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Background
prior to the main introduction to this thesis in chapter 1.2, this chapter aims to provide
a brief general background on multiple sclerosis, neuroinflammation in MS, magnetic
resonance imaging and positron emission tomography.

Multiple sclerosis
Multiple sclerosis (MS) is an auto-immune disorder of the central nervous system, causing
neuroinflammation and neurodegeneration of the brain and spinal cord.1 The prevalence
in the Netherlands is approximately 1 in 1000 and the average age at onset is 30 years.
This makes MS the most common chronic neurological disease in young adults. Although
the cause of MS is unknown, it is generally thought to be a combination of genetic
susceptibility and environmental exposure.
MS is characterized by an auto-immune response to myelin, the protective layer around
the nerve endings in the central nervous system. These immune attacks on the myelin
cause an inflammatory response, leading to a disruption of the blood-brain barrier and
an influx of immune cells. This inflammation causes focal demyelination, leading to
inefficient signalling between nerve cells, and “scarring” of the brain tissue due to gliosis.
These focal “scars” are called lesions or plaques and can be detected with Magnetic
Resonance Imaging (MRI).
The symptoms a patient experiences from this neuroinflammation depend on the
localisation of the lesions in the brain or spinal cord. Common symptoms at onset of
the disease are sensory and/or motor disturbances in one or more limbs, problems with
coordination and/or balance, and visual problems resulting from inflammation of the
optic nerve. The occurrence of new neurological deficits due to a new lesion is called a
relapse or “schub”.
We can differentiate three phenotypes of MS, with the most prevalent being relapsing
remitting MS (RRMS). RRMS is characterized by the occurrence of relapses, after which
the symptoms gradually resolve again with complete or partial remission. RRMS cannot
be cured, but the relapses can be prevented with medication that modulates the immune
response. The first episode of neurological deficits is defined as clinically isolated
syndrome (CIS). About 30-70% of CIS patients will develop RRMS. Approximately twothirds of RRMS patients will eventually develop a gradual progression of the neurological
deficits, the so called secondary progressive phase (SPMS). In addition, about 15% of
MS patients never experience such relapses as their disease has a gradually progressive
course from the beginning. This type of MS is called primary progressive (PPMS).
Contrary to RRMS, there has not been any treatment available for PPMS or SPMS in the
past decades. Only very recently the first immunomodulating drug has been registered
for PPMS.
10

Neuroinflammation
As mentioned, the pathophysiology of neuroinflammation is MS is not fully understood.
Microglia are the primary innate immune cells in the central nervous system. They
are resident cells in the brain regulating the microenvironment and therefore they
are constantly surveying the brain for any microbes, cells or proteins posing a threat.2
Microglia are present in their resting state (ramified), but in response to different stimuli
they are activated. This process of activation is highly dynamic and is proposed as a
continuum between the pro-inflammatory and anti-inflammatory phenotypes3. The
different activation states are characterized by the production of different mediators
and the expression of various markers. Pro-inflammatory activated microglia, the
neurotoxic M1 phenotype, play a pivotal role in neuroinflammation by the secretion of
pro-inflammatory mediators, antigen presentation and myelin phagocytosis. On the
other end of the continuum are the M2 polarized microglia, the neuro-protective or antiinflammatory phenotype, contributing to tissue repair and remyelination in MS. There
are still a lot of questions that remain to be answered concerning the complex dynamics
of ramified, pro- and anti-inflammatory microglia and their role in disease activity and
progression in MS.

Magnetic Resonance Imaging
Conventional MRI has developed into the most important paraclinical tool for diagnosis
and follow-up in MS. It is the most sensitive tool for the detection of the inflammatory
demyelinating lesions in the central nervous system.4, 5 The first diagnostic criteria for MS
that included MRI were the McDonald criteria in 2001 and the most recent revisions of these
criteria were in 2017.6, 7 The diagnosis is based on the demonstration of both dissemination
in space and time. Dissemination in space is defined as ≥1 lesions in ≥2 regions typical for
MS: periventricular, (juxta)cortical, infratentorial (brainstem and cerebellum) and spinal
cord. Dissemination in time can be demonstrated by the development of new MS lesions
during follow-up or by the presence of an active lesion enhancing after administration
of a gadolinium based contrast agent. Gadolinium enhancement results from disruption
of the blood-brain barrier caused by active inflammation. These diagnostic criteria are
based on studies performed on MRI-scanners with a magnetic field strength of 1.5 Tesla.
It is uncertain what the impact of modern high field, 3 Tesla, MRI-scanner is on these
diagnostic criteria, as studied in chapter 2 of this thesis.
Even though MRI evaluation plays a pivotal role in the diagnosis and follow-up of MS patient,
the focal lesions do often not fully explain the neurological and cognitive problems of a
patient.8 Moreover, these focal lesions are an indirect measure of the pathophysiology
of MS and do not specify the complex process of neuroinflammation as demonstrated
in animal model and post-mortem studies. In addition, gadolinium enhancement in MS
11
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is seen in only the acute phase of active MS lesions up to approximately 6 weeks, and is
not seen in diffuse or more chronic inflammatory changes. Therefor it only demonstrates
a limited aspect of neuroinflammation. Consequently, there is a need for novel in vivo
imaging techniques and over the recent years developments in the field of MRI research
have contributed significantly to our understanding of MS, as outlined in chapter 1.2 of
this thesis.

Positron Emission Tomography
Besides developments in the field of MRI, another novel imaging technique in MS
is Positron Emission Tomography (PET). PET enables the quantification of (patho)
physiological processes in the brain in vivo. PET measures the cerebral uptake of a
radiotracer, which is a compound designed for a specific target and labelled with a
positron emitting radionuclide.9 As such, the specific compound determines the type of
molecular process which can be measured in a PET study. The labelling of compounds
involved in the pathophysiology of neuroinflammation in MS, can therefore quantify this
process in vivo in MS patients, as demonstrated in chapter 3 of this thesis. The type of
positron emitting radionuclide that can be used to label a compound, is mainly based on
the chemical properties of the compound and the aim for the radiotracer (e.g. the need
of short or long half-life for the radiotracer).
At the start of a dynamic PET study the radiotracer is injected intravenously, after which
its concentrations in the brain can be measured over time. In addition, the concentration
Figure 1. A schematic representation of a reversible two-tissue compartment model.

CP (arterial blood plasma), CND (non-displaceable compartment: free and non-specifically bound) and C S (specifically bound) represent the radioactivity concentrations. K1 and k 2 are the rates of which the tracer is exchanged between arterial blood and brain tissue and k 3 and k4 between the non-displaceable and specific
compartment. VB is the measured blood volume.
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of the radiotracer in arterial blood is measured during the scan duration. This requires the
simultaneous start of the PET scan and withdrawal of arterial blood from a cannula in the
radial artery. This is necessary to describe the behaviour of the tracer in the human brain
using a pharmacokinetic model, usually a compartment model. The compartments in
such model describe the different states of the tracer, e.g. free or bound to a receptor, as
illustrated in Figure 1.10 The rate of exchange between the different compartments within
the model is expressed by rate constants, e.g. K1 and k 2. The mathematical equations of
the optimal compartment model for a particular tracer, estimate these rate constants per
subject. This modelling approach allows us to extract physiological relevant information
from the PET scans.

Aims and outlines of this thesis
As mentioned above, there is a need for novel imaging techniques in MS. The general
aim of this thesis is to evaluate the applicability of novel in vivo imaging markers for
neuroinflammation in MS. Chapter 1.2 gives an overview of the recent developments in
MRI and PET techniques. In chapter 2 we study the foregoing questions regarding the
impact of high field MRI on MS lesion detection and diagnosis with a prospective multicentre study comparing 1.5 and 3 Tesla MRI. In chapter 3 we present three PET studies
evaluating novel tracers for imaging neuroinflammation in MS: the 18kDa-translocator
protein (TSPO) tracer [18F]DPA714, the purinergic P2X7 receptor tracer [11C]SMW139 and
an immune-PET study with zirconium-89 labelled rituximab. Lastly, chapter 4 discusses
these results and provides a future perspective for these imaging techniques.

13
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Abstract
Background Gadolinium-enhancement depicts BBB disruption associated with
new inflammatory MRI lesions in MS and is widely used for diagnosis and therapeutic
monitoring. However, earlier and more specific markers of inflammation are urgently
needed.
Recent findings Susceptibility Weighted Images demonstrate the importance of the
central vein in the formation of MS lesions. Perfusion weighted imaging techniques can
show focal and diffuse low-grade inflammatory changes not visible on conventional MRI.
Leptomeningeal enhancement could be part of the etiology of subpial cortical MS lesions.
Ultra-small Superparamagnetic Particles of Iron Oxide can identify neuroinflammatory
changes in addition to gadolinium enhancement and as such identify different types and
phases of MS lesions. TSPO PET-tracers identify activated microglia and an increase in
TSPO uptake in both MS lesions and normal appearing brain tissue is related to disease
severity and progression. A range of novel tracers for microglia activation are under
development as well as radioligands that can label therapeutic drugs.
Summary Novel MRI and PET techniques improve in vivo visualization and quantification
of the pleomorphic aspects of neuroinflammation, providing us with a unique insight in
its pathogenesis, clinical relevance and therapy responsiveness in MS.
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Multiple sclerosis (MS) is a complex immune-mediated disorder of the brain and spinal
cord characterized by neuroinflammation, demyelination, gliosis, axonal degeneration
and neuronal loss. During the past decades imaging techniques such as magnetic
resonance imaging (MRI) have contributed considerably to the improvement of clinical
decision making and the design of clinical trials in multiple sclerosis. Additionally, a range
of novel tools using advanced MRI or positron emission tomography (PET) technologies
have been emerging from which we can obtain unique insights into pathogenesis of MS.
The present article will summarize current developments in MRI and PET techniques to
depict neuroinflammation in MS.

Magnetic resonance imaging
Conventional MRI techniques, such as T2- and T1-weighted sequences, are generally
used in the diagnosis, follow-up and therapeutic consideration in individual MS patients
and clinical trials. Currently the most commonly used MRI marker for acute inflammation
is gadolinium enhancing white matter lesions (WML), indicating disrupted blood-brain
barrier (BBB) in these active MS lesions. Gadolinium-based contrast agents (GBCA)
are generally considered safe in patients without severe renal insufficiency, but there
is a potential risk for anaphylactoid-type reactions.1 Moreover, recent studies suggest
accumulation of (potentially toxic) gadolinium may occur in brain tissue in the absence
of any significant renal dysfunction.2,3,4 Apart from the potential side effects of GBCA, the
correlation between conventional MRI markers for neuroinflammation and the clinical
manifestations of MS in an individual patient is modest. Histopathological studies have
shown that (inflammatory) brain pathology in MS is much more diverse and widespread
than identified with conventional MRI techniques alone. Various developments regarding
in vivo MR imaging have advanced our understanding of the pleomorphic aspects of
neuroinflammation in MS in recent years.
Susceptibility weighted images

The magnetic property of brain tissue is largely determined by the presence of
paramagnetic iron, oxygen levels of the blood in capillaries and veins and the amount
of diamagnetic myelin and tissue water. Susceptibility Weighted Images (SWI) uses
the differences in magnetic susceptibility in brain tissue to identify MS-related tissue
changes such as iron deposition, myelin density and venous capillary network density.
To provide a quantitative measure for susceptibility Quantitative Susceptibility Mapping
(QSM) was developed. However, these techniques cannot disentangle the different and
sometimes opposing factors that increase or decrease tissue susceptibility. 5 Considering
the pathophysiology of neuroinflammatory lesions in MS, one of the most striking results
from SWI studies is the identification of the central vein in lesions development. Such a
19
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central vein has been demonstrated in both periventricular and subcortical MS lesions
and is significantly less frequent in non-MS WMLs.6–8 Moreover, in a longitudinal 7 Tesla
study by Dal-Bianco et al., an increase in volume of central veins of MS lesions was seen
in the development of such a lesions.9 This underlines the primal role of the central vein
in lesion formation. In agreement with this, a recent retrospective 3T and 7T MRI study
by Absinta et al. demonstrated subtle signal changes on T2-FLAIR and T2* images up
to 2 months before onset of focal gadolinium enhancing WML, that co-localize with
the developing lesion’s central vein.10 Finally, SWI images can depict areas with phase
shift without signal increase in other sequences, which may reflect areas of microglia
activation (pre-active lesions).11
Perfusion-weighted imaging

Perfusion MRI is a collective term for three MR techniques that measure changes in
cerebral hemodynamics. Dynamic contrast-enhanced (DCE) MRI measures the integrity
of the BBB using GBCA as an in vivo marker of low-grade neuroinflammation. Increased
permeability of the BBB due to neuroinflammation enables extravasation of GBCA and
the extravascular accumulation of such contrast agents increases the signal intensity
in T1-weighted MRI images. By repeated acquisition of T1-weighted images during
infusion of GBCA, DCE-MRI reveals tissue properties at a microvascular level, providing
quantitative information on BBB integrity and leakage space as measures of (low-grade)
neuroinflammation within and outside visible lesions.12,13
Dynamic susceptibility contrast-enhanced (DSC) MRI measures cerebral blood volume
and flow by monitoring the first pass of a bolus of GBCA by a series of T2*-weighted MRI
images. Regional decreased in blood volume (CBV) and flow (CBF) have been reported in
different stages of MS.14,15,16
In contrast to the previous two methods, arterial spin labeling (ASL) is a non-invasive
perfusion technique that uses magnetization of blood as an endogenous contrast
agent.17,18,19 In an ASL study using multiple delay times, an increase in bolus arrival time
(BAT) was demonstrated, indicating reduced perfusion. This is suggested to be caused
by widespread arteriolar vasodilation associated with neuroinflammation.17
In various recent studies both an increase and a decrease in cerebral perfusion have
been linked to neuro-inflammatory changes in MS and clinically isolated syndrome
(CIS).12-19 Those contradictory results might imply changes in perfusion occur during
inflammation. Standardization of acquisition techniques and post-processing methods
could help further implementation of perfusion-weighted MRI.
Leptomeningeal enhancement

Besides the parenchymal GBCA enhancement used in the diagnoses and therapeutic
decision making in MS, leptomeningeal enhancement has been described as part of
20
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Figure 1. Leptomeningeal enhancement in MS

Post-contrast sagittal and axial 3D fluid attenuated inversion recovery (FLAIR) images obtained at 3 Tesla
showing focal leptomeningeal enhancement in two relapsing remitting MS patients clinically and radiologically stable under (A) interferon beta 1-alpha and (B) glatiramer acetate treatment.

the pathophysiology of MS (Figure 1).20 Similar to the process in lesions, gadolinium
enhancement of the leptomeninges is a result of vascular leakage and an indirect
measure of leptomeningeal inflammation. Traditionally leptomeningeal enhancement is
considered suggestive of diagnoses other than MS (e.g. sarcoid), but pathological studies
have associated such leptomeningeal inflammation with subpial cortical demyelination
and neurodegeneration in both early and late phases of MS.21,22
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In the last year, two MRI studies have aimed to quantify the prevalence and distribution
of leptomeningeal inflammation in MS using 3 Tesla post-contrast T2-weighted fluidattenuated inversion recovery (T2-FLAIR) MRI.23,24 Absinta et al. reported focal, usually
perivascular, leptomeningeal enhancement in 74 of 299 MS patients and in one of 37
neurologically healthy controls.23 Strikingly, this prevalence was nearly twice as frequent
in progressive MS patients (33%) compared to relapsing remitting MS (RRMS) (19%). In
two cases that came to autopsy and pathologic evaluation confirmed the presence of
perivascular leptomeningeal inflammation in three foci that enhanced in vivo, all in close
relation to confluent cortical demyelination. On the contrary, Eisele et al. reported only
one single case of focal leptomeningeal enhancement in a cohort of 122 MS patients of
which only 15 had progressive MS.24 As a positive control group, 5 patients with stroke
where included, all of whom showed leptomeningeal enhancement in a diffuse pattern.
The conspicuous difference in prevalence between both studies could be attributed to
the differences in patient population or in scanning techniques. This argues for further
studies to determine the actual prevalence, natural history and clinical relevance of focal
leptomeningeal enhancement in MS and its relation to cortical lesion formation.
Ultrasmall Superparamagnetic Particles of Iron Oxide

As mentioned before, gadolinium-enhancement indicates a defective BBB and is
therefore an indirect measure of neuroinflammation in MS. In these lesions infiltrating
blood-born monocytes play a crucial role, causing myelin breakdown and phagocytosing
myelin debris. The phagocytic infiltration in the CNS can be directly detected in vivo
with the use of Ultra-small Superparamagnetic Particles of Iron Oxide (USPIO) as an MRI
contrast agent. Several hours after intravenous administration of USPIO these small
nanoparticles are captured by phagocytic monocytes and accumulate in these cells.25
Their iron oxide core distorts the magnetic field, causing a rapid decreases in T1- and
T2-relaxation times of water molecules, resulting in an increased signal intensity on T1weighted images and a decrease of signal on T2-weighted-gradient echo images.25,26
Areas of altered intensity on delayed MRI scans presumably reflect the infiltration of
USPIO-loaded macrophages in active MS lesions. USPIO enhancement can have one of
three patterns: focal, ring-like or “return-to-isointensity” (after having been hypointense
on native T1-weighted images).27 Furthermore, global changes in the T1 signal in normal
appearing brain tissue can demonstrate subtle generalized inflammatory activity
without apparent BBB damage.28
Clinical pilot trials have demonstrated that the use of both GBCA and USPIO in MS
patients identifies more inflammatory lesions than gadolinium alone, range from a 4%
to 244% increase.27,29,30 The subgroup of lesions that enhanced with both contrast agents
were characterized by a more severe evolution.27,30
A recent study by Maarouf et al. in 18 CIS patients showed that USPIO enhancing lesions
are already present at the onset of MS, but to a lesser extent than previously reported
22

in RRMS patients.31 The presence of such lesions was associated with more severe
and persistent local tissue injury after 12 months of follow-up, but not with changes in
Expanded Disability Status Scale (EDSS).
These limited number of studies show that USPIO allow for measurement of inflammation
not possible with other MRI contrast agents, but the lack of available contrast-agents
limits further development.

Positron emission tomography
PET is a noninvasive molecular imaging technique to quantify biochemical and
physiological processes in vivo. It measures the bio-distribution of a radioligand or
tracer, a radioactive isotope bound to biologically active molecule. Over the last decades
more and more new radioligands have been developed, creating a unique insight in
the pathophysiology of neuroinflammation, neuronal dysfunction, demyelination
and remyelination. In this review we will focus on PET-tracers as biomarkers for
neuroinflammation.
Imaging activated microglia

The complex and highly dynamic processes of microglia activation is the central
characteristic of neuroinflammation and a key element of neurodegeneration in MS.32,33
Initially, in vivo PET-studies investigating microglia activation used radioligands that bind
to the 18kd-translocator protein (TSPO), formerly known as peripheral benzodiazepine
receptor. The first successful and now most frequently used of the TSPO-radioligands is
[11C]PK11195.34 [11C]PK11195 uptake is increased in focal T2 MRI lesions, co-localizes with
gadolinium-enhancing T1 lesions in RRMS and is increased in normal appearing white
and grey matter (NAWM and NAGM) in MS patients compared to healthy controls.35–37
Overall there is significant positive correlation with [11C]PK11195 uptake and disease
duration, disability score and brain atrophy.35–38 However, [11C]PK11195 has several
disadvantages, including limited brain entrance, poor signal-to-noise ratio and labeling
with the impractically rapid decaying isotope [11C] (t1/2 = 20.33 minutes).39 This led to the
development of a wide range of second generation TSPO radioligands, see table 1 for an
overview of TSPO PET-studies in MS patients. The main disadvantage of these new tracers
is a single nucleotide polymorphisms in the TSPO gene (rs697) that induces a variation
in binding activity for these second generation TSPO tracers.50 Differences in affinity
between the high-affinity binding type and the low-affinity binding type varies between
the different TSPO tracers from a 4-fold to as high as a 50-fold decrease in binding.50
Besides the use of different tracers and genetic polymorphism, comparison of TSPO
PET studies can be challenging due to differences in quantification methods of specific
binding, as well as differences in patient population, such as subtypes of MS, disease
duration, disease severity and age. Recent studies have illustrated the relevance of
23
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Increased [11C]PK11195 uptake in active WML, decreased [11C]PK11195 uptake in inactive
WML. Significantly higher [11C]PK11195 uptake in NAWM in PPMS compared to RRMS.

Positive correlation between [11C]PK11195 uptake in NAWM and brain atrophy. Negative
correlation between [11C]PK11195 uptake in T2 lesions and brain atrophy.

Cortical [11C]PK11195 uptake is increased in MS patients compared to HCs and in SPMS
compared to RRMS. Total cortical [11C]PK11195 uptake correlates with EDSS scores, with
a stronger correlation for the SPMS subgroup.

Decreased [11C]PK11195 uptake in WM and cortical GM after 1 year of treatment with
glatiramer acetate.

13 RRMS,
7 SPMS, 2
PPMS, 7 HC

13 RRMS,
7 SPMS, 2
PPMS, 8 HC

10 RRMS, 8
SPMS, 8 HC

9 RRMS

[11C]PBR28

Banati et al. 200035

Increased global [ C]PK11195 uptake in patients compared to HCs and further increase
in [11C]PK11195 uptake in active and inactive WML.

8 RRMS,
1 SPMS, 3
PPMS, 8 HC

Increased [11C]PK11195 uptake in NAWM and central GM of CIS patients compared to HCs. Giannetti et al. 2015 43
Higher [11C]PK11195 uptake correlates with higher EDSS and higher risk of conversion to
MS.

Giannetti et al. 2014 42

4 stable
RRMS, 4 HCs

No significant difference in [11C]PBR28 uptake between patients and HCs. Good testretest reproducibility.

Park et al. 2015 45

11 MS (mostly No difference in global [11C]PBR28 uptake between patients and HCs. Increased [11C]
Oh et al. 201144
11
RRMS), 7 HC
PBR28 uptake in gadolinium enhancing WML and increased [ C]PBR28 uptake preceding
gadolinium enhancement. Positive correlation between [11C]PBR28 uptake and disease
duration, but not with EDSS.

18 CIS, 8 HC

10 RRMS, 8
Positive correlation between [11C]PK11195 uptake in black holes and EDSS and disease
SPMS, 1 PPMS progression in SPMS/PPMS subgroup.

10 SPMS, 8 HC Increased [11C]PK11195 uptake in NAWM and thalamus of patients compared to HCs. High Rissanen et al. 2014 41
[11C]PK11195 uptake in 57% of chronic T1 lesions in patients.

Ratchford et al. 201240

Politis et al. 201237

Versijpt et al. 200538

Debruyne et al. 200336

Vowinkel et al. 199734

11

Increased [11C]PK11195 uptake in an active MS lesion, not in chronic lesions.

Reference

Main findings

TSPO tracer Subjects

[11C]PK11195 2 RRMS

Table 1. Overview of in vivo positron emission tomography studies with 18kd-translocator protein (TSPO) tracers in multiple sclerosis patients.
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Increased [ F]PBR111 uptake in WML and perilesional WM compared to the WM of HCs.
Positive correlation between [18F]PBR111 uptake and MS severity scores in patients.

No difference in overall [18F]FEDAA1106 uptake between patients and controls. Increase
in [18F]FEDAA1106 uptake only in one active MS lesions. (No genotyping performed.)

9 RRMS, 5 HC

9 RRMS, 8 HC

[18F]
FEDAA1106

[18F]GE-180001

Trigg et al. 2015 49

Takano et al. 201348

Vas et al. 2008 47

Colasanti et al. 2014 46

Reference

Chapter 1.2

CIS = clinically isolated syndrome, EDSS = expanded disability status scale, GM = grey matter, HC = healthy control, MS = multiple sclerosis, NAWM = normal appearing
white matter, PPMS = primary progressive multiple sclerosis, RRMS = relapsing remitting multiple sclerosis, SPMS = secondary progressive multiple sclerosis, WM
= white matter, WML = white matter lesions

Slighty increased [18F]GE-180-001 uptake in whole WM in patients compared to HCs.
Higher [18F]GE-180-001 uptake in inactive WML and a further increase in gadolinium
enhancing lesions. (Preliminary data.)

Uptake of [11C]vinpocetine is higher than [11C]PK11195 in regions of brain damage, but
with minimal overlap in peak uptake regions.

[11C]
4 MS (mostly
vinpocetine RRMS)

11 RRMS, 11
HC

[ F]PBR111
18

Main findings

18

TSPO tracer Subjects

Novel MRI and PET markers of neuroinflammation in multiple sclerosis
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imaging these different subgroups in further understanding the pathophysiology of the
different disease stages in MS.
Giannetti et al. recruited eighteen CIS patients for a [11C]PK11195 study.43 They
demonstrated a global increase in [11C]PK11195 uptake in NAWM and deep grey matter
compared to healthy controls and a further significant increase in those CIS patients with
T2 MRI lesions. Furthermore, higher levels of uptake was correlated with a development
of MS at 2 year interval. This suggests that diffuse inflammatory changes in the NAWM
in early phases of the disease predispose for WML development and subsequently
conversion to MS. This would be in line with previous ex vivo immune-histochemical
studies, showing areas of activated microglia without apparent loss of myelin at risk of
developing into acute inflammatory lesions.35,51,52
Rissanen et al. used the same TSPO-tracer to image not early but chronic disease in the
secondary progressive MS (SPMS) patients.41 First of all they showed an increase in [11C]
PK11195 uptake in 57% of black holes, which has recently been related to a higher degree
of clinical disability by Giannetti et al.42 Moreover, there was significant increase in tracer
uptake in the global NAWM and in the thalamus in SPMS patients compared to healthy
controls. This is in agreement with the pathology findings of a more chronic and diffuse
low-grade inflammation behind the BBB in the progressive phase of the disease. 53
In the RRMS there seems to be an association between disease activity and global
microglia activity measured with TSPO PET. On one hand, Park et al. found no increase in
[11C]PBR28 uptake in the NAWM of four clinically and radiologically stable RRMS patients.45
However, Colasanti et al. described a positive relation between [18F]PBR111 uptake and
disease severity scores in eleven RRMS patients.46
Overall, increase in TSPO uptake appears to be related to disease severity and progression.
Novel PET-tracers for activated microglia

Besides TSPO radioligands, new PET-tracers with different binding targets on microglia
are under development.
In MS the purinergic, adenosine triphosphate (ATP) binding, receptor P2X7 (P2 X7R) is
upregulated on microglia. Binding of ATP to the receptor activates the microglia, which
leads to proliferation and release of the pro-inflammatory cytokine and subsequently
microglia recruitment.54 Recently, ATP-dependent release of tumor necrosis factor α
(TNFα) was demonstrated to have a neuroprotective effect in MS.55 Moreover, a rare
single nucleotide polymorphism rs28360457 in the P2X7R gene has been described to
protect against the risk of developing MS. 56 All in all, P2X7R is an interesting target for PETtracers and potentially also for drug development. A first P2X7R PET-tracer [11C]A-740003
is under evaluation in animal models of neuroinflammation by Janssen et al. 57 Gao et al.
developed a second radioligand [11C]GSK1482160 which has yet to be evaluated in vivo.58
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Secondly, the adenosine A 2A receptor (A 2AR) has been proposed as a new in vivo target
for imaging neuro-inflammation. In vitro studies show inflammatory stimuli lead to
upregulation of A 2AR on microglial cells and subsequently alter their morphology and
behavior.59 This possibly provides an endogenous pathway to limit neuro-inflammation
and alter the pathophysiology process of neurodegeneration.60 Rissanen et al. showed
an increase uptake of the A 2AR PET-tracer [11C]TMSX in NAWM of MS patients compared
to healthy controls, which was associated with higher EDSS and increased brain tissue
loss.61,62 On the downside, [11C]TMSX suffers from low binding potentials and high nonspecific binding. Therefore, new A 2AR tracers are currently under investigations.
Labelling drugs that target neuroinflammation

Furthermore, PET-tracers have been developed to analyze the organ and tissue
distribution of drugs currently used in or under development for treatment of MS. As
these drugs usually have a long pharmacokinetic half-life the long-lived positron emitters
[124I] (t1/2 = 4.2 days) and [89Zr] (t1/2 = 3.3 days) are more commonly used.
To quantify the brain penetration of siponimod (BAF312), a selective sphingosine-1phosphate receptor (S1PR) agonist in phase 3 development for treatment of SPMS,
Briard et al. developed compound MS565.63,64 By slightly modifying the structure of
BAF312 this molecule can be labelled to [124I] for PET imaging. Despite the additional
iodine atom the biochemical properties and pharmacokinetics of[124I]MS565 remain
very close to the original compound. In a similar fashion they previously developed [124I]
BZM055 as a surrogate tracer to study the biodistribution of fingolimod (FTY720), a S1PR
agonist approved for the treatment of RRMS.65 Further validation of these radioligands is
necessary.
In contrast to radioligands based on MS specific small molecules, radioactive labelling of
monoclonal antibodies (mAbs) has already been validated in oncology.66 Similar studies
in MS patients can give us important insights in the mechanisms responsible for the
therapeutic effect of mAbs in MS. A pilot study presented at ECTRIMS 2015 suggested
that [89Zr]-labelled rituximab, a chimeric monoclonal antibody (mAb) against the CD20
molecule on mature B lymphocytes used in the treatment of RRMS.67 There was no
evidence of cerebral penetration for rituximab in this pilot study with two active RRMS
patients, suggesting the (early) therapeutic effects of this drug are independent of CNS
penetration. Further larger studies with labeled mAbs are highly relevant, especially in
light of the recently reported phase III result of the ocrelizumab trials in MS.68
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Conclusion
Current advances in MRI and PET techniques have expanded the armamentarium for in
vivo visualization and quantification of the pleomorphic aspects of neuroinflammation in
MS, providing us with a unique insight in its pathogenesis, clinical relevance and therapy
responsiveness not possible with conventional MRI techniques. Further work should aim
at validating these novel imaging methods and ideally implementing them in the clinical
practice and drug development.
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Background Compared to 1.5 Tesla (T), 3T MRI increases signal-to-noise ratio leading to
improved image quality. However, its clinical relevance in clinically isolated syndrome
suggestive of multiple sclerosis remains uncertain. The purpose of this study was to
investigate how 3T MRI affects the agreement between raters on lesion detection and
diagnosis.
Methods We selected 30 patients and 10 healthy controls from our ongoing prospective
multicentre cohort. All subjects received baseline 1.5T and 3T brain and spinal cord
MRI. Patients also received follow-up brain MRI at 3-6 months. Four experienced
neuroradiologists and four less-experienced raters scored the number of lesions per
anatomical region and determined dissemination in space and time (McDonald 2010).
Results In controls, the mean number of lesions per rater was 0.16 at 1.5T and 0.38
at 3T (p=0.005). For patients, this was 4.18 and 4.40 respectively (p=0.657). Inter-rater
agreement on involvement per anatomical region and dissemination in space and time
was moderate to good for both field strengths. 3T slightly improved agreement between
experienced raters, but slightly decreased agreement between less-experienced raters.
Conclusions Overall, the interobserver agreement was moderate to good. 3T appears
to improve the reading for experienced readers, underlining the benefit of additional
training.
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magnetic resonance imaging (MRI) plays a pivotal role in the diagnosis and monitoring of
multiple sclerosis (MS).1, 2 After clinically isolated syndrome (CIS), which is commonly the
first manifestation of MS, 56-82% of patients with brain MRI abnormalities will develop
clinically definite MS within the next 20 years.3, 4 For patients with a normal brain MRI,
this is much lower, approximately 20%.3, 4 An early accurate diagnosis is highly relevant in
clinical decision making, such as initiation of disease-modifying therapy in early stage of
the disease. Moreover, precise lesion detection is important in identifying patients with an
increased risk of long term disability, mainly patients with a high lesion load, gadolinium
enhancing lesions and infratentorial lesions.5-7 In addition, adequate monitoring of CIS
and MS patients requires an accurate detection of new lesions.1, 2
The current McDonald 2010 diagnostic criteria for MS do not define MRI acquisition
parameters such as magnetic field strength, spatial resolution and the selection of pulse
sequences.8 Mainly due to the improved signal-to noise ratio leading to an improvement
of image quality, brain imaging at higher magnetic field strengths offers new possibilities
with respect to the diagnosis and follow-up of neuroinflammatory disease.9-11 Current
expert panel guidelines recommend 3 Tesla (T) brain imaging 1, 2, as the improved signalto-noise ratio results in an increased lesion detection in anatomical regions relevant
for dissemination in space (DIS), especially in the (juxta)cortical, periventricular and
infratentorial region.12, 13 However, the clinical relevance of high field strength MRI is
uncertain. In particular, the question remains, whether the use of 3T leads to an earlier
diagnosis of MS. A previous prospective single-centre and single-vendor study with 40
CIS patients demonstrated an increased lesion detection on brain scans, but as such this
did not lead to an earlier diagnosis of MS according to the McDonald 2005 and Swanton
criteria.14, 15 Moreover, when retrospectively applying the 2010 revised McDonald criteria
to this dataset, this outcome did not change.16
The purpose of this prospective multi-centre, multi-vendor and multi-rater study in
patients presenting with a CIS, was to evaluate the effect of 3T MRI on interobserver
agreement on lesions detection and subsequently fulfilment of the criteria for DIS and
dissemination in time (DIT). Additionally, we evaluated the effect of the raters’ experience
on the interobserver agreement for both the lesion detection and the McDonald
diagnostic criteria.

Materials and methods
this study is part of a MAGNIMS (Magnetic Resonance Imaging in MS, www.magnims.eu)
prospective multi-centre multi-vendor project conducted at the following MS Centres:
VU University Medical Center Amsterdam, University Hospital Basel, St. Josef Hospital
Bochum, UCL Institute of Neurology London, Hospital Clínico San Carlos Madrid and
Sapienza University of Rome.
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At each centre the study design was approved by the local institutional review board.
Written informed consent was obtained from all participants.
For the CIS patients, two visits were used for this analysis: the baseline visit and the first
follow-up three to six months later (Figure 1). As at this interval no change on MRI scans
is to be expected for healthy controls, only baseline visits were scheduled for the control
group.
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Recruitment of subjects

patients with CIS suggestive of MS, as defined by the International Panel on MS diagnosis8,
were recruited from the outpatient clinics of the six participating centres between July
2013 and September 2015. Patients were recruited within six months after the first clinical
episode suggestive of demyelination. All subjects were age 18 to 59 at baseline. Exclusion
criteria were a history of vascular, malignant or other immunological disease and MRI
related contra-indications, such as claustrophobia or a previous allergic reaction to a
gadolinium based contrast agent.
Thirty patients and ten healthy controls were selected for this project. Subjects were
randomly selected per site; for the patients based on availability of completed follow-up
visits.
Neurological examination

At baseline, a medical history was taken and the Expanded Disability Status Scale (EDSS)
was assessed by a trained physician. At follow-up visits, possible new symptoms leading
to diagnosis of clinically definite MS were registered and the EDSS assessment was
repeated.
MRI acquisition

All patients received baseline MRI scans of the brain and spinal cord at both 1.5T and
3T separated by 24 to 72 hours. See figure 1 for the illustration of the scanning protocol
and study design. For both magnetic field strengths, a multisequence scanner optimized
acquisition protocol was used (detailed information is given in supplementary table 1).
In summary, brain imaging included isotropic 3D T1 and 3D fluid-attenuated inversion
recovery (FLAIR), as well as axial 3mm 2D T2, proton density (PD), and post-contrast T1
spin-echo (SE) sequences. From the 3D sequences, 3mm axial reconstructions were made
following the same repositioning compared to the 2D sequences. Spinal cord imaging
included post-contrast sagittal 3mm T1 SE and PD/T2. According to the MAGNIMS
guidelines on MS diagnosis and monitoring, axial spinal cord imaging was not included
due to the substantial increase in scan duration.
In healthy controls, the same protocol was used without the administration of intravenous
contrast. For the patients’ follow-up, the brain MRI protocol was repeated without the
administration of intravenous contrast.
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Figure 1. Study protocol

Abbreviations: DIR = double inversion recovery, EDSS = expanded disability status scale, FLAR = fluid-attenuated inversion recovery, FU = follow-up, PD = proton density, SDMT = standard digit modalities test, SE =
spin-echo, T = Tesla

Imaging analysis

All scans were centrally collected and checked for completeness. The scans were rated
independently by eight raters during a central reading session: four experienced raters
(CL, neuroradiologist for 8 years; AR, neuroradiologist for 26 years; MPW, neuroradiologist
for 9 years; FB, neuroradiologist for 19 years) and four MS researchers or radiology
residents considered as less-experienced raters (IK, SR, SC, RC). For this central reading
the full scan protocol, as described in Figure 1, was available. For each subject, the 1.5T
and 3T scans were presented separately with approximately a twenty-hour time interval.
The order of presentation was randomised between sessions, but the same for all the
eight raters. Localisation of symptoms at onset was presented for each patient, as per
McDonald 2010 criteria symptomatic brainstem or spinal cord lesions are excluded from
demonstration of DIS.8 Besides location of onset, the raters were blinded for clinical
information such as age, gender and centre.
For all baseline scans, the number of inflammatory lesions larger than 3mm in size were
scored and categorized according to the anatomical region (periventricular, juxtacortical,
infratentorial and spinal cord). In CIS patients but not in healthy control subjects (no
contrast administered), the number of enhancing lesions per region was reported.
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Subsequently, the presence of DIS and DIT according to the McDonald 2010 criteria was
determined. For follow-up scans new lesions per region were scored and again fulfilment
of the criteria for DIS and DIT was determined.

Chapter 2.1

Statistical analysis

The difference in lesion detection between 1.5T and 3T were tested using Generalized
Estimating Equations (GEEs) with a logit link-function and an exchangeable correlation
structure. Repeated measures for each subject were defined as the scores of the different
observers.
Inter-rater agreement on number of lesions detected per region was calculated with
Conger’s kappa. Agreement on involvement per anatomical region, independent of
the number of lesions scored in that region, was calculated with Cohen’s kappa. This
statistical analysis was also used to determine agreement on the fulfilment of the criteria
for DIS, DIT and MS. Values of 0.41 to 0.60 were considered as moderate agreement, 0.61
to 0.80 as substantial agreement and >0.81 as good agreement.17
Calculations were performed using SPSS 22.0 (Windows) and “R”, version 3.1.1.

Results
Patient characteristics

Detailed demographic information of the study subjects is given in table 1. The mean
age for patients was 34.5 ± 7.0 years, 64% was female. The median EDSS at baseline was
2.0 (range 0 – 6). Most CIS patients presented with an optic neuritis (n=12) or spinal cord
syndrome (n=11). Patients were scanned with a median of 90 days (IQR = 29 - 123) after
onset of the symptoms.
In healthy controls the mean age was 38.7 ± 9.3 years, 80% were female.
Lesion detection and diagnosis

In healthy controls, no spinal cord lesions were scored. The mean total number of brain
lesions scored per rater per subject was 0.38 at 3T (median 0, IQR = 0 - 0.8) and 0.16 at
1.5T (median 0, IQR = 0 - 0) (p=0.005). In the patient group the mean overall number of
lesions at baseline was 4.40 at 3T (median 3, IQR = 1 - 7) and 4.14 at 1.5T (median 3, IQR
= 1 - 6) (p=0.732), see Figure 2. Only very few enhancing juxtacortical and infratentorial
lesions at baseline and new infratentorial lesions at follow-up were identified leading to
the exclusion of these regions at these time points from further analyses.
The mean number of cases per rater diagnosed as MS based on radiological criteria was
at baseline 1.63 at 1.5T (median 2, IQR = 1 - 2) and 2.25 at 3T (median 2, IQR = 2 - 2), and at
follow-up 4.63 at 1.5T (median 5, IQR = 3.25 - 5.75) and 6.38 at 3T (median 6, IQR = 6 - 6).
Full statistical analysis will be presented based on a consensus score after completion of
our ongoing cohort study.
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Table 1. Demographics of clinically isolated syndrome patients and healthy controls
Characteristics

Patients (n=30)

Controls (n=10)

Age, mean ± SD (years)

34.5 ± 7.0

38.7 ± 9.3

Gender, male / female (n)

11 / 19

2/8

EDSS, median and range

2.0 (0-6)

Optic nerve

12

Cerebral hemisphere

3

Infratentorial

4

Spinal cord

11
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Location presenting
symptoms (n):

EDSS = expanded disability status scale, SD = standard deviation

Figure 2. 1.5T and 3T MRI scans of two CIS patients

1. 3DFLAIR brain scans of one
CIS patient presenting with optic
neuritis: A) baseline scan on
3T with no brain lesions, B) follow-up scan on 3T showing two
new T2 lesions in the corpus callosum, C) follow-up scan on 1.5T
on which only one of the new lesion can be identified.
2. Baseline A)3T and B) 1.5T
3DFLAIR brain scans of one CIS
patient presenting with a spinal
cord syndrome. All raters identified additional periventricular
and juxtacortical lesions on 3T
MRI leading to dissemination in
space, while only 3 experienced
raters on 1.5T.
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Inter-rater agreement on lesion detection

Inter-rater agreement on involvement per anatomical region for all the raters was
moderate to good on both 1.5T and 3T, with kappa scores (κ) varying from 0.49 to 0.84, see
Figure 3. The agreement was highest for baseline infrantentorial lesions (3T: κ 0.84, 1.5T:
κ 0.76) and lowest for baseline juxtacortical lesions (3T: κ 0.53, 1.5T: κ 0.49). Agreement
on presence of spinal cord lesions was lower at 1.5T compared to 3T (3T: κ 0.76, 1.5T:
κ 0.66). Agreement on enhancing lesions was substantial for periventricular lesions (3T:
κ 0.70, 1.5T: κ 0.80) and moderate for spinal cord lesions (3T: κ 0.57, 1.5T: κ 0.59). Overall,
agreement on involvement of regions was higher at baseline compared to follow-up.
As can be expected, inter-rater agreement dropped for the category ‘exact number of
lesions scored per region’, see Figure 3. Agreement on enhancing lesions was not affected,
as there was no more than one enhancing lesion in any anatomical region.
When looking at the kappa scores for involvement per anatomical region for the groups
by experience, agreement on involvement per anatomical region was overall higher at 3T
for the experienced raters and overall higher at 1.5T for the less-experienced raters, see
figure 4.
Inter-rater agreement on diagnosis

In CIS patients, the inter-rater agreement for DIS, DIT and diagnosis of MS at baseline
was also moderate to good, with κ scores varying from 0.51 to 1.00, see figure 5. The
remarkable κ of 1.00 for DIT at 1.5T at baseline for both experienced and less-experienced
raters is due to full agreement on non-symptomatic enhancing lesions, and therefore
DIT, in two patients. At 3T part of the raters identified a non-symptomatic enhancing
lesion in another six patients, leading to a drop in inter-rater agreement on DIT and the
diagnosis of MS at 3T.
At follow-up, 3T slightly improved the inter-rater agreement for the experienced raters on
DIS, DIT and MS, while the agreement between less-experienced raters slightly decreased
on all criteria. Overall the inter-rater agreement on the diagnosis of MS at follow-up was
substantial (κ 0.61-0.80) at both field strengths

Discussion
The McDonald criteria for the diagnosis of MS do not define important MRI acquisition
parameters such as field strength.8 However, recent MAGNIMS guidelines recommend
the use of 3T brain MRI based on an improved signal to noise ratio resulting in higher
lesion detection.1, 2 Nonetheless, to date the extent of and the clinical relevance of a
higher detection rate using higher magnetic field strength with respect to diagnostic and
prognostic purposes remains unclear. This multi-center, multi-vendor and multi-rater
study provides important information on the lesion detection rates and inter-observer
variation with respect to MS lesion detection for diagnostic purposes in patients
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Figure 3. Agreement on lesions per anatomical region per field strength

Agreement between the eight raters on the involvement of an anatomical region, calculated with Cohen’s
kappa scores, and on the exact number of lesions per anatomical regions, calculated with weighted Conger’s
kappa scores. The horizontal lines indicate the cut-off values 0.41 for moderate agreement, 0.61 for substantial agreement and 0.81 for good agreement.
Abbreviations: BL = baseline, E = enhancement, FU = follow-up, IT = infratentorial, JC = juxtacortical, PV =
periventricular, SC = spinal cord

Figure 4. Effect of experience on agreement on involvement per anatomical region per field
strength

Calculated by subtracting the Cohen’s kappa for 3 Tesla by the Cohen’s kappa for 1.5 Tesla.
Abbreviations: BL = baseline, E= enhancement, FU = follow-up, IT = infratentorial, JC = Juxtacortical, PV =
periventricular, SC = spinal cord, T = Tesla
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Figure 5. Agreement on the diagnosis per field strength dependent on experience of the raters

Calculated using Cohen’s kappa scores. The horizontal lines indicate the cut-off values 0.41 for moderate
agreement, 0.61 for substantial agreement and 0.81 for good agreement.
Abbreviations: DIS = dissemination in space, DIT = dissemination in time, MS = diagnosis of MS

presenting with CIS suggestive of MS. Overall, inter-rater agreement on involvement
per anatomical region was moderate to good, which was not substantially influenced
by field strength. With respect to the lesion location, the agreement was the lowest for
juxtacortical lesions at baseline. When comparing this to the agreement on the exact
number of lesions per region, the largest decrease in agreement was understandably in
the periventricular region, as this is the region where most lesions were identified.
In contrast to a previous single-center and single-vendor study 15, we used 3D brain
imaging with 3mm thick axial reconstructions on both field strengths. Moreover, we
also studied spinal cord imaging at both field strengths. Previous studies have shown
that the identification of a spinal cord lesion does not only facilitate the fulfilment of the
MRI criteria for diagnosis of MS, but is also predictive for conversion to clinically definite
MS in CIS patients.18, 19 However, spinal cord MRI is challenging - especially at 3T - due to
various possible artefacts due to patient motion, swallowing, respiration and pulsation
of the cerebrospinal fluid and blood vessels.20 In addition, it has not conclusively been
demonstrated that 3T leads to higher lesion detection levels compared to lower field
strength.21 Contrary to this, agreement on spinal cord lesions was highest at 3T for both
the experienced and less-experienced raters.
When demonstrating the effect of the experience of the raters on the variability of lesion
detection, overall the inter-rater agreement for the less experienced raters is higher
for the 1.5T scans, while the more experienced raters agree more at 3T. This could be
explained by an effect of training. Most probably, a correct interpretation of high field
strength MRI requires more experience as smaller details become visible, including more
incidental lesions in healthy controls.
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Even though all eight raters were well familiar with the McDonald 2010 criteria, applying
these criteria consistently to all the scans appeared to be more challenging than
anticipated. A good working knowledge of these complex criteria was not without doubt
even for the experienced neuroradiologists. The difficulty of applying the diagnostic
criteria for MS has previously also been demonstrated when using the McDonald 2001
criteria.22 For the 2010 revision of the diagnostic criteria, most questions arose on how to
exclude the symptomatic brainstem and spinal cord lesions in the criteria for DIS. In the
current criteria, symptomatic lesions localized in the brainstem or spinal cord are to be
excluded from lesion count. However, it is unclear as to whether only the one symptomatic
lesion or all the lesions in the symptomatic area should be excluded when scoring DIS.
Moreover, it can be quite difficult, if not impossible, to identify the particular lesion
causing the clinical symptoms. These doubts ask for a simplification of the McDonald
2010 criteria, as recently proposed by the MAGNIMS study group.23 This is supported
by a recent studies indicating that including the symptomatic lesion in the criteria for
DIS, does not lead to a decrease in specificity and even increases the sensitivity of these
diagnostic criteria.24, 25
As a future perspective, the introduction of ultra-high-field MRI creates new possibilities
and challenges. Given the strong effect of tissue relaxation times, in particular on
clinically recommended sequences (such as FLAIR, conventional T2 and optionally DIR),
and the different appearance of cortical grey matter and white matter structures, the
reading of 7T images in the context of MS is likely to be even more challenging.26-32 7T is
now exclusively used in research and its future role in clinical practice remains uncertain.
Possibly the effect of training will be even stronger for ultra-high-field MRI.

Conclusions
This study demonstrates a moderate to good interobserver agreement on lesion
detection, DIS and DIT, which was not substantially influenced by field strength.
Furthermore, interobserver agreement at 3T was lower for less-experienced raters
compared to experienced raters, indicating correct interpretation of high field strength
MRI may require more training.

Study funding
this research has been supported by a programme grant (14-358e) from the Dutch MS
Research Foundation (Voorschoten, The Netherlands).
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Supplementary table 1. MRI sequence parameters per centre for 1.5T and 3T
Center
Vendor
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GE Signa
VU
University HDxt
Medical
Center
Amsterdam

University Siemens
Hospital Avanto
Basel

St. Josef
Hospital
Bochum

Siemens
Avanto

Siemens
UCL Institute of Avanto
Neurology
London

Hospital GE Signa
HDxt
Clínico
San Carlos
Madrid

Sapienza Siemens
University Avanto
of Rome

Parameters
Sequence
Type
Slice orientation
Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)

3D T1
GRE
Sag
1.0x1.0x1.0

3D FLAIR
TSE
Sag
1.4x1.4X1.2

1.5T
Head
2D PD/T2
TSE
Ax
0.65x1.0x3.0

12.4
5.2
12

6500
115

4000
20/102

6500
111

191
1994

10

450

191
1694/2692

1.0x1.0x1.0

1.0x1.0x1.0

1.0x1.0x3.0

1.33x1.33x1.5 1.0x1.0x3.0

0.67x0.84x3.0

0.67x0.84x3.0

2700
3.37
8

6000
352

3980
9.3/112

7500
307

400
12

2500/4440
9.5/102

141
2200

7

950

256
450/3000

1.1x1.1x1.0

1.0x1.0x1.0

0.45x0.45x3.0

1.0x1.0x1.5

0.5x0.5x3.0

0.8x0.8x3.0

1.0x1.0x3.0

10
4.6
8

4800
291

4720
9.9//89

7500
308

450
8.7

550
11

2800
22

204
1650

10

1000

226
450/3000

1.0x1.0x1.0

1.0x1.0x1.0

0.57x0.57x3.0

NA

0.78x0.78x3.0

0.94x0.94x3.3 0.94x0.94x3.3

1900
3.37
15

6500
202

7090
12/81

NA
NA

984
8.4

476
8.6

125
2000

6

1100

NA
NA

0.98x0.98x1.0

0.98x0.98x1.0

0.48x0.48 x4.0 NA

0.48x0.48 x4.0 0.4 x0.47 x3.3

0.59x0.59x3.3

10
4.2
12

6000
136

2500
10/120

NA
NA

540
7.3

2060
13/118

220
1837

12

450

NA
NA

1.0x1.0x1.0

1.2x1.2x1.3

0.6x0.6x3.0

NA

1.0x0.8x3.0

0.9x0.8x3.0

1.0x0.8x3.0

1900
3.37
15

6500
202

6650
12/81

NA
NA

923
8.4

458
9.4

2500/3670
9.8/118

125
2000

6

NA
NA

1100

3D DIR
TSE
Sag
1.4x1.4x1.2

2D T1 +c
SE
Ax
0.65x1.0x3.0

Spinal cord
2D T1
2D PD/T2
SE
TSE
Sag
Sag
0.9x1.5x3.0
0.9x1.5x3.0

480
9

450
14

2400
15/98

10

552
17

6/25

12

3030
11/101

8

540
8.6

12

6/24

Abbreviations: Ax = axial, DIR = double inversion recovery, FLAIR = fluid-attenuated inversion recovery, GE = General Electric, GR
repetition time, TSE = turbo spin-echo
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3D T1
GRE
Sag
1.0x1.0x1.0

3D FLAIR
TSE
Sag
1.1x1.1x1.2

8.2
3.2
12

8000
130

9415
20/112

8000
125

230
2340

24

450

230
1450/3148

1.0x1.0x1.0

1.0x1.0x1.0

1.0x1.0x3.0

1.33x1.33x1.5 1.0x1.0x3.0

0.67x0.84x3.0 0.67x0.84x3.0

1570
2.67
9

5000
402

3570
9.3/93

7400
324

500
10

141
1800

7

900

256
450/3000

1.1x1.1x1.0

1.0x1.3x1.0

1.0x1.0x3.0

1.0x1.0x1.1.2

1.0x1.0x3.0

0.48x0.48x3.0 0.48x0.48x3.0

10
4.2
15

5000
354

3000
118

5500
328

635
17

462
8

182
1900

8

1100

173
440/2550

1.0x1.0x1.0

1.2x1.2x1.2

1.0x1.3x3.0

1.2x1.2x1.2

1.0x1.3x3.0

1.0x1.8x3.0

1.0x1.8x3.0

6.9
3.1
8

8000
388

3500
8/19

5800
250

625
10

600
8

3500/3900
22/78

120
2400

10

154
2600/425

821

3D DIR
TSE
Sag
1.1x1.1x1.2

2D T1 +c
SE
Ax
0.78x1.0x3.0

Spinal cord
2D T1
2D PD/T2
SE
TSE
Sag
Sag
0.93x1.5x3.0 0.93x1.5x3.0

660
9

589
8.7

3598/3400
9.6/80

21

650
8.4

2500/3450
8.1/102

6/21

3696
120

34

6/24

0.98x0.98x1.0 0.98x0.98x1.0 0.49x0.49x4.0 NA

0.48x0.48 x4.0 1.3 x 1.3 x 3.0

0.63x0.63x3.3

10
4.2
12

540
7.5

2040
13/118

6000
135

2500
10/108

NA
NA

220
1840

12

450

NA
NA

1.0x1.0x1.0

1.0x1.0x1.0

0.6x0.6x3.0

NA

1.0x0.8x3.0

1.0x0.8x3.0

1.0x0.8x3.0

1900
2.93
9

5000
395

5970
10/103

NA
NA

628
9.8

600
9.4

2500/3000
7.8/107

141
1800

6

NA
NA

900
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Parameters
Sequence
Scantype
Slice orientation
GE Discovery Measured voxel
MR750
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion time
(ms)
Siemens Verio Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Philips
Measured voxel
Achieva
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Philips
Measured voxel
Achieva
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
GE Signa HDxt Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)
Siemens Verio Measured voxel
size (mm)
TR (ms)
TE (ms)
Flip angle
(degrees)
Turbo factor
Inversion times
(ms)

3T
Head
2D PD/T2
TSE
Ax
0.65x1.0x3.0

Vendor

460
8.4

18

6/27

tric, GRE = gradient echo, NA= not applicable, PD = proton density, Sag = sagittal, SE = spin-echo, T = Tesla, TE = echo time, TR =
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Abstract
Background In the work-up of patients presenting with a clinically isolated syndrome
(CIS), 3 Tesla (T) MRI might offer a higher lesions detection than 1.5T, but it remains
unclear whether this affects the fulfilment of the diagnostic criteria for multiple sclerosis
(MS).
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Methods We recruited 66 CIS patients within 6 months from symptom onset and 26
healthy controls in 6 MS centers. All participants underwent 1.5T and 3T brain and spinal
cord MRI at baseline according to local optimized protocols and the MAGNIMS guidelines.
Patients who had not converted to MS during follow-up received repeat brain MRI at 3-6
months and 12-15 months. The number of lesions per anatomical region were scored by
three raters in consensus. Criteria for dissemination in space and time (DIS and DIT) were
determined according to the 2017 revisions of the McDonald criteria.
Results 3T MRI detected 15% more T2 brain lesions compared to 1.5T (p<0.001), which
was driven by an increase in baseline detection of periventricular (12%, p=0.015), (juxta)
cortical (21%, p=0.005) and deep white matter lesions (21%, p<0.001). The detection rate
of spinal cord lesions and gadolinium-enhancing lesions did not differ between field
strengths. 3T MRI did not lead to a higher number of patients fulfilling the criteria for DIS
or DIT, nor subsequent diagnosis of MS, at any of the three time points.
Conclusions Scanning at 3T does not influence the diagnosis of MS according to McDonald
diagnostic criteria.
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Introduction

Both the 2010 and the recently introduced 2017 revisions of the McDonald diagnostic
criteria for MS do not specify MRI acquisition parameters such as magnetic field
strength.7, 12 As higher field strengths improve signal-to-noise ratio, resulting in increased
image quality,13, 14 some expert panel guidelines recommend brain imaging at 3T MRI for
diagnostic and treatment monitoring purposes.6, 15 Previous single-center and singlevendor studies have demonstrated that 3T MRI increases lesion detection in the brain,
especially in (juxta)cortical, periventricular and infratentorial regions, but little is known
about the spinal cord.16, 17 More importantly, the diagnostic relevance of high field MRI
remains uncertain, particularly in relation to the demonstration of dissemination in
space and time (DIS and DIT) for the diagnosis of MS.
The purpose of this study was to prospectively evaluate the effect of 3T MRI on brain
and spinal cord lesion detection in a multicenter and multi-vendor setting in patients
with CIS, and subsequently assess its effect on fulfilment of the criteria for DIS and DIT
according to McDonald diagnostic criteria.

Materials and methods
Previously we reported an interim analysis on interobserver agreement on lesion
detection in a subset of the then ongoing prospective CIS project.18 We now present the
full follow-up of the whole cohort.
Participants

For this study we recruited participants from six different MS centers from the MAGNIMS
network (www.magnims.eu), between July 2013 and September 2015.
Inclusion criteria were defined as: (A) for patients only: CIS suggestive of MS as defined
by the International Panel on MS diagnosis7; (B) for patients only: baseline visit within
six months after the first onset of clinical symptoms suggestive of demyelination; (C)
age at baseline between 18 and 59 years; (D) no medical history of other immunological
disease, malignancy or vascular pathology; (E) no known claustrophobia or allergy to a
gadolinium based contrast agent.
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MRI is the most sensitive tool for the detection of inflammatory demyelination in the
central nervous system.1-3 Numerous studies have stressed the importance of MRI in
the (differential) diagnosis of MS and clinically isolated syndrome (CIS).4-7 In addition to
diagnostic purposes leading to an early and accurate diagnosis, MRI also has a prognostic
value regarding the prediction of the time to conversion from CIS to MS and development
of long-term disability.8-11
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For the CIS patients the study protocol comprised three visits: baseline, first follow-up
at 3-6 months and a second follow-up at 12-15 months. Besides MR imaging, at all three
time points a medical history was taken and a trained physician assessed the Expanded
Disability Status Scale (EDSS). Information on oligoclonal band status was not available.
In case of conversion to clinically definite MS during follow-up (i.e., the occurrence of
a second clinical relapse, diagnosed by the treating neurologist) or fulfilment of the
radiological criteria for the diagnosis of MS, patients were excluded from further imaging.
Healthy controls only underwent the baseline visit, as no clinical or radiological changes
were to be expected.
Standard Protocol Approvals, Registrations, and Patient Consent
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Each local institutional review board approved the study and all participants gave written
informed consent prior to the first study activity.
MRI protocols

MRI examinations were performed for all participants at both 1.5T and 3T at all three
visits. For each time point, the scan interval between the different field strengths was
less than 72 hours. The scanning parameters were based on local optimized acquisition
protocols and in accordance with the MAGNIMS guidelines.6, 15 Acquisition parameters
were comparable between field strengths. A detailed description of the acquisition
protocols for the different vendors has previously been described.18 In brief, at both field
strengths isotropic 3D T1WI and 3D FLAIR, axial 3mm T2WI and proton density (PD), and
if available double inversion recovery brain imaging was performed at all time points.
Patients received post-contrast T1 spin-echo at baseline only. Spinal cord imaging was
performed for all participants at baseline only and consisted of sagittal 3mm T1WI,
T2WI and PD sequences. For patients only, spinal cord imaging was performed after
administration of a single-dose of gadolinium based contrast agent.
Lesion detection and diagnostic criteria

All scans were rated in consensus using a digital workstation (Sectra IDS7 version 16.2.28)
by three raters (MH, MV or MPW, and FB) in random order, with a minimum time interval
of 2 weeks between the rating of the 1.5T and the 3T scans. All T2 lesions larger than
3mm in size at baseline or new at follow-up were scored according to their anatomical
region (periventricular, (juxta)cortical, deep white matter, infratentorial or spinal cord).
Additionally, baseline enhancing lesions in each anatomical region were reported
for patients only. Subsequently, fulfilment of DIS and DIT for all three time points was
determined according to the 2017 revisions of the McDonald criteria.12 Additionally, the
2010 revisions of the McDonald criteria and the in 2016 proposed MAGNIMS criteria were
evaluated. Regarding clinical information, only the localization of the symptoms at onset
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as determined by the treating neurologist was provided. No additional information on
age, sex and center was available to the raters.
After all scans were scored separately, a side-by-side comparison of the 1.5T and 3T
scans of each participant was performed (MH, MV) to check for and if necessary correct
artificial discrepancies between the ratings at both field strengths. For example, a
lesion in the medial temporal lobe could have been identified as either periventricular
or juxtacortical. To ensure consistency of the classification between the 1.5T and 3T
scoring, we aligned the readings to assure that differences in lesion count were not based
on such variations in interpretation of lesion location. The total number of lesions scored
per field strength was not changed during this post-hoc analysis.

Statistical analysis was performed using the Wilcoxon signed-rank test for continuous
variables (number of lesion detected) and the McNemar test for dichotomous outcomes
(diagnostic criteria) in SPSS 22.0 (IBM Corp., Armonk, NY). Statistical significance was
defined as p < 0.05 and for subgroup analysis of the five anatomical regions p < 0.01 to
correct for multiple testing.
Data availability

The data that support the findings of this study are available from the corresponding
author (MH) upon reasonable request and approval by the MAGNIMS steering committee.

Results
Demographics

In total 66 CIS patients and 26 healthy controls were included in this study. The participant
characteristics are described in Table 1. In short, at baseline patients’ mean age was 34.7
years, 71% were female, the median EDSS was 2.0 and most patients presented with a
spinal cord syndrome (38%) or optic neuritis (39%). Healthy controls were 36.3 years old
on average (compared to patients p=0.80) and 62% were female (p=0.37).
32 patients completed all three visits, 19 patients converted to definite MS before the
third visit and 15 patients became lost to follow-up due to various reasons, such as
pregnancy, moving too far away from the hospital or personal reasons.
Number of lesions

As described in Table 2, the number of T2 lesions scored in patients at baseline was
slightly but significantly higher at 3T compared to 1.5T, with a mean of 13.5 per patient
at 1.5T (median 8, IQR = 3.0 - 18.5) and 15.3 at 3T (median 8, IQR = 4.8 - 21.0) (p<0.001).
As Figure 1 illustrates, this was driven by an increased lesion detection at 3T in deep
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Table 1. Cohort description
Characteristics

CIS (n=66)

HC (n=26)

Age, mean ± SD (years)

34.7 ± 8.4

36.3 ± 8.9

Sex, male / female (n)

19 / 47

10 / 16

EDSS, median and range
Location of presenting
symptoms (n, %)

2.0 (0 - 6.0)
Optic nerve

26 (39%)

Cerebral hemisphere

8 (12%)

Infratentorial

7 (11%)

Spinal cord

25 (38%)
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Participants per visit (n) Baseline

66

Follow-up 3-6 months

46

Follow-up 12-15 months

32

26

Abbreviations: CIS = clinically isolated syndrome patients, EDSS = expanded disability status scale, HC =
healthy controls

white matter, periventricular and (juxta)cortical regions, of which the first two reached
statistical significance. There was no difference in number of spinal cord lesions at
baseline between field strengths. Only a limited number of gadolinium enhancing lesions
at baseline (mean of 0.77 and 0.92 at 1.5T and 3T respectively) and new T2 lesions at
the two follow-up visits (mean of 0.62 and 0.42 at 1.5T and of 0.67 and 0.55 3T) were
identified, without statistically significant differences between 1.5T and 3T. This led to a
mean total (i.e., over the whole study period) number of T2 lesions of 14.1 at 1.5T (median
9, IQR = 3.8 - 18.5) and 16.1 at 3T (median 10, IQR 4.8 - 21.5) (p<0.001).
When excluding deep white matter lesions and exclusively considering lesions in regions
relevant for DIS, the mean total number of lesions was lower, but a difference between
the field strengths remained, with a mean of 8.27 at 1.5T (median 6, IQR = 3.0 - 12.3) and
9.00 at 3T (median 6, IQR 2.0 - 13.0) (p=0.038). This overall difference between the two
field strengths stemmed mainly from an increase in periventricular and (juxta)cortical
lesions at 3T, similar to baseline lesion counts, see Figure 2. The number of infratentorial
and spinal cord lesions was similar at both field strengths.
In 11 out of the 26 healthy controls one or more T2 white matter lesions was identified,
with a mean number of baseline T2 lesions per participant of0.81 at 1.5T (median 0, IQR
= 0.00 - 1.00) and 1.04 at 3T (median 0, IQR 0.00 - 1.25) (p=0.204). As Table 2 and Figure
1 illustrate, this concerns mostly deep white matter lesions. Only one periventricular
lesion was identified at both field strengths and one cerebellar lesion at 3T.
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Figure 1. Mean number of lesions detected per participant per anatomical region

Graphs (A) and (B) illustrate
the significantly increased
detection of periventricular, (juxta)cortical and deep
white matter lesions on 3T in
clinically isolated syndrome
patients at baseline (A) and
throughout the total study
(B) when compared to 1.5T.
Graph (C) demonstrates
there was no effect of field
strength on lesion detection
in healthy controls in any
anatomical region. As the
number of lesions identified
in healthy controls is much
lower compared to patients,
the scale of the graph has
been adjusted.
To correct for multiple testing, statistical significance
was defined as p < 0.01.
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Table 2. Number of lesions detected per participant
1.5T

3T

p-value

Patients

Chapter 2.2

Baseline

All T2 lesions

Mean ± SD

13.5 ± 14.4

15.3 ± 16.9

Median (IQR)

8.0 (3.0-18.5)

8.0 (4.8-21)

T2 lesions in
DIS regions a

Mean ± SD

7.9 ± 7.7

8.6 ± 9.0

Median (IQR)

5.5 (2.0-12.3)

5.0 (2.0-12.3)

T1 enhancing
lesions

Mean ± SD

0.77 ± 3.1

0.92 ± 3.9

Median (IQR)

0.0 (0.0-1.0)

0.0 (0.0-1.0)

Follow-up
3-6 months

All new T2
lesions

Mean ± SD

0.62 ± 1.3

0.67 ± 1.4

Median (IQR)

0.0 (0.0-1.0)

0.0 (0.0-1.0)

Follow-up
12-15 months

All new T2
lesions

Mean ± SD

0.42 ± 0.87

0.55 ± 1.1

Median (IQR)

0.0 (0.0-1.0)

0.0 (0.0-1.0)

Total over
All T2 lesions
study duration

Mean ± SD

14.1 ± 14.5

16.1 ± 17.0

Median (IQR)

9.0 (3.8-18.5)

10.0 (4.8-21.5)

T2 lesions in
DIS regions a

Mean ± SD

8.3 ± 8.0

9.0 ± 9.4

Median (IQR)

6.0 (3.0-12.3)

6.0 (2.0-13.0)

All T2 lesions

Mean ± SD

0.81 ± 2.2

1.0 ± 2.3

Median (IQR)

0.0 (0.0-1.0)

0.0 (0.0-1.3)

Mean ± SD

0.04 ± 0.20

0.08 ± 0.27

Median (IQR)

0.0 (0.0-0.0)

0.0 (0.0-0.0)

<0.001
0.026
0.26
0.46
0.10
<0.001
0.038

Controls
Baseline

T2 lesions in
DIS regions a

0.20
0.32

a
The anatomical regions that determine dissemination in space (DIS) are periventricular, (juxta)cortical, infratentorial and spinal cord.

Diagnostic criteria

As Table 3 describes, approximately one out of four CIS patients fulfilled the 2017
revisions of the McDonald criteria for MS at baseline.12 During follow-up this increased to
40-45%. The increased T2 lesion detection at 3T, however, did not lead to an increased
number of participants fulfilling the criteria for DIS or DIT and subsequently MS at 3T.
Surprisingly, there were even slightly more patients classified as DIS and DIT at 1.5T. The
difference between the number of patients classified as MS at last follow-up at 1.5T and
at 3T resulted from one patient with a juxtacortical lesion identified at baseline at 1.5T
only, one patient with a gadolinium enhancing brainstem lesion at baseline identified
at 1.5T only, one patient with a gadolinium enhancing spinal cord lesion identified at 3T
only, and two patients with a new periventricular lesion during follow-up identified at
1.5T only (Table 4).
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A) Baseline FLAIR brain imaging
of a 28-year old female clinically
isolated syndrome patient
presenting with an optic
neuritis. At 3T more lesions were
identified compared to 1.5T:
periventricular lesions 6 vs. 6,
juxtacortical lesions 6 vs. 3 and
deep white matter lesions 12
vs. 5. On both field strengths no
enhancing lesions where seen.
This lead to fulfilment of the
2017 revisions of the McDonald
criteria for dissemination in
space and not for dissemination
in time at both 1.5T and 3T.
Therefore the diagnosis of MS
could not be made on both field
strengths. So, even though high
field MRI increased the lesion
detection of supratentorial
demyelinating lesions in this
patient, this did not change the
diagnosis for her.
B) Baseline proton density
spinal cord imaging of a
23-year old male clinically
isolated syndrome patient,
presenting with brainstem
symptoms. Besides lesions in
the brain, spinal cord lesions
were identified on both field
strengths. Even though there is
a difference in image quality, an
equal number of lesions were
detected at 1.5T and 3T.
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Figure 2. Lesion detection on 1.5T and 3T
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Table 3. Number of patients fulfilling the 2017 revisions of the McDonald diagnostic criteria
1.5T

3T

DIS at baseline

45 (68.2%)

45 (68.2%)

DIT at baseline

19 (28.8%)

18 (27.3%)

MS at baseline

19 (28.8%)

17 (25.8%)

DIS at last follow-up per participant

47 (71.2%)

45 (68.2%)

DIT at last follow-up per participant

33 (50.0%)

32 (48.5%)

MS at last follow-up per participant

30 (45.5%)

27 (40.9%)

p -value
1.000
1.000
0.625
1.000
1.000
0.375

Abbreviations: DIS = dissemination in space, DIT = (DIS) and dissemination in time, MS = multiple sclerosis, T
= Tesla

Table 4. Patients fulfilling the 2017 revisions of the McDonald criteria for the diagnosis of MS at last
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follow-up per field strength
3T MS+

3T MS-

1.5T MS+

26

4

1.5T MS-

1

35

MS = multiple sclerosis, T = Tesla

Additionally the 2010 revisions of the McDonald criteria and the in 2016 proposed
MAGNIMS criteria were evaluated19, 20. For neither of these criteria there was a difference
in DIS, DIT or MS between the two field strengths (details not shown).
With the very limited numbers of lesions in healthy controls, none of these participants
fulfilled the diagnostic criteria for DIS and therefore no controls could be classified as
radiologically isolated syndrome. As no gadolinium was administered and no follow-up
scans were performed, DIT could not formally be assessed for healthy controls.

Discussion
This prospective, multicenter and multi-vendor study confirms the previously reported
significantly increased detection of T2 brain lesions at 3T.16, 21, 22 As a novel finding, we
show that spinal cord lesion detection is not adversely affected by high field strength.
More importantly, we show that the significantly higher cerebral lesion detection rate at
3T did not lead to an increased frequency or earlier diagnosis of MS based on either the
2010 or 2017 revisions of the McDonald diagnostic criteria. Hence, the clinical relevance
of an improved lesion identification at 3T MRI is very limited in the diagnostic workup of
CIS patients.
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In contrast to previous studies16, 21, 22 we also studied the performance of spinal cord
imaging at 3T. Spinal cord lesions are not only relevant for the fulfilment of the criteria for
DIS and DIT, but are also predictive of conversion to clinically definite MS.23, 24 As spinal
cord imaging is prone to artefacts related to cerebrospinal fluid and vascular pulsation
artefacts and patient motion caused by breathing and swallowing, interpretation of
these images can be challenging.25 Due to increased susceptibility effects, these issues
are aggravated at 3T MRI. Contrary to expectations, we found that identification of spinal
cord lesions was not adversely affected by different field strength. Additionally, interrater agreement for the detection of spinal cord lesions has been found to be higher at 3T
compared to 1.5T.18 Our results suggest that spinal cord lesion detection does not suffer
more from artefacts at 3T than at 1.5T and therefor 3T MRI can also be used for diagnostic
scans in patients presenting with a spinal cord syndrome.
A tendency towards an increased detection rate of gadolinium enhancing lesions was
seen at 3T. An increased detection of enhancing lesions could be expected at 3T. As T1
relaxation times in brain tissue are increased by high field strength, the contrast between
brain tissue and the T1-shortening effect of gadolinium is increased.22 This relatively
increased T1-contrast between brain tissue and gadolinium enhancement, makes
enhancing lesions easier to detect. The relatively small number of enhancing lesions
in this cohort could be an explanation for the difference in detection rate not reaching
statistically significance.
Subsequent evaluation of the diagnostic criteria for MS did not result in a significant
difference in CIS patients classified as DIS or DIT between the two field strengths. This
extends the findings from previous single-center studies19, 26 and indicates that, even
though 3T slightly increases the detection rate of demyelinating lesions, high field MRI
does not allow a higher number of CIS patients to be diagnosed as having MS. Therefore,
diagnostic scans for CIS patients can be acquired at either 1.5T or 3T, provided protocols
are well optimized.
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An increased lesion detection rate at 3T was seen in periventricular, (juxta)cortical and
deep white matter regions. Contrary to previous research, in our study, 3T did not improve
identification of infratentorial lesions.16 One possible explanation is that we used 3D
sequences with near isotropic resolution at both field strengths, where a previous study
used 5mm thick axial sequences.16 Our findings suggest that for detecting infratentorial
lesions optimizing acquisition protocols is more important than scheduling the patient
for a 3T examination.
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However, the differences in lesion detection between 1.5T and 3T do point out the
relevance of the magnetic field strength in the follow-up of an individual participant. In
clinical practice, the possibility exists that baseline and follow-up scans for one patient
will be acquired at different vendors using different field strengths. If so, it is important
to realize the effect of field strength on the detection of T2 lesions, as not to confuse an
increased or decreased lesion detection resulting from the technical properties of the
scan with actual disease activity in that patient.27
Adding to the previously mentioned studies comparing 1.5T and 3T, we also recruited 26
healthy controls. This is highly relevant, as the improved image quality of high field MRI
does not only allow for an increased detection of demyelinating lesions, but also of nonspecific white matter lesions presumably due to ischemic small vessel disease, which
occurred in ±40% of our control group. In CIS and even in established MS it is not always
possible to differentiate disease specific pathology from white matter lesions related
to age or comorbidity, but such non-specific focal lesions can be analyzed in healthy
controls. Overall, no statistically significant difference in lesion detection between the
two field strengths could be demonstrated for the healthy controls. However, a tendency
towards an increase in deep white matter lesions was seen. These non-specific lesions
could also in part explain the higher detection rate of deep white matter lesions in CIS
patients. On the other hand, there was no effect of 3T on identification of lesions in the
anatomical regions relevant for DIS in healthy controls and imaging at high filed strength
did not lead to any healthy control being classified as a radiological isolated syndrome
(RIS). These results in healthy control support the conclusion in CIS patients that for
diagnostic purposes 1.5T and 3T vendors perform similarly.
Beyond high field MRI, various aspects of MS lesion detection are also being evaluated on
ultra-high field MRI.28-30 It remains uncertain whether the benefit of a further improved
signal-to-noise ratio and an increased resolution will be of clinical relevance. As to be
expected, 7T increases the detection rate of T2 lesions, especially for cortical grey matter
lesions.31 It remains to be evaluated if this will influence the fulfilment of the diagnostic
criteria for MS in multi-center studies.

Conclusions
Taken together, even though there is a slightly increased detection of periventricular
and (juxta)cortical lesions at 3T compared to 1.5T, this does not affect the diagnosis for
patients with CIS suggestive of MS. Adding to this the similar performance in detection
of spinal cord lesions and gadolinium enhancing lesions, there is no real added clinical
benefit in opting for either one of the field strengths. Altogether, 3T has no added value
in the diagnostic work-up of CIS patients.
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Abstract
Background Over the past decades positron emission tomography (PET) imaging has
become an increasingly useful research modality in the field of multiple sclerosis (MS)
research, as PET can visualise molecular processes, such as neuroinflammation, in vivo.
The second generation PET radioligand [18F]DPA714 binds with high affinity to the 18-kDa
translocator-protein (TSPO), which is mainly expressed on activated microglia. The aim
of this proof of concept study was to evaluate this in vivo marker of neuroinflammation in
primary and secondary progressive MS.
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Methods All subjects were genotyped for the rs6971 polymorphism within the TSPO
gene and low affinity binders were excluded from participation in this study. Eight
patients with progressive MS and seven age and genetic binding status matched healthy
controls underwent a 60 minutes dynamic PET scan using [18F]DPA714, including both
continuous on-line and manual arterial blood sampling to obtain metabolite-corrected
arterial plasma input functions.
Results The optimal model for quantification of [18F]DPA714 kinetics was a reversible
two tissue compartment model with additional blood volume parameter. For genetic
high affinity binders, a clear increase in binding potential was observed in patients with
MS compared with age matched controls. For both high and medium affinity binders, a
further increase in binding potential was observed in T2 white matter lesions compared
with non-lesional white matter. Volume of distribution, however, did not differentiate
patients from healthy controls, as the large non-displaceable compartment of [18F] PA714
masks its relatively small specific signal.
Conclusions The TSPO radioligand [18F]DPA714 can reliably identify increased focal and
diffuse neuroinflammation in progressive MS when using plasma input derived binding
potential, but observed differences were predominantly visible in high affinity binders.
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Conventional Magnetic Resonance Imaging 1 has a central role in the diagnosis of multiple
sclerosis (MS), based on its high sensitivity for identifying MS specific demyelinating
lesions in the brain and spinal cord.2 In patients with a relapsing-remitting disease
course, radiological monitoring is based on the development of new MS lesions on
T2-weighted MRI and the presence of gadolinium enhancing lesions on T1-weighted
MRI, demonstrating disruption of the blood brain barrier which is indicative of active
neuroinflammation.3 However, these focal lesions as seen on MRI cannot fully explain
the neurological and cognitive deficits in patients with MS.4 In addition, in both primary
and secondary progressive MS, neuroinflammation usually is not characterized by focal
active demyelinating lesions.5 Animal model and human post-mortem studies have
identified a more diffuse and low-grade neuroinflammation behind an intact blood brain
barrier, not depicted by conventional MRI.6, 7 Consequently, there is a need for novel
imaging techniques.
Over the past decades positron emission tomography (PET) imaging has become an
increasingly useful research modality in the field of MS research, as PET can visualise
molecular processes, such as neuroinflammation, in vivo.8, 9 Specifically, the 18-kDa
translocator-protein (TSPO) receptor, which is present on the mitochondrial membrane
of microglial cells, with additional binding sites in monocytes, astrocytes and vascular
endothelium, has shown potential as a target for imaging neuroinflammation with PET.10
Using the first generation TSPO PET tracer (R)-[11C]PK11195 increased TSPO expression
has been demonstrated in both MS lesions and normal appearing brain tissue of patients
with MS, which was associated with increased disability and disease progression in
all phases of the disease.11-16 Unfortunately, (R)-[11C]PK11195 suffers from poor brain
penetration and high nonspecific binding in the brain, hindering accurate quantification.12
Over the years, a large number of second-generation TSPO tracers has been developed,
such as [11C]PBR28, [18F]PBR111, [11C]DPA713, [18F]GE180 and [18F]FEDAA1106, aiming to
improve the signal-to-noise ratio resulting from lower lipophilicity and therefore less nonspecific binding to e.g. plasma proteins and improved blood-brain barrier passage.17-21
It has been shown that the second-generation radioligand [18F]DPA714 provides
increased bioavailability to brain tissue and indeed has a higher signal-to-noise ratio.22,
23
One limitation of second generation tracers, including [18F]DPA714, is their genetically
determined binding affinity, resulting from a single nuclide polymorphism rs6971 within
the TSPO gene. Approximately 50% of the general population is a genetically determined
high affinity binder (HAB), 30-40% a medium affinity binder (MAB) and 10-20% a low
affinity binder (LAB).24
To date, quantification of cerebral [18F]DPA714 binding has been described in healthy
controls25 and in patients with Alzheimer’s disease, 26 with both studies agreeing on a
reversible two tissue compartment model with blood volume parameter (2T4k_VB) as the
optimal kinetic model. In addition, pseudo-quantitative analyses have been performed
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in post-stroke27 and Alzheimer’s disease patients28. Moreover, the simplified reference
tissue model, using cerebellar grey matter as a reference region, has been found to
reliably assess binding potential in Alzheimer’s disease.26 However, the pathophysiology
of MS violates the assumptions underlying reference tissue models: firstly, no single
brain region can be used as a reference regions in MS, as no region can be assumed to
be devoid of specific TSPO binding; and, secondly, the blood volume contribution is
not negligible throughout the MS brain due to potential disruption of the blood brain
barrier.29 The latter will also influence the kinetics of the tracer making reference tissue
models unreliable. 30
The aim of this proof of concept study was to identify the optimal plasma input tracer
kinetic model for characterising in vivo [18F]DPA714 kinetics in patients with primary and
secondary progressive MS and to evaluate whether the kinetic parameters estimated
from this model can be used to quantify TSPO binding in this patient group.
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Materials and methods
Participants

Patients diagnosed with primary or secondary progressive MS, according to the 2010
revisions of the McDonald criteria, and healthy controls were recruited from the MS Center,
VU University Medical Center, Amsterdam, between January 2015 and February 2016.
All subjects were genotyped for the rs6971 polymorphism within the TSPO gene, which
predicts binding affinity to the second generation TSPO tracers.24 Only genetically high
and medium affinity binders (HAB and MAB) were included, and genetically low affinity
binders (LAB) were excluded. Further exclusion criteria for all subjects were a medical
history of relevant neurological or auto-immune disease (other than MS), known cardiac,
haematological, oncological or renal diseases, current or previous alcohol or drug abuse,
recent treatment with immunomodulating drugs or the use of benzodiazepines. None
of the patients with progressive MS were on disease modifying therapy and no patients
were treated with intravenous methylprednisolone for the last three months prior to
the PET scans. All subjects had normal physical examination and all healthy controls a
normal neurological examination.
This study was approved by the Medical Ethics Review Board of the VU University Medical
Center and was registered under number 2014.356. All subjects gave written informed
consent prior to participation.
MRI acquisition

MR imaging was performed on a 3 Tesla Ingenuity TF PET-MR system (Philips Medical
Systems, Best, The Netherlands) on the same day as the PET-CT acquisition. MRI analysis
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included 3D T1 (repetition time 7.9 ms, echo time 4.5 ms, flip angle 8°, measured voxel size
1x1x1 mm3) for region of interest (ROI) definition and 3D T2 Fluid Attenuated Inversion
Recovery (FLAIR) (repetition time 4800 ms, echo time 279 ms, inversion time 1650 ms,
measured voxel size 0.9x0.9x1.1 mm3) for lesion segmentation. In patients, additional
post-contrast 2D T1 sequences (repetition time 600 ms, echo time 10 ms, measured voxel
size 0.56x0.44x5 mm3) were acquired.

Radiosynthesis of [18F]DPA714 was performed with an in-house built automatic apparatus
using procedures described previously.26 PET scans were acquired on an Ingenuity TF
PET-CT scanner (Philips Medical Systems, Best, The Netherlands). Following a low-dose
CT-scan for attenuation correction, a bolus of 263 ± 13 MBq [18F]DPA714, with a mean
molar activity of 39 ± 20 GBq/µmol, was injected intravenously at 0.8 mL/sec with an
automated infusion pump. Simultaneously, a 60 minute PET dynamic emission scan was
started. The emission scan was collected in list mode and rebinned into 19 frames (1 x 15,
3 x 5, 3 x 10, 4 x 60, 2 x 150, 2 x 300, 4 x 600 s). PET data were reconstructed to a final voxel
size of 2×2×2 mm3 using standard scanner software (BLOB-OS-TF), which incorporates
standard corrections for attenuation, scatter and randoms.
Arterial blood was withdrawn continuously from the radial artery during the entire scan
(using an automated pump for the first 5 minutes at 5 mL/min and from 5 to 60 minutes
at 2.5 mL/min) and, in addition, manual samples were collected at six time points (5,
10, 20, 30, 40 and 60 minutes).31 Continuous whole blood time activity curves (TACs)
were corrected for plasma to whole blood ratios, metabolites and time delay to obtain
metabolite-corrected arterial plasma input functions.
Data analysis

MS white matter lesions were automatically segmented on the FLAIR and T1-weighted
images using kNN-TTP.32 Lesion-filling of the T1-weighted image was obtained using
LEAP, 33 after which the filled T1-weighted image was registered to the PET scan using
the VINCI software package.34, 35 Grey matter, white matter and cerebral spinal fluid
segmentation was performed automatically using SPM8 implemented in PVElab.36 ROIs
were defined according to the Hammers template on the co-registered 3D T1 MRI.37
Regional TACs were extracted by superimposing the MR derived ROIs onto the dynamic
PET images. Volume weighted larger ROIs were also defined to assess the impact of ROI
size on quantitative analyses. The lesion masks were subtracted from segmented white
matter to define non-lesional white matter.
Kinetic modelling was performed using standard single-tissue (1T2k) together with
reversible and irreversible two-tissue (2T3k and 2T4k) compartment models, both with
and without blood volume parameter 38. It has been hypothesised that some binding
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to the vascular endothelium exists for TSPO tracers, which can be characterised by
slow irreversible binding (Kb).39, 40 Therefore a 2T4k_VB with an irreversible vascular
binding component (1T1k) was also tested. Akaike Information Criterion (AIC) was used
to compare model fits and to identify the optimal tracer kinetic model. Reliability of
parameter estimates was determined by the percentage standard deviation (%SD) of
these estimates, with a cut-off of 25% for the generally robust K1, and 50% for the other
parameters. Estimates for K1, BPND (k3/k4), V T, and Kb from the optimal model were used to
assess group differences between patients and controls, and between genetically high
and medium affinity binders (HAB and MAB).
Statistical analysis

Chapter 3.1

Group differences were evaluated using the Mann-Whitney U test in SPSS 22.0 (IBM Corp.,
Armonk, NY). Due to the explorative nature of this proof of concept study, we did not
correct for multiple comparisons. To evaluate regional differences within the patient
group, a Wilcoxon singed-rank test was used.

Results
Demographics

At screening, all subjects were genotyped for the rs6971 polymorphism within the TSPO
gene and low affinity binders were excluded from participation in this study. In total 8
patients diagnosed with primary or secondary progressive MS and 7 healthy controls
completed the whole study protocol. Demographic information is reported in Table 1.
Patients included were 4 HAB and 4 MAB, with a mean age of 53 ± 3 years and a wide variation
in T2 lesion load, ranging from a few solitary lesions to widespread confluent lesions (3.6
to 60.6 cm2). In only two patients one small enhancing lesion could be identified, not
uncommon in primary or secondary progressive MS. In healthy controls, genetic binding
status was similarly distributed: 3 HAB and 4 MAB. The mean age for healthy controls was
52 ± 4 years, which was not significantly different from the patients with MS (p = 0.418).
Tracer kinetics

Based on the AIC, for the majority of subjects the preferred model for quantification of
[18F]DPA-714 was 2T4k_VB_1T1k, see Figure 1. However, when evaluating reliability of the
parameter estimates, for a large number of regions K1, BPND and/or Kb could not be reliably
estimated, with either a high %SD or values touching the boundaries (see Additional File
2 and 3). This was even the case for subjects in which 2T4k_VB_1T1k was the preferred
model according to AIC and it was true not only for small, but also for large ROIs. As
model fits for 2T4k_VB_1T1k and 2T4k_VB were comparable (see Figure 2) and 2T4k_VB
did result in reliable parameter estimates, the latter model was used for further analyses.
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Table 1. Demographical characteristics
Patients (n=8)

Healthy controls (n=7)

Age, mean and SD (years)

53.1 ± 2.7

52.0 ± 4.1

Gender, male/female

3/5

3/4

Genotype, HAB / MAB

4/4

3/4

Subtype MS, PPMS / SPMS

5/3

N/A

Disease duration, mean and SD (years)

13.1 ± 9.4

N/A

EDSS, median and range

5.0 (4.0 - 6.0)

N/A

PASAT-3 score, mean and SD

45.8 ± 10.8

49.6 ± 12.5

SDMT score, mean and SD

44.0 ± 11.9

55.0 ± 13.5

T2 lesion volume, median and range (cm3)

14.3 (3.6 - 60.6)

N/A

Abbreviations: EDSS = Expanded Disability Status Scale, HAB = genetic high affinity binder, MAB = genetic
medium affinity binder, PASAT = Paced Auditory Serial Addition Test, PPMS = primary progressive multiple
sclerosis, SDMT = Symbol Digit Modalities Test, SPMS = secondary progressive multiple sclerosis.

Figure 1. Model preference
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Number of subjects per preferred model according to the Akaike Information Criterion. All subjects preferred
a reversible two-tissue compartment model (2T4k), primarily for the model including blood volume parameter 38 and a vascular binding component (1T1k).

Volume of distribution

Mean regional V T values were on average 1.6 times higher in HABs than in MABs (Figure
3A). There was no clear regional difference in V T between patients and healthy controls
for both HABs and MABs, as Figure 3A illustrates for the MS white matter lesions, nonlesional white matter and whole brain grey matter. Moreover, very limited within-subject
variation in V T was observed, even for the patients with MS. Figure 3B illustrates that all
subjects showed a similar distribution pattern for V T throughout the brain. In addition, a
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Figure 2. Model fit comparisons
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Figure 3. Volume of distribution
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(A) Volume of distribution (V T) for total grey matter, non-lesional white matter (WM) and T2 defined white matter lesions for the reversible two tissue compartment model (2T4k_VB) . High affinity binding (HAB) subjects in
red have a 1.5 to 2 fold higher V T than medium affinity binding (MAB) subjects in blue. No difference in V T was
seen between multiple sclerosis patients (MS; closed symbols) and healthy controls (HC; open symbols) for
both HABs and MABs.
(B) V T across various regions of all patients and controls. The intra-subject variation appears to be much
smaller than the inter-subject variation.
(C) The reversible two tissue compartment model with vascular binding component (2T4k_VB_1T1k) also
identified an increase in V T for HAB subjects compared with MAB subjects, but no difference in mean regional
V T for patients compared to controls for either HABs or MABs.
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Figure 4. Correlation for VT and K1
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For both the reversible two-tissue compartment model (A) without and (B) with vascular binding component
(2T4k_VB and 2T4k_VB_1T1k) there was a strong correlation between V T and K1 in both grey and white matter,
independent of binding status.

strong correlation between V T and K1 was seen (Figure 4A), whereas no correlations was
found between V T and both k 2 and k3/k4.
Finally, regional V T values for the 2T4k_VB_1T1k model were evaluated (Figure 3C). As
expected, the added vascular binding component decreased the V T. As the regional V T
values for the two models were strongly correlated for the large ROIs, there was also no
difference in 2T4k_VB_1T1k V T between patients and healthy controls for both the HABs
and MABs (Figure 3C). It is of interest to know that also the correlation between V T and K1
as seen for the simpler model remained the same for this model incorporating a vascular
binding component (Figure 4B).
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Figure 5. Binding potential for different regions of interest
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Figure 6. Kinetic parameter values for the multiple sclerosis lesions
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Independent of binding status, (A) binding potential (BPND) identified increased [18F]DPA714 binding in MS
specific brain lesions compared with non-lesional white matter in the same patients, (B) whereas volume of
distribution (V T) did not depict this difference.

Binding potential

BPND (k3/k4) estimates for the larger ROIs were reliable using the 2T4k_VB model, as for
almost all regions the standard deviation was well below 50% for both HABs and MABs
(in both patients and controls), see Additional File 1. This indicates that plasma input
derived BPND can be used as outcome parameter for these larger brain regions. Like V T,
regional BPND was on average 1.6 times higher in HAB than in MAB subjects (Figure 5). For
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the regions shown in Figure 5, this difference was statistically significant for frontal cortex
(p = 0.001), cingulate cortex (p = 0.006), thalamic grey matter (p = 0.002) and brainstem
white matter (p = 0.004). In contrast to the V T findings, regional BPND in both grey and
white matter of HAB patients was higher than in HAB healthy controls. This difference
was statistically significant for cingulate cortex (p = 0.034), cerebellar white matter (p =
0.034) and non-lesional white matter (p = 0.034). This difference was not observed in the
MAB group.
Multiple sclerosis lesions
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In both HAB and MAB patients with MS, MRI defined T2 white matter lesions showed a
significant increase in BPND compared with non-lesional white matter of the same subject
(p = 0.017) (Figure 6A). There was a strong correlation between the BPND values, except
for one patient. When including all the subjects the correlation coefficient (R2) was 0.246
(slope 1.04 ± 0.744), excluding the one outlier improved the R2 to 0.861 (slope 2.39 ± 0.429).
For V T, values were similar for lesions and non-lesional white matter of each MS patient,
with an R2 of 0.844 and slope 1.02 ± 0.178 (Figure 6B).

Discussion
This proof of concept study in patients with progressive MS showed that quantitative
assessment of the second-generation TSPO radiotracer [18F]DPA714 can identify an
increased binding potential not only in MS specific lesions, but for HAB patients also in
grey matter and non-lesional white matter. Although the results from this study need to
be replicated in a larger cohort, they suggest that [18F]DPA714-PET could be used as an in
vivo imaging technique for measuring neuroinflammation in progressive MS.
Neuroinflammation in MS is characterised by complex and dynamic processes, including
the activation of microglia.6, 7 This is most distinct in active MS lesions, identified by
gadolinium enhancement on T1-weighted MRI, and chronic MS lesions as seen on T2weighted MRI.3 In line with this, an increase in [18F]DPA714 BPND was seen in the focal lesions
compared with non-lesional white matter for all patients except one, independent of the
patient’s genetic binding status (HAB or MAB). As MRI-defined lesions for these patients
with progressive MS were almost exclusively non-enhancing chronic lesions, this increase
TSPO binding indicates that these are chronic active lesions.42 The classification of
different stages of MS lesions, such as chronic active and chronic inactive lesions, results
from pathological studies. Current conventional MRI techniques can identify active
inflammatory lesions, with the use of gadolinium enhanced T1-weighted scans, however
they cannot further differentiate non-enhancing lesions. Results from the present study
suggest that [18F]DPA714 PET can identify different stages of MS lesions in vivo, which
could be clinically relevant, e.g. in relation to treatment options and monitoring.
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As plasma input derived BPND was estimated reliably using the 2T4k_VB model, BPND
should be preferred over the less-specific V T. As V T contains both free, non-specific and
specific signals, it is an inferior outcome measured compared with BPND (=k3/k4), which
only reflects specific binding. Contrary to BPND analysis, group analysis using V T showed
no difference between patients and controls for both HAB and MAB subjects. In addition,
V T appeared to be almost similar between different ROIs within each subject, resulting
from a nearly homogeneous distribution of DPA714 throughout the brain of an individual.
As V T includes the large non-displaceable compartment of [18F]DPA714, this effectively
obscured any changes in the disease specific neuroinflammatory signal. This is also seen
in the analysis of the T2 MS lesions in Figure 6, illustrating that the increase in specific
[18F]DPA714 signal in MS lesions depicted by BPND are diluted in the V T values due to the
non-displaceable component.
Interestingly, V T was strongly correlated with K1. Although a change in K1 can be related
to neuroinflammation, as K1 is a function of blood flow and vascular permeability, a
correlation between V T and K1 was unexpected as V T should be independent of K1. A
possible explanation for this finding could be related to binding of [18F]DPA714 to the
endothelium of blood vessels in the brain.43, 44 However, the model incorporating a
vascular binding component still provided correlated K1 and V T values (Figure 4B).
Although the 2T4k_VB_1T1k model was preferred according to AIC, it decreased the
reliability of the parameter estimates compared with the simpler 2T4k_VB model.
Moreover, Kb estimates were inaccurate for many regions, even in subjects where this
model was preferred. A proposed method of decreasing the number of parameters,
attempting to increase their reliability, is fixing VB to 5%. However, due to the large interand intra-subject variation in VB this seems inappropriate.
Although we used the simpler model in our analysis, the results are similar, as the regional
V T values for the two models correlate.
In line with other TSPO studies, assessment of the rs6971 polymorphism defined binding
status is important also for quantitative analysis of [18F]DPA714. Although observed
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Even more importantly, increased [18F]DPA714 BPND was also seen in non-lesional brain
parenchyma, both in white and grey matter, for HAB patients. In relapsing remitting
MS, neuroinflammation is evident from the development of new focal (gadolinium
enhancing) lesions, but in primary and secondary progressive MS, neuroinflammation
is often more diffuse and low-grade.5 Therefore it is highly relevant that a biomarker of
neuroinflammation in MS demonstrates not only focal changes, but also more diffuse
pathology. As [18F]DPA714 BPND can identify both, this marker of TSPO expression can be
used as a biomarker to further investigate neuroinflammation in MS in vivo.
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differences between HABs and MABs were smaller than those observed for some other
second generation TSPO tracers,24 both mean V T and BPND values were on average 1.6
times higher for HABs compared with MABs for the different brain regions. This indicates
that the selection of subjects based on binding status is essential. Furthermore, group
differences between HABs were only observed when using BPND, suggesting that
[18F]DPA714 in MS could best be studied in HABs only. Due to basal expression of TSPO,
the contrast for [18F]DPA714 appears to be too low for MAB subjects to identify patients
from controls. Strikingly, the increase in BPND in MS lesions was also seen in MAB patients,
indicating that [18F]DPA714 can identify neuroinflammation in MAB subjects in MS lesions,
but due to high non-specific binding of the tracer it is not evident in other ROIs with more
low-grade neuroinflammation. As only approximately half of the general population is
HAB, this is a limitation of second generation TSPO studies.
This study is limited mainly by its small sample size. Because of the limited number of
subjects in each group, only limited statistical analysis was performed. Nevertheless,
based on the promising results of this pilot project, further studies using a larger sample
size are warranted. This would allow for evaluation of possible correlations between
[18F]DPA714 BPND and clinical outcome scores, such as Expanded Disability Status Scale
and Symbol Digit Modalities Test. Finally, assessment of a possible relationship with MRI
derived outcome measures, such as atrophy of cortical and deep grey matter structures,
would be of great interest in understanding progressive MS.

Conclusions
Plasma input derived BPND can reliably be estimated for [18F]DPA714 and a 2T4k_VB model
[18F]DPA714 BPND can identify increased neuroinflammation in both grey and non-lesional
white matter of patients with progressive MS, with a further increase in T2 MS lesions. As
these differences cannot be seen using V T due to inclusion of non-displaceable uptake,
BPND is recommended for analysis of [18F]DPA714 studies in patients with MS. Similar to
other second generation TSPO tracers, the effect of genetically defined binding status
limits the clinical use of [18F]DPA714. Nevertheless, further studies are warranted to
confirm the results of the present proof of concept study.
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Abstract
Background The novel PET tracer [11C]SMW139 binds with high affinity to the P2X7
receptor, which is expressed on pro-inflammatory microglia. The purpose of this first in
man study was to characterise pharmacokinetics of [11C]SMW139 in patients with active
relapsing remitting multiple sclerosis (RRMS) and healthy controls (HC) and to evaluate
its potential to identify in vivo neuroinflammation in RRMS.

Chapter 3.2

Methods 5 RRMS patients and 5 age matched HC underwent 90 minutes dynamic
[11C]SMW139 PET scans, with online continuous and manual arterial sampling to generate
a metabolite corrected arterial plasma input function. Tissue time activity curves were
fitted to single- and two-tissue compartment models and the model that provided the
best fits was determined using the Akaike Information Criterion. Exploratory evaluation of
group differences in regional [11C]SMW139 binding was performed using an independent
T-test.
Results The optimal model for describing [11C]SMW139 kinetics in both RRMS and HC
was a reversible two-tissue compartment model with blood volume parameter and with
k4 fixed to the whole brain value. Comparison at a group level demonstrated increased
volume of distribution (V T) and binding potential (BPND=k3/k4) in RRMS compared with HC
in normal appearing brain regions. BPND in MS lesions was decreased compared with nonlesional white matter, and a further decrease was observed in gadolinium enhancing
lesions. In contrast, increased V T was observed in enhancing lesions, resulting from an
increased K1/k 2 ratio, possibly due to disruption of the blood-brain barrier in active MS
lesions. In addition, there was a high correlation between parameters obtained from
60 and 90 minutes datasets, although analyses using 60 minutes data led to a slight
underestimation in regional V T and BPND values.
Conclusions This first in man study demonstrated that uptake of [11C]SMW139 can be
quantified with PET using BPND as a measure for specific binding. RRMS patients show
higher uptake compared with HC, indicating that [11C]SMW139 can be used to identify
neuroinflammation in RRMS.
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[11C]SMW139 as an in vivo marker of neuroinflammation in multiple sclerosis

Radiological evaluation of relapsing remitting multiple sclerosis (RRMS) is mainly based
on new T2 lesions and active gadolinium enhancing lesions on magnetic resonance
imaging (MRI).1 However, detection of these disease specific lesions by MRI only
partly demonstrates the underlying pathophysiological processes in MS. As positron
emission tomography (PET) can be used to visualise distinct molecular processes in
vivo, it may provide unique insights in the pathophysiology of neuroinflammation (and
neurodegeneration) in MS.2 Over the past decades the translocator protein 18 kDa (TSPO),
present on the mitochondrial membrane of microglial cells, has been used as an in vivo
marker of neuroinflammation in several neurological disorders including MS.3-5 Although
in general results have been positive, the use of TSPO as a marker for neuroinflammation
has some limitations, such as an intracellular binding site, genetic polymorphisms
and additional binding sites on monocytes and vascular wall endothelium.6, 7 In
addition, TSPO does not differentiate between resting state, pro-inflammatory and
neuro-protective microglia subtypes.8 Therefore, new PET tracers are needed, which
specifically target proteins that reflect the status of microglial cells. Recently, using wellcharacterized post-mortem tissues of patients with MS and activated human microglia,
it has been demonstrated that the purinergic P2X7 receptor is highly expressed on proinflammatory microglia and macrophages, is selectively expressed within MS lesions,
and may be involved in the neuroinflammatory cascade.8-10 To a lesser extent, expression
of P2X7 receptor has also been found in grey matter on astrocytes, oligodendrocytes and
neurons.11 Moreover, it was shown that the radioligand [11C]SMW139 selectively binds
to the P2X7 receptor with high affinity in preclinical in vivo studies and in post-mortem
human tissues.8, 12-14
However, so far no human in vivo date are available for this tracer and its validity to
visualize activated microglia and macrophages. The aim of this study was therefore
to evaluate in vivo pharmacokinetic characteristics of [11C]SMW139 and to perform a
proof of concept study assessing whether this novel tracer can be used for identifying
neuroinflammation in RRMS.

Methods
Subjects

All subjects were recruited between June 2017 and April 2018 from the MS Center of the
Amsterdam UMC, location VUmc. Patients were diagnosed with relapsing remitting MS
according to the 2017 revisions of the McDonald criteria and they had active disease
at recruitment.15 Healthy controls were age matched to the patients. All subjects
were screened for relevant neurological, immunological, cardiological, renal and
haematological diseases using medical history, physical and neurological examinations,
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and blood tests. Patients were not allowed to use immunomodulating medication at the
time of the PET-scan, taking into account a washout of 2-4 weeks for first-line treatment,
6-12 weeks for second-line treatment and 6 weeks for intravenous methylprednisolone.
This study was approved by the Medical Ethics Review Committee of the Amsterdam
UMC, location VUmc (2016.548). Written informed consent was obtained from all subjects
prior to the first study activity.
MRI scanning protocol

MR imaging was performed on a 3 Tesla General Electric Discovery MR750 system within
7 days of the PET scan. MR imaging included 3D T1 (repetition time 8.2 ms, echo time
3.2 ms, flip angle 12°, measured voxel size 1.0x1.0x1.0 mm3) for structural information.
For patients, a 3D Fluid Attenuation Inversion Recovery (FLAIR) (repetition time 8000
ms, echo time 130 ms, inversion time 2340 ms, measured voxel size 1.1x1.1x1.2 mm3)
and a post-contrast SE T1 (repetition time 660 ms, echo time 9 ms, measured voxel size
0.8x1.0x3.0 mm3) were used for segmentation of the gadolinium enhancing and nonenhancing MS lesions.
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PET scanning protocol

Radiosynthesis of [11C]SMW139 was performed following the procedures described by
Janssen et al., with slight modification since K 2CO3 (5 mg) was used as a base instead
of NaOH .12 The tracer was obtained with a > 98% radiochemical purity. PET scans were
performed on an Ingenuity TF PET-CT scanner (Philips Medical Systems, Best, The
Netherlands). Following an automated intravenous infusion of a bolus of 362 ± 44 MBq [11C]
SMW139 (molar activity of 59 ± 38 GBq∙µmol-1 at time of injection) a 90 minutes dynamic
PET scan was acquired. Emission data were collected in list mode and reconstructed
into a dynamic data set of 22 frames (1x15, 3x5, 3x10, 4x60, 2x150, 2x300, 7x600 s) using
a standard reconstruction algorithm (BLOB-OS-TF) including corrections for scatter,
randoms, attenuation and dead time, and with a final voxel size of 2×2×2 mm3.
Input functions

Automated continuous arterial blood sampling from a radial artery cannula was
performed at a withdrawal rate of 5 mL∙min-1 for the first 5 minutes and 2.5 mL∙min-1 for
the remainder of the scan. At set times (5, 10, 20, 40, 60, 75 and 90 minutes) continuous
withdrawal was interrupted briefly for the collection of manual arterial blood samples.16
Manual plasma samples were analysed using high performance liquid chromatography
(HPLC) to determine fractions of intact [11C]SMW139 and its radioactive metabolites, as
has been described in more detail before.17 In brief, plasma supernatant was separated
from blood cells and diluted with 2 mL of water and loaded onto an activated tC18 Seppak, followed by washing with 3 mL of water to obtain the polar fraction. The non-polar
fraction was then eluted with 2 mL of MeOH and 1 mL of water and further analysed by
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HPLC. As a stationary phase a Gemini C18 5-µm (10 x 250 mm) column with a gradient
of acetonitrile (A) and 0.1% DIPA (B) as eluent was used. Metabolite corrected arterial
plasma input functions were obtained by correcting the arterial whole blood TACs for
both plasma to whole blood ratios, metabolite fraction and time delay.
Image processing

For the MS patients, T2 lesions were segmented on the FLAIR scans using the automated
segmentation tool kNN-TPP.18 Next, lesion filling of the T1-weighted scans was performed
using LEAP.19 Next, the T1-weighted scans were registered to the summed PET images
and this coregistration was then applied to the whole dynamic PET scan. Subsequently,
segmentation of grey matter, white matter and cerebrospinal fluid of the co-registered
MRI scans was performed using SPM12 software.20 PVElab21 was used for region of interest
(ROI) definition according to the Hammers template.22 By superimposing these ROIs onto
the dynamic PET scans, regional time activity curves (TACs) were generated. In addition,
cortical grey matter ROIs were combined to define larger cortical ROIs, e.g. frontal cortex,
temporal cortex and cingulate cortex. Moreover, segmented T2 lesions were subtracted
from the white matter mask to define non-lesional white matter. Finally, lesions with
gadolinium enhancement on the post-contrast T1-weighted scans were identified on the
segmented T2 lesion masks, to obtain a separate mask for enhancing lesions only.

To identify the optimal tracer kinetic model for describing [11C]SMW139 kinetics, standard
single-tissue (1T2k) together with reversible and irreversible two-tissue (2T3k and 2T4k,
respectively) compartment models were used, both with and without blood volume
parameter (VB). In addition, a dual run 2T4k_VB model was used in which the first run was
used to estimate whole brain grey and white matter k4, which subsequently was used to
fix k4 for individual grey and white matter ROIs in the second run (2T4k_VB_k4). The Akaike
Information Criterion (AIC) was used to compare fits of different models.23 In addition,
reliability of parameter estimates was evaluated using the percentage standard error
(%SE) in parameter estimates. For more robust parameters a %SE cut-off of 25% was
used for K1, k 2 and VB, and a cut-off of 50% for k3 and k4.
Group differences

Differences in volume of distribution (V T) and binding potential (BPND, defined as k3/k4)
derived using the optimal model were used to compare the patient group with the healthy
controls. Per subject, ROIs with %SE higher than the cut-off for the various parameters
were excluded from this analysis. Exploratory evaluation of the group differences was
carried out using an Independent T-test in SPSS 22.0 (IBM Corp., Armonk, NY).
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Scan duration

To evaluate the impact of a shorter scan duration on parameter estimates, analysis
was repeated using only 60 minutes data. Comparisons were performed using linear
regression analysis.

Results
Cohort description

Demographic information for the subjects included in this study is provided in Table 1.
The RRMS patients and healthy controls were comparable with respect to age and
gender. All RRMS patients had a short disease duration, with a median of less than one
year. All five patients had at least one clinical relapse in the six months prior to study
participation, with one or more gadolinium enhancing lesions on the clinical MRI. Three
patients where still recovering from a recent relapse at the time of study participation.
Four patients had at least one gadolinium enhancing lesion on the study MRI.
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Tracer kinetics

Based on the AIC, pharmacokinetics of [11C]SMW139 were best described by the 2T4k_
VB_k4 model. This model was preferred in all subjects and only in a few ROIs 2T4k_VB or
2T3k_VB were preferred (Figure 1). Figure 2 illustrates a few model fits for the TACs of grey
and white matter ROIs of representative patients and controls. These TACs demonstrate
fast clearance of [11C]SMW139. Mean micro/macro parameters for whole brain grey and
white matter, estimated using the optimal model, are presented in Table 2. The rate of
[11C]SMW139 entering the brain, which is expressed by K1, was comparable between
Table 1. Cohort description
Age, mean ± SD (years)
Gender, male/female
Disease duration, median and range (years)

RRMS (n=5)

HC (n=5)

38.6 ± 12.5 *

36.6 ± 13.5 *

2/3

2/3

0.8 (0.1 - 5.0)

EDSS, median and range

3.0 (2.0 - 5.5)

T25FW, median and range

4.4 (3.8 – 8.0)

9-HPT, median and range

24.4 (16.9 – 25.7)

SDMT, median and range
T2 lesion volume, median and range (cm3)
Volume gadolinium enhancing lesions,
median and range (cm3)

44 (33 - 57)
18.1 (0.5 - 31.1)
0.7 (0 - 10.8)

Abbreviations: EDSS = Expanded Disability Status Scale, HC = healthy control, RRMS = relapsing remitting
multiple sclerosis
*Mann-Whitney U test: p = 0.841
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Figure 1. Model preference
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(A) Based on the Akaike information criterion, tracer kinetics of [11C]SMW139 in all ten subjects was best described by the reversible two-tissue compartment model with blood volume parameter and with k4 fixed to
the subjects’ whole brain grey and white matter estimates (2T4k_VB_k4).
(B) At a region of interest level (according to the Hammers atlas) this preference was confirmed, with only a
few regions preferring the more standard 2T4k_VB model or the irreversible two-tissue compartment model
with blood volume parameter (2T3k_VB).

Table 2. Mean parameter estimates 2T4k_VB_k4 for whole brain grey and white matter for all
relapsing remitting multiple scleroses (RRMS) patients and healthy controls (HC).
K1

k2

k3

k4

VB

0.535 ± 0.115

0.035 ± 0.010

0.020 ± 0.008

0.075 ± 0.019

RRMS

0.087 ± 0.030

HC

0.085 ± 0.022

p-value* 0.44

0.686 ± 0.127

0.032 ± 0.012

0.029 ± 0.009

0.075 ± 0.015

<0.001

0.001

0.17

0.83
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Grey matter

White matter
RRMS

0.062 ± 0.025

0.378 ± 0.150

0.043 ± 0.017

0.032 ± 0.012

0.057 ± 0.016

HC

0.0620 ± 0.020

0.526 ± 0.146

0.057 ± 0.021

0.058 ± 0.019

0.054 ± 0.012

<0.001

<0.001

0.041

0.061

p-value* 0.88

Abbreviations: HC = healthy control, RRMS = relapsing remitting multiple sclerosis.
*Independent T-test in SPSS 22.0.

patients and controls. However, the rate of efflux from the non-displaceable compartment
to the blood, represented by k 2, was high. In addition, the rate of specific binding,
expressed by k3, was low. This rapid clearance from the non-displaceable compartment
combined with a low rate of specific binding, resulted in a small specific compartment
for [11C]SMW139. This made kinetic parameter estimation for this specific compartment
prone to noise, resultig in unreliable k4 estimates in smaller ROIs (data not shown).
Fixing k4 to within-subject whole brain grey and white matter values (2T4k_VB_k4 model),
improved reliability of the model estimates. As Supplementary file 1 shows, the %SE for
2T4k_VB_k4 parameter estimates were low, except for very few ROIs.
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Figure 2. Model fits
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Figure 3. Regional volume of distribution and binding potential
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BPND (2T4k_VB_k4)
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(A) V T and (B) BPND values of the five healthy controls (HC) in blue and five multiple sclerosis patients (MS)
in red, derived using the 2T4k_VB_k4 model, for several grey matter (GM) and white matter (WM) regions of
interest. The horizontal blue and red lines represent the mean values for the two subject groups per region.
Regions with unreliable parameter estimates (standard errors for k3 > 50%) were excluded. Group differences
were analysed using an Independent T-test in SPSS 22.0.
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Figure 4. Kinetic parameters for multiple sclerosis lesions
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Lesional and non-lesional 2T4k_VB_k4 derived (A) BPND, (B) V T and (C) K1/k 2 for the three relapsing remitting
multiple sclerosis patients with analysable gadolinium enhancing lesions. Mean BPND was decreased in T2
lesions and a further decrease was seen in enhancing lesions, whereas for V T an increase was observed. For
the K1/k 2 ratio an even larger increase was observed in the enhancing lesions, most likely due to disruption of
the blood brain barrier in these active lesions.
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Group differences

V T and BPND values for the various ROIs are presented in Figures 3A and 3B, respectively.
For all regions, mean V T and BPND were higher for patients than for controls. For V T this
group difference was statistically significant (p = 0.032 - 0.048), except for cingulate
cortex (p = 0.055). For BPND this difference did not reach statistical significance for any of
the ROIs.
Multiple sclerosis lesions

Four patients showed gadolinium enhancing lesions, but in the patient with the smallest
enhancing lesion the corresponding TAC was too noisy resulting in unreliable kinetic
parameter estimates (subject MS2). Results for the other three subjects are presented in
Figure 4. As Figure 4A illustrates, mean BPND decreased in T2 lesions compared with nonlesional white matter. A further decrease was seen in gadolinium enhancing lesions. In
contrast, mean V T was similar for non-lesional white matter and T2 lesions and increased
in enhancing lesions (Figure 4B). In addition, as the blood brain barrier is disrupted in
active MS lesions, the K1/k 2 ratio was, as expected, not constant, also showing an increase
in enhancing lesions (Figure 4C).
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Figure 5. Comparison of the 60 minutes and 90 minutes datasets
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Linear regression for both (A) V T and (B) BPND for the combined ROIs showed a very strong correlation between
60 and 90 minutes datasets. For V T there was a systematic underestimation of approximately 10% when reducing scan duration to 60 minutes; for BPND this was about 15%. Linear regression for the T2 lesions and
gadolinium enhancing lesions demonstrated an equally strong correlation for (C) V T and (D) BPND.

Impact of scan duration

Regional V T and BPND values derived from the 60 minutes data were compared with those
from the 90 minutes data. Figure 5A shows a very strong correlation for both macro
parameters for the combined ROIs, with correlation coefficients (R2) of 0.992 for V T and
0.986 for BPND. The slopes indicate an underestimation in the values obtained for the
60 minutes data, approximately 10% for V T and 15% for BPND. As this underestimation
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predominantly affected higher parameter values, lower regional group differences were
seen for the 60 minutes data than for the 90 minutes data, as illustrated in Supplementary
file 2.
Figure 5B shows a similar correlation coefficient for V T and BPND between the two scan
durations for the T2 lesions and the gadolinium enhancing lesions. Just as for the 90
minutes data, lesions showed lower BPND than non-lesional brain tissue for the 60
minutes data as well.

Discussion
This study shows that binding of [11C]SMW139 to the P2X7 receptor tracer can be quantified
using a two-tissue reversible plasma input model with fixed k4. Using this model it was
possible to identify neuroinflammation in both MS lesions and normal appearing brain
tissue in RRMS.
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In this study simplifie d re fe re nce tissue mode ls we re not e valuate d, as the pathophysiology
of MS violates the assumptions underlying such models. Firstly, because of global low
grade inflammation in the MS brain, none of the brain regions are devoid of specific
binding (P2X7 receptors) and hence cannot be considered as a reference region.24
Secondly, due to disruption of the blood brain barrier in MS, a constant K1/k 2 across the
brain cannot be guaranteed.25
Regional TACs demonstrated fast efflux of [11C]SMW139, which is supported by high k 2
estimates. Rapidly declining activity in non-displaceable and, consequently, specific
compartments was observed, resulting in unreliable estimates of especially k4 in smaller
ROIs. The limited inter-subject variation for k4 for the different ROIs, enabled fixing this
parameter for smaller regions to the more reliable whole brain values. This decreased
uncertainty in parameter estimates, resulting in acceptable SEs for all estimated
parameters in most ROIs when using the 2T4k_VB_k4 model.
Both 2T4k_VB_k4 derived V T and BPND were higher in the patient group than in the controls
for both grey and white matter. This suggests an increase in activated microglia in normal
appearing brain tissue of these clinically active RRMS patients.
The patient who had the lowest BPND within the patient group for all ROIs had slightly
different demographics: longest disease duration (5 years), highest Expanded Disability
Status Scale (5.5), slowest Time 25-Foot Walk (8.0 s), second slowest 9-Hole Peg Test
(25.4 s), lowest Symbol Digits Modalities Test (33 correct) and highest T2 lesion load
(31.3 cm2) with only one small gadolinium enhancing lesions (0.7 cm2). This implies that
in this patient MS was more progressed compared with the rest of the group, which in
turn could result in less active neuroinflammation and therefore lower P2X7 receptor
106

[11C]SMW139 as an in vivo marker of neuroinflammation in multiple sclerosis

binding.26 When looking at the demographics of the healthy control with the highest
regional BPND values, this subject’s relatively high age stands out (59.2 years). This could
resemble an effect of age on P2X7 receptor binding similar to the effect of age on TSPO
binding, 27 although this clearly needs to be confirmed in a larger cohort.

As carbon-11 has a half-life of 20 minutes, minimal radioactivity is present in both
tissue and blood in the final stage of a 90 minutes scan. Together with the observed
fast kinetics of [11C]SMW139, this makes accurate measurements towards the end of
the 90 minute scans difficult. In addition, a 90 minutes scan can be quite challenging
for both healthy controls and especially patients. Therefore reducing the scan duration
would be beneficial. As shown in Figure 5, both V T and BPND obtained from 60 minutes
datasets correlated very strongly with those from 90 minute datasets, despite a slight
(systematic) underestimation. Therefore the statistical difference between patients and
healthy controls was decreased for V T, but slightly improved for BPND, see Supplementary
file 2.
As this is a first in man study, the sample size is rather limited, which is the main limitation
of this study. Larger study cohorts are needed to confirm these initial findings. Moreover,
a larger sample size would allow for an assessment of possible correlations between
[11C]SMW139 binding and disease duration, clinical outcome measures such as the EDSS
and MRI derived outcome measures like atrophy.
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In the subjects with gadolinium enhancing lesions, V T was similar for non-lesional white
matter and T2 lesions, but increased in the enhancing lesions. In contrast, BPND values
decreased in T2 lesions, with a further decrease in enhancing lesions. As V T includes
both non-displaceable and specific compartments (the latter represented by BPND),
this indicates that decreased specific binding of [11C]SMW139 was compensated by an
increased non-displaceable compartment (non-specifically bound or free tracer). This
was reflected by an increase in the K1/k 2 ratio in these gadolinium enhancing lesions.
The most likely explanation for this increased K1/k 2 ratio is disruption of the blood-brain
barrier in active MS lesions, resulting in increased vascular permeability. Consequently,
to quantify [11C]SMW139 binding in these active lesions, BPND is required.
Interestingly, cerebral [11C]SMW139 BPND was increased in RRMS patients compared with
he althy controls, but counte rintuitive ly spe cific binding was de cre ase d in active MS le sions.
An explanation for this could be found in the heterogeneity of neuroinflammation in MS.
Microglia activation is a complex and dynamic process and different microglia subtypes
and macrophages could be involved in both focal and diffuse neuroinflammation.28
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Conclusions
This first in man study demonstrates that a reversible two-tissue plasma input model
with fixed k4 is the preferred model to quantify [11C]SMW139 in healthy controls and RRMS
patients. [11C]SMW139 BPND can identify neuroinflammatory changes in both diffuse and
focal pathology in active RRMS. This warrants further [11C]SMW139 PET studies.
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Abbreviations: GM = grey matter, HC = healthy control, MS = multiple sclerosis patient, SE = standard error, WM = white matter
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Abstract
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Previous studies have demonstrated that the chimeric monoclonal antibody rituximab
significantly reduces clinical and radiological disease activity in relapsing remitting
multiple sclerosis as early as 4 weeks after the first administration. The exact mechanisms
leading to this rapid effect have not yet been clarified. The aim of this positron emission
tomography study was to assess central nervous system penetration as a possible
explanation, using zirconium-89 labelled rituximab. No evidence was found for cerebral
penetration of [89Zr]rituximab.
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Introduction
Previous studies have suggested that rituximab, a chimeric monoclonal antibody (mAb)
against the CD20 antigen on mature B lymphocytes, significantly reduces the number of
active inflammatory lesions and clinical relapses in MS patients.1 Remarkably, this effect
can be seen as early as 4 weeks after the first dose.1 The exact mechanism underlying this
rapid reduction of disease activity is not fully understood. Penetration into the central
nervous system (CNS) could be an explanation for the fast effect of rituximab on disease
activity. It is not clear, however, whether rituximab actually is able to enter the brain given
its high molecular weight of 150 kDa. As such, brain penetration can only be expected in
MS lesions, where the blood brain barrier is disrupted. The purpose of this pilot study was
to assess whether zirconium-89 labelled rituximab is able to detect these active CD20positive lesions in patients with active relapsing remitting multiple sclerosis (RRMS).

Materials and methods
Zr (half-life 78.4 hours) was produced and labelled to rituximab according to the
procedures described by Verel et al.2 and quality tests were performed according to the
procedures described by Muylle et al.3
Patients diagnosed with RRMS according to the McDonald criteria, with both a maximum
Expanded Disability Status Scale (EDSS) of 5.0 and documented disease activity were
included. Active disease was classified as ≥1 MS attack in the year prior to screening,
with objective neurological signs confirmed by a physician, and an MRI scan within 3
months prior to screening demonstrating ≥2 gadolinium-enhancing lesions of at least
3 mm in any axis. A baseline brain MRI (Siemens Sonata 1.5T) was performed within 7
days prior to administration of rituximab. Patients received a standard therapeutic dose
of 1000 mg intravenous rituximab on study days 1 and 15. Only the first dose contained
10 mg rituximab labelled with 37 MBq 89Zr, which was injected within two hours after the
unlabelled rituximab. PET-CT scans (Philips Gemini TF PET/CT) were acquired on days 1,
3 and 6 after injection. Prior to each scan, venous blood samples were taken to analyse
whole blood [89Zr]rituximab concentrations, and lymphocyte count and phenotype.
Regions of interest (ROIs) were drawn manually on MS lesions, normal appearing white
matter (NAWM), normal appearing grey matter (NAGM) and the cerebral spinal fluid (CSF)
in the lateral ventricles. These ROIs were defined on T2-weighted Fluid Attenuation
Inversion Recovery (FLAIR) MRI images, which had been co-registered with the PET data.
Radioactivity concentrations in all ROIs were derived for each time point.
The study was approved by the Medical Ethics Review Committee of the VU University
Medical Center, and all subjects gave informed consent in writing.
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Results
In this pilot study three clinically and radiologically active RRMS patients were included
with two completing the entire study protocol. No significant adverse events occurred
upon administration of [89Zr]rituximab.
In all three patients a profound peripheral B-cell depletion was observed during the first
days after injection.
At all three time points, radioactivity levels in the MS lesions were equal to those in
comparable areas of NAWM (Figure 1). Tissue concentrations in lesions and NAWM were
1.8 to 2.6% of the activity measured in the venous blood samples. For NAGM this was 3.7
to 5.4% (Supplementary Table 1).
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Discussion
This pilot study demonstrates that PET imaging of radiolabelled mAbs can be used to
obtain insights into the mechanisms of action of mAbs currently in use or in development
for the treatment of MS.
Tissue concentrations measured in lesions and NAWM were very similar and corresponded
to an estimated average blood volume fraction for white matter of 2.7±0.6%.4 Tissue
concentrations in NAGM also corresponded with estimated average blood volume
fractions for grey matter of 5.2±1.4%.4 This suggests that the measured signals were
primarily, if not completely, due to intravascular activity. As such, no evidence was found
for cerebral penetration of [89Zr]rituximab.
Additionally, we estimated the radioactivity in the CSF in the lateral ventricles, which
was similar to the NAWM at all three time points (Supplementary Table 1). The signal
seems to be non-specific and not highly reliable due to inaccurate scatter correction at
the location.
It should be noted that [89Zr]rituximab was administered after a therapeutic dose of
unlabelled rituximab in order to block peripheral binding sites with the cold rituximab.
Therefore, at least in theory, it is possible that lack of [89Zr]rituximab uptake was due to
saturation of binding sites in the brain by unlabelled rituximab. However, as measured
concentrations could be explained entirely by the signal expected from intravascular
activity at all three time points, there is no evidence for any free [89Zr]rituximab in the
brain parenchyma at those time points.
Furthermore, while this study shows no CNS penetration of zirconium-89 labelled
rituximab at the level of PET, we cannot exclude that rituximab itself can enter the brain
parenchyma at very low penetrance, which could still have immunological effects.
Further studies are needed to confirm that CNS penetration of rituximab is indeed
negligible.
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Figure 1. Radioactivity measured in the different regions of interest.

The peripheral and intrathecal effects of this anti-CD20 mAb on complement mediated
B-cell lysis, B-cell antigen presentation, and cytokine and chemokine production
in MS have been documented extensively.5 Moreover, a recent study suggested that
CD20-expressing T cells could also play a role in the therapeutic effects of rituximab.6
Nevertheless, early therapeutic effects of rituximab in MS are not fully explained by
currently known B and T cell pathology. Further insights remain highly relevant in the
light of recently reported positive results of the phase III ocrelizumab trials in MS.[7]

Study funding
Roche kindly donated rituximab for this study.
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(A) MRI scan of patient 1 with one region of interest marked in blue and (B) corresponding [89Zr]rituximab PET
scan on day 6. (C, D) Mean decay corrected tissue concentrations measured on day 1, 3 and 6 in T2 MS lesions,
normal-appearing white matter (NAWM) and normalappearing grey matter (NAGM) for both patients.
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5.41
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40.21

50.47
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3.16
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(days)

Normal appearing white
matter

Activity % whole
Activity % whole
Activity % whole
Activity % whole
Activity Volume (mean, blood
Volume (mean, blood
Volume (mean, blood
Volume (mean, blood
(Bq/mL) (mL)
Bq/mL) activity (mL)
Bq/mL) activity (mL)
Bq/mL) activity (mL)
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Supplementary Table 1. Tissue concentration of [89Zr]rituximab

Cerebral rituximab uptake in multiple sclerosis: a 89Zr-immunoPET pilot study
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Introduction
In this thesis we studied novel in vivo imaging tools for evaluation of neuroinflammation
in multiple sclerosis (MS). The first half of the thesis is oriented on the clinical applicability
of high field magnetic resonance imaging (MRI). The second half is of a more exploratory
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 research questions are less related to the usefulness of MRI, but more
regarding ways to improve the technique. On the contrary, PET imaging in MS is relatively
new and many questions still need to be addressed before it can be used in everyday
clinical practice. Here we present a summary of our findings and discuss their relevance
in relation other recent developments.

Chapter 4

Summary: Clinical MRI
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
field 3T MRI during the first 2 years after diagnosis. In addition, 26 healthy control subjects
(HC) were included in this study. Intuitively, one would expect the number of lesions
detected to increase as the field strength increases and this has been confirmed by
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,
all centres used acquisition protocols based on local optimised scanning protocols.
In chapter 2.1 we describe a central reading with eight different raters using a subset
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
field strengths, with the agreement being lowest for juxtacortical lesions. Secondly, we
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.
It appears that the effect of experience is more important for correct interpretation of
high field MRI, compared to 1.5T. Therefore, this study illustrates that field strength does
not impact the agreement of lesion detection, but high field MRI does require additional
training.
Subsequent application of the 2010 revisions of the McDonald criteria for diagnosis of
MS,6 also had a moderate to good inter-rater agreement, which was not substantially
influenced by field strength. However, these diagnostic criteria presented a new
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
the simplification of the diagnostic criteria in 2017.7
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The full cohort is analysed in chapter 2.2 with a consensus score between three different
raters from the VUmc. This multi-centre and multi-vendor cohort study confirms
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
white matter regions. For the healthy controls no difference in lesion detection between
the two field strengths, only tendency towards an increase in deep white matter lesions.
In addition to evaluation of the different brain regions, at baseline also spinal cord scans
were acquired at both field strengths. This is important as spinal cord lesions are not
only relevant for the fulfilment of the criteria for dissemination in space and time, but
are also predictive of conversion to clinically definite MS.8, 9 As spinal cord is prone to
various artefacts due to breathing and swallowing of the patient and pulsation of blood
vessels and the cerebral spinal fluid,8 it is important that this did not decrease the lesion
detection at high field MRI.
Subsequent to the lesion detection, the diagnostic criteria for MS were applied. There was
no difference in fulfilment of the criteria between the two field strengths for either the
2010 or 2017 revisions of the McDonald criteria or the criteria proposed by the MAGNIMS
study group in 2016.6, 7, 10 From that we can conclude that the clinical relevance of the
increased lesion detection rate at high field MRI is very limited in the diagnostic workup
of patients with CIS. However, it is important to realise the effect of field strength on
lesion detection when scanning at different vendors during the follow-up of an individual
patient.
In conclusion, there is no real added clinical benefit in opting for either one of the field
strength for the diagnostic workup of CIS patients.

The molecular imaging technique PET enables the in vivo quantification of
pathophysiological processes. This enables the in vivo identification of molecular
processes involved neuroinflammation (and neurodegeneration), adding to the
information conventional MRI provides us on the results from these processes: T2
MS lesions, enhancing lesions and atrophy. Moreover, PET can quantify low-grade
neuroinflammation not detected by conventional MRI, as this does not result in bloodbrain barrier disruption and therefor gadolinium enhancement. This can provide unique
information on disease severity and disease sub-type as early as the diagnosis, or possibly
as part of the diagnosis. Furthermore, the effect of treatment could be evaluated quickly,
responding to the growing demand for tailor made or personalised medicine. In addition,
this could be a highly valuable tool in the development of new drugs. This would require
PET tracers and PET analysis that specifically, sensitively and reliably answer clinical
questions. Current research is aimed at developing such methods.
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To date, the most important PET marker for neuroinflammation is the 18kDa-translocator
protein (TSPO), upregulated on the mitochondria of microglia.11 The dynamic and
complex process of microglia activation is a hallmark of neuroinflammation in MS.12, 13
In chapter 1.2 a list of studied TSPO radiotracers has been provided, but with the rapid
expansion of this field of research, this list is certainly not conclusive. In chapter 2.1 we
describe a proof of concept study in progressive MS patients using the second generation
TSPO tracer [18F]DPA714. Compared to the first generation TSPO tracer [11C]PK11195, [18F]
DPA714 has an increased bioavailability to brain tissue and its lower lipophilicity leads
to less non-specific binding (to e.g. plasma proteins) and therefore a higher signal-tonoise ratio.14-16 In this study we demonstrate that the optimal model for quantification of
[18F]DPA714 in MS is the reversible two-tissue compartment model with additional blood
volume parameter (2T4k_VB), equal to previous studies in healthy controls and patients
with Alzheimer’s disease.17, 18 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_1T1k. It is proposed to improve the model fits and the estimates of [18F]DPA714
binding.20 Although this new model slightly improved the model fits in our dataset, the
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 (V T), 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 V T, as
the inclusion of non-displaceable uptake diluted the small specific signal of [18F]DPA714.
More importantly, regional BPND values were also increased in non-lesional white and grey
brain tissue in patients compared with controls, demonstrating a diffuse and glow-grade
inflammation behind an intact blood-brain barrier in progressive MS. Unfortunately, this
could only be observed in patients genotyped as high affinity binders according to the
rs6971 polymorphism, approximately 50% of the general population.21
In conclusion, in progressive MS [18F]DPA714 can identify neuroinflammation not only in
MS lesions, but also in the non-lesional grey and white matter, provided that plasma input
derived 2T4k_VB BPND is used and subjects are high affinity binders when genotyped for
the rs6971 polymorphism within the TSPO gene.
Even though the second generation TSPO tracers have an increased bioavailability in the
brain and an improved signal-to-noise ratio compared to the first generation tracers,
there are still several limitations: the rs6971 polymorphism determining genetic binding
affinity, binding sites that are not specific to microglia and TSPO does not differentiate
between resting state (M0), pro-inflammatory (M1 activated) and neuro-protective (M2
activated) microglia. Therefore, new PET targets for neuroinflammation have been
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In chapter 2.3 a different application of PET is studied: immuno-PET. In itself this is not
a new technique, as it has been used in oncology over the past 20 years, 29, 30 but to our
knowledge this is the first application in MS. In this pilot study the monoclonal antibody
rituximab was labelled to the long-lived positron emitter zirconium-89 (half-life 78.4
hours). Rituximab effectively reduces the number of relapses and new MS lesions in RRMS
through its effect on CD20 expressing B-cells and possibly also T-cells.31-33 This effect on
peripheral immune cells cannot fully explain the early therapeutic effect of rituximab
that can be seen as early as 4 weeks after the first dose.31 A possible explanation would
be that rituximab can cross the blood-brain barrier and have a direct effect in the MS
lesions. In this study two active RRMS patients underwent a PET scan following injection
of [89Zr]rituximab and after 3 and 6 days. During follow-up no cerebral uptake could be
demonstrated and therefore the hypothesised mechanism of action of rituximab could
not be confirmed.
When interpreting the results it should be noted that the labelled rituximab was
administered after the therapeutic dose of unlabelled rituximab. As such we aimed to
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
rituximab from specific binding in the brain. Further studies are necessary to confirm the
results from this pilot study. Moreover, as this study demonstrates the possibilities and
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developed. In chapter 2.2 we studied the purinergic receptor P2X7 upregulated M1
activated microglia, 22-24 with the novel tracer [11C]SMW13925, 26 in five active relapsing
remitting MS patients (RRMS) and five healthy controls. [11C]SMW139 has a fast influx
into the brain tissue in both patients and controls, but also a fast efflux, resulting in
only a small specific compartment. The tracer kinetics can best be described using the
model 2T4k_VB_k4, with the k4 is fixed to the whole brain grey or white matter value for
the same subject. This adjustment to the more standard model increases the reliability
of the parameter estimates, especially for the small regions in which the small specific
compartment is difficult to estimate. Using this model, both regional V 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 V T is increased compared to the non-lesional white matter. In
contrast, BPND is decreased in these T1 enhancing lesions. This difference results from an
increase in the K1/k 2 ratio in the enhancing lesions, due to disruption of the blood-brain
barrier, compensating the decrease in BPND. This underlines the importance of accurate
pharmacokinetic modelling and careful interpretation of the different parameters
obtained.27, 28 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.
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also the feasibility of immune-PET in MS, this imaging technique could provide us with
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
anti-CD20 monoclonal antibody ocrelizumab could benefit from this PET technique.34, 35

Future perspectives: Advanced MRI
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Clinical MRI plays a pivotal role in the diagnosis and follow-up of MS, but it lacks the
specificity and sensitivity to identify pathological mechanisms underlying the disease.
Advanced MRI techniques have the potential to give us insight into the complex processes
involved in the onset and progression of (the different subtypes of) MS. As described in
chapter 1.2, many new MRI techniques are being developed to image neuroinflammation
(and neurodegeneration) in MS.
Adding to the research mentioned in the introduction, recent studies have confirmed the
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 Therefore, the central vein sign can help differentiate between these two
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
is significantly less frequent in NMOSD.37
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
at 7 Tesla shows that lesions with a persistent phase rim after the contrast enhancement
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
of iron-rich macrophages and activated microglia (after the destruction of iron-rich
oligodendrocytes) at the edge of these lesions, causing the hypo-intense appearance
on SWI.39, 40 This identifies those lesions as chronic active lesions, which results in the
irreversible tissue damage and the tissue loss. A s such, a paramagnetic rim can be
considered a marker of chronic inflammation. Moreover, as lesions with a phase rim are
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
Thirdly, quantitative susceptibility mapping has been proposed as a method to analyse
the heterogeneous patterns of cortical lesions, difficult to image with conventional MRI.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
cerebral blood flow and volume are increased in active MS lesions and decreased in
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Leptomeningeal enhancement (LE) has been of ongoing interest in understanding the
pathophysiology of MS. An increasing number of studies have described a causal relation
between leptomeningeal inflammation and subpial demyelination and cortical atrophy.47
LE on post-contrast T2-FLAIR could be an indirect marker for this leptomeningeal
inflammation and is frequently seen in MS. In recent 3T studies, LE is observed in 40-50%
of MS patients and is associated with cortical atrophy.48 49 This is more frequent compared
to previous studies, which could be related to technical difference in MRI acquisition.
Moreover, one 7 Tesla study proposes LE to be even more frequent: in almost all of the 29
MS patients and two of the three healthy controls LE was observed.50 However, in HC only
focal or “nodular” enhancement was seen, whereas three quarters of MS patients had
more diffuse or “spread” leptomeningeal enhancement, which is associated with cortical
atrophy. This suggest that such nodular LE is physiological not related to MS pathology.
In addition to MS, LE appears to be common in other inflammatory neurologic conditions,
such as HTLV (45%) and HIV (21%).51 However, in these patients LE was not associated
with cortical atrophy as seen in MS, probably due to different immunological reactions
leading to the leptomeningeal inflammation.
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
limited availability of the agent. Recent work confirm the relationship between USPIO
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
load after a 2 year follow-up, in patients with both USPIO and gadolinium enhancing
lesions at baseline compared to patients with only gadolinium enhancing lesions.52
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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
detection of cerebral inflammatory changes in MS and could have a future role in
monitoring disease activity in clinical setting. This would require standardization of
acquisition protocols, regarding which progress has been made by suggestion technical
guidelines for arterial spin labelling.45 Moreover, the pathophysiology of changes in
brain perfusion in MS still needs clarification. An earlier longitudinal study linked the
increased perfusion in MS lesion to vasodilation resulting from inflammation.46 However,
the pathogenesis of decreased perfusion in normal appearing brain tissue is uncertain.43,
44
Additional studies are warranted to understand the roles of different hypothesised
mechanisms, such as reduced energy demand due to degeneration and primary or
secondary cerebral vascular insufficiency.
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A second longitudinal study in 15 CIS patients reported greater tissue damage after a
3 year follow-up for lesions with initial USPIO enhancement compared to lesions with
only gadolinium enhancement.53 This suggest a different immunological mechanism in
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.

Future perspectives: Novel radiotracers
TSPO tracers have formed the cornerstone of neuroinflammation PET studies in MS.
However, as mentioned above the TSPO receptor and the TSPO tracer have their
limitations. Therefore, novel imaging targets for neuroinflammation in MS are warranted.
In regard to the discussed P2X7 receptor, several additional tracers have been developed
besides [11C]SMW139. So far, [11C]JNJ-54173717 and [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 (A 2A), which has been of great interest over the past years. Following the
somewhat unsuccessful A 2A tracer [11C]TMSX, several novel tracers have been evaluated
in healthy controls in vivo but not in neuroinflammatory or neurodegenerative disease.55

Chapter 4

Following the purinergic receptor P2X7, recent studies have identified the P2Y12 receptor as
an additional target for imaging neuroinflammation in MS.22 In contrast to P2X7, associated
with the pro-inflammatory microglial phenotype, the P2Y12 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.
An second novel candidate for PET imaging of neuroinflammation is the cannabinoid
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 In neuroinflammatory conditions, CB2 is upregulated on microglia and
as such it is proposed as a marker for neuroinflammation. Post-mortem studies have
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.57, 58 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
tyrosine kinase involved in the regulation of the activity, differentiation and survival of
macrophages lineage cells.60 An increased CSF1R response has been observed in many
autoimmune disorders and as such CSF1 receptor inhibitors could offer therapeutic
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 [11C]JHU11744, [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
upregulated in neuroinflammation. COX enzyme activation is essential for the formation
of cytokines, chemokines and prostaglandins, therefore playing a significant role in
inflammation.64
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To conclude, this results in this thesis and the recent publications mentioned above
illustrate the possibilities of PET in imaging the pathophysiological processes of
neuroinflammation in MS. The large amount of novel PET targets under development
demonstrate the ongoing research regarding tracer specific challenges, such as low
signal-to-noise ratio, sensitivity and specificity, genetic polymorphisms and microglia
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
and the diffuse inflammation violate the assumptions underlying reference tissue
models. The use of different radiotracers, varying patient populations, local scanning
protocols and various different methods for data analyses, lead to the heterogeneity of
PET research at present. This hinders comparison of different studies and reproducibility.
Addressing these problems will help progress PET imaging from the field of research to a
clinical relevant biomarker of neuroinflammation. In addition, this would enable a multicentre approach, which will be beneficial in defining the clinical applicability of these
novel imaging markers for neuroinflammation in multiple sclerosis.
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Multipele Sclerose
Multiple sclerose (MS) is een chronische aandoening van de hersen en het ruggenmerg,
samen het centraal zenuwstelsel. MS komt voor bij 1 op de 1000 Nederlands en de
gemiddelde leeftijd waarop de diagnose gesteld wordt is 30 jaar. Daarmee is MS de meest
voorkomende chronische neurologische ziekte op jongvolwassen leeftijd. Hoe MS precies
ontstaat is niet duidelijk. Waarschijnlijk begint deze ziekte met een auto-immuun reactie,
een verkeerde reactie van het afweersysteem waarbij lichaamseigen cellen aangezien
worden voor lichaamsvreemd. Hierbij ontstaat er een ontstekingsproces, waarbij schade
ontstaat aan de beschermlaag van zenuwen genaamd myeline. Myeline zorgt ervoor dat
de signalen van de zenuwen snel doorgegeven worden en door beschadiging van de
myeline ontstaat hierin vertraging. Afhankelijk van waar in het centraal zenuwstelsel
zo’n ontsteking optreedt, zal de patiënt hiervan neurologische klachten merken.
Veelvoorkomende neurologische uitval bij MS zijn: minder kracht of een veranderd gevoel
heeft in armen of benen, gestoorde coördinatie of balans, en verminderd zicht aan een
of beide ogen door beschadiging van de oogzenuw, de nervus opticus. Het ontstaan van
een nieuwe neurologische uitval door een nieuwe ontsteking wordt een schub genoemd.
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Er zijn drie vormen van MS te onderscheiden, waarvan de meest voorkomende relapsingremitting MS (RRMS) is. Deze vorm van MS wordt gekenmerkt door aanvalsgewijze schubs
(relapse), met daarna gedeeltelijk of zelfs helemaal herstel van de neurologische uitval
(remissie). Bij een eerste schub waarbij de diagnose RRMS (nog) niet gesteld kan worden,
spreekt met van een clinically isolated syndrome (CIS). Van de patiënten met een CIS
ontwikkelt 30-70% later wel RRMS. Deze vorm van MS kan niet genezen worden, maar
behandeling kan wel nieuwe schubs tegengaan.
Bij ongeveer twee-derde van de RRMS patiënten gaan de aanvalsgewijze klachten na
verloop van tijd over in geleidelijk toenemende klachten. Er wordt dan gesproken over
secundair progressieve MS (SPMS). Daarnaast hebben zo’n 15% van de MS patiënten
nooit schubs gehad en heeft de ziekte van het begin af aan al een geleidelijk beloop. Deze
vorm van MS wordt primair progressieve MS genoemd (PPMS). Bij het schrijven van dit
proefschrift waren PPMS en SPMS niet behandelbaar.

Conventionele beeldvormende technieken
Voor het stellen van de diagnose MS wordt er gebruik gemaakt van Magnetic Resonance
Imaging (MRI) van het hersenen en het ruggenmerg. De veldsterkte van de magneten van
een MRI scanner wordt uitgedrukt in Tesla (T). Hoe hoger deze veldsterkte, des te beter is
de resolutie van de scan. De eerste MRI scanner in 1977 was 0,05T en na het ontwikkelen
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van 0,5T scanners zijn deze ook in gebruik genomen in ziekenhuizen. Inmiddels is 1,5T
de standaard en zijn de meeste protocollen en richtlijnen voor MS gebaseerd op studies
met deze scanners. Veel ziekenhuizen beschikken nu ook over een hoge veldsterkte MRI,
een 3T scanner.
Op een MRI scans zijn de ontstekingen en ‘littekens’ van oude ontstekingen terug te
zien als kenmerkende witte plekjes, laesies genoemd. Om zo vroeg mogelijk in de ziekte
een juiste diagnose te stellen, is een kwalitatief goede MRI scan belangrijk. Voor het
stellen van de diagnose MS worden de McDonald criteria gebruikt, waarvan de laatste
revisie uit 2017 komt. Om te voldoende aan deze diagnostische criteria moeten er MS
laesies voorkomen in minstens twee verschillende anatomische regio’s: (juxta)corticaal,
periventriculair, infratentorieel en het myelum. Dit wordt disseminatie in plaats
genoemd. Daarnaast moet er sprake zijn van disseminatie in tijd: er moet minstens
een nieuwe laesie bijgekomen zijn op een volgende MRI scan of er moeten op één scan
zowel oudere laesies als minstens een recente laesie voorkomen. Zo’n recente laesie kan
onderscheiden worden van de oudere laesies, doordat deze aankleurt na toediening van
een gadolinium houdend contrastvloeistof.
Naast het stellen van de diagnose, worden MRI scans ook gebruikt voor het beoordelen
van het beloop van de ziekte en het beoordelen van het effect van medicatie die het
ontstaan van nieuwe laesies remt. Echter weten we ook dat MRI scans beperkingen
hebben, zo komt de ernst van de afwijkingen op de scan lang niet altijd overeen met
de ernst van de klachten van de patiënt. Daarnaast kan met name bij PPMS en SPMS
de neurologische uitval verslechteren zonder dat er nieuwe laesies bijkomen op de MRI.
Een verklaring hiervoor komt uit onderzoek van de hersenen van MS patiënten die zijn
overleden. Hieruit blijkt dat er nog veel meer processen zich afspelen in het centraal
zenuwstelsel van MS patiënten dan we op een gewone MRI scan kunnen zien. Het zou
voor zowel het begrijpen van de ziekte in het algemeen, als voor het begrijpen van het
ontstaan en beloop van de ziekte bij een individuele patiënt zeer bijdragend zijn, wanneer
we deze processen ook kunnen onderzoeken bij levende patiënten.

Effect van hoge veldsterkte MRI
Uit eerder onderzoek is gebleken dat met een 3T MRI scan meer MS laesies in de hersenen
te zien zijn dan met een 1,5T scan, maar wat dit voor de klinische praktijk betekent is
nog onduidelijk. Daarnaast hebben deze eerdere studies een aantal beperkingen: er zijn
143

Appendices

In dit proefschrift hebben we gekeken naar:
1. het effect van hoge veldsterkte MRI op het afbeelden van de MS laesies en of dit
gevolgen heeft voor het stellen van de diagnose MS.
2. de mogelijkheid om de ontstekingsprocessen bij MS af te beelden met de nieuwe
techniek Positron Emissie Tomografie (PET).
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slechts vrij kleine groepen patiënten onderzocht, er is naar het effect op slechts één 1,5T
en één 3T scanner in één ziekenhuis gekeken, er zijn geen scans van het ruggenmerg
gemaakt en er zijn geen gezonde controle proefpersonen onderzocht. Om een duidelijk
antwoord te krijgen op de vraag of hoge veldsterkte inderdaad meer MS laesies kan
aantonen en of dit daadwerkelijk gevolgen heeft voor de diagnose van de patiënt,
hebben we een multicenter onderzoek opgezet. In zes verschillende Europese ziekenhuis
(aangesloten bij het Magnetic Resonance Imaging in Multiple Sclerosis, MAGNIMS,
netwerk) werden in totaal 66 CIS patiënten gescand op zowel 1,5T als 3T, binnen zes
maanden na het ontstaan van de eerste neurologische uitval. Bij de patiënten waarbij
de diagnose MS nog niet gesteld kon worden, werden deze scans na 3-6 maanden en
12-15 maanden herhaald. Bij ieder bezoek werd de neurologische uitval nagevraagd en
zijn er neurologische testen gedaan om dit te objectiveren. Daarbij werden er 26 gezonde
proefpersonen gescand. Alle scans en aanvullende informatie zijn centraal verzameld in
het VUmc.
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In hoofdstuk 2.1 zijn de eerste twee scans van 30 CIS patiënten en de scans van 10 gezonde
controles beoordeeld door acht verschillende beoordelaars. Van de deelnemende
centra hebben vier ervaren neuroradiologen en vier wat minder ervaren beoordelaars,
zoals radiologen in opleiding en promovendi, apart van elkaar deze scans in het VUmc
beoordeeld. Voor zowel de 1,5T als de 3T scans van de geselecteerd proefpersonen werd
het aantal laesies per anatomisch gebied geteld en vervolgens de diagnose MS of geen
MS gesteld. Vervolgens is de variatie in aantal gescoorde laesies per anatomisch gebied
tussen de acht verschillende beoordelaars geanalyseerd. De overeenstemming tussen
de beoordelaars over het aantal laesies was over het algemeen gemiddeld tot goed en er
was geen duidelijk verschil tussen de twee veldsterktes. Dit gold ook voor de interpretatie
van de diagnose. Wel was de groep ervaren neuroradiologen het meer met elkaar eens
waren op 3T, terwijl de overeenstemming voor de minder ervaren beoordelaars juist wat
daalde op 3T. Hieruit kan geconcludeerd worden dat voor het correct interpreteren van
een 3T scan aanvullende training nodig is.
In hoofdstuk 2.2 wordt het hele cohort geanalyseerd middels een consensus tussen drie
beoordelaars uit het VUmc. Bij de gezonde proefpersonen werd er ongeveer 1 laesie gezien
per proefpersoon, waarschijnlijk door vaatbeschadigingen. Er werd geen significant
verschil gezien in het aantal laesie geteld op 1,5T en op 3T. Bij de CIS patiënten werd er
wel een verschil tussen de twee veldsterktes gevonden: op 3T werden er in de hersenen
15% meer MS laesies gezien dan op 1,5T. Het aantal laesies in het ruggenmerg was gelijk
tussen de twee veldsterktes. Gezien de grotere kans op artefacten in het ruggenmerg
op hoge veldsterkte, onder andere door bewegingen zoals slikken en ademhalen, is het
belangrijk te weten dat hierdoor niet minder laesies gezien werden op 3T. Het aantal
aankleurende laesies na toediening van een gadolinium houdend contrastvloeistof was
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beperkt in het hele cohort en er was geen significant verschil tussen de twee veldsterktes.
Ondanks de hogere laesie detectie op 3T in de hersenen, werden er niet meer patiënten
gediagnosticeerd met MS op 3T in vergelijking met 1.5T.
Concluderen maakt het voor het stellen van de diagnose MS niet uit of er een 1,5T of een
3T scanner gebruikt wordt. Bij het radiologisch vervolgen van een patiënt moet men wel
bedacht zijn op de toegenomen laesie detectie op hoge veldsterkte MRI, een veranderd
aantal laesies tussen twee scans kan immers ook door het techniek verschil komen.

PET is een niet invasieve manier om biologische processen in de hersenen nauwkeurig
te onderzoeken. Voor het maken van een PET scan wordt er via een infuus een tracer
aan de proefpersoon toegediend. De PET tracer die gebruikt wordt bepaalt welk proces
er onderzocht wordt. Een PET-tracer is een eiwit, in dit geval een eiwit betrokken bij het
ontstekingsproces bij MS, gekoppeld aan een radioactieve stof. De radioactieve stof
werkt als een soort vlaggetje voor het eiwit waar de onderzoeker in geïnteresseerd is,
doordat de radioactieve stof door de PET scanner gedetecteerd wordt en zo informatie
geeft over het eiwit dat onderzocht wordt. Omdat de ontstekingen bij MS een complex
en dynamisch proces zijn, is het belangrijk om bij iedere nieuwe tracer zorgvuldig de
beste analyse techniek na te gaan. Hiervoor wordt gebruik gemaakt van bloedafname
tijdens de scan, om gedurende het maken van de scan de hoeveelheid radioactieve
stof in het bloed te kunnen vergelijken met de gemeten radioactiviteit door de PET
scanner. Hiervoor wordt er voorafgaand aan de scan een infuus in de slagader in de
pols van de proefpersoon geplaatst, welke wordt aangesloten op een pomp voor
continue bloedafname en op detectie apparatuur voor bepaling van de hoeveelheid
radioactiviteit. Met deze informatie kan er een wiskundig model bepaald worden, die
het beste beschrijft op welke manier de tracer het hersenweefsel binnenkomt, daar
aan receptoren bindt en eventueel weer het hersenweefsel uitgaat. Hierbij wordt
gebruikt gemaakt van compartiment modellen (zie ook figuur 1 van de introductie),
die onderscheid maken tussen de hoeveelheid tracer die aanwezig is in bloedvaten, die
vrij (of niet specifiek gebonden) aanwezig is in hersenweefsel en die aan de specifieke
receptor in het hersenweefsel gebonden is. De kinetiek van de tracer, het verloop tussen
deze compartimenten, kan vervolgens uitgedrukt worden in ‘snelheidsconstanten’. Deze
snelheidsconstanten kunnen vergeleken worden tussen verschillende proefpersonen of
binnen verschillende hersengebieden van één proefpersoon.
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Microglia-PET
De PET tracers die in dit proefschrift gebruikt zijn, binden aan receptoren betrokken
bij het ontstekingsproces in MS. Deze receptoren bevinden zich in of op het celtype
microglia. Microglia zijn in de hersenen in rusttoestand aanwezig en kunnen door
omgevingsfactoren op verschillende manieren geactiveerd worden. Deze geactiveerde
microglia hebben een centrale rol in het ontstekingsproces bij MS.

Appendices

In hoofdstuk 3.1 wordt de tracer [18F]DPA714 onderzocht in een groep PPMS en SPMS
patiënten en gezonde controles. [18F]DPA714 bindt aan de 18-kDa translocator protein
(TSPO) receptor in verschillende subtypes microglia. Bij analyse van TSPO-receptor
tracers moet er gelet worden op een genetisch variatie in de binding aan deze tracer,
die zowel bij patiënten als bij gezonde proefpersonen voorkomt. Bij mensen met een
lage affiniteit voor de TSPO-receptor, is de binding van deze groep PET tracers zo laag
dat deze mensen niet als proefpersonen in onderzoekt gebruikt kunnen worden. De
deelnemers aan deze studie zijn dus van te voren al getest op deze genetische variatie.
Bij zowel de proefpersonen met een middel en een hoge affiniteit voor de TSPO-receptor,
bleek de kinetiek van [18F]DPA714 het best beschrijven te worden door een model met
twee compartimenten met reversibele binding aan de receptor. Verder bleek de gekozen
analyse methode erg belangrijk voor de correcte interpretatie van de PET scans. Wanneer
de weinig specifieke uitkomstmaat ‘volume of distribution’ (V T) gebruikt werd, was er
geen verschil tussen de patiënten en de controles. Wanneer het kleinere specifiek signaal
gemeten met ‘binding potential’ (BPND = k3/k4) gebruikt werd, werd er een grotere binding
van [18F]DPA714 in de hersenen van de MS patiënten gevonden ten opzichte de gezonde
controles. Bovendien was er bij patiënten een verdere toename van de binding in de MS
laesies in vergelijking met de rest van het hersenweefsel. Hieruit kan geconcludeerd
worden dat de ontstekingen bij MS niet alleen voorkomen in de MS laesies zoals gezien op
de MRI, maar ook in de rest van de hersenen die er ogenschijnlijk normaal uitzien op een
MRI scan. Verder onderzoek in een grotere groep proefpersonen zou uit kunnen wijzen of
de maat van de geactiveerde microglia in relatie staan tot de ernst van de neurologische
uitval en het beloop van de ziekte.
In hoofdstuk 3.2 wordt de nieuwe tracer [11C]SMW139 onderzocht, die bindt aan de
purinerge receptor P2X7 op geactiveerde microglia. Waar TSPO-receptoren voorkomen
in verschillende subtype microglia, bevindt de P2X7-recptoren zich met name op proinflammatoire microglia. Hierom werd er gekozen voor een onderzoeksgroep met
RRMS patiënten met actieve MS laesies op het moment van deelname aan de studie.
Voor zowel de patiënten als de controle groep, was het meest geschikte model (net
als in de vorige studie) een twee compartiment model met reversibele binding aan de
receptor. Doordat er beperkte specifieke binding van [11C]SMW139 in de hersenen van de
proefpersonen was, waren sommige snelheidsconstanten lastig te bepalen, met name
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voor de kleinere hersen gebieden. Hierop werd het model aangepast, waarbij voor de
snelheidsconstante die de loslating van [11C]SMW139 aan de P2X7-receptoren weergeeft
(k4) niet per hersengebied apart bepaald werd, maar voor de gehele witte en grijze
stof per proefpersoon. Dit verbeterde de betrouwbaarheid van de uitkomsten. Hieruit
bleek dat er een grote binding van [11C]SMW139 in de hersenen van RRMS patiënten was
ten opzichte van de gezonde proefpersonen. Wellicht in tegenstelling tot wat men zou
verwachten, was de specifieke binding BPND lager in de MS laesies dan in de rest van de
hersenen van de RRMS patiënten en nog lager in de actieve laesies. Dit betekent dat de
P2X7-receptor wel betrokken is in het ontstekingsprocessen die diffuus in de hersenen
van de RRMS patiënten afspelen, maar dat het ander receptoren zijn die betrokken zijn
bij de actieve ontstekingen in de MS laesies. Met deze eerste studie met deze nieuwe
tracer, konden er nog geen uitspraken gedaan worden over de klinische relevantie van
deze uitkomsten.

Immumo-PET
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als laatste wordt in hoofdstuk 3.3 een nieuwe toepassingen van PET onderzoek bij MS
beschreven. Naast het afbeelden van de ontstekingen, kan ook de behandeling van deze
ontstekingen onderzocht worden met PET. In deze studie werd het medicijn rituximab
gelabeld met de radioactieve stof zirconium-89. Hierdoor kon er na toediening van
[89Zr]rituximab middels PET scans gekeken worden waar deze tracer in het lichaam naar
toe gaat. Doordat de radioactieve stof zirconium-89 veel langer stabiel blijft dan de
hierboven genoemde stoffen fluor-18 en koolstof-11, kon er in een week na toediening van
de tracers meerdere PET scans gemaakt worden. In deze periode werd er geen opname
van [89Zr]rituximab in de hersenen van de twee onderzochte RRMS patiënten gezien.
Dit zou betekenen dat het medicijn rituximab geen directe werking in de hersenen van
RRMS patiënten kan hebben. Het effect dat rituximab heeft op het remmen van de ziekte
activiteit in deze patiënten groep, zal buiten de hersenen om plaatsvinden, middels een
direct effect de ontstekingscellen die in het beenmerg worden aangemaakt.
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