2]. In 

Parkinson’s disease patients with appropriate pharmacological management of the 

motor symptoms, non-motor symptoms are now a major factor in decreased quality 

of life [3, 4].  

Even though considerable time has passed since its first description in 1817 and 

substantial efforts in the understanding of disease pathology and development of 
pharmacological treatments have been made, no treatments that prevent the 

progressive neurodegeneration are available yet. Hence, at present only the 

parkinsonian symptoms are treated. 
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Figure 1 Time course of the motor and non-motor symptoms of Parkinson’s disease with the 
clinical diagnosis of Parkinson’s disease as time 0 years. RBD, REM sleep behavior 
disorder; EDS, excessive daytime sleepiness, MCI, mild cognitive impairment (image from 
[2]) 

 

Risk factors of Parkinson’s disease 

Although the exact mechanisms for the development of Parkinson’s disease are 

still unknown, several risk factors have been described. The main risk factor for 

Parkinson’s disease is age. It has been shown that the incidence of Parkinson’s 

disease increases with age, e.g. from 0.04% at the age of 40 to 49 to 

approximately 2% for ages above 80 years [5]. Additionally, it was shown that men 

are more often affected than women [5, 6]. Furthermore, several environmental 

and genetic causes have been described as risk factors. For example, it has been 

shown that pesticide exposure, well water drinking and previous head trauma 
increase the likelihood of developing Parkinson’s disease [7].  

The first gene mutation related to Parkinson’s disease was discovered in 1997, in 

the SNCA gene [8]. a-Synuclein, encoded by SCNA, is part of the Lewy bodies that 

develop during the progression of Parkinson’s disease. The most common 

mutations associated with Parkinson’s disease are found in the leucine-rich repeat 
kinase 2 (LRRK2) [9, 10], a multi-domain protein involved in a variety of cellular 

processes in neurons, e.g. protein synthesis [11], autophagy [12] and neurite 

outgrowth [13], but which has also been found in immune cells [14, 15]. Among the 

missense mutations occurring in the LRRK2 gene, the G2019S mutation is the 
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most common with 1% occurring in sporadic and 4% occurring in hereditary cases 

of Parkinson’s disease [9]. Other genes shown to be associated with the disease 

are b-glucocerebrosidase (GBA), vacuolar protein sorting 35 (VPS35), PRKN, 

PINK1 and DJ-1 [16]. An age-dependent penetrance has been found in some 

genes associated with Parkinson’s disease [9, 17]. For example, for LRRK2 
G2019S a risk of 28% and 74% has been found at 59 and 79 years [9], 

respectively. Additionally, Parkinson’s disease is mainly sporadic, with familiar 

Parkinson’s disease occurring in only about 15% of all Parkinson’s disease cases 

[18]. Thus, it is assumed that a combination of various environmental and genetics 

factors promotes the development of the disease [19]. 

Pathophysiology of Parkinson’s disease 

Similar to other neurodegenerative diseases, one of the main pathological features 

of Parkinson’s disease is the formation of protein aggregates, which are found 

mainly in the brain but also in peripheral nerves, like the vagus nerve or enteric 

nervous system [20]. In Parkinson’s disease, these protein aggregates, termed 

Lewy bodies or Lewy neurites, are comprised of a-synuclein and can be found in 

cell bodies or neuronal processes. Braak et al. proposed a model for the spreading 

of Lewy bodies and neurites through the brain starting in the peripheral medulla 

oblongata before spreading to the pontine tegmentum, midbrain and eventually to 

cortical areas [21]. This spreading pattern corresponds well with the phases of 

Parkinson’s disease development, i.e. onset of prodromal non-motors symptoms, 

onset of motor symptoms and non-motor symptoms in the late disease stages. 
However, the presence of Lewy bodies in peripheral nervous systems has also led 

to the hypothesis that Parkinson’s disease may actually start in the gut before 

proceeding to the brain [22]. Furthermore, other protein aggregates like b-amyloid 

plaques and tau fibrils were also found in Parkinson’s disease patients with 

dementia, in comparable amounts as in Alzheimer’s disease patients [23]. 

Another pathological feature of Parkinson’s disease is the degeneration of 
dopaminergic neurons in the substantia nigra pars compacta, which decreases the 

dopamine content in the striatum. The resulting dopamine imbalance in the 

striatum leads to the development of the motor symptoms which can be treated 
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with dopamine replacement therapy using e.g. L-DOPA or dopamine receptor 

agonists. It should be noted that motor symptoms do not occur until approximately 

50 to 60% of the dopaminergic neurons in the substantia nigra have degenerated 

[24]. This led to the suggestion that compensatory mechanisms occur to reduce 

the dopaminergic deficit. Those mechanisms could be dopamine-related [25, 26]. 

Furthermore, other neurotransmitters such as γ-aminobutyric acid (GABA) or 

acetylcholine could compensate for the dopaminergic deficit in Parkinson’s disease 
[27, 28].  

The striatum and substantia nigra are part of the cortico-basal ganglia-thalamo-

cortical loop, which is comprised of the cortex, globus pallidus external and 

internal, the subthalamic nucleus and the thalamus. The basal ganglia are involved 

in learning, cognitive function, and movement. In the basal ganglia, the interplay of 

the neurotransmitter glutamine, GABA, dopamine, and acetylcholine can regulate 

movement via a direct and an indirect pathway. Degeneration of dopaminergic 

neurons as occuring in Parkinson’s disease leads to changes in basal ganglia 
signaling, such as increased cholinergic neurotransmission in the striatum due to 

reduced D2 receptor block, which can enable tremor. Hence, a hypercholinergic 

state in Parkinson’s disease was hypothesized and is used as a rationale for the 

continued use of anticholinergics to treat tremor by decreasing striatal cholinergic 

signaling [2, 29]. The cholinergic network is also involved in cognitive function and 

reduced signaling has been shown in Parkinson’s disease with dementia. Studies 

have shown the cortical cholinergic innervation to be more reduced in Parkinson’s 

disease patients with or without dementia compared to healthy controls [30].  

Besides protein aggregates, most neurodegenerative diseases also share the 

pathological feature of neuroinflammation. While an inflammatory response in itself 

is beneficial and important for homeostasis, exacerbated responses can have 

adverse effects and even damage surrounding tissue. Activated microglia in the 

brain of Parkinson’s disease patients were first discovered by McGeer et al. in 

1988 [31]. It has been shown that the use of anti-inflammatory treatments reduced 

the risk of developing Parkinson’s disease [7]. Nevertheless, it is still unknown 
whether neuroinflammation is a reaction to e.g. Lewy body development and 
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degeneration of neurons or whether it facilitates the development of Parkinson’s 

disease in the first place. 

Animal models of Parkinson’s disease 

For research on pathophysiological features, causes of disease initiation and 
progression, as well as the development and testing of pharmacological 

treatments, animal models of Parkinson’s disease have been developed. The most 

common species used are rodents but non-human primates, fish, c. elegans or 

yeast have also been used. The first and most commonly used were models in 

which toxins, such as 6-hydroxydopamine (6-OHDA), were injected in brain regions 

like the substantia nigra, medial forebrain bundle or striatum. After intracranial 

injection of 6-OHDA, dopaminergic neurons degenerate rapidly due to oxidative 

stress caused by the compound [32]. Motor and cognitive functions are affected in 
this model, depending on the extent of dopaminergic degeneration [33, 34]. 

Besides 6-OHDA, other toxins like 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) or rotenone have been used to model Parkinson’s disease [32]. 

Furthermore, lipopolysaccharide (LPS) has been used as a model of Parkinson’s 

disease. LPS induces inflammation after injection in e.g. the substantia nigra and 

this neuroinflammatory response can lead to the degeneration of dopaminergic 

neurons [35–38].  

With the invention and improvement of genetic modulation of rodents via bacterial 

artificial chromosomes (BAC), gene transfer using viral vectors, or most recently 

via CRISPR [39], several models involving genes shown to be affiliated with 

Parkinson’s disease have been developed. For example, rodent models with 

mutations or knock-out of SCNA, LRRK2, PINK1, parkin or DJ-1 gene have been 

developed to examine the effect of the mutation on factors, such as dopaminergic 

degeneration, protein expression and neuroinflammation [40]. 

PET imaging 

The clinical diagnosis of Parkinson’s disease is based on the manifestation of 

motor symptoms, exclusion criteria or red flags, e.g. repeated strokes, and 
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supportive criteria such as response to levodopa treatment [2, 41]. Nevertheless, a 

definite diagnosis of Parkinson’s disease can only be made postmortem by the 

presence of Lewy bodies and the degeneration of dopaminergic neurons in the 

substantia nigra pars compacta. Molecular imaging techniques like positron 

emission tomography (PET) enable the assessment of pathological processes 

such as dopaminergic denervation in vivo and could in the future aid in the clinical 

diagnosis of Parkinson’s disease [42]. 

PET imaging allows the measurement of physiological processes in the brain such 

as blood flow, receptor binding or enzymatic rates via the determination of the 

binding kinetics of radiolabeled molecules in the human or animal brain. For this, 

the radiolabeled molecule is injected intravenously into the bloodstream and its 

distribution in the brain is measured using a dedicated PET scanner. Hence, three 

elements are necessary for PET imaging: a ligand with a positron-emitting 

radionuclide, a PET scanner, and a live subject. 

Radioligands 

The most common positron-emitting radionuclides used for PET imaging are 11C 

and 18F, but also the radionuclides 13N, 15O, 64Cu, 68Ga, 89Zr and 124I are used. The 

radionuclide is produced in a cyclotron (particle accelerator) by bringing H+ or H- 

particles to a high velocity using magnetic and electrical fields and then shooting it 
on gas, liquid or solid target with which the particle interacts to generate 

radionuclides. After the generation, the radionuclide is chemically inserted or 

attached to the ligand of interest. For example, via isotopic labeling where a C, N 

or O in the ligand is replaced by 11C, 13N or 15O, respectively. 

The ligands used for PET imaging derive from a variety of chemical compounds, 

e.g. naturally occurring in the body, pharmacological compounds already in clinical 

practice or derivatives thereof. Nevertheless, all compounds and their respective 

physiological process have several crucial characteristics in common. First, the 
physiological process to be measured by PET imaging, e.g. receptor binding or 

enzymatic transformation, must be known so that a meaningful quantification is 

possible. The radioligand needs to be selective for the physiological process, have 
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low non-specific binding, as well as low binding to plasma proteins. Furthermore, 

the physiological process cannot be changed by the radioligand and, thus, only a 

small (trace) quantity of radioligand can be used to avoid pharmacological effects 

(tracer principle). The half-life of the radionuclide and, thus, the duration of the PET 

experiment must be suitable to the pharmacokinetics of the ligand. Furthermore, 

the radioligand should have low peripheral metabolism of the parent radioligand 

and the metabolites should not be able to cross in the tissue. For brain PET 
imaging, it is also essential that the radioligand is able to cross the blood-brain-

barrier. 

While most radioligands share certain features, three different types of radioligands 

can be distinguished. Reversibly bound radioligands are in equilibrium between 

association with (binding) and dissociation from their target while irreversibly bound 

radioligand are either irreversibly bound to their target or are enzymatically 

modified and consequently trapped in the tissue. Lastly, there are radioligands 

without a specific target like [15O]-H2O which show no specific binding or 
accumulation and thus can be used to estimate cerebral blood flow [43].  

The radioligand [15O]-H2O and [18F]-FDG were first used in brain imaging to assess 

cerebral blood flow [43] and glucose metabolism [44], respectively. However, many 

more radioligands have been developed since. For PET imaging in 

neurodegenerative diseases, the quantification of protein aggregates such as b-

amyloid with [11C]-PIB or Tau with [18F]-AV-1451 are among the latest 

developments [45, 46]. Furthermore, the neuroinflammatory component of 

neurodegenerative disease can be assessed using radioligands targeting the 

translocator protein (TSPO), such as [11C]-PK11195 or [11C]-PBR28 [47, 48]. In 

Parkinson’s disease, specific radioligands for the dopaminergic system have been 

used frequently. For example, the dopamine synthesis rate can be measured using 

[18F]-FDOPA, a catecholamine precursor which is decarboxylated to 6-

fluorodopamine, and then trapped in vesicles and or further metabolized [49]. [11C]-
DTBZ is a radioligand that binds to the presynaptically expressed vesicular 

monoamine transporter 2 (VMAT2) [50]. Besides the assessment of dopaminergic 

function other neurotransmitter systems like the serotonergic, noradrenergic or 

cholinergic network have gained attention in Parkinson’s disease research. Several 
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 1 
radioligands have been developed for the assessment of cholinergic neurons. 

Among the first were acetylcholine esterase (AChE) substrates like [11C]-MP4A 

and [11C]-PMP (also known as [11C]-MP4P) that are trapped in the brain after 

hydrolysis [51, 52], but also AChE ligands such as [11C]-donepezil [53]. 

Additionally, several radioligands for the vesicular acetylcholine transporter 

(VAChT) have been developed and one of these, [18F]-FEOBV, has already been 

used in first in-human studies [54]. Besides the assessment of AChE and VAChT, 
radioligands for quantification of muscarinic and nicotinic acetylcholine receptors 

have been developed. For example, [18F]-Nifene has been tested as a radioligand 

for the α4β2* nicotinic acetylcholine receptor in humans [55]. 

Principle of PET imaging 

The radioligand encompasses a radionuclide that emits a positron and neutrino 
during its radioactive decay. Depending on the radionuclide and surrounding 

environment, the positron travels an approximate distance of 0-3 mm before the 

collision with an electron, resulting in the annihilation of both particles. The 

annihilation results in two photons (gamma-rays) of 511 keV that are emitted at an 

angle of 180° (Figure 2).  

The PET scanner consists of a ring of scintillation crystals, which are most 

commonly made of Bismuth Germanate or Cerium-doped Lutetium Oxy-

Orthosilicate. The photons are detected by the scintillation crystals in the PET 

scanner. As the two photons are simultaneously emitted at a 180° angle, an event 

is only registered by the PET scanner if two detectors are activated within a very 
short period of time (coincidence detection). The line between the detectors is 

called the line of response from which the location at which the annihilation 

occurred can be calculated.  
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Figure 2 Schematic representation of a PET scanner with coincidence detection of an 
annihilation event. During the annihilation, a positron emitted by the radionuclide of the 
radioligand collides with an electron in the surrounding environment and two photons are 
emitted in a 180° angle.  

Nevertheless, in most commercially available PET scanners gamma-rays can only 

be detected within a certain field-of-view depending on the number of layers of 

scintillation crystals. Furthermore, the annihilation does not always emit photons at 

a perfect 180° angel due to varying momentum of the electron and positron at the 

time of annihilation (non-collinearity). Hence, several corrections for those and 

detector-related problems are applied after the collection of the PET data. For 

example, the sensitivity of each detector can vary and a normalization algorithm is 

applied for correction. The detector can also not register new events that might 
occur while processing an event and the new events might be lost during this time 

(dead-time). Moreover, the absorption of photons by tissue or the bed in the field of 

view can be corrected for by using an attenuation scan or a low dose CT scan in 

case of PET/CT scanners. Compton scatter can occur which leads to the photon 

changing direction without the loss of its energy. Additionally, two unrelated 

photons, e.g. scattered photons, can be detected at the same time leading to a 

random event. Computer algorithms are used to correct the PET data for scatter 

and random events. 

After the acquisition of PET data, normalization and correction for dead-time, 

scatter and random events, the data needs to be reconstructed into an image. 
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 1 
Several methods have been developed which can be classified broadly in two 

categories: filtered-back projection and iterative reconstruction.  

PET acquisition can be static, i.e. the activity detected by the PET scanner is 

averaged over a certain period of time, or dynamic. The dynamic acquisition is 

usually longer than static acquisition and is started simultaneously with the 

intravenous injection of the radioligand. After the acquisition, the detected 

radioactivity is binned into several time frames leading to an estimate of 
radioactivity concentration as a function of time. Usually, the time frames are very 

short, e.g. 10 seconds, at the beginning of the scan and become longer as the 

emission scan progresses because the radioligand concentration changes more 

rapidly soon after tracer injection than later in the study. The distribution of the 

radioactivity as a function of time for any region of interest is termed time-activity 

curve (TAC).  

The spatial and temporal distribution of a radioligand depends on various factors, 

e.g. blood flow, specific and non-specific binding of the radioligand and its 
metabolism. To take these factors into account, the correct method of 

quantification needs to be determined for each radioligand and species. 

Quantification of radioligands 

The aim of PET imaging is the evaluation of physiological processes, such as 
enzymatic conversion or receptor binding, via the quantification of the 

pharmacokinetics of the radioligand. The measured radioactivity concentration of 

the radioligand in a certain area consists of the ligand existing in several states 

(compartments), e.g. specifically or non-specifically bound. To distinguish between 

those compartments, several mathematical models have been developed. These 

approaches use pharmacokinetic models with free parameters corresponding to 

compartmental rate constants, to fit the dynamically acquired PET data. The 

individual compartments usually cannot be measured with the PET data alone. For 
example, it is not possible to determine if the radioactivity of a radioligand is in the 

small blood vessels, freely moving in the tissue itself, or bound to its target. 

Depending on the brain region, the percentage of blood in tissue (blood volume) 
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varies: i.e. it is approximately 5% in grey and only 3% in white matter in humans 

[56]. To correct for the influence of the blood present in the tissue, arterial blood 

samples are taken to measure the time course of the radioactivity in blood. 

However, the main reason for arterial blood sampling is to determine the arterial 

metabolite-corrected radioligand concentration in plasma (CP, plasma 

compartment) as an input function for pharmacokinetic modeling. Radioligands are 

often metabolized by the body resulting ideally in radioligand-metabolites that 
cannot cross the BBB. To determine the amount of parent radioligand over the time 

of the PET scan, the collected arterial plasma samples are analyzed to determine 

the fraction of parent (parent faction) and metabolite(s) radioligand. Once the 

parent fraction is measured over time, it is used to correct the total radioactivity 

measured (parent and metabolite) in plasma for the metabolites present giving the 

metabolite-corrected arterial input function. The radioactivity concentration in blood 

and the metabolite-corrected plasma input function together with the radioactivity 

concentration in a tissue area over time are used in the mathematical models to 
quantify the radioligand kinetics. 

Compartmental models 

Compartmental models are regarded as the gold standard and foundation of PET 
quantification (Figure 3). They require the metabolite-corrected input function (CP) 

and the tissue TAC (Ctissue) and are used to estimate the exchange of the 

radioligand between plasma and tissue compartments using weighted non-linear 

least-squares fitting of the model to the PET data. Given that the percentage of the 

blood in the brain tissue is small, the contribution of the radioactivity present in the 

blood to the brain regions’ TAC is often ignored. The simplest model is the one-

tissue compartmental model (1TCM) consisting of the plasma compartment (CP) 

and one tissue compartment. The latter can encompass the free and non-
specifically bound radioligand (C1). Additionally, the tissue compartment can also 

reflect free, non-specifically and specifically bound radioligand if the compartments 

are indistinguishable due to rapid equilibration. By fitting the experimental data to 

the model, the rate constants for the exchange of radioligand between the two 

compartments are estimated (microparameters). The radioligand crossing from 

plasma to tissue is estimated by the influx rate constant K1 and from tissue to 
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 1 
plasma by the efflux constant k2. From these rate constants, the macroparameter 

volume of distribution (VT) can be calculated as VT = K1/k2. It describes the ratio of 

the concentration of a radioligand in tissue to the concentration of the intact 

radioligand in plasma.  

 

 

Figure 3 Representation of the most common tissue compartmental models and their 
respective rate constants (influx constant K1, efflux constant k2, association constant k3, 
dissociation constant k4). The concentration of radioligand in plasma is termed CP. 
Radioligand concentration in tissue (Ctissue) can be separated in the non-specific 
compartment C1 and the specific compartment C2. 
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For reversible binding radioligands, the reversible two-tissue compartmental model 

(reversible 2TCM) can be used. In this model, the tissue compartment is separated 

in the free, non-specifically bound compartment (C1) and the specifically bound 

(C2) compartment. As in the 1TCM, the influx and efflux of the radioligand between 

plasma and the first tissue compartment are described by the rate constants K1 

and k2 while the exchange between the two tissue compartments is described by 

the association constants k3 and the dissociation constant k4. The volume of 
distribution is calculated as VT = (K1/k2)(1+k3/k4). Furthermore, the non-

displaceable binding potential (BPND) can be calculated as BPND = k3/k4. Hence, 

BPND describes the ratio of specifically bound to non-displaceable radioligand in 

the tissue at equilibrium. 

Lastly, irreversibly binding radioligands can be estimated using the 2TCM. The 

irreversible 2TCM is similar to the one for reversible radioligands. However, the 

dissociation constant k4 is zero as irreversibly binding radioligands are either 

trapped in a compartment by enzymatic transformation or bound irreversibly to 
their target. Instead of the volume of distribution the net influx rate or metabolic rate 

(Ki) can be calculated from the rate constants K1 to k3 as Ki = (K1*k3)/(k2+k3).  

Linearization 

While compartmental models are the gold standard for PET quantification, the non-

linear least-squares fitting requires large computational power, especially if the 

analysis is not performed on a volume-of-interest but on a voxel-by-voxel basis. 

Additionally, the fitting is an iterative process that can lead to local minima. Thus, 

simpler models have been developed based on the linearization of the data. For 

irreversibly and reversibly bound radioligands Patlak and Logan graphical analysis 

have been developed, respectively [57, 58]. Linearization methods are based on 

linear least-squares fitting and do not assume a specific number of compartments. 
For the models, the TAC and metabolite-corrected plasma are transformed and a 

straight line is fitted to the transformed data after equilibrium between 

compartments is reached (t*, stretch time). The slope of the fitted line of Logan 

graphical analysis is the VT while Patlak graphical analysis estimates the Ki. Unlike 

the compartmental models, linearization only quantifies macroparameters and 
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 1 
does not estimate microparameter like the rate constants K1 to k4. While graphical 

approaches are computationally less extensive and can be used even if 

compartmental models do not fit the data of a certain radioligand well, they are 

sensitive to noise in the data which can bias the estimation of the macroparameter. 

Reference tissue models 

Besides the use of input functions derived from metabolite-corrected arterial 

plasma, pharmacokinetic models have been developed that use the time-activity 

curve from a tissue region devoid of the biological target (reference tissue) as input 

function. If a reference tissue can be used, no arterial blood sampling and 

metabolite analysis are necessary, which simplifies the PET scanning procedure. A 
reference tissue is described as a region without specific binding or trapping of the 

radioligand. Additionally, the reference tissue should show a similar ratio between 

the influx and efflux constants (K1/ k2) as the target tissue with specific binding or 

trapping of the radioligand. 

 

 

Figure 4 Representative kinetic model using a reference tissue as input function with the 
main assumption being similar influx and efflux constants in the target and reference tissue 
(K1, k2, and K1’, k2’). The reference tissue is described by a one-tissue compartment model 
without specific accumulation of the radioligand while the target tissue can be described by 
a reversible or irreversible two-tissue compartmental model. 
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One of the most commonly used models for reversibly bound radioligands is the 

simplified reference tissue model (SRTM, Figure 4) [59]. It is based on 

compartmental models, requires a fast equilibrium between free and specifically 

bound radioligand and estimates the BPND. Additionally, it has been shown that 

linearizations can also be used with a reference tissue as input function for 

reversibly as well as irreversibly bound radioligands. The slope of Logan graphical 

analysis with a reference tissue as input estimates the distribution volume ratio 
(DVR) for reversibly bound radioligands [60]. The BPND can be calculated from the 

DVR as BPND = DVR – 1 for radioligands following reversible 2TCM kinetics. For 

irreversibly bound radioligands, Patlak graphical analysis with a reference tissue as 

input can be used to estimate Kiref [61].  

While most radioligands can be quantified reliably by the above-mentioned 

pharmacokinetic models some radioligands display pharmacokinetic features that 

do not fully represent them. One example is the irreversibly trapped radioligand 

[18F]-FDOPA. This radioligand is a catecholamine precursor and as such taken up 
into neurons. Afterward, it is decarboxylated to [18F]-6-fluorodopamine, stored in 

presynaptic vesicles or further metabolized. In PET acquisitions exceeding two 

hours a loss of signal can be noticed which was attributed to the diffusion of 

trapped metabolites out of the brain and additional metabolism of [18F]-6-

fluorodopamine by the catechol-O-methyl-transferase (COMT) and the monoamine 

oxidase [62]. Additionally, COMT metabolizes [18F]-FDOPA in tissue and plasma to 

3-O-methyl-[18F]-fluorodopa which freely crosses the blood-brain barrier, thereby, 

confounding reference tissue approaches. Hence, pharmacokinetic models based 
on Patlak [62] or Logan [49] graphical analysis and accounting for the apparent 

reversibility of [18F]-FDOPA (kloss) and the additional metabolite 3-O-methyl-[18F]-

fluorodopa were developed. In the latter approach, the slope represents the 

effective distribution volume (EDV=Ki/kloss) describing the ratio of [18F]-FDOPA 

uptake and loss rate. Similarly, a model using a reference tissue as input was 

developed which estimates the effective distribution volume ratio (EDVR=Kiref/kloss). 
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 1 
Standardized uptake value (SUV) and SUV ratio 

Another possibility to explore PET data is the use of semi-quantitative measures. 

These approaches do not require blood sampling and use shorter PET acquisition 
times when compared to the dynamic PET scans that are required for 

compartmental or reference tissue modeling. For semi-quantitative measures, a 

part of the dynamic PET data or static PET images, in which the radioactivity is 

averaged over a certain period of time is used, e.g. 30 minutes. To facilitate the 

comparison between subjects or over time, the standardized uptake value (SUV) is 

determined. The SUV is calculated as (radioactivity concentration in 

tissue)/[(injected radioactivity)/(body weight)]. The use of SUV relies on the 
assumption that there are no subject-specific peripheral mechanisms that would 

affect the relationship between the injected dose and the amount of tracer available 

to the brain. As mentioned above the radioactivity measured by PET is comprised 

of the radioligand existing in several compartments, e.g. free, non-specifically and 

specifically bound radioligand, and SUV does not differentiate between specifically 

and non-specifically bound radioligand. Since the radioligand distribution changes 

over time, the SUV is also time-dependent. When using SUV, it is, therefore, 

paramount to use highly standardized acquisition protocols. One possibility to 
remove the free and non-specific part of the signal is the use of a reference region. 

For this, the SUV of the target tissue is divided by the SUV of a reference tissue, 

giving a SUV ratio (SUVR).  

The application of SUV and the use of reference tissue models and SUVR needs 

to be validated by comparison of the outcome parameters with the 

macroparameters of plasma input models, i.e. compartmental models or 

linearizations, before they can be used.  

Aim of the thesis 

As mentioned earlier, several neurotransmitter systems as well as 

neuroinflammation are involved in Parkinson’s disease pathology; rodent models of 

Parkinson’s disease have a pivotal role in the assessment of processes involved in 

the disease. Thus, the objective of this thesis was to contribute to the knowledge of 
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Parkinson’s disease-related alterations of neurotransmitter systems and 

neuroinflammation in rat models of Parkinson’s disease using PET imaging. For 

this, the thesis is separated into two parts: The first part of the thesis focuses on 

the evaluation of PET methodology for two different radioligands, markers of the 

cholinergic system, in rats. In the second part of the thesis, PET methodology is 

used to evaluate the cholinergic activity or dopaminergic innervation and 

neuroinflammation in rat models of Parkinson’s disease. 

Assessment of PET methodology 

Chapter 2 describes the use of pharmacokinetic models with metabolite-corrected 

plasma input to quantify the kinetics of the radioligand [11C]-PMP, a substrate of 
AChE, in rats. Furthermore, the use of the cerebellum as a reference region and 

semi-quantitative measures are explored. In Chapter 3 the evaluation of the 

radioligand [18F]-FEOBV, a marker for VAChT, in rats is described. 

Pharmacokinetic models with metabolite-corrected plasma input, reference tissue 

models and semi-quantitative measures are assessed for quantification. 

Additionally, [18F]-FEOBV is quantified after partial saturation of VAChT using 

unlabeled FEOBV. The ability of [18F]-FEOBV PET to quantify changes in 

cholinergic activity is described in Chapter 4. It was previously shown that D2 
receptor blockade leads to increased cholinergic signaling. Here, [18F]-FEOBV PET 

is used to assess changes in cholinergic activity after pretreatment with the D2 

receptor antagonists raclopride and haloperidol in rats. 

Application of PET methodology 

Chapter 5 describes the evaluation of the proposed hypercholinergic state in 

Parkinson’s disease using a toxin-based 6-OHDA model of Parkinson’s disease. 

Additionally, forced exercise is assessed as a potential treatment. For this, rats are 

intrastriatally injected with 6-OHDA or vehicle and part of the animals are subjected 

to a four-week exercise protocol. [18F]-FEOBV PET imaging is used to assess 

cholinergic activity twice after the induction of the striatal 6-OHDA lesion; 10 days 
after intrastriatal 6-OHDA or vehicle, via the semi-quantitative measure SUV and, 

on day 31, using the irreversible 2TCM. Additionally, the motor function of the rats 

is assessed using the cylinder test. 
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The last experimental chapter (Chapter 6) describes the effect of a single 

inflammatory trigger on a LRRK2 G2019S transgenic rat model. LRRK2 was 

associated with the immune system and the aim of the study is to evaluate whether 

LRRK2 transgenic rats are more susceptible to an inflammatory insult applied 

peripherally and whether this insult will affect the dopaminergic integrity of the 

striatum. For this, LRRK2 p.G2019S transgenic rats and non-transgenic controls 

are intraperitoneally injected with LPS and followed over a period of one year. 
Neuroinflammation and dopaminergic integrity are assessed two to five times using 

PET imaging with the radioligands [11C]-PBR28, [11C]-DTBZ and [18F]-FDOPA, 

respectively. Furthermore, several behavioral tests are performed to determine 

balance, motor coordination, forelimb use and olfaction in the same cohort of rats 

and imaging results are confirmed using postmortem immunohistochemistry. 

To conclude this thesis, in Chapter 7 the findings of this thesis are recapitulated 

(see Chapter 9 for a summary in Dutch) and in Chapter 8 future perspectives for 

PET imaging in animal models of Parkinson’s disease are discussed. 
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