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Introduction
In this thesis we studied novel in vivo

nature, studying the possibilities of positron emission tomography (PET). As MRI has 
already been used as a paraclinical tool for diagnosis and follow-up of MS patients for 
two decades,1, 2

in relation other recent developments.

In chapter 2 we present the results of a prospective multi-centre study, imaging 66 
clinically isolated syndrome (CIS) patients at both standard 1.5 Tesla (T) MRI and high 

(HC) were included in this study. Intuitively, one would expect the number of lesions 

previous studies.3-5 However, the clinical relevance of this increased lesion detection has 
remained uncertain. Moreover, to improve the applicability to everyday clinical practice, 

In chapter 2.1
of the CIS and HC scans. To determine the inter-rater agreement on lesion detection, 
all raters independently scored the number of lesions per scan per anatomical region 
(periventricular, juxtacortical, deep white matter, infratentorial and spinal cord). Overall 
the agreement on the involvement per anatomical region was moderate to good for both 

divided the group of raters into experienced (neuro-radiologists) and less-experienced 
(radiology residents and PhD students). The inter-rater agreement on lesion detection 
decreased for 3T for the less-experienced raters compared to the experienced raters. 

training.

MS,6 also had a moderate to good inter-rater agreement, which was not substantially 

challenge. Even though all eight raters were well familiar with the diagnostic criteria, a 
good working knowledge of these complex criteria was not without doubt. This supports 
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The full cohort is analysed in chapter 2.2

the increased lesion detection demonstrated in previous single-centre studies. The 
improved lesion detection at 3T was seen at the periventricular, (juxta)cortical and deep 

8, 9 As spinal cord is prone to 
various artefacts due to breathing and swallowing of the patient and pulsation of blood 

8 it is important that this did not decrease the lesion 

study group in 2016.  From that we can conclude that the clinical relevance of the 

patient.

strength for the diagnostic workup of CIS patients. 

in vivo
pathophysiological processes. This enables the in vivo

information conventional MRI provides us on the results from these processes: T2 

information on disease severity and disease sub-type as early as the diagnosis, or possibly 

responding to the growing demand for tailor made or personalised medicine. In addition, 



Chapter 4

130

Ch
ap

te
r 4

protein (TSPO), upregulated on the mitochondria of microglia.11 The dynamic and 
12, 13 

In chapter 1.2 a list of studied TSPO radiotracers has been provided, but with the rapid 
chapter 2.1 we 

describe a proof of concept study in progressive MS patients using the second generation 
TSPO tracer [18 11C]PK11195, [18F]

noise ratio.14-16

[18

volume parameter (2T4k_VB

with Alzheimer’s disease.  As TSPO is not selective to microglia only, with additional 
binding sites in monocytes, astrocytes and the vascular wall, a new model including the 
binding to the vascular endothelium has been proposed.19 This adjusted 2T4k_VB model 
includes a slow irreversible vascular binding component and is therefore referred to as 
2T4k_VB

18

binding.20

reliability of the parameter estimates decreased and the vascular component itself 
could not be reliable estimated. The more standard 2T4k_VB model did not only reliable 
estimate the volume of distribution (VT), but for larger regions also the binding potential 
(BPND = k3/k4). For all patients an increase in BPND was seen in MS lesions compared with 
non-lesional white matter. This increased binding could not be demonstrated using VT, as 

18

More importantly, regional BPND values were also increased in non-lesional white and grey 

21

In conclusion, in progressive MS [18

MS lesions, but also in the non-lesional grey and white matter, provided that plasma input 
derived 2T4k_VB BPND

Even though the second generation TSPO tracers have an increased bioavailability in the 
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developed. In chapter 2.2 we studied the purinergic receptor P2X  upregulated M1 
activated microglia,22-24 with the novel tracer [11C]SMW13925, 26

11

model 2T4k_VB_k4, with the k4

the same subject. This adjustment to the more standard model increases the reliability 

T and BPND values 
are increased in the patient group compared to the healthy controls. Three of the 
RRMS patients had gadolinium enhancing lesions large enough for kinetic analysis. In 
these enhancing lesions VT is increased compared to the non-lesional white matter. In 
contrast, BPND

increase in the K1/k2 ratio in the enhancing lesions, due to disruption of the blood-brain 
barrier, compensating the decrease in BPND. This underlines the importance of accurate 

obtained.  The study as presented in this thesis is limited by its small sample size, but 
the promising results warrant the recruitment of additional subjects to validate these 
results.

In chapter 2.3
29, 30 but to our 

31-33

31 A possible explanation would 

lesions. In this study two active RRMS patients underwent a PET scan following injection 
of [89

demonstrated and therefore the hypothesised mechanism of action of rituximab could 

When interpreting the results it should be noted that the labelled rituximab was 

block the peripheral binding sites with the unlabelled rituximab, in order to allow for the 
labelled rituximab to enter the brain. In theory, the unlabelled rituximab could already 
have saturated the cerebral binding site and therefore have prevented the labelled 

results from this pilot study. Moreover, as this study demonstrates the possibilities and 
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useful insights into the mechanisms of action of other monoclonal antibodies currently 
in use or in development for the treatment of MS. In particular, the recently registered 

34, 35

Clinical MRI plays a pivotal role in the diagnosis and follow-up of MS, but it lacks the 

chapter 1.2
(and neurodegeneration) in MS.

importance of the central vein sign detected by susceptibility-weighted imaging (SWI). 
This thin hypo-intense line or dot in the centre of a white matter lesion, is present in a 
higher proportion of MS lesions compared to cerebral lesion resulting from small-vessel 
disease.36

types of white matter lesions. In addition, it can help distinguish MS from mimics such as 
neuromyelitis optica spectrum disorder (NMOSD), as even at 3T MRI the central vein sign 

In addition, SWI can detect a paramagnetic rim at the edge of T2 lesions in a subset of 
lesions, which colocalizes with ring-like contrast enhancement.38 Longitudinal analysis 

has resolved, are more likely to expand during follow-up and are more likely to become 
T1 hypo-intense black holes.39, 40 Histopathological analyses demonstrates the presence 

oligodendrocytes) at the edge of these lesions, causing the hypo-intense appearance 
on SWI.39, 40

irreversible tissue damage and the tissue loss. A s such, a paramagnetic rim can be 

rarely found in MS mimics such as NMOSD, this could potentially be an imaging marker 
for MS in addition to the central vein sign.41

42 
Future studies could improve our understanding of the cortical demyelination.

Over the past years, perfusion-weighted imaging studies have led to the consensus that 
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normal appearing white matter and (cortical and deep) grey matter, which is associated 
with disease severity.43, 44 As such, perfusion MRI appears to be a sensitive tool in the 

guidelines for arterial spin labelling.45 Moreover, the pathophysiology of changes in 

46 However, 
the pathogenesis of decreased perfusion in normal appearing brain tissue is uncertain.43, 

44

mechanisms, such as reduced energy demand due to degeneration and primary or 

Leptomeningeal enhancement (LE) has been of ongoing interest in understanding the 
pathophysiology of MS. An increasing number of studies have described a causal relation 

 
LE on post-contrast T2-FLAIR could be an indirect marker for this leptomeningeal 

of MS patients and is associated with cortical atrophy.48 49

MS patients and two of the three healthy controls LE was observed.50 However, in HC only 

atrophy. This suggest that such nodular LE is physiological not related to MS pathology.

51 However, in these patients LE was not associated 

This increasing body of work on LE underlines its relevance in the pathophysiology of MS. 
Nevertheless, determining the actual prevalence of LE and understanding the connection 
with cortical atrophy, still need further investigation.

Lastly, only few studies using ultrasmall superparamagnetic particles of iron oxide 
(USPIO) as a contrast agent have been published over the last few years, largely due to 

enhancement and disease severity described in previous work. One study in 25 CIS 
patients demonstrated an increase in T1 hypo-intense lesions and a higher T2 lesion 

lesions at baseline compared to patients with only gadolinium enhancing lesions.52 
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3 year follow-up for lesions with initial USPIO enhancement compared to lesions with 
only gadolinium enhancement.53

USPIO and gadolinium enhancing lesions, which is associated with the severity of tissue 
damage. Although the results are promising, the body of work studying USPIO in MS still 
remains limited.

However, as mentioned above the TSPO receptor and the TSPO tracer have their 

In regard to the discussed P2X  receptor, several additional tracers have been developed 
besides [11C]SMW139. So far, [11 11C]GSK1482160 have shown 
promising results in non-human primates and clinical evaluation is to be expected.26, 54 
The other PET target under development mention in the introduction is the adenosine 
2A receptor (A2A), which has been of great interest over the past years. Following the 
somewhat unsuccessful A2A tracer [11C]TMSX, several novel tracers have been evaluated 
in healthy controls in vivo 55

Following the purinergic receptor P2X 12 receptor as 
22 In contrast to P2X , associated 

12 receptor is expressed mainly 
in normal appearing brain tissue in post-mortem tissue and its expression is increased 
in the remission phase in animal models of MS.22 Therefore, P2Y12 is associated with the 
M2 or neuro-protective phenotype of microglia. This could provide the possibility of in 
vivo imaging of the dynamic process of microglia polarisation. Currently P2Y12 tracers are 
under development.

receptor type 2 (CB2). In contrast to the cannabinoid receptor type 1, which is abundantly 
expressed in the central nervous system, CB2 is primarily expressed in peripheral organs, 
with very limited expression on neurons, glial cells and microglia under physiological 
condition.56

demonstrated an increase in CB2 in MS lesions, but its exact role in the pathophysiology 
in MS and treatment of MS symptoms with cannabinoids remains uncertain.  Various 
CB2 tracer have recently been developed and studied in animal models.59 To our 
knowledge, no in vivo MS studies have been performed yet.
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A third novel target is the macrophage colony-stimulating factor 1 receptor (CSF1), a 

macrophages lineage cells.60 An increased CSF1R response has been observed in many 

options by regulating the immune response by reducing macrophage and microglial 
function.61 Various radiotracers binding to the CSF1 receptor are under development. 
Results from rodent studies using [11 11C]AZ683 and [11C]CPPC have generally 
been promising,60, 62, 63 and clinical evaluation is to be expected.

Lastly, radiotracers are being developed for cyclooxygenases-2 (COX-2), rapidly 

64

To conclude, this results in this thesis and the recent publications mentioned above 
illustrate the possibilities of PET in imaging the pathophysiological processes of 

polarizations. Moreover, our results demonstrate the importance of careful methodology 
of PET studies and accurate modelling of novel PET tracers to obtain reliable results. This 
is especially true in diseases like MS in which the disruption of the blood-brain barrier 
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