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Abstract

ABSTRACT
Eero Rissanen

IMAGING NEUROINFLAMMATION IN PROGRESSIVE MULTIPLE SCLEROSIS
Faculty of Medicine, Department of Clinical Medicine, Department of Neurology and Turku
PET Centre; Turku Doctoral Programme of Clinical Investigation; Division of clinical
neurosciences, Turku University Hospital.
Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system
(CNS), where inflammation and neurodegeneration lead to irreversible neuronal damage.
In MS, a dysfunctional immune system causes auto‐reactive lymphocytes to migrate into
CNS where they initiate an inflammatory cascade leading to focal demyelination, axonal
degeneration and neuronal loss. One of the hallmarks of neuronal injury and
neuroinflammation is the activation of microglia. Activated microglia are found not only in
the focal inflammatory lesions, but also diffusely in the normal‐appearing white matter
(NAWM), especially in progressive MS. The purine base, adenosine is a ubiquitous
neuromodulator in the CNS and also participates in the regulation of inflammation. The
effect of adenosine mediated via adenosine A2A receptors has been linked to microglial
activation, whereas modulating A2A receptors may exert neuroprotective effects. In the
majority of patients, MS presents with a relapsing disease course, later advancing to a
progressive phase characterised by a worsening, irreversible disability. Disease modifying
treatments can reduce the severity and progression in relapsing MS, but no efficient
treatment exists for progressive MS.
The aim of this research was to investigate the prevalence of adenosine A2A receptors and
activated microglia in progressive MS by using in vivo positron emission tomography
(PET) imaging and [11C]TMSX and [11C](R)‐PK11195 radioligands. Magnetic resonance
imaging (MRI) with diffusion tensor imaging (DTI) was performed to evaluate structural
brain damage. Non‐invasive input function methods were also developed for the analyses
of [11C]TMSX PET data. Finally, histopathological correlates of [11C](R)‐PK11195
radioligand binding related to chronic MS lesions were investigated in post‐mortem
samples of progressive MS brain using autoradiography and immunohistochemistry.
[11C]TMSX binding to A2A receptors was increased in NAWM of secondary progressive MS
(SPMS) patients when compared to healthy controls, and this correlated to more severe
atrophy in MRI and white matter disintegration (reduced fractional anisotropy, FA) in DTI.
The non‐invasive input function methods appeared as feasible options for brain
[11C]TMSX images obviating arterial blood sampling. [11C](R)‐PK11195 uptake was
increased in the NAWM of SPMS patients when compared to patients with relapsing MS
and healthy controls. Higher [11C](R)‐PK11195 binding in NAWM and total perilesional
area of T1 hypointense lesions was associated with more severe clinical disability,
increased brain atrophy, higher lesion load and reduced FA in NAWM in the MS patients.
In autoradiography, increased perilesional [11C](R)‐PK11195 uptake was associated with
increased microglial activation identified using immunohistochemistry.
In conclusion, brain [11C]TMSX PET imaging holds promise in the evaluation of diffuse
neuroinflammation in progressive MS. Being a marker of microglial activation, [11C](R)‐
PK11195 PET imaging could possibly be used as a surrogate biomarker in the evaluation
of the neuroinflammatory burden and clinical disease severity in progressive MS.
Key words: Multiple sclerosis, disease progression, adenosine, microglia, PET, DTI, MRI
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TIIVISTELMÄ
Eero Rissanen

NEUROINFLAMMAATION KUVANTAMINEN PROGRESSIIVISESSA MS‐TAUDISSA
Lääketieteellinen tiedekunta, kliininen laitos, neurologian oppiaine ja valtakunnallinen PET‐
keskus; Turun kliininen tutkijakoulu; Turun yliopistollisen keskussairaalan neurotoimalue.
Multippeliskleroosi eli MS‐tauti on krooninen keskushermoston (KH) autoimmuunisairaus, jossa
tulehdusreaktio (inflammaatio) ja hermosolujen rappeutuminen johtavat pysyvään hermoston
vaurioitumiseen. Sairaudessa virheellisesti toimiva immuunipuolustus tuottaa omia KH:n
rakenteita vastaan hyökkääviä valkosoluja, jotka sinne päästyään käynnistävät paikallisia
inflammaatioreaktiota aiheuttaen myeliinin rappeutumista ja aksonikatoa. Yksi inflammaation
tunnusmerkeistä MS‐taudissa on mikrogliasolujen aktivoituminen, jota tavataan paitsi
paikallisissa inflammaatio‐muutoksissa, myös normaalilta näyttävässä valkeassa aineessa (normal
appearing white matter; NAWM). Adenosiini on välittäjäaine, joka osallistuu muun muassa
inflammaation säätelyyn KH:ssa. Adenosiini vaikuttaa myös mikrogliasolujen aktiivisuuteen
adenosiinin A2A‐reseptorien välityksellä. A2A‐reseptorien toiminnan muovaamisella puolestaan voi
olla neuroprotektiivisia vaikutuksia. Suurimmalla osalla potilaista MS‐tauti alkaa aaltomaisella
taudinkuvalla, mutta siirtyy progressiiviseen taudin vaiheeseen, jossa toimintakyky vähitellen
heikkenee vääjäämättä. Aaltomaisen taudin kulkuun voidaan vaikuttaa immuunipuolustusta
muovaavilla lääkityksillä, mutta progressiivisen MS‐taudin ei ole tehoavaa hoitoa.
Tämän tutkimuksen tarkoituksena oli selvittää aivojen A2A‐reseptoreiden ja aktivoituneiden
mikrogliasolujen merkitystä etenevässä MS taudissa positroni‐emissiotomografian (PET) sekä
A2A‐reseptoreihin sitoutuvan [11C]TMSX‐ ja aktivoituneisiin mikrogliasoluihin sitoutuvan
[11C](R)‐PK11195‐merkkiaineen avulla. Magneettikuvantamista ja diffuusiotensorikuvan‐
tamista (DTI) käytettiin aivojen rakenteellisten vaurioiden arviointiin. Tavoitteena oli myös
kehittää verinäytteiden otosta riippumattoman [11C]TMSX‐kuvantamisen mahdollistavia
analyysimenetelmiä. Lisäksi kroonisiin MS‐plakkeihin liittyvää mikrogliasolujen aktivaatiota
tutkittiin [11C](R)‐PK11195‐autoradiografian ja immunohistokemian avulla progressiivista MS‐
tautia sairastaneiden potilaiden ruumiinavausnäytteistä.
[11C]TMSX‐sitoutuminen A2A‐reseptoreihin oli lisääntynyt sekundaaris‐progressiivista MS‐
tautia (SPMS) sairastavien potilaiden NAWM:ssa. Lisääntynyt [11C]TMSX‐sitoutuminen
NAWM:ssa korreloi voimakkaampaan valkean aineen atrofiaan ja alentuneeseen fraktionaali‐
seen anisotropiaan (FA) NAWM:issa merkkinä valkean aineen radastovauriosta. [11C]TMSX:n
sitoutumispotentiaalin arvioimiseen kehitetyt ei‐kajoavat menetelmät osoittautuivat
luotettaviksi mahdollistaen valtimoverinäytteiden otosta luopumisen jatkossa. [11C](R)‐
PK11195 sitoutuminen oli voimakkaampaa SPMS‐potilaiden NAWM:ssa verrattuna
aaltomaista MS‐tautia sairastaviin potilaisiin ja terveisiin. Suurempi [11C](R)‐PK11195
sitoutuminen NAWM:ssa ja kroonisia MS‐plakkeja ympäröivässä valkeassa aineessa korreloi
vaikeampaan kliiniseen taudinkuvaan, lisääntyneeseen aivoatrofiaan, ja alentuneeseen FA:han
NAWM:ssa. Autoradiografia‐tutkimuksissa [11C](R)‐PK11195:n lisääntynyt sitoutuminen
plakkeja ympäröivässä valkeassa aineessa liittyi immunohistokemiallisesti tunnistettujen,
aktivoituneiden mikrogliasolujen suurentuneeseen määrän vastaavilla alueilla.
Tulosten perusteella voidaan todeta, että [11C]TMSX PET ‐kuvantaminen on lupaava menetelmä
aivojen laaja‐alaisen inflammaation arviomiseen etenevässä MS‐taudissa. Lisäksi [11C](R)‐
PK11195 PET ‐kuvantamista voidaan käyttää laaja‐alaisen tulehduskuorman mittarina sekä
mahdollisesti etenevän MS‐taudin tunnistamiseen ja sen vaikeusasteen arvioimiseen.
Avainsanat: MS‐tauti, taudin eteneminen, adenosiini, mikroglia, PET, DTI, MRI
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1.

Introduction

INTRODUCTION

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system
(CNS), where neuroinflammation and neurodegeneration are the two main
components in the pathogenesis. Even though the initial cause of the disease is
not entirely understood, several environmental and genetic predisposing factors
have been identified. The clinical presentation of the MS is heterogeneous, with
the most typical form at the onset of the disease being relapsing remitting MS
(RRMS) which is characterised by acute worsening of symptoms followed by a full
or partial recovery. In the majority of patients, RRMS shifts into to the secondary
progressive MS (SPMS), where slowly cumulating symptoms cause an irreversible
and progressive disability (Compston and Coles 2008).
The inflammatory activity in RRMS can be suppressed with disease modifying
therapies; these can reduce the numbers of acute worsening of symptoms,
(relapses) , and the progression of the disease can be slowed down to some extent
(Costello et al. 2014). Tragically, there is no curative treatment for MS and
moreover, no effective treatment available to prevent the cumulative disability in
the progressive forms of the disease. Since it is the most common disability
causing neurological disease in young adults (Kutzelnigg and Lassmann 2014),
the socioeconomic impact of MS is considerable both in terms of individual
suffering and its burden on the health service budget (Compston and Coles 2008,
Kobelt et al. 2006). Thus, more research is clearly needed in order to understand
the pathophysiology, to develop alternative biomarkers for the evaluation of
disease activity, and to seek alternative pathways for therapeutic development in
the treatment of progressive MS.
According to current understanding, both neuroinflammation and
neurodegeneration occur during all stages of MS. However, despite increasing
evidence that neuroinflammation is the driving force behind neurodegeneration,
it is still debated whether neurodegeneration in MS can propagate independently
of neuroinflammation (Frischer et al. 2009, Kutzelnigg and Lassmann 2014,
Lassmann et al. 2012, Trapp and Nave 2008). Although axonal loss underlies the
transition from relapsing to progressive MS, neurodegeneration with axonal
transections is known to occur already in the very early course of the disease
(Compston and Coles 2008, Trapp et al. 1998). On the other hand, by studying
progressive MS, one may gain important insights about the degenerative
component of MS present in all stages of the disease. Activation of microglia, the
intrinsic cells of innate immunity in the CNS, is one of the key inflammatory
components which can be detected not only in active, but also in the borders of
chronic lesions, and even in areas of the brain appearing normal in conventional
magnetic resonance imaging (MRI). (Frischer et al. 2009, Lassmann et al. 2012)
When microglia are activated following an insult, they become mobile and capable
of phagocytosis and antigen presentation. It has been proposed that in chronic
neuroinflammation, the equilibrium between “resting” and activated states of
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microglia becomes unbalanced, and the overactivated microglia cause
uncontrolled neuronal damage resulting in a self‐propagating vicious cycle and
progressive neurodegeneration (Gao and Hong 2008).
Another viewpoint for understanding neuroinflammation in MS is to study
adenosine‐related phenomena. Adenosine is an endogenous purine nucleotide
which participates in the regulation of numerous physiological functions,
including neuronal survival and the regulation of inflammation in the central
nervous system CNS. There are four known subtypes of adenosine receptors; of
these, the A1 and A2A subtypes are the most abundant in CNS and are located in
the neuronal synapses (Blackburn et al. 2009, Chen et al. 2014). Based on studies
conducted in animal models, it has been postulated that treatment with A2A
antagonists might be beneficial in late stage neurodegenerative diseases
(Sebastião and Ribeiro 2009). Moreover, the beneficial effects of A2A antagonism
in reducing neuroinflammation may be partially mediated by their effects to limit
microglial activation (Rebola et al. 2011, Saura et al. 2005).
It is not possible to examine specific molecular pathophysiology and
neuroreceptor binding with magnetic resonance imaging (MRI), even though this
technique remains the cornerstone of modern clinical diagnostics and follow‐up
of MS, also being widely used in MS research. In contrast, positron emission
tomography (PET) imaging has the capability to allow molecular and
neuroreceptor imaging in vivo. In the PET imaging of activated microglia, several
radioligands binding to the translocator protein (TSPO) – a protein structure
expressed on the outer mitochondrial membrane of activated, but not resting
microglia – have been developed (Ching et al. 2012). Similarly, the estimation of
adenosine A2A receptors can be evaluated with PET tracers binding selectively to
A2A receptors (Mishina and Ishiwata 2014).
The aim of this study was to investigate the role of activated microglia and
adenosine A2A receptors in progressive MS by using in vivo PET imaging with
radioligands [11C](R)‐PK11195 and [11C]TMSX, respectively, in healthy controls
and in patients with SPMS and RRMS. In addition, it was evaluated whether the
findings in [11C](R)‐PK11195 and [11C]TMSX PET imaging would correlate with
the clinical parameters of disease severity and with the pathological findings in
conventional MRI and diffusion tensor imaging (DTI). Finally, histopathological
correlates of [11C](R)‐PK11195 binding in post mortem brains of patients with
progressive MS were sought between the results of autoradiography and
immunohistochemistry.
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REVIEW OF THE LITERATURE

2.1

Multiple sclerosis

2.1.1 Epidemiology
MS is an autoimmune disease of the central nervous system, where inflammation
and neurodegeneration lead to irreversible neuronal damage inflicting permanent
disability on its carriers. In 2002, it was estimated that about 2,5 million people
were suffering from MS all around the world (Compston and Coles 2002)
corresponding to an overall prevalence of 120/100 000, the annual incidence
being 7/100 000 inhabitants. However, MS is a rather unevenly distributed
disease depending on the geographical location. Generally, MS is rare in the
latitudes near to the equator. The highest prevalence rates are found in
populations of Northern European descent, especially in Scandinavia, the British
Isles, northern parts of the United States and Southern Canada (Compston 1997).
In Finland, the prevalence of MS has been estimated to be approximately 130/
100 000, and the annual incidence is 7/100 000 inhabitants (Remes et al. 2014),
but focal areas with as many as double that prevalence are found in southwest
Finland (Sumelahti et al. 2000, Sumelahti et al. 2001, Tienari et al. 2004). Women
are affected 2–3 times more often than men, and the disease is more common in
Caucasian people than in other racial groups (Evans et al. 2013). The age at onset
of the disease is typically between 20–40 years, but in about 7% of cases, the
disease begins before the age of 16 years (Compston and Coles 2002). MS is the
most common autoimmune disease of the CNS, and one of the most ubiquitous
disability‐causing diseases in Western world, and thus it poses a major
socioeconomic burden on society in addition to the suffering it inflicts on the
patients and their loved ones (Compston and Coles 2002, Kobelt et al. 2006).

2.1.2 Risk factors
The origin of MS is considered as both multifactorial and heterogeneous. Several
independent risk factors for MS have been identified, and they can be clustered
into genetic, environmental and hormonal contributors. However, it is evident
that there are also complex interactions between the different risk factors. The
risk for an individual to develop MS can be defined as a timeline, where several
additive steps are required for the development of the disease. In addition to the
static risk factors present at the time of birth (i.e. inherited genetic traits, ethnic
origin, sex, time of birth, latitude of birth/childhood), dynamic (environmental)
risk factors as well as protective factors can alter an individual’s risk for MS
during childhood and adolescence. Over time, when the individual is exposed to
the dynamic risk factors, immunological changes in the periphery take place,
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increasing the probability for developing MS, until a biological threshold is
reached and the immunological changes start to appear in the CNS. (Ramagopalan
et al. 2010).
According to epidemiological studies, the familial recurrence risk for MS in first
degree relatives is generally 10–25 times greater than in the general population
(Ramagopalan et al. 2010), being highest in monozygotic twins (~25%), followed
by dizygotic twins (~5%), siblings (~3–5%), parents (~2%), children (~2%) and
second and third degree relatives (~1%). The genetic susceptibility for MS has
been traditionally linked to human leukocyte antigen (HLA) class II haplotypes
HLA‐DW2 and HLA‐DR2 (Olerup and Hillert 1991), but also other HLA II as well
as HLA I and numerous non‐HLA related genetic associations have been identified
(Dyment et al. 2005, Gourraud et al. 2012).
The environmental risk factors for MS can be further divided into infectious and
non‐infectious factors. With respect to the infectious risk factors, the most likely
contributing organism is the Epstein‐Barr virus (EBV), the seroprevalence of
which has been attributed to confer an over four fold risk for developing MS
(Almohmeed et al. 2013). The commonly known non‐infectious environmental
risk factors include low D‐vitamin intake or blood levels (Duan et al. 2014,
Munger et al. 2004, Munger et al. 2006), low sunlight exposure and high latitudes
of birth,(Simpson et al. 2011), month of birth (children born in May having the
highest and those born in November having the lowest susceptibility for MS)
(Willer et al. 2005), and cigarette smoking (Hawkes 2007). Even though the
female‐to‐male sex ratio in the incidence of MS has been increasing for the past
five decades, this has been due to the increasing incidence in women but not in
men (Orton et al. 2006), and no specific sex‐related risk factor has yet been
detected. Female physiology and hormone related factors (Ramagopalan et al.
2010, Whitacre 2001) as well as gene‐environment interactions (Orton et al.
2006) have been proposed to underlie these changes.

2.1.3 Disease course, clinical diagnosis and treatment in MS
In the majority (80%) of cases, MS presents initially with a relapsing disease
course, where the first acute episode or relapse is referred to as the clinically
isolated syndrome (CIS), if the diagnostic criteria for RRMS are not readily met
(Compston and Coles 2008). The probability for a CIS patient to develop RRMS, if
the MRI findings at baseline refer to demyelinating disease, increases from 50% at
two years up to 82% at 20 years (Fisniku et al. 2008). RRMS is characterised by
relapses, which are defined as attacks of new or recurrent neurological signs or
symptoms consistent with a demyelinating event in the CNS lasting for at least 24
hours and followed by full or partial recovery (Polman et al. 2011). Depending on
the neuroanatomical location of the culprit MS lesion or lesions in the CNS, the
symptoms may include sensory disturbances, motor weakness, clumsiness
(dysmetria, ataxia), tremor, vertigo, impaired vision (due to optic neuritis),

16

Review of the Literature

diplopia, dysarthria or other speech difficulties, dysphagia, bladder or bowel
dysfunction, cognitive impairment or fatigue (Compston and Coles 2008).
As the disease progresses, recovery from relapses remains incomplete, and
permanent symptoms begin to accumulate. After approximately 10–15 years, in
50–65% of the of RRMS patients, the disease advances into the secondary
progressive phase, where gradual progression of the disease leads to increasing
disability, and this stage may or may not be superimposed with relapses. In a
minority (20%) of cases, the disease presents as primary progressive MS (PPMS)
where a progressive accumulation of disability is evident already from the very
onset of the symptoms. The median age at the time of assignment of irreversible
disability has been reported to be approximately 44 years (Compston and Coles
2008) irrespective of the initial course of the disease (Compston and Coles 2008,
Confavreux and Vukusic 2006). Before the era of modern disease‐modifying
therapies, at 15 years from the diagnosis approximately 50% of the patients
required a cane or crutch in order to walk, less than 20% were confined to
wheelchair and less than 5% had died as a consequence of the disease
(Weinshenker et al. 1989).
The clinical diagnosis and differential diagnosis of relapsing MS is based on
clinical, imaging (MRI) and laboratory (cerebrospinal fluid (CSF)) parameters
with evidence of the disease’s dissemination in time (DIT) and space (DIS)
(Polman et al. 2011).The presence of demyelinating inflammatory activity can be
further confirmed by positive CSF findings characterised by an elevated
immunoglobulin IgG index and/or two or more oligoclonal bands. However, a
positive CSF finding is not required for the diagnosis of MS, but the analyses may
aid in the differential diagnosis and in evaluating the risk of CIS patient to develop
clinically definite MS (Polman et al. 2011). The current 2010 McDonald diagnostic
criteria for MS based on clinical and MRI parameters are summarised in Table 1.
The diagnosis of SPMS cannot be defined as categorically as it is for RRMS, since
the progression of the disease is often slow and insidious, and thus the definitions
can vary. According to the current treatment guidelines in Finland, relapsing MS
can be regarded to have shifted to SPMS, when progressive, permanent worsening
of disability is evident (measured with the expanded disability status scale, EDSS
(Kurtzke 1983)) between or without relapses (Remes et al. 2014). EDSS is the
most widely used rating system for assessing the clinical severity of the disease; it
has a scale ranging from 0 to 10, with 0 corresponding to no disability and 10 to
death due to MS. An EDSS score of 6.0 denotes the threshold of being dependent
on a walking aid. A summary of the EDSS scores and the related clinical disability
is provided in Table 2. The diagnosis of PPMS can be made if the patient has had
progressive symptoms without relapses for at least one year, and has at least two
of the following three criteria: evidence for DIS in brain MRI, evidence for DIS in
the spinal cord MRI, or positive CSF. However, if the patient has a spinal cord or
brain stem syndrome, all the symptomatic lesions are excluded from the MRI
criteria. (Polman et al. 2011).
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Table 1. The 2010 McDonald diagnostic criteria for MS (modified from Polman et al.
2011).
Clinical presentation

Additional data needed for MS diagnosis

≥2 attacks; objective clinical evidence
of ≥2 lesions or objective clinical
evidence of 1 lesion with reasonable
historical evidence of a prior attack
≥2 attacks; objective clinical evidence
of 1 lesion

None

1 attack; objective clinical
evidence of ≥2 lesions

1 attack; objective clinical
evidence of 1 lesion (CIS)

Insidious neurological progression
suggestive of MS (PPMS)

DIS, demonstrated by:
≥1 T2 lesion in at least 2 of 4 MS‐typical regions of the
CNS (periventricular, juxtacortical, infratentorial, or
spinal cord); or
Await a further clinical attack implicating a different
CNS site
DIT, demonstrated by:
Simultaneous presence of asymptomatic gadolinium‐
enhancing and non‐enhancing lesions at any time; or
A new T2 and/or gadolinium‐enhancing lesion(s) on
follow‐up MRI, irrespective of its timing with reference
to a baseline scan; or
Await a second clinical attack
DIS and DIT, demonstrated by:
For DIS:
≥1 T2 lesion in at least 2 of 4 MS‐typical regions of the
CNS (periventricular, juxtacortical, infratentorial, or
spinal cord)d; or
Await a second clinical attack implicating a different
CNS site; and
For DIT:
Simultaneous presence of asymptomatic gadolinium‐
enhancing and non‐enhancing lesions at any time; or
A new T2 and/or gadolinium‐enhancing lesion(s) on
follow‐up MRI, irrespective of its timing with reference
to a baseline scan; or
Await a second clinical attack
1 year of disease progression (retrospectively or
prospectively determined) plus 2 of 3 of the following
criteria:
1. Evidence for DIS in the brain based on ≥1 T2 lesions
in the MS‐characteristic (periventricular, juxtacortical,
or infratentorial) regions
2. Evidence for DIS in the spinal cord based on ≥2 T2
lesions in the cord
3. Positive CSF (isoelectric focusing evidence of
oligoclonal bands and/or elevated IgG index)

DIS = dissemination in space; DIT = dissemination in time; CNS = central nervous system; MRI =
magnetic resonance imaging; PPMS; primary progressive multiple sclerosis; CSF = cerebrospinal
fluid; IgG = immunoglobulin G

According to the revised definitions of the clinical phenotype of the disease
(Lublin et al. 2014), more emphasis has been put on the definition of active vs.
non‐active disease states both in the relapsing and progressive diseases types, the
activity being defined clinically the presence of relapses or in MRI with new
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Table 2. EDSS in the evaluation of clinical disability in MS. Summary of the rating scale
modified from Kurtzke et al 1983 and from neurostatus.net (rating scale Version 04/10.2).
EDSS
0.0
1.0
1.5
2.0
2.5
3.0

Definition
Normal neurological exam
No disability, minimal signs in one FS
No disability, minimal signs in more than one FS
Minimal disability in one FS
Minimal disability in two FS
Moderate disability in one FS though fully ambulatory; or mild disability in three
or four FS though fully ambulatory
3.5
Fully ambulatory but with moderate disability in one FS and mild disability in one
or two FS and others 0 or 1; or fully ambulatory with two FS grade; or fully
ambulatory with five FS grade 2
4.0
Ambulatory without aid or rest for ≥500 meters; up and about some 12 hours a
day despite relatively severe disability consisting of one FS grade 4 or
combinations of lesser grades exceeding limits of previous steps
4.5
Ambulatory without aid or rest for ≥300 meters; up and about much of the day,
characterised by relatively severe disability usually consisting of one FS grade 4
and combination of lesser grades exceeding limits of previous steps
5.0
Ambulatory without aid or rest for ≥200 meters
5.5
Ambulatory without aid or rest for ≥100 meters
6.0
Unilateral assistance (cane or crutch) required to walk at least 100 meters with
or without resting (see chapter 8, Ambulation)
6.5
Constant bilateral assistance (canes or crutches) required to walk at least 20
meters without resting (see chapter 8, Ambulation)
7.0
Unable to walk 5 meters even with aid, essentially restricted to wheelchair;
wheels self and transfers alone; up and about in wheelchair some 12 hours a day
7,5
Unable to take more than a few steps; restricted to wheelchair; may need some
help in transferring and in wheeling self
8.0
Essentially restricted to bed or chair or perambulated in wheelchair, but out of
bed most of day; retains many self‐care functions; generally has effective use of
arms
8.5
Essentially restricted to bed much of the day; has some effective use of arm(s);
retains some self‐care functions
9.0
Helpless bed patient; can communicate and eat
9.5
Totally helpless bed patient; unable to communicate effectively or eat/swallow
10.0
Death due to MS
EDSS = Expanded disability status scale; FS = functional system (EDSS consists of visual,
brainstem, pyramidal, cerebellar, sensory, bowel and bladder, and cerebral functional
systems, which are scored separately according to more detailed definitions).

gadolinium‐enhancing T1, new T2, or enlarging T2 lesions. Defining the clinical
course of MS is especially relevant in the clinical practice, since options for
treatment differ according to the type of the disease. With modern therapies, it is
possible to reduce the clinical and radiological activity in the relapsing (active)
forms of MS to some extent, but there are still neither curative nor progression
halting therapies (Costello et al. 2014).
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The primary aim of all current disease modifying treatments (DMTs) in relapsing
MS is to reduce inflammation and thus to slow down the accumulation of new
MS lesions, to decrease the number of relapses, and to prevent disability
caused by unresolved relapses and thus to slow disease progression. In
contrast, the neurodegenerative component cannot be primarily targeted with
current DMTs. The indications and the proposed mechanisms of actions of the
currently available DMTs are summarised in Table 3. Generally, with the first line
treatment options, the annual relapse rate can be reduced by approximately 30%
as compared with placebo, and the proportion of patients with sustained
disability progression has also been reduced by about a third. (Costello et al.
2014). For second line treatments, the treatment effect is more impressive: for
example, with natalizumab a 68% reduction in the relapse rate and 42% decrease
in the risk for confirmed disability progression can be achieved (Polman et al.
2006).

However, the optimal time window of treatment for long term disability is
during the early phase of relapsing MS (Freedman et al. 2013), since an EDSS
score >3 has been considered to be the turning point of irreversible cumulative
disability (Andersen 2010, Leray et al. 2010). Moreover, no effective treatment
which could slow down the accumulation of disability in progressive MS is
available.

2.1.4 Pathogenesis
As a result of the complex interplay of genetic, environmental and hormonal
contributors, a dysfunction of the immune system in MS gives rise to auto‐reactive
T‐lymphocytes, which are primed in the peripheral lymphatic system, from where
they transmigrate across the blood‐brain barrier (BBB) into the CNS, and upon
recognising and reacting to the self‐antigens ‐ e.g. the structures of myelin ‐ they
initiate focal inflammation causing degradation of myelin, axonal degeneration
and neuronal loss. The focal inflammatory lesions cause the typical demyelinating
plaques appearing sclerotic in autopsy, after which the disease was originally
named (f. sclérose en plaques) by Jean‐Martin Charcot (1825–1893). However,
even today, the ultimate trigger which initiates the pathogenic cascade in MS is
not fully understood.

2.1.4.1 Neuroinflammation
According to the current paradigm, the CNS damage in MS is mainly considered to
result from an immune‐mediated process including both the components of
innate and adaptive immunity (Koch et al. 2013). The role of infections in
triggering the autoimmune reactions against CNS structures has been postulated
to be explained by two alternative pathways: by molecular mimicry with auto‐
reactive T‐cells cross‐reacting between the foreign pathogens and self‐antigens,

Promotion of differentiation to Th2 and Treg‐cells, increased release of neurotrophic
factors from immune cells, deletion of myelin‐reactive T‐cells.

Glatiramer
(s.c.)

Monoclonal VLA‐4 antibody; blocking α4‐integrin on lymphocytes resulting in reduced
trafficking of lymphocytes into CNS.

Monoclonal CD52 antibody, binds to CD52 on the surface of T‐ and B‐cells, monocytes
and macrophages; depletion of these CD52 cells by complement‐mediated lysis,
antibody dependent cell toxicity and induction of apoptosis, with resulting leukopenia
(Coles 2013)

Disruption of DNA synthesis and repair, inhibition of B‐cell, T‐cell and macrophage
proliferation, antigen presentation impairment, reduction of IFN‐γ, TNF and IL‐2
secretion

Purine analogue; depression of both cellular and humoral immunity by targeting
activation, proliferation, and differentiation of T‐ and B‐cells by competition of its
metabolites with DNA nucleotides (Neuhaus et al. 2007)

Natalizumab
(i.v.)

Alemtuzumab
(i.v.)

Mitoxantrone
(i.v.)

Azathioprine

Fourth line treatment for relapsing
forms of MS and aggressive
secondary progressive MS

Third line treatment for relapsing
forms of MS and aggressive
secondary progressive MS

Second line treatment for relapsing
forms of MS

s.c. = subcutaneous; i.m. = intramuscular; p.o. = peroral; i.v. = intravenous; Th1 = T‐helper 1 cell; Th2 = T‐helper 2 cell; Treg = T‐regulatory
cell; Nrf2 = Nuclear factor erythroid 2 ‐related factor 2; S1P = sphingosine‐1‐phosphate; VLA‐4 = very late antigen 4; CD52 = cluster of
differentiation 52; IFN‐γ = interferon gamma; TNF = tumour necrosis factor; IL‐2 = interleukin 2

(p.o.)

Second line treatment for relapsing
forms of MS

Blockade of S1P receptors on lymphocytes preventing egress from secondary lymphoid
organs.

Fingolimod
(p.o.)

Second line treatment for relapsing
forms of MS

First line treatment for relapsing
forms of MS

Promotion of anti‐inflammatory and cytoprotective functions mediated by Nrf2
pathway.

Dimethyl fumarate
(p.o.)

First line treatment for relapsing
forms of MS

Metabolite of leflunomide; inhibition of de novo pyrimidine synthesis, cytostatic effect
on rapidly dividing peripheral T‐ and B‐cells.

First line treatment for relapsing
forms of MS

First line treatment for relapsing
forms of MS

Indication

Teriflunomide
(p.o.)

acetate

Promotion of shift from Th1 to Th2, reduction of trafficking across BBB, restoration of
Treg, inhibition of antigen presentation, enhancement of apoptosis of autoreactive T‐
cells.

Proposed mechanism of action

Interferon β 1a/1b
(s.c. or i.m.)

Drug (delivery route)

Table 3. Currently available disease modifying therapies in MS and their proposed mechanism of action and indication. Modified from
Costello et al 2014 and supplemented with Neuhaus et al. 2007 and Coles 2013.
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or by bystander activation with auto‐reactive cells being activated due to
nonspecific inflammatory events occurring during infections (Sospedra and
Martin 2005). In addition, epitope spreading facilitates a wider array of antigens
being capable of inducing immune response and propagating the progression of
the disease cascade (Vanderlugt and Miller 2002).
The triggering step in the initiation of the inflammatory cascade in MS (Figure 1)
is considered to be the activation of autoreactive CD4+ type T helper lymphocytes
(Th1) reacting against CNS antigens in the peripheral tissues (Milo and Miller
2014). First, autoreactive (e.g. myelin specific) T‐lymphocytes are primed in the
peripheral lymphatic system, and the CD4+ T‐helper cells (Th‐cells) and CD8+
cytotoxic T‐cells (Tc‐cells) become activated. The presentation of antigens to the
naïve CD4+ lymphocytes initiates the differentiation of various T cell populations
depending on the presented antigen, cytokine environment and presence of co‐
stimulatory molecules. These lymphocyte cell populations include Th1 and Th17
cells as well as Th2 and T‐regulatory (T‐reg) cells. The T1 cells mediate the
immunity against intracellular, and Th17 cells against the extracellular pathogens
by producing inflammatory cytokines that activate macrophages and opsonizing
antibodies. The main role of the Th2 cells is to promote humoral immunity and
secretion of anti‐inflammatory cytokines, whereas T‐reg cells modulate immune
responses and the host’s tolerability to self‐antigens (Koch et al. 2013, Lubetzki
and Stankoff 2014). In MS patients, there is a bias towards a Th1 and Th17 cell
environment accompanied by a dysfunction of T‐reg cells, which promotes the
predominance of inflammation (Durelli et al. 2009, Viglietta et al. 2004).
After being activated, the autoreactive immune cells transmigrate across the
blood brain barrier (BBB) into the CNS. The transmigration is enabled by the
adhesion of integrins on the leukocyte surface to the cell adhesion molecules
(CAMs) expressed on endothelial cells (Cannella and Raine 1995). In addition, the
activated cells upregulate cytokine receptors and secrete pro‐inflammatory
cytokines (e.g. interleukin‐2, interferon gamma and tumour necrosis factor alpha),
chemokines and matrix metalloproteinases (MMP) (Milo and Miller 2014), which
disrupt the BBB further facilitating the transmigration (Obermeier et al. 2013).
After entering the brain, the T‐cells are re‐activated by the presentation of CNS
self‐antigens, which in turn initiates the damaging inflammatory cascade
involving multiple cell types – including macrophages and microglia (Figure 2).
Additionally, CD8+ T lymphocytes are crucial effectors in the detrimental
neuroinflammation, having been identified as the predominant T‐cell type in
active MS‐lesions (Babbe et al. 2000). Furthermore, B‐cells contribute to the CNS
damage by producing antibodies injuring myelin, oligodendrocytes and other
neuronal structures and by acting as antigen presenting cells. Further
demyelination and damage to oligodendrocytes is evoked by mitochondrial
damage, which is considered to result from the production of free radicals,
reactive oxygen species and nitrous oxide which are encountered during
microglial activation and associated with iron deposition (Costello et al. 2014). In
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Figure 1. Key events in the inflammatory cascade of multiple sclerosis. Modified from
(Costello et al. 2014)

addition to demyelination, the neuroinflammatory events listed above are also
considered responsible for axonal loss, which has been shown to occur already in
the early phase of the disease (Trapp et al. 1998).
Thus, the pathological hallmarks of MS lesions are inflammation, demyelination,
axonal damage and gliosis. However, these events are unevenly distributed, and
therefore four different MS lesion patterns can be recognised (Compston and
Coles 2008, Lucchinetti et al. 2000, Lucchinetti et al. 1996). Pattern I is
characterised with T‐cell infiltrates and macrophages associated to
demyelination, whereas in pattern II, the demyelination is linked with antibody
and complement mediated immune reactions against oligodendroglial cells and
myelin. The typical findings exhibited in pattern III are hypoxia‐like damage, with
impaired mitochondrial function due to inflammatory vascular damage or
macrophage toxins, and with oligodendrocyte dystrophy, apoptosis and myelin
protein dysregulation. In contrast, pattern IV is characterised by a primary
susceptibility of oligodendrocytes to immune mediated injury, more resembling
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that of toxin‐ or viral‐induced damage than that of autoimmune origin. Patterns I
and II have been proposed to be the dominant types. Originally, it was postulated
that each MS patient would have only one predominant lesion pattern and that
the patterns would differ between individuals or disease subytpes, whereas later
it has been shown that acute lesions demonstrate pattern II in all individuals and
other patterns are more rare (Compston and Coles 2008, Kutzelnigg and
Lassmann 2014).
Acute and chronic MS lesions can also be classified according to the presence and
distribution of macrophages and activated microglia. Acute lesions are densely
infiltrated by macrophages containing myelin degradation products throughout
the lesion, whereas chronically active lesions contain a broad rim of macrophages
with myelin degradation products at the edge and with later stage myelin
degradation products in the centre of the lesion. Chronic, slowly expanding
lesions have an inactive centre surrounded by a rim of activated microglia with
only some macrophages at the lesion margin containing little myelin degradation
products. Inactive lesions show a sharp lesion border without macrophages or
activated microglia (Frischer et al. 2009, Kutzelnigg and Lassmann 2014). In
relapsing MS, the WM lesions are typically of the active lesion type, being the
likely correlate with the clinical attacks (Bruck et al. 1995). In SPMS, majority of
the plaques are of the chronic active or slowly expanding (smouldering), or
chronically inactive type. Additionally, there is diffuse inflammation with
scattered activated microglial cells and lymphocytes widely in the white and gray
matter and B‐cell follicle ‐like structures in the meninges (Kutzelnigg et al. 2005,
Magliozzi et al. 2010, Moll et al. 2011).

2.1.4.2 Neurodegeneration
The accumulation of axonal damage is considered as the hallmark of neurodege‐
neration and the primary culprit for progressive disability (Compston and Coles
2008). According to the classical paradigm, neuroinflammation has been regarded
as the key component in the pathology in RRMS, slowly subsiding as
neurodegeneration becomes the predominant feature with the progression of the
disease (Hauser and Oksenberg 2006). However, it is still being argued about
whether neuroinflammation is the propagating force behind neurodegeneration,
or whether neurodegeneration can occur independently of neuroinflammation
(Kutzelnigg and Lassmann 2014, Trapp and Nave 2008). Loss of myelin and
inflammatory activity, as well as axonal transections and neurodegeneration can
be observed in all phases of MS (Trapp et al. 1998). On the other hand,
considerable inflammation can be observed also in the progressive and late stage
MS, where inflammation may occur independently of the BBB breakdown
(Hochmeister et al. 2006). For instance, aggregates of inflammatory cells can be
detected in the meninges and perivascular spaces in progressive MS without
concomitant damage to BBB (Lassmann et al. 2012). Consequently, a concept of
compartmentalised inflammation trapped behind an intact BBB and independent
of peripheral autoimmune activation has been proposed (Lassmann et al. 2012).
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SPMS is pathologically characterized by a slow expansion of the pre‐existing
demyelinating white matter plaques, the new onset of cortical demyelination, and
a diffuse injury in normal‐appearing white matter (NAWM; areas of white matter
appearing normal in conventional MRI), where pronounced microglial activation
and perivascular inflammation can be found. In addition to the brain parenchyma,
inflammatory activity can be detected also in the meninges (Kutzelnigg et al.
2005, Lassmann 2007). The observed close correlation between inflammation
and axonal injury suggests that inflammation plays a central role in contributing
to neurodegeneration and disease progression (Frischer et al. 2009, Magliozzi et
al. 2010, Prineas et al. 2001), even though it has not been established whether
neurodegeneration is a secondary or independent component. In fact, it has been
hypothesised that the partly compartmentalised disease process within the brain
and spinal cord in progressive MS might explain the failure of current DMTs,
which predominantly target the peripheral immune response.

2.2

Role of microglia and adenosine in MS

2.2.1 Microglia in neuroinflammation and MS
Microglia are myeloid cells of the CNS, that are derived from early embryonic
erythromyeloid progenitor cells and have migrated into the developing nervous
tissue, where they have begun the maturation process into brain resident
microglial cells (Biber et al. 2014). Microglia constitute approximately 10 percent
of the total cell population in a human brain. The key tasks performed by
microglia include phagocytosis of extracellular debris, antigen presentation to
host immune cells, and secretion of inflammatory mediators (Minghetti and Levi
1998). In addition, microglia may have a vital role in neurodevelopment and
maintenance via synaptic pruning, where synaptic elements and apoptotic
neurons are being phagocytised by microglia. These events are not only integral
in postnatal development, but appear to take place also in the mature and aging
brain (Paolicelli et al. 2011, Sierra et al. 2010).
Microglia express two different phenotypes, which are characterised by the
alterations in their cytoplasmic processes: in the ramified state they are immobile
and present long dendritic‐like processes, whereas in the de‐ramified state, they
are mobile and capable of phagocytosis. In normal healthy brain, the majority of
microglia are in their ramified phenotype. In a reaction to external stimuli (such
as pathogens or inflammatory mediators) or neural signals (either via direct
neuron‐microglia contact or via diffusible mediators) the microglia retract their
ramified processes and become motile and take on an amoebic appearance
resembling that of phagocytic macrophages. When activated, microglia begin to
function as phagocytic cells, and the morphological reaction is accompanied by
increases in their migratory and proliferative capabilities (Biber et al. 2014,
Gehrmann et al. 1995). Earlier the ramified microglia were considered as being
inactive and were referred to as “resting” microglia, but it has become evident,
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that even in the non‐mobile state, they serve several homeostatic and
immunosurveillance tasks and thus are by no means inactive, and that this
“surveying” state could better be described as a tolerant or pro‐homeostatic state.
(Biber et al. 2014, Graeber and Streit 2010) However, microglia in the mobile and
injury responsive state are still generally referred to as “active” microglia (or the
process is termed “microglial activation”) in the literature; this terminology will
be applied also in this thesis.
In the early phase of multiple sclerosis, microglial activation promotes the
recruitment of naïve T‐cells, which are activated by the dendritic cells functioning
as antigen presenting cells. Microglia also act as antigen presenting cells, re‐
stimulating the auto‐reactive memory‐T‐cells invading through the BBB into the
CNS, which is considered a key event in maintaining the chronic inflammation in
the CNS (Gao and Tsirka 2011, McMahon et al. 2005). In active white matter
lesions, there is a profound infiltration of activated microglia and blood borne
macrophages throughout the lesion, whereas in slowly expanding (smouldering)
or chronic active lesions, the microglia and macrophages are concentrated as a
dense rim around the lesions (Breij et al. 2008, Frischer et al. 2009). Microglia
can also been found diffusely in the non‐lesional white and gray matter with
concomitant axonal degeneration and meningeal inflammation. Thus, chronic
activation of microglia has been linked to neurodegeneration in the progressive
phase of the disease (Howell et al. 2010, Kutzelnigg et al. 2005, Magliozzi et al.
2010).
However, it is still not established whether the functions of activated microglia in
MS and other neuroinflammatory and neurodegenerative diseases are ultimately
detrimental or beneficial. Instead of their role in the maintenance of damaged CNS
(e.g. in phagocytosis of extracellular debris and limiting inflammation), it has been
postulated that interactions between dysregulated and overactive microglia and
injured neurons would lead to a vicious cycle of self‐propagating, prolonged
inflammation thus driving the chronic progression of the disease (Gao and Hong
2008). On the other hand, the differentiation between activated brain resident
microglia and blood derived macrophages ‐ which may possess different functions
– is not without challenges, which might distort the interpretation of in vitro and
in vivo studies on the role of microglia in health and disease. Nevertheless,
whether being the culprit or an innocent bystander in the disease process, the
presence of activated microglia is well established in the MS brain.
Activated microglia express the translocator protein (TSPO), or as it was named
earlier, the peripheral benzodiazepine receptor (PBR) on the outer membrane of
mitochondria. Several functions have been attributed to TSPO, either directly or
indirectly, including immunomodulation, regulation of cholesterol transport,
synthesis of steroid hormones, apoptosis, cell proliferation, porphyrin and anion
transport, regulation of mitochondrial functions and heme synthesis
(Papadopoulos et al. 2006). Structurally, TSPO is an 18 kDa protein with a
structure of five alpha‐helices spanning the membrane lipid bilayer. Two
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archetypal ligands binding to TSPO have been identified, namely Ro5‐4864, the 4‐
chloro‐derivative of diazepam, and PK11195, the isoquinoline carboxamide
(Casellas et al. 2002), the latter having been used as a marker for in vivo PET
imaging of activated microglia (see also chapter 2.3.2.3 for the review of TSPO
radioligands).
Whereas TSPO is highly expressed in activated microglia, in the “resting” or
surveying microglia, it is expressed at a very low level, and mainly in the gray
matter (Doble et al. 1987). As a marker of microglial activation, TSPO expression
has been shown to be increased in many cerebral pathological states, such as
Huntington’s disease (HD) (Schoemaker et al. 1982), brain ischemia (Stephenson
et al. 1995) and MS (Vowinckel et al. 1997). In Parkinson’s disease (PD) and
Alzheimer’s disease (AD), some neuropathological studies have found evidence of
increased microglial activation (McGeer et al. 1988), in line with the in vivo
findings of increased TSPO binding in PD (Gerhard et al. 2006, Ouchi et al. 2005)
and AD (Cagnin et al. 2001, Edison et al. 2008). In addition, TSPOs are highly
expressed in gliomas (Broaddus and Bennett 1990, Vlodavsky and Soustiel 2007),
with the majority of the expression being accounted for by tumour cells instead of
microglia (Su et al. 2015). In non‐neoplastic CNS damage without BBB
breakdown, microglia are the main cell population expressing TSPO (Banati et al.
1997). In focal damage with BBB breakdown, also TSPO expressing activated
macrophages – cells which have invaded from the peripheral blood into brain
parenchyma – are present (Banati et al. 2000).
PET imaging of activated microglia with TSPO binding radioligands is being
increasingly utilised in MS research. The first in vivo TSPO PET pilot study in MS
patients with [11C]PK11195 revealed that TSPO binding was increased in acute
lesions but was low in chronic lesions (Vowinckel et al. 1997). Thereafter, another
study detected a pattern of increased TSPO binding in scattered areas related to
demyelinating lesions in MRI (excluding black holes) and also in NAWM and
central gray matter (thalami and brainstem); the majority of the subjects in the
study were RRMS patients (Banati et al. 2000). Subsequently Debruyne and
colleagues (Debruyne et al. 2002, Debruyne et al. 2003) reported that TSPO
binding was elevated in gadolinium enhancing active plaques, and in non‐
enhancing T2 lesions during relapse, when compared to T2 lesions in patients
without relapse. However the T2 lesional binding was at a similar or lower level
than in NAWM. Interestingly, the TSPO binding in NAWM showed an increasing
trend which associated to longer disease duration. However, the patient
characteristics were heterogeneous, with patients representing both RRMS and
SPMS as well as PPMS subtypes of the disease. Further analyses by the same
group showed that increasing brain atrophy was associated with higher TSPO
binding in NAWM but lower binding in T2 lesional brain (Versijpt et al. 2005).
Only one treatment study investigating TSPO in RRMS has been published. In that
study, one year treatment with glatiramer acetate reduced TSPO binding
significantly in both cortical GM and cerebral WM (Ratchford et al. 2011). In a
more recent study conducted by Politis and colleagues (Politis et al. 2012), SPMS
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and RRMS patients were shown to have increased [11C](R)‐PK11195 binding also
in the cerebral cortex in addition to WM when compared to healthy controls.
Moreover, the cortical TSPO binding correlated with the clinical disability, with
the correlation being more evident in patients with SPMS than in those with
RRMS. However, similar correlations were not found for WM.
To summarize, it seems that diffuse activation of microglia in normal‐appearing
brain structures as well as related to focal lesions in MS represents a potential
surrogate marker of disease activity and neuroinflammation. However, the
studies conducted thus far have been somewhat scarce and heterogeneous, which
is one of the reasons which stimulated the initiation of this research.

2.2.2 Adenosine in neuroinflammation and MS
Adenosine is an endogenous purine nucleotide regulating several physiological
phenomena in the CNS and peripheral organs such as heart, kidney, and vascular
smooth muscle. Adenosine is also an important regulator of inflammation in both
the peripheral tissues and the CNS, and adenosine release is increased as a
response to tissue damage. (Blackburn et al. 2009, Fredholm et al. 1994, Sebastião
and Ribeiro 2009). In the CNS, adenosine contributes critically to the
neuromodulatory control of a variety of normal and abnormal brain functions,
ranging from synaptic plasticity to cognition, sleep, motor activity,
neuroinflammation, and cell death. Adenosine regulates the activity of the central
nervous system by controlling neuronal activity and neurotransmitter release and
uptake in synapses especially those utilizing glutamate and gamma‐aminobutyric
acid (GABA). Adenosine’s homeostatic effects are mediated via paracrine
functions and cellular signalling. Thus, adenosine is not a classical
neurotransmitter, since it is not enriched and stored in vesicles, and is not
released in response to action but instead is produced both intra‐ and extra‐
cellularly. (Chen et al. 2014)
There are two sources for extracellular adenosine: the release of adenosine with
aided diffusion from intracellular sites into the extracellular space, and the
conversion of extracellular adenine nucleotides into adenosine by a series of
ectoenzymes, of which CD73 (ecto‐5´‐nukleotidase) is the last and rate‐limiting step
in the conversion (Zimmermann and Braun 1999). The effects of adenosine are
mediated through G‐protein‐coupled cell membrane receptors with four recognised
subtypes, A1, A2A, A2B and A3. The effects of A1 and A3 receptors in the intracellular
signal transduction are inhibitory, and lead to reduced levels of the intracellular
second messenger, cyclic adenosine monophosphate (cAMP). On the contrary, the
activation of A2A and A2B receptors leads to an increase in intracellular cAMP, and
thus the effect is considered as excitatory (Sebastião and Ribeiro 2009). In the CNS,
adenosine receptors are mainly located in the neuronal synapses, and A1 and A2A
are the predominant adenosine receptor subtypes. A1 receptors are most abundant
in neurons in hippocampi, cerebral cortex, and cerebellum, but are also expressed
at intermediate levels in other regions, and are present both pre‐ and post‐
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synaptically. (Chen et al. 2014) A2A receptors are primarily concentrated in
striatum, olfactory tubercle and nucleus accumbens, but are also present in lower
amounts in the hippocampi and cortex (Dunwiddie and Masino). In striatum, the
A2A receptors are highly concentrated and co‐localized post‐synaptically with
dopamine receptors, especially as A2A‐D2‐heteromer complexes in the
striatopallidal, GABAergic medium spiny neurons where A2A stimulation reduces
the binding of dopamine into D2 receptors (Ferré et al. 2004). In addition, the A2A
receptors are co‐localized presynaptically with A1 receptors in glutamatergic
striatal terminals and participate in the fine tuning of glutamate release (Ciruela et
al. 2006). In the sites of lower expression in corticostriatal terminals and
hippocampi, the A2A receptors are localised pre‐synaptically (Rebola et al. 2005). In
the periphery, all immune cells express adenosine receptors. Monocytes and
macrophages express all four adenosine receptors, though the levels of expression
differ markedly throughout the maturation and differentiation process, whereas in
human dendritic cells, only A1A, A2A and A3 receptors are differentially expressed. In
lymphocytes, the adenosine receptor expression level depends on the cell type;
CD4+ and CD8+ T lymphocytes have been the cells most extensively studied and
being shown to express A2, A2B, and A3 receptors. (Blackburn et al. 2009) In
peripheral organs, A1 receptors are present in heart, kidney, adipose tissue and
testis. While A2A receptors are scarce in peripheral organs, A2B receptors are widely
distributed with an especially rich expression in the gastrointestinal tract. A3
receptors, in turn, are not abundant in the periphery, being mainly found in testis
(Fredholm et al. 1994). With respect to the peripheral organs, probably the effects
of adenosine on the heart have been best investigated; adenosine is involved in the
regulation of heart rate, contractility, and coronary flow (Mustafa et al. 2009) and
tissue protection from myocardial injury due to myocardial ischemia reperfusion
damage (Headrick and Lasley 2009).
In peripheral tissues, the activation of adenosine receptors in immune cells leads
to the net effect of suppression of inflammatory mediators (Ohta and Sitkovsky
2001). In the CNS, the effects of A1 receptors are generally considered as being
anti‐inflammatory and neuroprotective, whereas the A2A mediated actions can
vary depending on the pathological circumstances (Sebastião and Ribeiro 2009).
However, selective A2A antagonism appears to exert neuroprotective effects. For
example, the neurological defect caused by middle cerebral artery occlusion in A2A
knockout mice has been reported to be milder than in wild type mice (Chen et al.
1999), and the neuroinflammation induced by peripheral injection of
lipopolysaccharide (LPS) could be attenuated by intracerebro‐ventricular
injection of A2A antagonist in rats (Rebola et al. 2011).
Adenosine may have a significant involvement in the neuroinflammation present in
MS. Patients with MS have been shown to have reduced levels of adenosine in their
peripheral blood when compared to healthy controls (Mayne et al. 1999). In
addition, the expression of A1 receptors in the monocytes and macrophages in the
peripheral blood and brain of MS patients is lower than in control subjects
(Johnston et al. 2001). However, in support of the evidence of A1‐mediated
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immunosuppressive effects in MS, adenosine A1‐receptor knockout mice have been
shown to develop more severe experimental autoimmune encephalitis (EAE) than
the wild type mice (Tsutsui et al. 2004). Because of the immunosuppressive
properties of adenosine mediated via A1 receptors in the EAE model, it could have
been anticipated that CD73‐deficient mice would develop severe EAE in view of the
crucial role of CD73 in regulating adenosine signalling. Surprisingly, CD73‐knockout
mice have been found to be resistant to EAE when compared to the wild type mice.
Moreover, A2A‐receptor antagonism has been shown to protect wild type mice from
EAE induction (Mills et al. 2008). In contrast, A2A receptor knockout mice display
more severe EAE symptoms than their wild type counterparts (Mills et al. 2012, Yao
et al. 2012). However, according to experiments conducted on bone marrow
chimeric EAE mice, it appears that normally functioning A2A receptors – apparently
in the CNS – are needed for the development of EAE, whereas the expression of A2A
receptors on lymphocytes is integral for controlling the severity of the inflammatory
response (Mills et al. 2012). Finally, it has been demonstrated that A2A receptors
are upregulated in the peripheral lymphocytes of MS patients, and that A2A
stimulation of these cells resulted in marked inhibition of several inflammatory
mediators (such as TNF‐α, IFN‐γ, IL‐6 and IL‐17) and also led to reduced VLA‐4
expression (Vincenzi et al. 2013).
Interestingly, treatment with interferon‐beta has been shown to increase CD73
expression in microvascular endothelial cells and astrocytes of MS‐patients.
Interferon‐beta also increased the levels of soluble CD73 in the serum of MS
patients, and this also correlated with the clinical outcome. Thus, up‐regulation of
CD73 enzyme activity and the subsequent increase in adenosine production might
contribute to the beneficial effects of interferon‐beta on MS via enhancing the
endothelial barrier function. (Airas et al. 2007, Niemelä et al. 2008). Adenosine
may also play an important role in myelination, since adenosine has been shown
to inhibit the proliferation of oligodendrocyte progenitor cells and promote their
differentiation and myelination (Stevens et al. 2002).
Another interesting link between adenosine and the modulation of
neuroinflammation is provided by microglial activation. As well as adenosine
receptors, microglia express many purinergic receptors including two
purinoreceptors, P2X and P2Y, which can mediate the effects of ATP (Färber and
Kettenmann 2006). It has been shown that in vitro inflammatory stimuli induce
up‐regulation of A2A receptors on microglia, and that stimulation of A2A receptors
leads to morphological and functional changes including deramification in
microglia (Orr et al. 2009). Moreover, the protective effects of A2A antagonism in
neuroinflammatory conditions induced by LPS in animal models appear to be
partly mediated by the suppression of microglial activation and attenuation of
microglial nitric oxide production (Rebola et al. 2011, Saura et al. 2005).
In conclusion, it appears that adenosine signalling can affect microglial activation
via A2A receptors at least in vitro and in vivo in animal models. Whether or not the
A2A‐mediated effects of adenosine are protective or harmful in MS patients is a
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largely unanswered question. Thus, more studies would be needed to explore
these relationships in vivo in humans.

2.3

Imaging methods of neuroinflammation in MS

2.3.1 Magnetic resonance imaging (MRI)
2.3.1.1 Physical basis of conventional MRI
Conventional structural MRI is based on the detection of angular momentum of
subatomic particles in a strong external magnetic field. Since the nucleus of a
hydrogen atom (H1) has only one proton and has the highest energy, and is
present in water (H2O) and fat which make up the majority of human body, it is
the most widely used nucleus in clinical MR imaging. In the terms of quantum
mechanics, a subatomic particle has a quantized angular momentum, called its
spin. The spin, in turn, is associated with a magnetic momentum. The strong
magnetic field applied by an MRI scanner forces the magnetic moments of the
subatomic particles (e.g. protons) to align in a direction parallel or anti‐parallel to
the external magnetic field B0. However, it is not feasible to define the properties
of a single proton; instead, one has to observe the average behaviour of a large
number of similar protons. The behaviour of these spins can be considered as the
equivalent to a quantum average, which can also be defined as a macroscopic
magnetisation M0. (Hendee and Morgan 1984a, Hendee and Morgan 1984b, Nitz
2003)
If one applies another magnetic field B1, that is perpendicular to B0, then this will
cause a rotation to the macroscopic magnetisation. By varying the duration and
the amplitude of the B1 field, different radio frequency (RF) pulses can be created.
When the B1 field is switched off, the magnetisation will continue to rotate and
return to the original alignment thus inducing a so‐called free induction decay
signal which can be detected by a coil in the MRI scanner. The relaxation time, i.e.
the time to return to the original alignment, differs depending on the molecular
structures of the tissue and the number of protons involved i.e. the proton
density. The time required for the longitudinal realignment of the magnetisation
with the B0 is dependent on the tissue specific relaxation rate, and is called the T1
relaxation time. In contrast, the transverse relaxation time, T2, reflects the
interaction between the nuclei and is dependent on the dephasing caused by the
dipole‐dipole interaction between the transverse magnetic moments. (Hendee
and Morgan 1984a, Hendee and Morgan 1984b, Nitz 2003)
T1‐weighted image sequences are most commonly used in the clinical setting
because of their good discrimination between fat and water, fat being shown as
bright (hyperintense) and water as dark (hypointense). In T2‐weighted
sequences, the signals of fat and water are opposite i.e. fat appears to be
hypointense whereas water is hyperintense. In brain imaging, T2‐weighted
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imaging is also widely used especially due to its better sensitivity to pathological
changes, whereas the strength of T1‐weighted imaging lies in its better structural
resolution and differentiation of white and gray matter. Fluid attenuated
inversion recovery (FLAIR) is a further refinement of T2 weighted imaging, where
the signal of free water (e.g. CSF) can be nullified thus providing a better
visualisation of periventricular lesions, which are easily obscured by the adjacent
CSF signal in normal T2 images. (Hendee and Morgan 1984a, Hendee and Morgan
1984b, Nitz 2003)

2.3.1.2 Applications of conventional MRI in MS
Demyelinating MS plaques, both acute and chronic, are visualised as hyperintense
lesions in T2‐weighted MRI imaging. In acute lesions, the borders are relatively
poorly defined on T2 and FLAIR sequences, whereas the borders of chronic
lesions are more sharply defined. The visibility of MS lesions near to CSF
containing structures, such as sulci and ventricles and appearing bright in T2
images, can be increased in comparison to normal T2 sequences by using FLAIR
showing CSF as dark, thus offering better discrimination. Acute lesions may also
be detected by their uptake of contrast medium (e.g. gadolinium) which is seen as
a hyperintense signal in T1 images. In non‐contrast T1 images, acute lesions may
be of the same or darker intensity than in the adjacent white matter, whereas
chronic lesions appear as well defined hypointense, dark regions, and thus are
also called “black holes” and representing longer standing disease with axonal
destruction. Chronic T1 black holes do not significantly take up contrast medium.
If one wishes to have better contrast of lesions in deep gray matter nuclei, brains
stem and cerebellum, then proton density weighted imaging can be used, since
proton density sequencing produces a grayscale directly proportional to the
concentration of hydrogen nuclei, which are abundant in inflammatory lesions
but more scarce elsewhere, especially in deep gray matter and brain stem. In
conclusion, in the clinical setting, the recommended brain MR imaging protocol of
MS patients includes pre‐ and post‐contrast T1, T2, proton density and FLAIR
sequences. (Bricker and Jones 2013, Simon et al. 2006)
Conventional MRI has established its role in the clinical routine of imaging MS
patients due to the wide availability of MRI scanners, the good reproducibility of
the results when using similar protocols, and the method’s sensitivity for
detecting macroscopic brain abnormalities. In addition to being the cornerstone
in the initial diagnosis and differential diagnosis of the disease, it is used in the
assessment of disease activity in RRMS patients. Both the accumulation of new T2
hyperintense lesions and the number of new gadolinium‐enhancing lesions are
known to correlate to clinically active relapsing disease (Filippi et al. 1995,
Kappos et al. 1999), and thus the imaging findings can guide the treatment choices
when combined with the clinical presentation of the disease (Fazekas et al. 2007,
Remes et al. 2014). In patients with CIS, the presence and amount of T2 lesions
also affect the probability for developing RRMS. In long‐term longitudinal studies
with median follow‐up times ranging from 6.5 to 20 years, 72–88% of CIS patients
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with at least one demyelinating lesion in the MRI developed RRMS, whereas with
normal MRI, the corresponding percentage was only 8–20% (Brex et al. 2002,
Fisniku et al. 2008, Tintore et al. 2006). However, no reliable conventional MRI
markers to predict the progression of cumulative disability are available when
evaluating an individual patient in a clinical setting.
In clinical trials designed as longitudinal studies with serial follow‐up imaging,
other MRI parameters acquired from conventional MRI sequences, but not yet in
routine clinical use, have been exploited as surrogate markers of disease activity
or disease progression. Both new T2 lesions and gadolinium enhancing lesions
have been shown to be fairly reliable surrogate markers for clinical relapses
(Sormani et al. 2010, Sormani et al. 2011). Increasing GM atrophy has been
claimed to predict clinically detectable progression of the disease both in
relapsing and progressive MS (Jacobsen and Farbu 2014). Increased WM atrophy
has been demonstrated to be more clearly associated to secondary progressive
than to relapsing MS (Tedeschi et al. 2005). A high total volume of T1 lesions, or
lesion load, has been associated with the progressive disease type, and increasing
lesion load of black holes correlated to accumulating disability in a long term
clinical follow‐up (Hickman et al. 2001, Truyen et al. 1996, van Walderveen et al.
2001). On the other hand, the association between GM atrophy and WM lesions
has been shown to be weaker in progressive than in relapsing MS, which has been
suggested to indicate that the neurodegenerative disease process may be more
independent of lesion and atrophy evolution (Steenwijk et al. 2014).
However, when evaluating an individual patient in the clinical setting, the
associations between the clinical disability to the conventional MRI parameters
and their predictive value are known to be weak or unconvincing (Bakshi et al.
2008, Miki et al. 1999, Nijeholt et al. 1998), a phenomenon which is named the
clinico‐radiological paradox (Barkhof 1999, Barkhof 2002). One advance in trying
to resolve the clinico‐radiological paradox has been the introduction of the term
dirty‐appearing white matter (DAWM), which refers to brain regions with
intermediate signal intensity between those of focal lesions and normal‐appearing
white matter (NAWM) in T2‐ and proton density ‐weighted imaging (Filippi and
Rocca 2010). The pathology in diffusely abnormal white matter corresponding to
DAWM in MRI is characterized by gliosis, demyelination, axonal loss, and the
presence of macrophages and activated microglia (Allen and McKeown 1979,
Seewann et al. 2009, Vos et al. 2005). Moreover, marked DAWM changes have
been demonstrated in progressive MS with more prominent findings in SPMS
than RRMS, and thus DAWM has been postulated to contribute considerably to
disease progression (Seewann et al. 2009, Vrenken et al. 2010).

2.3.1.3 Physical basis of diffusion tensor imaging (DTI)
Diffusion can be defined as the random motion – also known as Brownian motion
– of particles as a result of the thermal energy possessed by the molecules (Le
Bihan et al. 2001, Le Bihan 2003). MRI is sensitive to thermal Brownian motion,
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which is characterized by the diffusion coefficient [D[x,y)] and which describes
the ability of water molecules (H20) to perform random translational motion
within a given tissue. By applying a magnetic field gradient for a short duration, a
temporary change in resonance frequencies is produced, resulting in a
corresponding dephasing of the tranverse magnetisation. By repeating the same
gradient for the same duration, but with an opposite polarity, results in a
rephasing of the transverse magnetization for a stationary tissue, and the net
magnetization returns to the original level. Instead, in an un‐stationary tissue, for
those molecules (protons) which have changed their position before the repeated
gradient, and are thus not exposed to the exactly opposing gradient, the rephasing
of the transverse magnetization remains incomplete, leading to signal loss. As a
result, un‐stationary tissue areas in which there has been increased diffusion and
the resulting signal loss due to movement of protons, appear as hypointense
regions in diffusion weighted imaging (DWI). A diffusion weighted image, in
which the signal attenuation is not dependent on the directionality of diffusion, is
called a trace‐weighted or isotropic diffusion weighted image. (Le Bihan et al.
2001, Le Bihan 2003, Nitz 2003)
Diffusion tensor imaging (DTI) is an advanced application of DWI, and is based on
detecting the directionality of the diffusion. Thus, DTI, investigates how free (i.e.
isotropic) or in some way mechanically restricted (anisotropic) the diffusion is
within the area of interest. In other words, the distance and directions of diffusion
of H20 molecules decrease in an anisotropic environment. In healthy brain tissue,
diffusion in the white matter is generally more restricted than in the gray matter,
because myelinated axons allow diffusion primarily along the longitudinal axis of
the axons. Consequently, in the areas of normal white matter tracts, diffusion is
regarded as being highly anisotropic. (Le Bihan et al. 2001, Le Bihan 2003)
Technically, DTI is an advanced application of DWI, in which gradients are applied
in pulses of linear inhomogeneous magnetic fields in a minimum of six different
directions. This allows the creation of a mathematical model of the diffusion in
three‐dimensional space, a so‐called diffusion tensor (Alexander et al. 2007).
From the diffusion tensor, the main directions and distances of diffusivities can be
calculated as eigenvectors (ε) and their respective eigenvalues (λ), annotated with
1, 2 and 3 from largest to smallest according to the principal axes of the ellipsoid
(Figure 2.) (Alexander et al. 2007, Jellison et al. 2004). Several different
parameters can be used to describe the properties of the diffusion tensor. Mean
diffusivity (MD) is the mean of all three eigenvalues (MD=(λ1+λ2+λ3)/3). Thus, MD
reflects the mean magnitude of diffusional displacement, but is insensitive to the
directionality of the diffusion. Diffusion anisotropy correlates to the degree to
which the three eigenvalues differ from each another (i.e. to the extent to which
the shape of the tensor ellipsoid deviates from that of a sphere), and thus is a
measure of the directionality of the diffusion. Although there are many various
anisotropy parameters, one of the most commonly used is fractional
anisotropy (FA). FA measures the magnitude of anisotropic diffusion in a relative
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Figure 2. A) Simplified diagram of neuronal fiber tracts with an arbitrary orientation with
respect to the scanner orientation (axes x,y,z) and B) three‐dimensional, ellipsoid
diffusion tensor characterised by the main eigenvectors (ε1, ε2, ε3) and their eigenvalues
(λ1, λ2, λ3) representing the respective diffusitivies. Modified from (Jellison et al. 2004)

scale from 0 to 1. When the measured diffusivities are equal in all directions,
diffusion is isotropic and FA=0. Were diffusion to occur only in one direction
(which is only a theoretical case with respect to biological tissue) with the two
other measured diffusivities equaling 0, FA would have a value of 1. (Basser and
Pierpaoli 1996, Le Bihan et al. 2001)

2.3.1.4 Applications of DTI in MS
DTI is not a part of the routine imaging protocol in MS patients, but it has been
widely used in some clinical and pre‐clinical studies. It is well established that the
structural damage causing widespread reductions of FA and increases in MD in
WM and NAWM do correlate to physical disability and cognitive impairment in
both relapsing and progressive MS (Preziosa et al. 2011, Sbardella et al. 2013,
Welton et al. 2014), although partly controversial results have been reported with
respect to the correlation between disability measured with EDSS and the DTI
changes (reviewed in (Sbardella et al. 2013)). Nevertheless, the white matter
disintegrity has been shown to be more pronounced in SPMS than in RRMS
patients (Preziosa et al. 2011, Welton et al. 2014). Furthermore, in the normal‐
appearing cortical and deep gray matter, the DTI abnormalities (decreased FA and
increased MD) are more prominent in SPMS than RRMS. In RRMS, the normal‐
appearing gray matter (NAGM) changes have been stated to be characterised by
increased MD, whereas both increased and decreased values for FA have been
reported (reviewed in (Sbardella et al. 2013).
Within T2 lesions, FA is generally decreased and MD is increased. Consequently,
there is an overlap between the FA and MD maps and the T2 lesion distribution in
the majority of MS phenotypes with the exception of PPMS patients in whom a
mis‐match between FA and T2 lesion maps has been observed (Preziosa et al.
2011). This has given support to the hypothesis that in PPMS, axonal damage and
T2 lesions occur partially independently from each other (Sbardella et al. 2013).
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Interestingly, reduced FA has been shown to correlate with increased numbers of
microglia and macrophages in NAWM and slightly abnormal WM (defined as
abnormal magnetisation transfer ratio (MTR) in areas surrounding MS lesions) in
a post‐mortem study of MS brain sections (Moll et al. 2011). Moreover, animal
experiments have shown that FA values that are first reduced after Wallerian
degeneration due to neuronal injury, increase gradually in the later stage after the
injury, and that the reduced FA correlates with the presence of activated
microglia, myelin clearance and astrocytosis as assessed in a neuropathological
analysis (Qin et al. 2012). Thus, it is plausible that microglial activation might
partly explain the subtle changes in WM observed with DTI.
Even though DTI is a sophisticated method to reveal the disruption of structural
integrity in MS, the subtle alterations detected with DTI, along with other non‐
conventional methods such as MTR and adiabatic sequences (Mangia et al. 2013),
are more or less unspecific with regards to the neuropathology of MS.
Consequently, even adoption of the non‐conventional MRI techniques alone will
not be sufficient to elucidate the insidious pathology behind the gradually
progressing disability in MS. Thus, the exploitation of molecular imaging
techniques, such as PET, may shed more light on the clinico‐pathological
relationships underpinning progressive MS.

2.3.2 Positron emission tomography (PET)
2.3.2.1 Principles of PET physics
Positron emission tomography (PET) imaging enables in vivo molecular imaging
of physiological and pathological processes in the target organs or organisms. The
methodology of PET imaging is based on the capability of the PET scanner to
detect radioactivity emitted by radiolabelled ligands. The radiolabels are short‐
lived radioisotopes, such as 11C, 15O, and 18F, which are first produced in a
cyclotron, and then are chemically incorporated into molecules that act as the
ligands for the investigated biochemical process. Thus, the accumulation of the
radioligand can be quantitated as a function of time within the target tissue.
The radioisotopes used in PET imaging are isotopes with unstable radioactive
nuclei, that undergo beta plus (β+) decay (i.e. positron emission), where a proton
(p) is transformed into a neutron (n) while simultaneously emitting a positron
(e+) and an electron neutrino (υ):
p→

υ,

or as described by nuclear mass equation:
υ,
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where X’ is the parent’s nuclear mass and Y’ the daughter’s nuclear mass. The
positron carries a unit of positive charge from the nucleus and has the same mass
as an electron, whereas the neutrino has no charge and seemingly no mass.
In the example of 11C, it is first produced by bombarding gaseous 14N with protons
accelerated in a cyclotron thus inducing an alpha decay ( ) of nitrogen:
→
The half‐life of 11C is approximately 20.39 minutes, and as 11C undergoes β+‐decay
into 11B, it emits a positron and a neutrino:
→

υ.

The emitted positrons possess a large amount of kinetic energy, and travel
through matter until they have lost enough energy to be able to interact, or
collide, with an electron (e‐). This collision is termed annihilation, and results in
the emission of two photons (γ) with 511 keV energy in approximately opposite
directions (~180.25°):
→γ

γ

(Esser 2010, Turkington 2001).

2.3.2.2 PET scanner and acquisition of image data
PET imaging is based on the detection of annihilated photons (or gamma rays) by
detector crystals positioned in a rim, or row of rims, in the gantry of a PET
scanner (Figures 3 and 4). When annihilation occurs, and a photon pair is
detected simultaneously (or almost simultaneously) by opposing detectors,
annihilation can be deduced to have occurred along an imaginary line connecting
the two detectors (Figure 4). This line is called the line of response (LOR), and the
event of the detection is referred to as a coincidence event, or true count. Single
events (false counts) are detections of single gamma rays without a simultaneous
event on an opposing detector. However, if the annihilated emissions in the
imaged target are scattered, the subsequently recorded LOR indicates an
incorrect location of the event, thus causing a false LOR. If two single events occur
so close in time (e.g. <5 nanoseconds), that the electronics of the detectors record
it as a genuine coincidence, a random false LOR is registered. However,
approximately 97% of singles can be eliminated by applying a coincidence
window correction procedure. The remaining data of the registered true counts is
recorded in a two dimensional co‐ordinate system, where each LOR is located and
identified by its distance and angle, and can be plotted as a discrete point on a
graph. The plotted curve of the LORs has a sinusoidal shape, and is thus called a
sinogram. (Esser 2010, Turkington 2001). The sinograms are collected as a
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Figure 3. Illustration of an annihilation and the respective coincidence event detected in a
PET scanner. An unstable nucleus (11C) emits a positron, which collides into an electron
causing annihilation, and the two emitted photons are detected in the detectors within the
scanner gantry (for illustrative purposes, the nuclear components and the detectors are
not depicted to a natural scale). Modified from (Miller et al. 2008).

Figure 4. High resolution research tomograph (ECAT HRRT) in Turku PET Centre. General
view of the scanner and scanner table on the left, and a picture of a study patient in the
scanner on the right (picture used with the permission of the patient) with a
thermoplastic mask and motion detection goggles (motion detection device visible on the
background).
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function of time, and are divided into time frames corresponding to the temporal
distribution of the detected true counts.
Finally, the sinogram data is reconstructed with attenuation correction, correction
for isotope decay and filtering (smoothing). The final result is a quantitative PET
image representing radioactivity concentrations within the scanned object as a
function of time. (Esser 2010, Turkington 2001)

2.3.2.3 Pharmacokinetic modelling of neuroreceptor binding
Brain PET imaging facilitates the indirect measurement of neuro‐transmitter
system components, such as neuroreceptors or transporters. A simple and robust
way to measure the uptake of the radioligand into the target tissue in vivo is to
calculate the standardised uptake value (SUV), which is calculated as the
radioactivity concentration at a given time point normalised to the injected dose
(corrected for decay to the time point of measurement) and body weight. Thus,
SUV measurement does not require dynamic imaging or blood samples, but on the
other hand, it does not allow pharmacokinetic modelling. Therefore, analyses of
neurotransmitter PET data are commonly performed by applying kinetic models,
which are based on assumptions of a compartmental system. With respect to the
radiotracer concentrations, at least three compartments (two tissues) can be
defined for brain regions containing target receptors, the first compartment being
the arterial plasma (CP). After passing through the blood brain barrier, the non‐
metabolised radioligand enters the second (first tissue) compartment, named the
non‐displaceable compartment (CND), consisting of free (CF) and non‐specifically
bound (CNS) sub‐compartments. Anatomically, CND is likely to be constituted of
several regions, including interstitial fluid and intracellular cytoplasm. The third
(second tissue) compartment (CS) represents the specific binding to receptors in
the target tissue. Brain tissue devoid of high affinity target receptors for the ligand
is referred to as reference tissue, where only free (C’F) and non‐specific
compartments (C’NS) exist (Figure 5). (Nitz 2003)
In the in vivo kinetic modelling, the final parameter of interest is the non‐
displaceable specific binding of the radioligand in target tissue as a function of
time. The golden standard for acquiring the tracer plasma concentration (CP) is to
perform repeated arterial blood sampling for radioactivity and metabolite
analyses of the tracer, so that the supply of the non‐metabolised active tracer can
be calculated as a function of time (i.e. the arterial plasma time activity curve
(TAC)). When using conventional compartmental modelling for the dynamic PET
image data, the specifically bound radiotracer concentration (CS) in a target region
of interest (ROI) can be estimated from differential equations with non‐linear
fitting and iterative computation. Consequently, simplified linear graphical
methods, such as Logan plot, have been developed.
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Figure 5. Two tissue (three compartment) model to depict radioligand kinetics in vivo in
A) target tissue and B) reference tissue. K1, k2, k3, k4 and K’1, k’2, k’3, k’4 are the rate
constants governing the exchange rates between compartments (according to Nitz 2003).

The Logan plot (Logan et al. 1990, Logan et al. 1996, Logan 2000) can be used to
calculate the distribution volume (DV) of a reversibly binding radioligand in the
target tissue. If a reference region (free of receptors and thus free of specific
binding) is available, the specific binding of the ligand can be estimated as the
distribution volume ratio (DVR), which is the ratio of DV in target region of
interest (ROI) to the DV in the reference region ROI. According to Logan’s
equation, the distribution volume (DV) of a reversibly binding radioligand is:
1

1

,

where Bmax is the receptor availability, and Kd is the equilibrium dissociation
constant (equalling to k4/k3), and thus the receptor affinity is 1/Kd=k3/k4.
In a reference region, that is presumably free of receptors and thus free of specific
binding, DV can be defined as follows:
′
′
If a time activity curve (TAC) from the metabolite corrected plasma data is available,
the DVs in the target and reference regions can be calculated according to the above
equations. Then the specific binding of the radioligand can be calculated as a
distribution volume ratio (DVR) of the DVs in a receptor‐containing target region
and the DV in a receptor‐free reference region, resulting in the equation (Logan et
al. 1990):
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1

1

1

1

where BP = binding potential. The requirement for this equation is that K1/k2 = K’1/k2.
If no metabolite corrected plasma TAC is available, the plasma curve Ct(t) can be
replaced with a reference region curve Cr(t) derived from the reference ROI. Thus,
the slope of the linear phase equals DVR (Logan et al. 1996):

′
The precondition, however, for the equation is that Ct(t)/Cr(t) must remain stable
enough. The time to reach this equilibrium depends on the receptor density, areas
with higher densities taking longer times. If this prerequisite does not hold, an
estimate of k’2 must be determined (e.g. from a population average) and
implemented in the equation (Logan et al. 1996):

/

′′

The arterial plasma input function can also be omitted by using other non‐
invasive models, of which the Simplified Reference Tissue Models (SRTM) are
widely used in neuroreceptor studies (Gunn et al. 1997, Lammertsma and Hume
1996, Wu and Carson 2002). However, the Logan plot is independent of any
particular model structure, and thus is more robust. Moreover, when using a
reference Logan, no arterial input is needed. Therefore, the Logan plot was chosen
as the method of choice in the studies included in this thesis.

2.3.2.4 Radioligands in the imaging of neuroinflammation
During the past decades, several radioligands have been developed in attempts to
elucidate the pathological processes related to neuroinflammation. Reviewing all
those ligands in detail is outside the scope of this literature review; instead a
summary of the radioligands and their targets in CNS is provided in Table 4.
Subsequently, only the most relevant radioligands with regard to this thesis, i.e.
the TSPO and adenosine receptor ligands, will be reviewed in more detail.
TSPO radioligands
To date, the most widely used target in the PET imaging of neuroinflammation has
been TSPO which is highly expressed in the outer mitochondrial membranes of
activated microglia (TSPO and microglia reviewed in more detail in chapter 2.2.1).
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For more than 25 years, the prototypic TSPO ligand has been [11C](R)‐PK11195,
with the first human brain studies being conducted in patients with glioma (Junck
et al. 1989), Rasmussen’s encephalitis (Banati et al. 1999), and in healthy controls
and MS patients (Vowinckel et al. 1997). Since then, several studies related to
aging, neuroinflammation, neurodegenerative diseases and neuropsychiatric
disorders have been published (Table 4).
However, the use of [11C](R)‐PK11195 in clinical studies has been somewhat
impeded due to its relatively low signal‐to‐noise ratio (Schweitzer et al. 2010)
despite its high specificity for the TSPO (Banati et al. 2014). The low signal‐to‐
noise ratio has been attributed to the ligand’s rather low penetration through the
BBB and its low brain uptake (Ching et al. 2012), as well as to the ligand’s binding to
structures in the brain vasculature, where endothelial and smooth muscle cells also
express TSPO (Cosenza‐Nashat et al. 2009). Reactive astrocytes are also known to
overexpress TSPO in response to injury (Kuhlmann and Guilarte 2000) probably
adding to the non‐microglial specific binding (Ji et al. 2008, Rojas et al. 2007).
Numerous 2nd generation TSPO radioligands with higher affinity and specificity
than their predecessor [11C](R)‐PK11195 have been developed (Table 4).
However, the utility of 2nd generation TSPO ligands in clinical studies in humans
has so far been hampered by these ligands’ mixed affinity binding phenotype,
which has recently been discovered to be attributed to TSPO gene polymorphism
in humans (Owen et al. 2012), a phenomenon, however, not affecting [11C](R)‐
PK11195 binding. A single nucleotide polymorphism (22q13.2 rs6971) in the
TSPO gene leads to a replacement of cytosine (C) with thymidine (T) leading to
alanine being replaced with threonine in position 147 in the protein. This in turn
leads to three different phenotypes with regards to the TSPO binding affinity: low
affinity binders (LAB; T/T; threonine/threonine homozygote), mixed affinity
binders, (MAB; C/T, alanine/threonine heterozygote) and high affinity binders
(HAB; C/C, alanine/alanine homozygote), of which HAB is the most common
phenotype (49%) in a Caucasian population, followed by MAB (42%) and LAB
(9%) (Owen et al. 2012). In LAB subjects, the binding of the 2nd generation TSPO
ligands in the brain is too low to permit a reliable quantification of activated
microglia with PET (Kreisl et al. 2013). However, if the binding class is known a
priori, then the LAB subjects can be excluded, and subsequently the results
stratified according to MAB and HAB groups, then the within subject variability of
the 2nd generation ligands is significantly lower than can be achieved with
[11C](R)‐PK11195. Consequently, the sample sizes needed to reveal 50%
differences in between‐group analyses would be approximately half of those
needed with [11C](R)‐PK11195 (Guo et al. 2012). Nevertheless, in order to acquire
the binding class information, one must perform peripheral blood sampling to
allow the genetic testing of the TSPO polymorphism. In addition, despite their
better signal‐to‐noise ratio than [11C](R)‐PK11195, the 2nd generation TSPO
ligands have also been shown to bind to reactive astrocytes (Dickens et al. 2014,
Lavisse et al. 2012).

Microglial activation

TSPO

+TSPO in glioma cells

Related CNS event

Target

[18F]FEMPA*

[18F]DPA714*

[11C]CLINME*
[18F]GE180*

[18F]PBR111*

[11C]PBR28*

[11C]vinpocetine*

[11C]DAA1106*

MS

[11C](R)‐PK11195

TBI§
Glioma§
AD

AD, MCI
PD, LBD
HD
ALS
Stroke
Glioma
Rasmussen’s encephalitis
MS
AD
Acute neuroinflammation§
TBI§
MS
AD and aging
Stroke
MS
Stroke§
Acute neuroinflammation§
EAE§
Acute neuroinflammation§
Acute neuroinflammation§
EAE§
Stroke§
Acute neuroinflammation§
EAE§
Herpes encephalitis§
Stroke§

Disease / disease model

Radioligand

(Banati et al. 2000, Debruyne et al. 2003, Giannetti et al. 2014b,
Politis et al. 2012, Ratchford et al. 2011, Vowinckel et al. 1997)
(Cagnin et al. 2001, Edison et al. 2008, Okello et al. 2009)
(Gerhard et al. 2006, Iannaccone et al. 2013, Ouchi et al. 2005)
(Pavese et al. 2006, Politis et al. 2011, Tai et al. 2007)
(Turner et al. 2004)
(Gerhard et al. 2005, Pappata et al. 2000, Thiel et al. 2010)
(Black et al. 1990, Junck et al. 1989, Su et al. 2015)
(Banati et al. 1999)
(Takano et al. 2013)
(Varrone et al. 2013)
(Venneti et al. 2007a)
(Venneti et al. 2007b)
(Vas et al. 2008)
(Gulyas et al. 2011)
(Gulyas et al. 2012a, Gulyas et al. 2012b)
(Oh et al. 2011)
(Imaizumi et al. 2007)
(Van Camp et al. 2010)
(Mattner et al. 2013)
(Boutin et al. 2007, Van Camp et al. 2010)
(Dickens et al. 2014)
(Airas et al. 2015)
(Boutin et al. 2014)
(Chauveau et al. 2009)
(Abourbeh et al. 2012)
(Doorduin et al. 2009)
(Boutin et al. 2013, Harhausen et al. 2013, Martin et al. 2010, Wang
et al. 2014b)
(Wang et al. 2014a)
(Winkeler et al. 2012)
(Varrone et al. 2014)

Studies

Table 4. Molecular targets and the respective radioligands in human PET imaging studies of events related to neuroinflammation.
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Microglial activation

CB2

(Horti et al. 2010)
(Horti et al. 2010)
(Mu et al. 2013)
(Shukuri et al. 2011)
(Stankoff et al. 2006)
(de Paula Faria et al. 2014)
(Wang et al. 2009)
(de Paula Faria et al. 2014)
(Wu et al. 2010)
(Wu et al. 2013)
(Stankoff et al. 2011)
(Mishina et al. 2012)
(Fukumitsu et al. 2008)
(Meyer et al. 2007)
(Boy et al. 2008)
(Study I)
(Mishina et al. 2012)
(Mishina et al. 2011)
(Ramlackhansingh et al. 2011)
(Juhasz et al. 1999, Pascual et al. 2012)
(Pascual et al. 2012)
(Reshef et al. 2008)
(Zhang et al. 2011)
(Lampl et al. 2006)
(Lorberboym et al. 2006)

Disease / disease model Studies

A2AR = adenosine A2A‐receptor, AD = Alzheimer’s disease, CB2 = cannabinoid receptor 2, COX1 = cyclo‐oxygenase 1, EAE = experimental autoimmune
encephalitis, GABAAR = GABAA‐receptor, HD = Huntington’s disease; LBD = Lewy Body Dementia, LPC = lysophosphatidylcholine; MCI mild cognitive
impairment; MMP = matrix metalloproteinase, PD = Parkinson’s disease, PS = phosphatidylserine, TSPO = translocator protein, VCAM1 = vascular cell
adhesion molecule 1, * 2nd generation TSPO ligand, § Animal model, # used in single photon emission computed tomography (SPECT) imaging, ¤ post‐
mortem study

[11C]A836339

Radioligand

Acute neuroinflammation§
AD§
[11C]KD2
ALS¤
COX1
Microglial activation
[11C]ketoprofen Acute neuroinflammation§
Myelin De‐/remyelination
[11C]BMB
EAE§ and MS¤
[11C]CIC
Cuprizone mouse model§
Lysolecithin rat model§
11
[ C]MeDAS
Cuprizone mouse model§
Plp‐Akt‐DD mouse model§
LPC‐induced demyelin.
[11C]PIB
MS
A1AR
Inflammation regulation [11C]MPDX
Aging
AD
[18F]CPFPX
Aging
Hepatic encephalopathy
A2AR
Inflammation regulation [11C]TMSX
MS
Aging
(Dopamine‐D2 receptor ([11C]TMSX)
(PD)
interaction)
([11C]SCH442416) (PD)
GABAAR Neuronal integrity
[11C]Flumazenil Epilepsy
AD
Caspases Neuronal death /
[18C]ML‐10
Stroke§
apoptosis
[18F]DFNSH
Ketamine‐induced§
PS
Neuronal apoptosis
[99mTc]AnnexinV# AD
Stroke

Related CNS event

Target

Table 4. continued

Review of the Literature

43

44

Review of the Literature

Another challenge, shared by both [11C](R)‐PK11195 and the 2nd generation TSPO
ligands, is the lack of an anatomically clearly defined reference region with
presumably negligible specific binding. This is particularly difficult in
neuroinflammatory and neurodegenerative diseases with diffusely dispersed
pathologies – such as in MS. In order to overcome the lack of a suitable reference
region, an automated method for the supervised clustering of normal gray matter
reference for [11C](R)‐PK11195 PET images has been developed (SuperPK
software; Imperial College, London, UK) (Tomasi et al. 2008, Turkheimer et al.
2007, Yaqub et al. 2012). Briefly, in this methodology, a set of predefined kinetic
tissue class TACs, representing the average kinetics of the radiotracer in different
types of brain tissue is first created. Thereafter, a weighted linear combination of
tissue class TACs is fitted to each voxel‐wise TAC of the dynamic PET image,
which is standardised using frame‐wise means and standard deviations (Yaqub et
al. 2012). Consequently, a weight coefficient for each PET image voxel, that
represents the contribution of each kinetic class to the corresponding TAC, is
provided. This methodology has already been successfully applied in patients
with Alzheimer’s disease (Tomasi et al. 2008, Yaqub et al. 2012) and MS
(Giannetti et al. 2014a, Politis et al. 2012), and it is also utilised here (studies III
and IV). It is also plausible that a similar protocol could be developed for 2nd
generation TSPO ligands in future studies. Moreover, for other radioligands with
different targets but similar pharmacokinetic properties, the same algorithms can
be utilised as demonstrated for [11C]TMSX in study II.
Adenosine receptor radioligands
As reviewed in chapter (2.2.2), the adenosine receptors in CNS have an integral
role in regulating inflammation. In addition, A2A receptors participate in the fine
tuning of motor control in striatum, being linked to dopamine D2 receptors in
heteromer receptor complexes in that part of the brain. Of the four known
adenosine receptor subtypes, PET tracers have been developed for A1 and A2A
receptors.
In humans, A1 receptors were first visualised with PET using the radioligand
[11C]MPDX (Fukumitsu et al. 2003). [18F]CPFPX is another specific A1 receptor
radioligand which has been used in humans (Bauer et al. 2003, Meyer et al. 2006).
[18F]CPFPX has higher affinity for A1 receptors, but [11C]MPDX is more stable in
humans (Bauer et al. 2003, Fukumitsu et al. 2005). These ligands have been
utilised in in vivo human studies related to aging (Meyer et al. 2007, Mishina et al.
2012), sleep deprivation (Elmenhorst et al. 2007), Alzheimer’s disease
(Fukumitsu et al. 2008), hepatic encephalopathy (Boy et al. 2008), cerebral injury
(Suzuki et al. 2012), and preliminary results have also been reported from studies
in patients with Parkinson’s disease and epilepsy (Mishina and Ishiwata 2014).
The first produced radioligand for A2A receptors was the 11C‐labelled xanthine
analogue KF17837 (Ishiwata et al. 1996). Thereafter, several analogues of
[11C]KF17837 were evaluated, with [11C]KF18446 ([11C]TMSX) being selected for
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clinical applications (Ishiwata et al. 2005, Mishina and Ishiwata 2014). [11C]TMSX
is a radioligand binding with high specificity to adenosine A2A receptors (Ishiwata
et al. 2005). Another xanthine analogue ligand, [11C]KF21213, showed slightly
higher affinity and even higher selectivity for A2A receptors than [11C]TMSX, but it
has not been exploited in human studies (Wang et al. 2000).
One disadvantage of the xanthine analogue radioligands is their sensitivity to
photoisomerisation, which occurs in the styryl group at the eighth position.
Hence, all the procedures conducted with these radioligands need to be
performed under dimmed light in order to prevent the photoisomerisation of the
ligand into a non‐receptor binding conformation (Ishiwata et al. 2005, Mishina
and Ishiwata 2014). A non‐xanthine type ligand [11C]SCH442416 has also been
developed (Todde et al. 2000). It was reported to have the highest affinity and
specificity of the developed A2A receptor ligands so far (Mishina and Ishiwata
2014). In addition, 18F‐labeled derivatives of SCH442416 have been developed
(Bhattacharjee et al. 2011, Khanapur et al. 2014), but not yet tested in humans.
In in vivo brain PET studies, [11C]TMSX has so far been utilised only in
investigating healthy controls (Mishina et al. 2007, Mishina et al. 2011, Mishina et
al. 2012, Naganawa et al. 2007) and PD patients (Mishina et al. 2011). Similarly,
[11C]SCH442416 has been used only in one study with healthy controls (Brooks et
al. 2010) and in one study with PD patients (Ramlackhansingh et al. 2011) despite
its reported superior specificity over the older A2A receptor ligands.
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3.

Aims of the Study

AIMS OF THE STUDY

The general aims of this study were to investigate neuroinflammation and
neurodegeneration in vivo in progressive MS using functional neuroimaging with
specific radioligands binding to adenosine A2A receptors and activated microglia,
and to develop more automated and non‐invasive analyses methods for their
imaging. The specific aims of the sub‐studies, referred to with the Roman
numerals I–IV, were as follows:
I

To determine whether adenosine A2A receptor binding is altered in the brain
of SPMS patients compared to healthy controls using [11C]TMSX PET, and to
evaluate the possible correlations of [11C]TMSX binding to clinical parameters
and MRI findings including DTI abnormalities.

II

To develop and validate non‐invasive input function and reference region
extraction methods for the analyses of brain [11C]TMSX PET images in order
to obviate arterial blood sampling during imaging.

III To examine whether microglial activation is increased in NAWM and NAGM
of SPMS patients compared to healthy controls using [11C](R)‐PK11195 PET
imaging, and to estimate whether the findings correlate to clinical and MRI
parameters.
IV

To investigate microglial activation in NAWM and chronic related to T1
hypointense MS lesions in RRMS and SPMS patients in vivo using [11C](R)‐
PK11195 PET, and to evaluate possible associations of the TSPO‐PET imaging
to clinical parameters and MRI and DTI abnormalities, and to further
investigate the TSPO binding patterns from post‐mortem tissue samples
using [11C](R)‐PK11195 autoradiography and immunohistochemistry.

Methods
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METHODS

4.1

Study population and clinical assessment
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The study was conducted as an investigator initiated academic research project in
Turku PET Centre and in the outpatient polyclinic of the Division of Clinical
Neurosciences in Turku University Hospital. The research protocol was approved
by the Ethics Committee of the Hospital District of Southwest Finland, and the
study was carried out according to the ethical principles for medical research
involving human subjects as stated in the World Medical Association’s Declaration
of Helsinki.
The patients were recruited from neurology outpatient polyclinics by
collaboration with treating neurologists, and by using announcements in local MS
and PD patient organisations. Healthy volunteers were recruited with
announcements on notice boards of Turku University Hospital and via the MS and
PD patient organisations. When contacting the study physician via telephone, the
potential study subjects were provided with more information about the study,
and if they agreed, they were sent the detailed study information material via
mail. The possible risks related to the study were explained in detail. For example,
they were informed about the possibility that arterial and venous cannulations
could pose a risk for a local infection or haematoma. With a targeted injection
dose of 500 MBq, the average effective radiation dose per injection was estimated
to be 1.65 mSv for [11C]TMSX and 2.40 mSv for [11C](R)‐PK11195. The total
radiation exposure of 4.05 mSv for healthy controls and MS patients with both
[11C]TMSX and [11C](R)‐PK11195 PET imaging was estimated to correspond to a
cumulative background radiation of approximately one year in Finland, and for
PD patients with one [11C]TMSX PET imaging, the radiation exposure
corresponded to a cumulative background radiation of about 5 months. In
comparison, one head CT scan (routinely used in clinical practice) is estimated to
equal to an average effective dose of 1.3 mSv. Thus, the radiation exposure was
considered acceptable for the study subjects. It was also explained that in case of
significant coincidental findings were detected in the clinical status or MRI
imaging, the study subjects would be referred for further investigations or
treatment if needed.
After at least two days’ time for consideration, the study physician contacted the
study subjects via telephone, and if they agreed to participate, they were invited
for the first visit with the study physician in the Turku PET centre. During the first
visit, the study physician went through the written information material with the
study subject, and adequate time was provided for questions or discussion. The
study subjects were informed of their right to withdraw their consent at any point
in the study for any reason. The study physician was also responsible for
evaluating that the study subjects had sufficient cognitive capacity to understand
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the purpose of the study. After having read and understood the information, the
study subjects provided their written informed consent before entering the study.
The enrolled study population for the work in this thesis consisted of
subpopulations of healthy controls (n=10), SPMS patients (n=10), RRMS patients
(n=10) and PD patients (n=9) belonging to a larger study entity named “Imaging
Central Nervous System Adenosine Receptors in Multiple Sclerosis, Parkinson’s
Disease and Huntington’s Disease using Positron Emission Tomography
(CadePET), where in addition to the healthy controls and MS patients, a total of 20
PD patients and 10 patients with Huntington’s disease were planned to be
investigated.
A common inclusion criterion for all study subjects was that they were aged
between 18–75 years. Study subjects were excluded if they had a history of
notable claustrophobia and/or anxiety, ferromagnetic metallic implants or
prostheses (of other material than titanium), pacemakers, stimulators and other
MRI incompatible objects. The prerequisite for control subjects was that they
were healthy individuals with no previous history of neurological symptoms or
diagnoses. The inclusion criteria for the SPMS patients were as follows: definite
diagnosis of MS at least five years before enrolment, progressive course of the
disease for more than two years from the previous relapse, lesion load of >9 T2
hyperintense MS‐lesions according to Barkhof criteria (Barkhof et al. 1997) in
brain MRI. The criteria for the inclusion of RRMS/CIS patients were:
demyelinating lesions in the brain MRI fulfilling the Barkhof criteria, and definite
diagnosis of RRMS according to the revised McDonald criteria or a clinically
isolated syndrome with no evidence of dissemination in time of the disease.
Exclusion criteria for both MS groups were: immunomodulatory treatment within
three months, or high dose corticosteroid treatment within 30 days prior to
enrolling in the study, EDSS >8, active neurological or autoimmune disease other
than MS, or some other significant comorbidity.
At the first visit, a complete medical history including possible current medication
was acquired from all subjects by the study physician. The general inspection and
cardiovascular status assessment were performed and neurological status was
assessed using the Expanded Disability Status Scale (EDSS)(Kurtzke 1983) for
healthy controls and MS patients. The unified Parkinson’s disease rating scale
(UPDRS) (Fahn and Elton 1987) assessment was performed for all PD patients.
The study physician had been trained for EDSS and UPDRS evaluations.
Subsequently, brain MRI imaging (see chapter 4.2.) supervised by the study
physician was performed. Depending on the imaging time schedules, the PET
imaging (see chapter 4.3) was performed either on the same day or on some other
day preferably within two weeks from the MRI imaging. Both [11C]TMSX and
[11C](R)‐PK11195 imaging were performed in healthy controls and MS patients,
whereas only [11C]TMSX imaging was conducted in the PD patients. In order to
acquire repeated arterial blood samples during the PET imaging for the
assessment of the radioligand’s specific activity and metabolites – used for the
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estimation of arterial input for the kinetic modelling of PET image data – arterial
cannulation of radial artery was performed by an anaesthesiologist prior to the
scanning. To allow the administration of the radioligands, a venous cannula was
placed into antecubital vein by the study physician, or by an anesthesiologist if
also arterial cannulation had been performed. The need for arterial cannulation
was obviated after the validation of the non‐invasive input function methods for
[11C]TMSX (see Chapter 4.4).
One healthy control (male, age 62 years) was excluded from further studies
because of unexpected, multiple vascular white matter lesions detected in the
MRI. PET imaging data of another control subject (female, 44 years) with no prior
history of anxiety or claustrophobia was omitted due to poor image quality
caused by excessive head movements during the scan caused because of
unexpected anxiety. One control subject (female, 53 years) withdrew her consent
after [11C](R)‐PK11195 PET imaging but before the scheduled [11C]TMSX PET
imaging. One SPMS patient (male, 51 years) had an unexpectedly low signal in the
[11C]TMSX images, probably caused by photoisomerisation of the ligand before
the injection. In addition, one patient’s (male, 51 years) [11C]TMSX PET data was
lost due to technical failures in the data reconstruction. One SPMS patient (female
66 years), had a small solitary cortical occipital lesion on the right side
radiologically consistent with an old ischemic infarction, but no other ischemic
changes were observed. Since there had been a volume reduction due to the
infarction, this patient was excluded from the volumetric MRI analyses. One
healthy control (female, 61 years) had mild leukoaraiosis changes – probably of
ischemic degenerative origin – without consequent tissue loss or infarctions. In
the manual region of interest (ROI) analyses, the ROIs were delineated such that
none of the leucoaraiotic or ischemic changes were included in the ROIs.
Consequently, in study I, 7 healthy controls (2 males, 5 females) and 8 SPMS
patients (2 males, 6 females) were included in the final analyses. In study II, all the
study subjects with available arterial input data for [11C]TMSX PET imaging, i.e. all
healthy controls and SPMS patients from study I and in addition 4 RRMS patients
(1 male, 3 females) and 9 PD patients (5 males, 4 females) participating in the
CadePET study were included. In study III, 10 SPMS patients (3 males, 7 females),
and 8 healthy controls (2 females, 6 females) were included in the final
evaluation. For study IV, 10 RRMS patients (3 males, 7 females) in addition to the
controls and SPMS patients in study III were included in the final analyses. A
flowchart visualising the enrolling and exclusion of study subjects is provided in
Figure 6.
Finally, for post‐mortem analyses of progressive MS brain (see chapter 4.5) frozen
tissue samples were obtained from the UK Multiple Sclerosis Tissue Bank. The
brain tissues in the UK Multiple Sclerosis Tissue Bank have been donated for the
purposes of scientific research by individual patients with their informed consent
for donation provided before their death. Altogether, fifteen autopsy brain
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samples from eight different patients with progressive MS (1 PPMS, 7 SPMS) were
obtained for analyses.
CTRL
n=10

Enrolling

SPMS
n=10

Imaging

RRMS
n=10

PD
n=20

BRAIN MRI

excluded n=1
[11C]PK11195 PET
excluded n=1
withdrawn n=1
[11C]TMSX PET
excluded n=1
Final data analysed
[11C]TMSX/[11C]PK11195

CTRL
n=7/8

excluded n=2
SPMS
n=8/10

no arterial
data n=6
RRMS
n=4/10

no arterial
data n=8
PD
n=9/na

Figure 6. Study subject flowchart. CTRL = healthy controls, SPMS = secondary progressive
multiple sclerosis; RRMS = relapsing remitting multiple sclerosis; PD = Parkinson’s
disease; PET = positron emission tomography

4.2

MRI

Brain MRI was performed in order to perform individual neuroradiological
analysis on each subject, and to acquire anatomical reference for the PET image
analyses. In addition, the MR imaging was utilised for DTI analyses and further
assessment of the MS lesions and normal appearing brain regions. Brain MRI
imaging was performed using a Philips Gyroscan Intera 1.5 T Nova Dual scanner
(Philips, Best, the Netherlands). The imaging protocol included axial T1 weighted,
axial T2 weighted, coronal T2 weighted FLAIR, axial DTI with 16 directions and
axial Gadolinium‐enhanced 3DT1 weighted sequences. The conventional
sequences (T1, T2, FLAIR and 3DT1 with Gadolinium) were used for the routine
neuroradiological analyses.
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4.2.1 Volumetric Analyses and Evaluation of MS Lesions
In studies I, III and IV, the total lesion load of T2 hyperintense MS lesions in WM
was determined from coronal FLAIR sequences using a semiautomated
thresholding technique, described in earlier MS‐study (Virta et al. 2011), using GE
AW1.0 software (GE Medical Imaging Systems, Milwaukee, WI, USA). A signal
intensity threshold of ≥200 was applied for every patient’s lesion load evaluation.
FLAIR sequences were preferred over T2 images for the lesion volume
measurement due to the FLAIR sequences’ convenience in assessing intensity
limits for separating MS lesions with a high signal when compared to normal
appearing brain tissue, and especially since there is no hyperintense CSF signal in
the FLAIR sequence as opposed to T2.
The measurement of the total brain, white matter and gray matter volumes in
studies I and III and IV was performed with SIENAX (structural image evaluation,
using normalization, of atrophy ‐ v2.6, part of FSL) (Smith et al. 2002). The
preprocessing of 3DT1 images for the regional analyses of PET image data was
performed with Voxel‐Based Morphometry, version 8 (VBM8, Structural Brain
Mapping Group, University of Jena, Germany)(Gaser 2012) toolbox in Statistical
Parametric Mapping, version 8 (SPM8, Wellcome Trust Center for Neuroimaging,
London, UK) running on MatLab 2011 (The MathWorks, Natick, MA, USA). After
segmenting the 3DT1 images into white and gray matter images according to
standard VBM procedures (Good et al. 2001), normalization of the segmented
images into MNI space was carried out by using DARTEL (Ashburner 2007), an
SPM8 toolbox extension for accurate diffeomorphic registration yielding
improved anatomic precision.

4.2.2 DTI analyses
The analyses of the DTI data were performed with the Functional Magnetic
Resonance Imaging of the Brain (FMRIB) software and the FMRIB Software
Library (FSL, Version 4.1.8; The Oxford Centre for Functional Magnetic Resonance
Imaging of the Brain, Oxford, United Kingdom) (Smith et al. 2004). In order to
analyse the NAWM, an inclusive mask image was created from the T2 images. The
extracranial tissue was extracted from the T2 images with Brain Extraction Tool
(BET) (Smith 2002) Thereafter, the resulting T2 brain images were segmented
into four classes using FMRIB´s Automated Segmentation Tool (FAST) in order to
exclude CSF, GM and MS lesions from NAWM. In the segmentation with FAST, four
iterations for bias field removal and 20 mm Full‐Width Half‐Maximum (FMWH)
value for bias field smoothing were used. For the confirmation of the exclusion of
the MS lesions, each slice of the resulting NAWM images were visually checked.
Some small central white matter areas with obviously normal signal intensities
were excluded from the NAWM class by the automatic procedure. Those areas
were manually added back to the NAWM images with the FSL View tool.
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After the NAWM masking procedure, the raw diffusion data was pre‐aligned to
correct for head motion and for the effects of gradient coil eddy currents. Then,
the fractional anisotropy (FA) and mean diffusivity (MD) images were acquired
with FMRIB`s Diffusion Toolbox (FDT), with the extracranial tissue being
extracted from the FA and MD images using BET. The FA and MD images were
linearly co‐registered to the respective T2 images with FMRIB`s Linear Image
Registration Tool (FLIRT), and then NAWM FA and MD maps were created with
the above described T2‐derived NAWM masks. Histograms with 170 bins were
acquired from these maps by FSLmaths procedures. After normalising each
histogram by the total number of the voxels contributing to the histogram, mean
FA and MD values and histogram peak heights were derived from the histograms.
The voxel‐wise statistical analysis of the FA data was conducted by using Tract‐
Based Spatial Statistics (TBSS) (Smith et al. 2006). The FA data of each subject
was first aligned into common space with the nonlinear registration tool, FMRIB`s
Nonlinear Image Registration Tool (FNIRT). Then, a mean FA image was created,
which was thinned in order to create a mean FA skeleton that represented the
centres of all tracts common to the group. The aligned FA data of each subject was
thereafter projected onto this skeleton, and the resulting data was fed into voxel‐
wise cross‐subject statistics. The FA derived skeleton projection was also applied
to MD images in the corresponding voxel‐wise MD data analysis.

4.3

PET imaging

4.3.1 Radiochemical synthesis of [11C]TMSX
[11C]TMSX
([7‐N‐methyl‐11C]‐(E)‐8‐(3,4,5‐trimethoxystyryl)‐1,3,7‐tri‐methyl‐
xanthine) (Figure 7.) was synthesised from its des‐methyl precursor using an
adaption of the previously published methods (Ishiwata et al. 2003, Kawamura
and Ishiwata 2004). Firstly, in situ produced [11C]methane was converted into the
labelling agent [11C]methyl triflate, which was then trapped into a solution
containing 0.4 mg of precursor and 10 mg of caesium carbonate in 200 µl of
N,N‐dimethylformamide. Consequently, 0.6 ml of high performance liquid
chromatography (HPLC) mobile phase (acetonitrile/0.01 M phosphoric acid,
41:59) was added, after which the reaction solution was purified in a C18 column.
Aliquots of 150 µl of ascorbic acid (100 mg/ml) and 0.5 ml of propylene
glycol/ethanol (7:3) were added into the collected fraction and the mobile phase
was evaporated. The residue was formulated in 0.1 M phosphoric acid buffer
containing propylene glycol/ethanol/ascorbic acid (83:15:2) and sterile filtered
through Pall Corp. Acrodisc 0.2 µm HT Tuffryn membrane. In study I, the mean
radiochemical purity of [11C]TMSX was 97.4% (SD 0.8) and the mean specific
radioactivity was 342.6 MBq/nmol (SD 119,3) at the time of injection.
Correspondingly, in study II the mean radiochemical purity was 97.6% (SD 0.7),
and the mean specific radioactivity was 425.2 MBq/nmol (SD 160.2).
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Figure 7. The chemical structure of [11C]TMSX

4.3.2 Radiochemical synthesis of [11C](R)‐PK11195
The radiochemical synthesis of [11C](R)‐PK11195 ((R)‐[N‐methyl‐11C]‐1‐(2‐
chlorophenyl)‐N‐(1‐methylpropyl)‐3‐isoquinolinecarboxamide) (Figure 8), was
performed according to previously published methods (Camsonne et al. 1984,
Debruyne et al. 2003) with some modifications. Briefly, 11C‐carbon dioxide was
converted into 11C‐methyl iodide, after which it was trapped into a solution
containing 1.0 mg of desmethyl‐(R)‐PK11195 and 3.0 μl of 1.0 molar
tetrabutylammonium hydroxide in 150 µl of dimethyl sulfoxide (150). The resulting
reaction mixture was heated at 80 °C for 3 minutes. Subsequently, the tracer was
purified with semi‐preparative HPLC. Then, 0.5 ml of propylene glycol / ethanol
(7:3) was added into the collected fraction, and the fraction was evaporated. The
residue was formulated in 0.1 M phosphate buffer (pH 7.4) containing
propyleneglycol / ethanol (8:2) and sterile filtered through Pall Corp. Acrodisc 0.2
µm HT Tuffryn membrane. In study III, the mean radiochemical purity of [11C](R)‐
PK11195 was >99.9% and the mean specific radioactivity was 42.0 MBq/nmol (SD
10.6) at the time of the injection of the ligand and there were no statistically
significant differences between the subgroups of healthy controls and SPMS
patients. In addition, in the RRMS group in study IV, the mean radiochemical purity
was >99.8% (SD 0.1) and specific radioactivity 53.4 MBq/nmol (SD 17.1).

Figure 8. The chemical structure of [11C](R)‐PK11195
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4.3.3 PET Image Acquisition
PET imaging was performed according to the same protocol for both [11C]TMSX
and [11C](R)‐PK11195 radioligands using the brain‐dedicated high resolution
ECAT HRRT scanner (CTI / Siemens, Knoxville, TN, USA) (Heiss et al. 2004). HRRT
is a dual‐layer, crystal‐detector scanner that allows a depth‐of‐interaction
measurement for the coincident photons providing isotropic 2.5‐mm intrinsic
spatial resolution. The spatial resolution of the reconstructed images varies from
approximately 2.5 to 3 mm in radial and tangential directions and from 2.5 to 3.5
mm in axial directions in the 10 cm field of view covering the majority of the brain
(de Jong et al. 2007).
The study subjects were instructed to abstain from caffeinated beverages for 12
hours prior to the imaging due to caffeine’s antagonistic properties at adenosine
receptors. In addition, PD patients were imaged in the off‐phase with respect to
dopaminergic medication, i.e. a minimum break of 12 hours for short lasting, and
24 hours for long lasting (depot) dopaminergic medications was required before
the PET‐imaging because of the possible reciprocal interaction within the
dopamine D2 – adenosine A2A – heteromere receptor complex. After placing the
subjects in a supine position on the scanner table, an individually shaped polymer
face mask was donned in order to minimise spontaneous head movements during
the scan. In addition, a Polaris Vicra (Northern Digital Inc., Waterloo, Ontario,
Canada) motion detection device was used to record the head movements for
quality control. Thereafter, a 6 minutes’ transmission scan utilising the 137Cs point
source of the HRRT scanner was performed for attenuation correction. Then, the
60 minutes’ dynamic imaging was initiated simultaneously with the
administration of a smooth, <10 seconds’ intravenous bolus of the radioligand. An
arterial blood sampling system (ABSS) (Allogg AMSS, Allogg AB, Mariefred,
Sweden) connected to the arterial cannula was used for the first 300 seconds of
the dynamic scan in order to provide continuous arterial blood radioactivity
measurements. Thereafter, manual arterial blood samples were drawn at time
points of 5, 10, 15, 20, 30, 40, 50 and 60 minutes to allow the metabolite and
radioactivity analyses of the ligands.

4.3.4 Blood radioactivity and metabolite analyses
Plasma protein binding for the[11C]TMSX blood analyses were determined from
six subjects using an ultrafiltration method of Microcon YM‐30 units with 30000
molecular weight cut‐off filter (Millipore/Amicon, Bedford, USA) (Montgomery et
al. 2007). [11C]TMSX was highly bound to plasma proteins, the mean percentage
being 90.9% (SD 0.4. Consequently, the mean free fraction of [11C]TMSX in plasma
was 9.1% (SD 0.4).
The total radioactivity concentrations and the fractions of the non‐metabolised
[11C]TMSX were evaluated from the arterial plasma samples (studies I and II). The
radioactivity analyses were performed with an automatic gamma counter (1480

Methods

55

Wizard 3’’; EG&G Wallac, Turku, Finland), and the metabolite fractions were
determined using radio‐HPLC. The radio‐HPLC system consisted of LaChrom
Instruments (Hitachi; Merck, Darmstadt, Germany): pump L‐7100, UV‐detector L‐
7400 and Interface D‐7000, of an on‐line radioactivity detector (Radiomatic
150TR, Flow Scintillation Analyzer; Packard, Meriden, CT, USA) and a
computerised data acquisition system. The radio‐HPLC separations were carried
out on a μ‐Bondapak® C‐18 column (125Å, 10 µm, 7.8 × 300 mm; Waters, Milford,
MA, USA) at a flow rate of 6.0 mL/min and a gradient of acetonitrile (A) and of
phosphoric acid, 50 mmol/L (B) as follows: 0‐2 min of 25% A and 75% B, 6‐8 min
of 80% A and 20% B, and 8.5–10 min of 25% A and 75% B. The radioactivity
peaks were integrated with plasma concentration, after which the fraction of the
intact radiotracer was calculated. The non‐metabolised [11C]TMSX was identified
by comparing the retention time of the “cold” TMSX at 351 nm wavelength. All the
procedures for blood sampling and analyses, as well as the dosing and injection of
the ligand, were carried out under dimmed light in order to prevent the
photoisomerisation of the ligand.
The first five minutes’ continuous radioactivity sampling with ABSS corresponds
to the whole blood radioactivity. Thus, the plasma radioactivity of this initial
phase was estimated by multiplying the whole blood radioactivity with the
plasma / whole blood ratio acquired from population‐based, tracer‐dependent,
mean haematocrit value of 0.40. For combining the ABSS and the manual
sampling data, an in‐house developed software was utilised for the calculation of
arterial plasma input curve of the parent (non‐metabolised) [11C]TMSX
radioactivity as a function of time, also corrected for physical decay of the
radioligand and the time delay between the peripheral injection and the
availability of the ligand in brain circulation as detected by the PET scanner.
For [11C](R)‐PK11195, the arterial blood sampling, and the radioactivity and
metabolite analyses were performed according to a similarly timed protocol as
applied with [11C]TMSX. The resulting [11C](R)‐PK11195 plasma input data was
available from 8 healthy controls and 9 SPMS patients, and was utilised in
defining the kinetic classes for the supervised clustering of gray matter reference
using SuperPK software (Imperial College, London, United Kingdom)(Turkheimer
et al. 2007) explained in more detail in chapter 2.3.2.4.

4.3.5 Preprocessing of MRI and PET image data
The dynamic PET images were corrected for attenuation, scattering, random
events, scanner dead time and detector normalisation, and were subsequently
calibrated into kBq/mL with decay correction. Prompt and random events,
attenuation, and scatter correction and normalisation factors were processed in a
3D sinogram mode, and an axial compression of span 9 and a maximum ring
difference of 67 was used, resulting in 2,209 sinograms in 16 segments. Tissue
attenuation maps were reconstructed using the maximum a posteriori for
transmission data (MAP‐TR) algorithm with standard human brain priors for air,
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bone, noise, water, or soft tissue (Nuyts et al. 1999). The 3D attenuation
correction sinograms were acquired by forward projection of the tissue
attenuation maps. Scattered events were estimated by using the single scatter
simulation algorithm (Watson 2000), and randoms were estimated from the block
singles using a variance reduction algorithm (Byars et al. 2005). Finally, the
dynamic data was smoothed with a Gaussian 2,5 mm post reconstruction filter
(Hinz et al. 2008).
In the reconstruction of [11C]TMSX images, a total of 27 time frames (6x10, 3x30,
5x60, 5x150 and 8x300 seconds; total of 3600 seconds) were used. The [11C](R)‐
PK11195 PET images were reconstructed with 17 frames (2x15, 3x30, 3x60,
7x300 and 2x600 seconds; total of 3600 seconds). Possible displacements
between the frames were corrected using mutual information realignment in
SPM8. The frame‐by‐frame realignment parameters affirmed the external motion
trackings, and thus, co‐registration of the attenuation map images and image re‐
reconstruction were deemed unnecessary.
Static summed PET images were formed for both radioligands from the dynamic
images by summing all the frames (frames 1–27 for [11C]TMSX and 11–17 for
[11C](R)‐PK11195) in SPM8. Then both the summed and dynamic PET images
were co‐registered with the 3DT1, T2 and FLAIR MR images in SPM8 for the
individual manual region of interest assessment (see next chapter). Pre‐
processing of the 3DT1, T2 and FLAIR MR images for the atlas‐based ROI analyses
and the parametric PET image analysis was performed with the VBM8 toolbox in
SPM8: after segmenting the 3DT1 images into white and gray matter images
according to the standard VBM procedures (Good et al. 2001), the acquired
segmented images were normalised into MNI space using DARTEL (Ashburner
2007), which is an SPM8 toolbox extension providing accurate diffeomorphic
registration and yielding improved anatomic precision.

4.3.6 Definition of Regions of Interest (ROI)
In study I, individual regions of interest (ROI) were defined manually on the 3DT1
MR images co‐registered with a sum image (frames 12‐27) of the dynamic
[11C]TMSX images using in‐house developed Imadeus software (version 1.20,
Forima inc., Turku, Finland). Bilateral ROIs were placed on anterior cingulate gyri,
medial temporal, lateral temporal, lateral frontal, occipital, and parietal cortices,
and striatum, thalami, periventricular NAWM and supraventricular NAWM
(centrum semiovale), and cerebellar cortex. Unilateral ROIs were delineated on
anterior and posterior parts of corpus callosum (genu and splenium,
respectively), pons and the inferior part of the sinus sagittalis superior. In
addition, ROIs on active MS lesion with gadolinium enhancement on 3DT1 were
defined. The NAWM ROIs were positioned in the above mentioned WM areas
appearing normal in the reference MRI’s FLAIR and 3DT1 sequences also avoiding
the immediate subcortical WM in order to avoid a partial volume effect from GM.
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In studies II–IV, a semiautomated segmentation based method for the acquisition
of ROIs from global normal appearing gray matter (NAGM), NAWM and
pathological WM was introduced in addition to the manual delineation of ROIs.
For the formation of global cerebral cortical NAGM (segmented neocortex) ROI, a
mask image of the cortical GM regions in the Automated Anatomical Labeling
(AAL) template (Tzourio‐Mazoyer et al. 2002) was created and warped to match
the individual dynamic PET images using in‐house developed software mapping
integer values from a template image to subject space by applying the inverse
deformation fields resulting from VBM8 segmentation. The warped cortical GM
mask images were then multiplied by the VBM8 segmented GM (thresholded
using a value of 0.5). Global cortical cerebellar ROIs were also created with AAL
with a similar methodology.
For the identification of pathological WM with T2 hyperintense lesions in Study
III, the Lesion Segmentation Tool (LST) (Schmidt et al. 2012) was used; this is a
toolbox running within SPM8. Firstly, the initial threshold for the lesion growing
algorithm was set to a value of 0.3. The resulting lesion probability maps were
transformed into binary masks consisting of voxels having a value >0.9, and these
binary LST masks were used as the pathological WM ROIs. The global NAWM
ROIs, devoid of T2 hyperintense lesions, were created by subtracting the
segmented WM mask images with 1) LST mask and 2) with gray matter mask
created with AAL and containing areas of deep gray matter structures,
temporomedial regions and cerebellum in order to clean the WM segment from
remaining gray matter voxels. Due to software upgrade related improvements,
the manual ROI’s previously drawn with Imadeus, were transferred into Carimas
(Carimas 2.4, Turku PET Centre, Turku, Finland) for TAC acquisition.
In order to create more comprehensive deep gray matter ROIs in Study IV,
manually delineated bilateral ROIs of thalamus and striatum were combined with
the corresponding AAL ROIs in subject space. In study IV, mask images for NAWM
ROIs were created by subtracting the T1 hypointense lesion mask image,
perilesional mask images, and striatum and thalamus masks from the segmented
WM. Thus, the NAWM ROIs in study IV were defined slightly differently from
those used in Study III.
In study IV, T1 hypointense lesions (black holes) and a perilesional area with a 6
mm radius surrounding the black holes, were determined also with a
semiautomated approach. Firstly, the T2 hyperintense white matter MS lesions
were identified with LST as described above. Subsequently, mask images of T1 the
hypointense lesions were derived from LST’s T1 lesion filling feature. The T1
hypointense lesion masks were visually checked slice by slice and manually
corrected if needed. Next, the masks were segregated into two groups for
gadolinium negative and gadolinium positive T1 hypointense lesions, being
correspondingly used for the evaluation of intralesional white matter, and as a
core for the perilesional white matter. For each lesion mask, a surrounding mask
with the 6 mm radius was created by filtering the mask with 3 mm FWHM
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Gaussian 3D filter, then thresholding the resulting image with a value of 0.01, and
by finally repeating the procedure. Overlapping regions between the perilesional
areas of gadolinium negative and positive masks were removed from both of the
resulting masks. An example image of the resulting T1‐lesional and perilesional
white matter masks is shown in the publication of study IV (Figure 1.). The T1
hypointense lesion masks were also utilised for the T1 lesion load assessment, the
lesion load volumes being derived from the respective mask volumes.

4.3.7 Modelling of [11C]TMSX and [11C](R)‐PK11195 image data
4.3.7.1 ROI analyses
For the modelling of reversible binding of both [11C]TMSX and [11C](R)‐PK11195
radioligands, the Logan plot (Logan et al. 1990, Logan et al. 1996, Logan 2000)
was used.
In studies I and II, the ROI‐specific VT (total distribution volume) of [11C]TMSX
was evaluated with the Logan plot using the ROI TACs derived from the dynamic
PET images and the metabolite corrected plasma input obtained from arterial
blood sampling. The Logan plot was calculated for the time interval from 10 to 40
in study I. However, in study II with a larger study population, the time range of
10 to 60 minutes was selected, because, on average, it yielded the best linear
fitting of the tested time intervals in thalamus; for each subject, the initial
equilibrating time that gave the smallest variation co‐efficient for the VT estimate
was selected, after which the median of the resulting time ranges was adapted.
In study III, the ROI specific binding of [11C](R)‐PK11195 was evaluated as
distribution volume ratios (DVR) using the graphical reference Logan. A non‐
invasive reference region input was acquired with the supervised cluster
algorithm (SVCA) with four predefined kinetic tissue classes (SuperPK software,
SVCA4 classification) (Turkheimer et al. 2007, Yaqub et al. 2012). The kinetic
classes representing the radioligand binding in GM, WM and vasculature were
defined using the available arterial metabolite corrected plasma input and the
corresponding ROI specific TACs of healthy controls (n=8). The HSB was defined
using thalamus ROI data from SPMS patients (n=9), respectively. The rationales
for using thalamic binding of SPMS patients in the HSB class formation were that
[11C](R)‐PK11195 binding in thalami 1) increases with age (Schuitemaker et al.
2007) and 2) that it is increased in MS patients when compared to controls
(Banati et al. 2000). A time range of 5–60 minutes was selected for the Logan
equation based on the inspection of Logan plot regression lines. The mean k2
value in reference region (k2=0.145) was calculated using the parameter
estimates acquired from SRTM with metabolite‐corrected arterial input in
thalamus with SVCA4 gray reference region. Finally, the non‐invasive reference
Logan method was applied to the target region specific TACs using the SVCA4
gray reference input for regional DVR estimation. The same methodology was
applied in study IV with the following updates to the algorithm: The metabolite
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corrected [11C](R)‐PK11195 time activity curves acquired from arterial sampling
of the above mentioned healthy controls and SPMS patients were normalised by
the group average in a leave‐one‐out procedure similar to the methodology for
[11C]TMSX SVCA by excluding the specific subject from the group average before
the normalisation in order to exclude that specific subject’s effect on the group
average. When predefining the kinetic tissue classes, the normal gray matter maps
of healthy controls were cleaned of gray matter voxels in thalamus and striatum
using an AAL template based mask resulting in a cortical gray matter reference
cluster, from which the average normal gray matter kinetic time activity curve
was derived. In addition, the clustered gray matter reference coefficient map was
thresholded to include only voxels with a coefficient value <0.25 in order to

acquire a reference cluster more representative of typical gray matter
voxels.
4.3.7.2 Parametric image analyses
Parametric PET images were used for the statistical evaluation of voxel‐wise
group differences. In parametric images, the signal intensity of each voxel
represents the amplitude of the ligand binding in the voxel. The parametric
images for both [11C]TMSX and [11C](R)‐PK11195 were produced using an in‐
house developed algorithm with the implementation of the Logan plot with the
same time intervals as used for the ROI specific VT and DVR assessments.
In study I, the parametric images were calculated for [11C]TMSX VT, and in study
III for [11C](R)‐PK11195 DVR using the SVCA4 gray reference input. Subsequently,
the parametric images were normalized to MNI (Montreal Neurological Institute)
space with VBM8 using DARTEL normalisation with subject‐specific
transformation parameters, which were acquired from the pre‐processing phase
of the 3DT1 MR images. For [11C](R)‐PK11195, the voxel‐wise DVR values were
limited to range [-1 10]. Before the statistical analyses in SPM8, the parametric
[11C]TMSX VT images were smoothed with an 8 mm FWHM Gaussian kernel for
noise reduction. An additional procedure was carried out for [11C](R)‐PK11195 in
order to prevent the spill‐over effect from the ligand binding in the vasculature
and soft tissue (mainly meninges) surrounding the cortical gray matter: the
parametric [11C](R)‐PK11195 DVR images were multiplied with an average binary
mask image obtained from the segmented GM and WM images of both control and
SPMS patients using Masking toolbox in SPM8. Thereafter, the masked parametric
DVR images were smoothed with an in‐house developed edge‐preserving 8 mm
full width half maximum (FWHM) Gaussian 3D filter.

4.3.7.3 Visual evaluation of [11C](R)‐PK11195 binding in T1‐lesions
In addition to the LST based evaluation of the T2 hyperintense lesions, a visual
qualitative assessment of the perilesional [11C](R)‐PK11195 binding of the T1
hypointense lesions was carried out in study III. The evaluation was performed on
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parametric [11C](R)‐PK11195 images overlaid with gadolinium enhanced 3DT1
end FLAIR images using Carimas. A T1 hypointense lesion which showed as T2
hyperintense in FLAIR was regarded positive for perilesional [11C](R)‐PK11195
uptake if the [11C](R)‐PK11195 DVR signal was higher in more than half of the
lesion’s circumference in all axial slices than in the adjacent or contralateral
NAWM.

4.4

Developing non‐invasive input functions for [11C]TMSX
analyses

4.4.1 Population based input function
In order to replace arterial blood sampling for future [11C]TMSX brain PET
studies, a population‐based plasma input function (PBIF) was created using all of
the available [11C]TMSX arterial input data consisting of a total of 28 study
subjects from the subgroups of healthy volunteers (n=7), MS patients (n=12; of
which 4 RRMS patients and 8 SPMS patients) and PD patients (n=9). Firstly, each
metabolite corrected plasma TAC was standardised by the dose of injected
activity and the subject’s body surface area (BSA) by implementing the Mosteller
formula (Mosteller 1987). The standardised curves were then interpolated to the
same time points, shifted to average peak time, and lastly, normalised by the
group average in a leave‐one‐out procedure by excluding the specific subject from
the group average for before the normalisation. Despite the subtle variation of the
arterial data between different cohorts, differences could be noted in the peak
heights of the group specific average PBIFs, illustrated in supplementary figure 1.
in the publication of study II. Therefore, the subgroup specific average PBIFs were
regarded as being more optimal than a single shared PBIF for all subjects. The
resulting subgroup specific average PBIFs were individually scaled to their
original levels with two alternative methods: 1) with BSA (non‐invasive
individually scaled PBIF; PBIFnis) and 2) with an average of two metabolite
corrected arterial blood samples at 9 and 23 minutes that were tested to give the
best correlation with plasma AUC in this cohort (invasive individually scaled PBIF;
PBIFis (Takikawa et al. 1993)).

4.4.2 Clustered Reference Region Acquisition
An automated reference region extraction method for dynamic brain [11C]TMSX
images was developed in order to provide a user independent creation of a gray
reference region with low specific binding based on the supervised clustering
algorithm implemented for [11C](R)‐PK11195 brain PET image analyses (SuperPK
software; Imperial College, London, UK)(Turkheimer et al. 2007). Four different
kinetic tissue class TACs were defined, representing average binding in average
GM, WM, vasculature and in areas of high specific binding (HSB). Firstly, the
segmented GM and WM MRI images of the healthy controls were transformed into
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binary masks (thresholded using a value of 0.9). The WM and GM mask images
were then used as ROIs for the extraction of corresponding TACs from the
dynamic [11C]TMSX images. The TACs representing vasculature and high specific
binding were acquired from the PET images using the manually delineated venous
sinus ROIs from the healthy controls and thalamus ROIs from SPMS patients,
respectively. For comparison, an alternative HSB class delineated on anterior
putamen of PD patients was formed. The resulting PD HSB TACs yielded similar
results with no statistically significant differences when compared to the MS HSB
class (data not shown). Consequently, only the results acquired with the MS HSB
classification are reported here. Finally, an individual set of kinetic class TACs
were created for each subject. At first, all the class TACs were standardised to
match the above mentioned standardised PET data, after which the average
standardised TAC for each class was calculated in a similar leave‐one‐out manner
than described in the previous chapter (4.4).
In order to reduce the possible effect of misclassification in the clustering step, the
following strategy was implemented. Firstly, a ratio of the gray coefficient to the
sum of all the weight coefficients was calculated for all the gray map voxels.
Secondly, the gray coefficient map was thresholded to contain only values >0.25
in the gray ratio map (Ikoma et al. 2013). In addition, those voxels of the gray
coefficient that had also HSB and vascular binding coefficients <0 were excluded
from the gray coefficient map. Finally, the remaining gray map coefficients were
used for the calculation of a weighted average of the dynamic PET image, thus
forming the supervised clustering derived gray matter (SCgm) reference region
TAC.

4.5

Post‐mortem [11C](R)‐PK11195 autoradiography and
immunohistochemistry of progressive MS brain
samples

The autopsy brain samples were obtained as 5 μm thin cryosections (‐80 ˚C), that
were mounted on glass slides. Two of the samples were from the brain stem, the
rest from either hemisphere. Serial tissue sections were utilised for ex‐vivo and
immunohistochemistry. In autoradiography, the tissue sections were defrosted at
room temperature, after which they were incubated for an hour in TRIS (50 mM)
buffer at room temperature. The sections were incubated with [11C](R)‐PK11195
(24.8 kBq, ~50 pM) for 30 minutes, and were then washed (2 x 5 minutes) in ice
cold TRIS buffer, dried and placed in an imaging cassette and exposed to a
phosphor imaging plate (Fuji Imaging Plate BAS‐TR2025, Fuji Photo Film Co., Ltd.,
Japan) for 40 minutes (corresponding to a period of two half‐lives of the
radioligand). Finally, the plates were read in a phosphor imaging plate reader
(BAS‐5000, Fuji, Japan; 25 mm2 resolution).
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In the histological and immunohistochemical studies, monoclonal anti‐CD68
antibody (clone PG‐M1, Dako, Glostrup, Denmark) was used for the detection of
activated microglia/macrophages, and anti‐GFAP antibody (clone EP672Y,
Ventana Medical Systems, Strasbourg, France) was utilised for the identification
of astrocytes. LFB staining was used for the evaluation of myelin density. In LFB
staining, the tissue sections were first fixed for 20 minutes in formalin, and then
rinsed with aqua. In the immunohistochemistry, the sections were first fixed for 5
minutes in cold acetone, after which they were allowed to dry in a laminar‐flow
cabinet. The tissue sections were incubated with the monoclonal anti‐CD68 and
anti‐GFAP antibodies. The stainings were carried out using a BenchMark XT
Autostainer (Ventana) with the ultraVIEW Universal DAB Detection Kit (Ventana).
Finally, the tissue sections were then examined visually for the co‐localisation of
[11C](R)‐PK11195 binding and expression of CD68, GFAP and myelin in WM
lesions, perilesional and NAWM.
In the analyses of immunohistochemical data, white matter lesions were
identified according to demyelinated areas devoid of LFB staining. In order to
characterize the microglial/macrophage and astrocytic cell quantity and
distribution, GFAP‐positive astrocytes and CD68 positive microglia/macrophages
were quantified in three areas: the non‐demyelinated white matter, in the core of
the demyelinated area, and at the edge of demyelination. In this assessment, three
representative areas in each location were evaluated using high power (x400)
microscopy and the mean number of positively stained cells was counted from
these representative fields. The number of positive cells outside the lesion was set
as a reference level in each sample. The relative increase/decrease of positive
cells at the edge and core of lesions was calculated. An increase of over 100% was
regarded as significant, and a decrease of more than 50% was set as a threshold
for reporting cell loss.
In the evaluation of the autoradiography results, the LFB and CD68 stainings in
the adjacent sections were utilised for the localisation of the white matter lesions.
The autoradiography signal intensity in the core and at the border of the lesion
was visually evaluated with respect to the surrounding white matter. PK11195
binding was regarded as being increased if the signal was of higher intensity than
in the adjacent white matter, and decreased if the intensity appeared to be lower
when compared to the surrounding white matter.

4.6

Statistical methods

Based on the reports of previous brain [11C]TMSX (Mishina et al. 2007, Mishina et
al. 2011, Naganawa et al. 2007) and [11C](R)‐PK11195 studies (Debruyne et al.
2003, Edison et al. 2008, Turkheimer et al. 2007), it was estimated that ten
subjects per study group would suffice to reveal a 15% difference in the
radioligand uptake between groups with 90 percent power at the level of p<0.05.
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The statistical analyses of the individual clinical, MRI and PET variables were
performed with SPSS (IBM SPSS Statistics, version 19 in study I and version 21 in
studies II–IV). The normality of distribution of the variables was checked using
the Shapiro‐Wilk test. The group characteristics have been reported as mean and
standard deviation (SD) values if the distribution of the variables was normal,
otherwise median and interquartile range (IQR) or coefficient of variation
percentage (CV=median/IQR*100) was used. Independent samples T‐test with
Levene’s test of variance equality was used in the group comparisons with normal
distributions. The non‐parametric Mann‐Whitney’s U‐test was used to estimate
group differences with non‐normally distributed variables. The evaluation of
possible correlations between non‐dependent different variables of interest was
performed with Pearson’s test and Spearman’s non‐parametric test for linear and
non‐linear associations, respectively. In the comparisons of dependent variables
within groups, the paired sample Wilcoxon signed rank test was used. In addition,
Bland‐Altman’s method was applied in Study II to evaluate the agreement of the
VT estimates between the original arterial input and population based input
function methods.
The voxel‐wise statistical analyses of the group differences of the parametric PET
images were performed using SPM8. In study I, before the evaluation of group
differences in the parametric [11C]TMSX VT images, proportional scaling for global
normalisation of the parametric images was performed in SPM8. Prior to the
proportional scaling, the requirements for implementing the methodology were
checked according to previous publications (Friston et al. 1990, Okazawa et al.
2000), and the relation of global to regional VTs was not additive but proportional
(for illustration see supplementary figure 1 in the publication of study I), thus it
was decided to opt for the proportional scaling instead of analysis of covariance in
the global normalization. In the normalisation using image specific global values,
the grand mean scaling value was set to 1. In order to use the mean VT of brain
parenchymal voxels only for the global normalisation, the parametric VT‐images,
and inclusive mask of the WM and GM segments were applied. The statistical
analyses of the possible voxel‐wise group differences of the parametric [11C]TMSX
VT images in study I and [11C](R)‐PK11195 DVR images in study III were
performed in SPM8 with independent samples T‐Test. The group differences were
regarded as statistically significant at the voxel level if p<0.001 (uncorrected), and
at the cluster level if p<0.05 (corrected for multiple comparisons; family‐wise
error, FWE).
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Altogether, the results have originated from the clinical and imaging data from 8
healthy controls, 10 SPMS patients, 10 RRMS patients and 9 PD patients.
In study I, conventional MRI, DTI and [11C]TMSX PET data from 7 healthy controls
and 8 SPMS patients were included in the final analyses and are reported here.
In study II, [11C]TMSX‐PET data from the same 7 healthy controls and 8 SPMS
patients as in study I in addition to 4 RRMS and 9 PD patients were included in
the validation of non‐invasive input function methods for [11C]TMSX PET.
In study III, conventional MRI and [11C](R)‐PK11195 PET imaging data from 8
healthy controls and 10 SPMS patients were included in the final analyses and are
reported here.
In study IV, conventional MRI, DTI and [11C](R)‐PK11195 PET imaging data of the
same 8 heathy controls and 10 SPMS patients as in study III in addition to 10
RRMS patients, and supplemented with post mortem [11C](R)‐PK11195 PET
autoradiography and immunohistochemistry data from 13 samples were used,
and are presented here.
For clarity, the results of the clinical parameters, MRI and DTI imaging of all study
subjects are reported first, followed by the results from the in vivo [11C]TMSX and
[11C](R)‐PK11195 PET imaging with the correlations to the clinical, MRI and DTI
parameters, and finally, the ex vivo [11C](R)‐PK11195 PET autoradiography and
immunohistochemistry results are presented.

5.1

Demographics and clinical characteristics

The RRMS patients were significantly younger than the SPMS patients and the
controls which were age matched for the SPMS patients (p<0.001 for both
comparisons). When compared to the RRMS patients, as expected, the SPMS
patients had significantly longer disease duration (p<0.001), EDSS (p<0.001) and
MSSS (p=0.003) (Table 5). The median (IQR) age of PD patients (4 men, 5 women)
was 66 (59–72)] years.

5.2

MRI and DTI in healthy controls and MS patients

5.2.1 Increased atrophy, lesion load and DTI abnormalities in SPMS
The SPMS patients displayed considerable brain atrophy when compared to the
healthy controls and RRMS patients (Table 4). There was a statistically significant
reduction in the GM volumes in SPMS versus RRMS (p=0.002) and control (p=0.001)
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groups. Furthermore, the WM volumes were significantly lower in the SPMS patients
than in the RRMS patients (p=0.029) and the healthy controls (p=0.006).
The lesion load was markedly higher in the SPMS patients as opposed to their
RRMS counterparts (Table 5), with both the total T2 lesion volume and total T1
lesion volume being higher in the SPMS than in the RRMS group (p<0.001 and
p=0.001, respectively)
Table 5. Demographical, clinical MRI and DTI parameters of RRMS patients, SPMS patients
and healthy controls expressed as median (IQR) values by group. Modified from Study IV.
RRMS (n=10)

SPMS (n=10)

Controls (n=8)

3/7

4/6

2/6

27.0 (25.0–29.8)

49.5 (42.0–57.8)

47.5 (43.5–55.0)

Disease duration (years)

0.7 (0.5–1.8)

13.5 (9.0–15.8)

na

EDSS

1.5 (1.5–1.9)

6.5 (6.0–8.0)

na

MDSS

4.12 (3.23–4.62)

7.57 (7.02–8.66)

na

762 (741–770)

718 (695–729)

788 (763–812)

834 (789–863)

756 (711–780)

825 (807–853)

T2 lesion lesion load (cm3)

3.7 (2.7–8.4)

50.0 (103.0–132.0)

na

T1 Gd‐ lesion load (cm3)

1.1 (0.5–2.3)

9.4 (3.1–17.3)

na

T1 Gd+ lesion load (cm3)

0.5 (0.3–0.7)

0.5 (0.5–0.7)

na

(cm3)

1.4 (0.6–2.6)

9.6 cm (3.1–17.4)

na

Mean FA in NAWM

0.370 (0.356–0.379)

0.301 (0.299–0.304)*

0.336 (0.331–0.338)

Mean MD in NAWM

797 (790–816)

833 (797–849)*

792 (782–801)

Male / Female (n)
Age (years)

WM volume (cm3)
GM volume

(cm3)

T1 total lesion load

* DTI data available for 9 of 10 SPMS patients
RRMS = relapsing remitting multiple sclerosis; SPMS secondary progressive multiple sclerosis; EDSS =
expanded disability status scale; MSSS = multiple sclerosis severity scale; WM = white matter; GM =
gray matter; Gd‐ = gadolinium negative; Gd = gadolinium positive; FA = fractional anisotropy; NAWM =
normal appearing white matter; MD = mean diffusivity; DTI = diffusion tensor imaging

In the DTI analyses, the SPMS patients had significantly reduced structural
integrity in the NAWM when compared to the RRMS patients and the healthy
controls (Table 5). The mean FA in NAWM among the SPMS patients was
significantly reduced in comparison to controls (p<0.001) and the RRMS patients
(p<0.001). The mean MD was significantly higher in SPMS vs. controls (p=0.036),
whereas only a trend without any statistical significance for higher MD in SPMS
vs. RRMS group was notes (p=0.113) was noted.
Although the mean FA values were significantly higher in RRMS when compared
to control group, no significant group differences were found in the mean MD
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values (p=0.360). The voxel‐wise TBSS analyses of 7 healthy controls and 8 SPMS
patients in Study I revealed widespread localisation of the structural damage both
in the periventricular and subcortical white matter and in corpus callosum among
the SPMS patients when compared to the healthy controls (Figure 9).

Figure 9. TBSS analysis of DTI from 8 SPMS patients and 7 healthy controls visualised as
voxel‐wise group differences in FA (A) and MD (B) data overlaid on mean FA images.
Areas of statistically significantly reduced FA and increased MD indicated according to the
horizontal coloured bar scale with values corresponding to 1‐p. Reprinted with
permission from Study I.

5.2.2 Association of brain atrophy and reduced FA to disability and age
In the correlational analyses of the MS patients (Table 6; RRMS and SPMS patients
pooled into one group), several associations were found between the clinical, MRI
and DTI parameters. The increases in GM and WM atrophy correlated positively
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with higher EDSS. A longer disease duration was associated with more notable
GM atrophy, whereas in WM, the correlation did not reach statistical significance.
The higher total T2 lesion load correlated positively with higher EDSS and MSSS.
Despite the significant group differences between RRMS and SPMS, no significant
correlation were found between T1 hypointense lesion loads and disease duration
or severity measured as EDSS and MSSS. The lower mean FA in NAWM correlated
with higher age, longer disease duration, higher EDSS, and higher MSSS, whereas
for MD, no corresponding correlations of statistical significance were found. The
correlations of EDSS and age to reduced mean FA in NAWM are also visualized as
scatterplots in Figure 3 (C‐D) in the publication of study IV.
Table 6. Correlations of MRI and DTI parameters to the clinical characteristics in all MS
patients (n=20; SPMS n=10, RRMS n=10). The correlations are expressed as Spearman’s
rho values and the respective p‐values (modified from study IV).
MRI and DTI
parameters

Age
Spearman (p)

Disease duration
Spearman (p)

EDSS
Spearman (p)

MSSS
Spearman (p)

T1 lesion load#

0.353 (0.127)

0.281 (0.230)

0.338 (0.145)

0.286 (0.221)

T2 lesion load§

0.596 (0.007*)

0.442 (0.058)

0.617 (0.005*)

0.558 (0.013**)

Mean FA§

‐0.642 (0.003*)

‐0.534 (0.018**)

‐0.671 (0.002*)

‐0.573 (0.010**)

Mean MD§

0.319 (0.183)

0.149 (0.544)

0.141 (0.564)

0.128 (0.600)

GM volume

‐0.661 (<0.002*)

‐0.537 (0.015**)

‐0.505 (0.023**)

‐0.356 (0.123)

WM volume

‐0.433 (0.056)

‐0.311 (0.181)

‐0.583 (0.007*)

‐0.507 (0.022*)

Gadolinium negative T1 lesions
DTI and lesion load available from 9/10 SPMS and 10/10 RRMS patients
* Spearman correlation statistically significant at the level of p<0.01
** Spearman correlation statistically significant at the level of p<0.05
MRI = magnetic resonance imaging; DTI = diffusion tensor imaging; EDSS = expanded disability
status scale; MSSS = multiple sclerosis severity scale; FA = fractional anisotropy; MD = mean
diffusivity; GM = gray matter; WM = white matter
#
§

5.3

In vivo imaging of adenosine A2A receptors with
[11C]TMSX

5.3.1 Increased [11C]TMSX binding in NAWM of SPMS patients in
comparison to healthy controls
In study I, the mean injected dose of [11C]TMSX radioactivity was 476.9 (SD 33.2)
MBq with no significant differences between groups [469.9 (SD 45.8) MBq in
controls and 483.0 (17.7) MBq in SPMS group). According to the metabolite
analyses of the arterial blood samples, [11C]TMSX remained very stable with the
non‐metabolised fraction of the ligand being 90.5% (SD 9.7) at the 50 minutes’
time point.
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As a marker of increase adenosine A2A receptor binding, [11C]TMSX VT was
increased in NAWM in the SPMS patients when compared to the healthy controls.
The group differences reached statistical significance in supraventricular
(centrum semiovale) and total NAWM (p=0.022 and p=0.036, respectively) ROIs.
In other ROIs, no significant differences were found, although a trend was
observed towards higher mean VT in thalami of SPMS patients than in controls
(p=0.094). The ROI specific VT results are shown in detail in Table 7.
Table 7. ROI specific [11C]TMSX VT estimates with Logan (10‐40 minutes) in healthy
controls (n=7) and SPMS patients (n=8) shown as group mean (SD) values in ml/cm3,
group differences expressed in percentages of differences of means. Modified from study I.
ROI
Anterior cingulate cortex
Medial temporal cortex
Lateral temporal cortex
Lateral frontal cortex
Occipital cortex
Parietal cortex
Neocortex1
Striatum
Thalamus
Pons
Cerebellar cortex
Venous sinus2
Periventricular NAWM
Supraventricular NAWM
Total NAWM3
Corpus callosum, splenium
Corpus callosum, genu
Active plaques4

Controls

SPMS patients

Group difference

0.69 (0.07)
0.59 (0.07)
0.63 (0.07)
0.72 (0.07)
0.70 (0.09)
0.70 (0.09)
0.67 (0.08)
1.11 (0.12)
0.80 (0.11)
0.56 (0.07)
0.70 (0.08)
0.45 (0.05)
0.44 (0.05)
0.45 ( 0.06)
0.45 (0.05)
0.38 (0.06)
0.42 (0.06)
na

0.72 (0.09)
0.60 (0.09)
0.66 (0.10)
0.74 (0.09)
0.73 (0.14)
0.74 (0.17)
0.70 (0.10)
1.14 (0.19)
0.92 (0.15)
0.59 (0.12)
0.74 (0.11)
0.46 (0.12)
0.51 (0.07)
0.56 (0.10)
0.55 (0.08)
0.41 (0.12)
0.44 (0.09)
0.54 (0.10)

+ 3.4
+ 2.7
+ 3.7
+ 3.0
+ 4.3
+ 6.7
+ 3.5
+ 3.5
+ 15.4
+ 5.1
+ 6.8
+ 2.2
+ 15.0
+ 24.8*
+ 23.3*
+ 6,9
+ 5.5
na

Combined ROIs of lateral temporal and frontal, occipital, and parietal cortical ROIs
Cross‐sectional ROI from the inferior part of sinus sagittalis superior
3 Combined ROIs of bilateral periventricular and supraventricular NAWM ROIs
4 ROIs from active plaques with slightly increased gadolinium uptake from two patients
* Statistically significant difference with the level of p<0.05 (Independent samples T‐Test)
ROI = region of interest; SPMS = secondary progressive multiple sclerosis; NAWM =
normal appearing white matter
1
2

In the correlational analyses of the ROI specific results including all study
subjects, increased [11C]TMSX VT in total NAWM ROI correlated to reduced FA in
NAWM (Pearson’s correlation ‐0.54, p=0.038). The increase in VT in NAWM was
also associated with the reduced WM volumes (Pearson’s correlation ‐0.59,
p=0.028). In addition, there was a positive correlation between increased
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[11C]TMSX VT and higher EDSS (Pearson’s correlation 0.56, p=0.030); however,
the small group sizes did not permit a reliable estimation of the correlations
within the SPMS group.
For the statistical analyses of voxel‐wise group differences in the parametric
[11C]TMSX VT analyses, global normalisation was performed as described in the
methods. There were no significant group differences in the global TMSX VT
between the groups before the global normalisation [mean global VT (SD) 0.64
(0.07) in controls vs. 0.67 (0.11) in SPMS group; p=ns). In concordance with the
results from manually delineated ROIs, the voxel‐wise analyses of group
differences in the parametric VT [11C]TMSX images revealed statistically
significant increases of the radioligand binding in widespread areas of white
matter in SPMS group in comparison to healthy controls (Figure 10).

Figure 10. SPM analysis of parametric [11C]TMSX VT images in healthy controls (n=7) and
SPMS patients (n=8) showing significantly increased VT in SPMS compared to control
group in voxel clusters overlain on the study subjects’ averaged MRI template. T‐scores
(indicated in the red‐yellow scaled colour bar) with values >3.8 correspond to
uncorrected p<0.001. Blue areas indicate clusters with FWE‐corrected p<0.05. Reprinted
with permission from study I.

5.3.2 Automated reference region extraction and non‐invasive input
functions for [11C]TMSX image analyses
In study II, [11C]TMSX binding was estimated using both VT and DVR for the
validation of PBIF inputs as an alternative for arterial plasma input (OPIF), and
cluster algorithm derived reference region (SCgm) as an option for ROI based
cerebellum reference region. The mean (SD) injected dose of [11C]TMSX was 469.2
(55.2) MBq, with no significant differences between the subgroups [469.9 (45.8)
MBq for controls, 458.8 (74.7) MBq for MS and 482.6 (26.1) MBq for PD group.
The metabolism of [11C]TMSX was slow with the mean (SD) fraction of the intact
ligand being 93.4% (4.7) at the 50 minutes’ time point. No significant differences
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between groups were observed, the mean (SD) percentages being 90.5% (6.7) in
control, 92.7% (4.6) in MS and 95.5% (2.8) in the PD groups, despite the mean in
PD group being 5 percentage points higher when compared to the control group.

5.3.2.1 Reference region extraction
The acquired TACs representing the four tissue classes for [11C]TMSX SVCA
reference region extraction are illustrated in the publication of study II (Figure 1).
The distributions of the resulting coefficient maps of the clustered gray matter
reference region (SCgm) appeared similar in all subgroups. The majority of the
voxels contributing to the reference cluster were located in cerebral, and to a
lesser extent, in cerebellar cortex (Figure 11). The SCgm TACs revealed slightly
higher initial peak but lower uptake in the latter part of the curve in comparison
to cerebellum (see Figure 3 in the publication of study II).

5.3.2.2 [11C]TMSX distribution volumes in SCgm and cerebellum reference
regions with OPIF and PBIFs
The [11C]TMSX VT estimates in SCgm and ROI based cerebellum reference region
using the Logan plot with both the original plasma input (OPIF) and the
noninvasive and invasive population based inputs (PBIFnis and PBIFis,
respectively) in all subgroups are reported in detail in Table 8. Both PBIFs
produced similar VT results with no statistically significant differences between
the methods, and with moderate‐to‐good correlations in the cerebellum and SCgm
in comparison to the results acquired with OPIF. Pearson correlation of the
results with PBIFnis to OPIF was 0.76 (p<0.001) in cerebellum and 0.73 (p<0.001)
in SCgm, whereas for PBIFis, the corresponding correlations were 0.97 (p<0.001)
in cerebellum and 0.97 (p<0.001) in SCgm when evaluated for all study subjects
pooled together. The correlations in all of the study subjects are also visualised as
a Bland‐Altman plot and a scatterplot illustrated in the publication of study II
(Figure 5).
In addition, when evaluating the bias of the PBIFs as a median VT ratio to OPIF, VT
values estimated with PBIFis showed a slightly better concordance with OPIF
than did PBIFnis in both cerebellum and SCgm (Table 8). The VT values were
generally lower in SCgm than in cerebellum reference region, the difference being
statistically significant in the MS group (p=0.006 in OPIF, PBIFnis and PBIFis) and
in PD group being significant or borderline (p=0.04 in PBIFnis and p=0.05 in OPIF
and PBIFnis). In addition, a trend, but without statistical significance, was noted in
healthy controls (p=0.09 in OPIF and PBIFnis, p=0.06 in PBIFis) (Table 8).
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Figure 11. Example images of [11C]TMSX SVSCgmCA gray matter weight coefficient maps
in A) a healthy control (male, 61 years), B) SPMS patient (female, 39 years) and C) PD
patient (male, 75 years). The scaled colour bars indicate the voxel‐wise ratio of the gray
coefficient value to the sum of all weight coefficients, calculated for each voxel. Reprinted
with permission from study II.

In PD patients, the VTs in the reference regions were overall lower than in healthy
controls (Table 7). The difference was statistically significant in SCgm with all
inputs (p=0.023 for OPIF, p=0.023 for PBIFnis and p=0.032 for PBIFis). In
cerebellum, the difference was statistically significant for PBIFis (p=0.042), and a
similar trend without statistical significance was observed also for OPIF (p=0.91)
and PBIFnis (0.71). The comparison between healthy controls and MS patients, no
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Table 8. Comparison of different input functions in the estimation of [11C]TMSX VT in
cerebellum and SCgm reference regions in all study subjects and the subpopulations. VT
expressed in ml/cm3 as group median (CV% calculated with Logan using OPIF, PBIFnis
and PBIFis. Bias of the PBIFs reported as a VT ratio (CV%) to OPIF. Modified from study II.
Reference region
Group

Input function

Cerebellum

SCgm

Healthy controls
(n=7)

OPIF VT (CV%)
PBIFnis VT (CV%)
Bias
PBIFis VT (CV%)
Bias
OPIF VT (CV%)
PBIFnis VT (CV%)
Bias
PBIFis VT (CV%)
Bias
OPIF VT (CV%)
PBIFnis VT (CV%)
Bias
PBIFis VT (CV%)
Bias
OPIF VT (CV%)
PBIFnis VT (CV%)
Bias
PBIFis VT (CV%)
Bias
OPIF VT (CV%)
PBIFnis
Bias
PBIFis VT (CV%)
Bias
OPIF VT (CV%)
PBIFnis
Bias
PBIFis VT (CV%)
Bias

0.69 (11.6)
0.74 (22.6)
0.92 (0.2)
0.70 (10.5)
1.00 (0.1)
0.69 (16.6)
0.73 (12.3)
0.99 (0.1)
0.72 (13.2)
1.01 (0.1)
0.59 (18.6)
0.59 (25.2)
0.99 (5.7)
0.58 (17.4)
0.99 (8.1)
0.67 (18.7)
0.70 (21.8)
0.99 (10.2)
0.68 (20.41)
0.98 (8.1)
0.58 (37.0)
0.59 (21.2)
1.03 (14.5)
0.57 (35.4)
0.98 (3.1)
0.65 (22.0)
0.64 (26.1)
0.99 (15.3)
0.64 (25.1)
0.99 (7.15)

0.65 (15.2)
0.69 (18.3)
0.92 (0.2)
0.66 (6.0)
1.00 (0.1)
0.67 (17.0)
0.70 (11.7)
0.99 (0.1)
0.68 (19.1)
1.01 (0.10)
0.54 (11.4)
0.55 (16.2)
0.99 (5.6)
0.54 (9.7)
1.02 (7.7)
0.62 (21.4)
0.66 (25.9)
0.99 (9.9)
0.63 (21.0)
0.98 (8.0)
0.51 (31.8)
0.53 (25.6)
1.03 (14.6)
0.50 (31.0)
0.98 (3.1)
0.60 (23.2)
0.63 (26.9)
0.99 (15.4)
0.61 (22.8)
0.99 (7.0)

SPMS patients (n=8)

RRMS patients (n=4)

All MS patients
(n=12)

PD patients
(n=9)

All study subjects (n=28)

VT = total distribution volume; CV% = coefficient of variation in percentages
(|IQR|/median*100); SCgm = supervised clustering derived gray matter reference region;
OPIF = original plasma input function; PBIFnis = population based input function,
noninvasive, individually scaled; PBIFis = population based input function, invasive,
individually scaled; MS = multiple sclerosis; SPMS = secondary progressive MS; RRMS =
relapsing remitting MS; PD = Parkinson’s disease
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revealed no significant group differences. However, when analysing the MS
subgroups separately, the VT in SCgm with OPIF was significantly lower in RRMS
vs. control group (p=0.042), but in SCgm with other inputs and in cerebellum with
any of the inputs, no significant group differences were detected. Between the
control and SPMS groups, no statistically significant differences were found in the
reference region VTs.

5.3.2.3 Performance of PBIFs and SCgm in the estimation of [11C]TMSX
binding in target regions
The performance of PBIFnis and PBIFis as input functions, and SCgm as a
reference region in estimating [11C]TMSX binding in target regions of interest
(global cortical gray matter, segmented neocortex ROI; striatum, thalamus and
global NAWM) was further evaluated in healthy controls and SPMS patients.
Firstly, the VT estimates in the cortical GM, deep GM and NAWM ROIs yielded with
PBIFs compared well to the original VT results obtained with OPIF (Table 9).
However, when observing the median VT estimates of both PBIFs, there was a
small positive bias in comparison to OPIF, although when evaluating median VT
ratios to OPIF, the bias for PBIFnis appeared to be negative and negligibly positive
for PBIFis. In NAWM, the group difference between SPMS patients and controls
observed with OPIF was reproduced with PBIFnis but not with PBIFis, although
the differences at the percentage level were alike (Table 9).
Secondly, for the evaluation of specific [11C]TMSX binding, DVRs from plasma‐
input Logan (using OPIF, PBIFnis or PBIFis as an input) and reference‐input Logan
with cerebellum or SCgm as reference regions were calculated, and the group
differences were evaluated with respect to the VT results. The resulting DVR
estimates with all of the above mentioned optional inputs and both reference
regions revealed similar group differences between healthy controls and SPMS
patients when they were compared to the original VT values with OPIF (Table 10.).
The significant group difference in NAWM noted with the original OPIF VT was
reproduced with all optional inputs in DVR estimation when using the SCgm
reference, whereas with cerebellum as the reference, the group differences in
NAWM DVR did not reach statistical significance with any of the inputs although
there was a similar trend in the percentage differences. In thalamus ROI, the trend
towards the higher [11C]TMSX binding in SPMS patients than in the controls
evaluated with OPIF VT became more pronounced in the DVR estimation reaching
statistical significance with all inputs and both reference regions.

0.45 (14.2)

0.78 (13.3)

1.03 (20.6)

0.68 (15.0)

0.44 (16.8)
1.02 (0.04)

0.94 (0.23)

1.00 (0.06)

0.92 (0.20)

0.45 (14.6)

0.78 (8.8)

1.00 (0.06)

0.92 (0.20)

0.83 (12.5)

1.09 (11.2)

1.00 (0.06)

0.92 (0.20)

1.11 (18.0)

0.70 (6.1)

0.70 (17.2)

Healthy controls (n=7)
OPIF
PBIFnis
PBIFis

0.53 (19.4)

0.89 (22.2)

1.09 (14.3)

0.99 (0.09)

0.54 (9.8)

1.00 (0.11)

0.92 (15.9)

0.99 (0.11)

1.14 (11.2)

0.99 (0.11)

0.71 (13.6)

1.02 (0.08)

0.53 (12.7)

1.01 (0.10)

0.92 (21.7)

1.01 (0.10)

1.10 (16.5)

1.01 (0.10)

0.71 (21.8)

SPMS patients (n=8)
PBIFnis
PBIFis

0.69 (20.4)

OPIF

16.2*

13.9

5.9

2.2

22.2*

11.2

2.8

2

18.8

17.8

0.8

1.4

Group differences, %
OPIF
PBIFnis PBIFis

VT = total distribution volume; CV% = coefficient of variation in percentages (|IQR|/median*100); ROI = region of interest; OPIF = original plasma
input function; PBIFnis = population based input function, noninvasive, individually scaled; PBIFis = population based input function, invasive,
individually scaled; SPMS = secondary progressive multiple sclerosis; NAWM = normal appearing white matter
* Mann‐Whitney U‐test p<0.05.
# Bias of PBIFnis and PBIFis reported as a median (CV%) VT‐ratio to OPIF

Bias#

NAWM

Bias#

Thalamus

Bias#

Striatum

Bias#

Neocortex

ROI

Table 9. Comparison of different input functions in the estimation of [11C]TMSX VT in target regions in healthy controls and SPMS
patients. VT expressed in ml/cm3 as group median (CV%) values, calculated with Logan and OPIF, PBIFnis and PBIFis. as input
functions. Modified from study II.
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Cerebellum reference region

value)

ρ to OPIF (p‐

NAWM

(p‐value)

ρ to OPIF

Thalamus

(p‐value)

ρ to OPIF

Striatum

(p‐value)

0.60
(17.1)

1.13
(7.3)

1.49
(10.0)

0.96
(6.8)

Neocortex

ρ to OPIF

OPIF

ROI
0.97
(6.7)

PBIFis
0.96
(6.9)

RefLog

1.49
(10.0)

1.49
(10.2)

1.13
(7.6)

1.13
(7.6)

0.60
(17.6)
0.75
(0.05)

0.60
(18.3)
0.82
(<0.001)#

0.60
(18.3)

0.82
(0.02)#

1.00
1.00
1.00
(<0.001)# (<0.001)# (<0.001)#

1.13
(7.6)

1.00
1.00
1.00
#
#
(<0.001) (<0.001) (<0.001)#

1.49
(10.0)

1.00
1.00
1.00
#
#
(<0.001) (<0.001) (<0.001)#

0.97
(6.7)

PBIFnis

Healthy controls (n=7)

0.72
(9.1)

1.28
(9.2)

1.59
(7.7)

0.98
(7.4)

OPIF
0.98
(7.2)

PBIFis
0.98
(7.2)

RefLog

1.59
(7.6)

1.59
(7.6)

1.28
(9.3)

1.28
(9.3)

0.72
(6.8)

0.71
(7.1)
0.99
0.99
0.80
#
#
(<0.001) (<0.001) (0.017)#

0.72
(6.8)

1.00
1.00
1.00
(<0.001)# (<0.001)# (<0.001)#

1.28
(9.3)

1.00
1.00
1.00
#
#
(<0.001) (<0.001) (<0.001)#

1.59
(7.6)

1.00
1.00
1.00
#
#
(<0.001) (<0.001) (<0.001)#

0.98
(7.2)

PBIFnis

SPMS patients (n=8)

20.4

13.5*

6.3

2.0

19.8

13.6*

6.5

1.7

6.5

1.8

19.8

19.7

13.6* 13.6*

6.5

1.7

OPIF PBIFnis PBIFis RefLog

Group differences (%)

Table 10. Comparison of different plasma inputs (OPIF, PBIFnis and PBIFis) and the reference Logan in the estimation of [11C]TMSX
DVR in target regions. DVR expressed as median (CV%) using cerebellum and SCgm reference regions in healthy controls and SPMS
patients. Group differences are shown in percentages of the difference of medians. The correlations of DVR estimates yielded with
PBIFnis, PBIFis and RefLog to OPIF are shown as Spearman’s correlation coefficients (ρ). Modified from study II.
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(p‐value)

ρ to OPIF

NAWM

(p‐value)

ρ to OPIF

Thalamus

(p‐value)

ρ to OPIF

Striatum

(p‐value)

0.65
(10.2)

1.2
(5.0)

1.67
(6.3)

1.02
(4.7)

Neocortex

ρ to OPIF

OPIF

ROI
1.02
(4.7)

PBIFis
1.02
(4.7)

RefLog

1.67
(6.6)

1.67
(6.5)

1.19
(5.0)

1.19
(4.7)

0.93
(0.003)#

0.68
(8.5)
0.93
(0.003)#

0.68
(8.5)
0.93
(0.003)#

0.66
(9.8)

1.00
1.00
1.00
#
#
(<0.001) (<0.001) (<0.001)#

1.2
(5.0)

0.99
0.99
0.99
(<0.001)# (<0.001)# (<0.001)#

1.67
(6.6)

1.00
1.00
1.00
#
#
(<0.001) (<0.001) (<0.001)#

1.02
(4.7)

PBIFnis

Healthy controls (n=7)

0.75
(12.4)

1.33
(3.7)

1.66
(10.6)

1.03
(3.2)

OPIF
1.03
(3.3)

PBIFis
1.03
(3.3)

RefLog

1.66
(10.9)

1.66
(10.7)

1.33
(3.9)

1.33
(3.9)

0.86
(0.007)#

0.76
(10.4)

0.86
(0.007)#

0.76
(10.4)

0.91
(0.002)#

0.77
(8.7)

1.00
1.00
1.00
#
#
(<0.001) (<0.001) (<0.001)#

1.33
(4.0)

1.00
1.00
1.00
(<0.001)# (<0.001)# (<0.001)#

1.66
(10.9)

0.99
0.99
1.00
#
#
(<0.001) (<0.001) (<0.001)#

1.03
(3.3)

PBIFnis

SPMS patients (n=8)

‐0.4

0.8

‐0.3

0.8

‐0.25

0.8

15.7** 12.4** 12.4** 15.7**

11.1** 11.1** 11.1** 11.2**

‐0.4

0.8

OPIF PBIFnis PBIFis RefLog

Group differences (%)

VT = total distribution volume; CV% = coefficient of variation in percentages (|IQR|/median*100); ROI = region of interest; OPIF = original plasma
input function; PBIFnis = population based input function, noninvasive, individually scaled; PBIFis = population based input function, invasive,
individually scaled; RefLog = reference Logan; SPMS = secondary progressive multiple sclerosis; NAWM = normal appearing white matter
# Spearman correlation statistically significant at the level of p<0.05
* Mann‐Whitney U‐test, p<0.05
** Mann‐Whitney U‐test, p<0.001

SCgm reference region

Table 10. continued.
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The correlations of the DVR estimates yielded with PBIFnis, PBIFis and the
reference Logan (RefLog) to the DVR values provided with OPIF were highly
significant for both the control and SPMS groups and with both cerebellum and
SCgm reference regions in neocortex, striatum and thalamus ROIs (Table 10). In
NAWM ROI, all correlations to OPIF in the SPMS group were statistically
significant, whereas in the control group, the correlations were significant in all
other comparisons, except for a borderline finding for RefLog with the cerebellum
reference (Table 10).

5.4

In vivo imaging of activated microglia with [11C](R)‐
PK11195

5.4.1 Increased [11C](R)‐PK11195 binding in NAWM and thalami of
SPMS patients in comparison to healthy controls
In study III, the mean (SD) injected radioactivity of [11C](R)‐PK11195 was 480.3
(17.8) MBq. There were no significant group differences in the injected doses
between healthy controls and SPMS patients [mean (SD) of 481.7 (18.8) in SPMS
vs. 478.6 (17.7) in control group, p=ns).
The results of the ROI specific [11C](R)‐PK11195 DVR values in 10 SPMS patients
and 8 healthy controls by group are summarised in Table 11. As a marker of
microglial activation, [11C](R)‐PK11195 DVR was significantly higher in the
manually derived NAWM ROI of SPMS patients when compared to healthy
controls (p=0.016). In addition, in the thalamus ROI, the SPMS patients had higher
[11C](R)‐PK11195 binding than the controls, p=0.027. No significant group
differences were observed in other manual ROIs.
With the segmentational ROI approach, similar results were obtained when
compared to the manual ROIs: [11C](R)‐PK11195 binding within the segmented
global NAWM ROI was significantly higher in SPMS patients than in the healthy
controls p<0.001. Binding in the pathological WM (T2 lesional area derived from
LST) of SPMS patients was significantly lower than in the segmented global
NAWM (related samples Wilcoxon’s signed rank test, p=0.008). No statistically
significant differences were found between the groups in radioligand binding
within the segmented cortical NAGM ROI. The ROI based results are also
illustrated as boxplots in the publication of study III.
Corroborating the results from the ROI based approach, the voxel‐wise analyses
of parametric [11C](R)‐PK11195 DVR images showed significantly increased
[11C](R)‐PK11195 binding in widespread locations in periventricular and
subcortical WM in SPMS patients when compared to healthy controls (Figure 12).

78

Results

Table 11. [11C](R)‐PK11195 binding in healthy controls and SPMS patients shown as
median DVR (CV) values, and group differences reported as difference of medians in
percentages between the groups. ROIs acquired with manual delineation and
segmentation marked with (m) and (s), correspondingly.
ROI

CTRL (n=8)

SPMS (n=10)

SPMS vs. CTRL

NAWM (m)
NAWM (s)
T2lesion (s)
Neocortex (m)
Neocortex (s)
Thalamus (m)
Striatum (m)
Cingulum ant (m)
Pons (m)
Cerebellum (m)
Venous sinus (m)

0.86 (6.4)
0.92 (1.4)
na
0.98 (2.5)
0.98 (1.6)
1.10 (4.8)
1.00 (4.6)
0.98 (2.4)
0.98 (6.1)
0.84 (7.1)
0.90 (15.8)

0.96 (11.5)
0.96 (3.9)
0.88 (7.6)
0.99 (3.7)
0.96 (3.4)
1.19 (8.2)
1.01 (5.1)
0.97 (6.4)
0.92 (17.0)
0.86 (4.9)
0.94 (27.1)

+11.6%*
+3.9%**
na
+0.1%
‐2,1%
+ 8.0%*
+0.5%
‐0.8%
‐5.6%
+1.8%
+4.0%

ROI = region of interest; CTRL = healthy control; SPMS = secondary progressive multiple sclerosis;
NAWM = normal appearing white matter; m = manually delineated ROI; s = segmented ROI; ant =
anterior; na = not applicable
* Mann‐Whitney U‐test, p<0.05
** Mann‐Whitney U‐test, p<0.001

Figure 12. Results from SPM analysis of the parametric [11C](R)‐PK11195 DVR images in
healthy controls (n=8) and SPMS patients (n=10). Voxel clusters of significantly increased
DVR in SPMS compared to control group, rendered on study subjects’ average 3DT1 MRI
template, with levels of significance indicated according to coloured bar scales (T‐score
>3.8 corresponding to p<0.001; independent samples T‐test with FWE‐correction for
multiple comparisons). In addition, areas statistically significant in voxel peak level but
not significant after multiple comparisons are shown in blue (T‐score >3.7 corresponding
to p<0.001; uncorrected). Reprinted with permission from study III.
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In the visual analyses of the parametric [11C](R)‐PK11195 images fused with
3DT1 and FLAIR images, a pattern of increased TSPO binding was observed in the
perilesional area of T1 hypointense WM lesions (illustrated in Figure 3 in the
publication of study III), and upon quantification, increased periplaque binding
was observed in an average of 57% of the chronic T1 lesions (Table 12). All but
one patient (Case 5 in Table 12) had chronic lesions both with and without
increased periplaque binding. In active plaques with Gd‐enhancement, increased
binding was observed in the core of the lesions but not in the area surrounding
them. Additionally, focal areas with increased PK‐binding were found in the
NAWM (Figure 13).
Table 12. Patient specific clinical, MRI volumetric and lesion characterisation of the SPMS
patients (n=10). Modified from study III
Case
1
2
3
4
5
6
7
8
9
10

GM vol WM vol T2 lesion
Age (y),
Disease
T1
PK11195+ T1
EDSS
(cm3) (cm3) load (cm3) lesions (n) lesions * (n (%))
gender duration (y)
51, f
39, f
61, m
51, m
48, f
33, f
60, f
48, f
66, f
40, m

9
15
16

21
23
9
15
6
12
7

6,0
8,0
6,5
3,5
7,5
6,5
7,5
7,5
6,0
4,0

742
782
775
714
711
783
770
794
609
623

721
697
757
721
759
731
716
655
694
673

22
102
50
41
22
20
33
132
58
128

3
19
19
22
1
11
8
33
17
31

3 (100)
11 (58)
13 (68)
11 (50)
0 (0)
6 (55)
5 (63)
20 (61)
9 (53)
22 (71)

y = years; EDSS = expanded disability status scale; GM = gray matter; WM = white matter; vol =
volume
Number of chronic T1‐lesions with increased perilesional [11C]PK11195 uptake, and the
percentage of [11C]PK11195 positive lesions of all T1‐hypointense lesions.

*

5.4.2 [11C](R)‐PK11195 PET in determining clinical severity and
disease type in RRMS and SPMS
In study IV, updated methodology of the reference region extraction from
[11C](R)‐PK11195 PET images using SVCA (SuperPK) was applied, and the
semiautomated method for the intra‐ and perilesional segmentation of T1
hypointense lesion was introduced and utilised in the imaging data of the same 10
SPMS patients and 8 healthy controls than in study III in addition to the 10 RRMS
patients.

5.4.2.1 ROI specific [11C](R)‐PK11195 binding
The detailed ROI specific [11C](R)‐PK11195 DVR estimates subdivided by group
and comparisons between groups with the corresponding statistical significances
are presented in Table 13. The DVR was significantly increased in the NAWM of
SPMS patients when compared to RRMS patients and healthy controls. In the
perilesional
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Figure 13. Example of [11C](R)‐PK11195 binding patterns in respect to MRI pathology in a
39 year old female with SPMS (EDSS 8.0, disease duration 15 years) Axial views of A)
Gadolinium‐enhanced 3DT1, B) parametric [11C](R)‐PK11195 DVR and C) FLAIR images,
and D) surface plots from the [11C](R)‐PK11195 DVR image in areas of 1) a slightly Gd‐
enhancing active plaque with increased DVR inside the plaque 2) NAWM with increased
DVR 3) a chronic T1 hypointense lesion with increased DVR in the perilesional area, but
not inside the lesion, illustrated in panels D1–D3. The scales in panels B) and D) represent
DVR values, and in C) the FLAIR signal intensity. Reprinted with permission from study III.

ROI of Gd‐negative T1 hypointense lesions, the [11C](R)‐PK11195 binding was
also significantly higher in SPMS than in RRMS patients, whereas no significant
group differences were observed within the Gd‐negative T1 hypointense lesions.
Moreover, the radioligand binding was generally low within the T1 lesions, and
the perilesional binding was significantly higher than within the T1 hypointense
lesions in SPMS patients (p=0.005), but not among the RRMS patients (p=0.878).
Gadolinium enhancing lesions were found in 4 SPMS and 4 RRMS patients. Within
the Gd‐positive T1‐hypointense lesions, and in their perilesional area, [11C](R)‐
PK11195 binding was generally high with no significant differences between the
intralesional and perilesional ROIs in either MS group. The binding in thalamus of
SPMS patients was slightly higher when compared to the RRMS and control
groups, but these differences were not statistically significant. In other gray
matter ROIs, no group differences were observed.

5.4.2.2 Correlations of [11C](R)‐PK11195 binding to clinical and MRI
parameters in all MS patients
Several correlations between [11C](R)‐PK11195 binding and the clinical
characteristics of the patients were found. The increased [11C](R)‐PK11195 DVR
in NAWM correlated positively with the higher EDSS, and a similar

1.12 (10.0)
0.96 (4.8)
0.91 (5.3)
1.05 (2.2)
0.95 (4.0)
0.93 (4.3)
1.00 (4.6)
1.17 (3.9)
1.11 (2.2)

1.09 (6.1)

0.95 (3.3)

0.94 (3.5)

0.98 (2.1)

na

na

na

na

na

Neocortex

Thalamus

Striatum

Cerebellum

NAWM

T2lesion

Gd‐ T1 lesion

Gd‐ T1 perilesion

Gd+ T1 lesion§

Gd+ T1 perilesion§

1.08 (9.8)

0.99 (30.7)

0.93 (11.9)

0.91 (14.6)

0.93 (11.2)

1.00 (3.0)

0.94 (2.2)

0.95 (3.9)

1.07 (3.6)

1.06 (1.8)

na

na

na

na

na

+6.8 (<0.001*)

‐2.4 (0.573)

+0.7 (0.315)

+3.3 (0.237)

‐0.7 (0.897)

SPMS vs. CTRL

na

na

na

na

na

+1.5 (0.315)

‐0.2 (0.897)

‐0.1 (0.897)

‐1.1 (0.829)

+0.4 (0.696)

RRMS vs. CTRL

+2.7 (0.486)

+19.0 (0.343)

+7.0 (0.011*)

+2.2 (1.000)

+2.2 (0.796)

+5.2 (<0.001*)

+2.2 (0.315)

+0.8 (0.353)

+4.4 (0.165)

+1.1 (0.315)

SPMS vs. RRMS

Group differences, % (p‐value)

SPMS = secondary progressive multiple sclerosis; RRMS = relapsing remitting multiple sclerosis; Gd‐ = gadolinium‐negative;
Gd+ = gadolinium‐positive
* Statistically significant at the level of p<0.05
§ Gadolinium enhancing lesions in 4 SPMS and 4 RRMS patients

ROI = region of interest; CV% = coefficient of variation in percentages (|IQR|/median*100); CTRL = healthy controls;

1.04 (4.6)

CTRL (n=8) SPMS (n=10) RRMS (n=10)

1.05 (3.3)

ROI

Median (CV%) DVR within groups

Table 13. ROI specific [11C](R)‐PK11195 binding expressed as median (CV%) DVR values in healthy controls, SPMS
patients and RRMS patients. The group differences are shown in differences of medians and corresponding p‐values
with Mann‐Whitney U‐test.
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but a weaker association was noted in the perilesional ROI of Gd‐negative T1
hypointense lesions (Table 14). When using a cut‐off value of DVR=1.02 in
[11C](R)‐PK11195 DVR in NAWM, the MS patients could be divided into two
separate groups corresponding to the original RRMS vs. SPMS classification of the
patients except for one RRMS patient with a borderline DVR of 1.023 (Figure 14).
Significant correlations of higher age, longer disease duration and higher MSSS to
increased [11C](R)‐PK11195 DVR in NAWM were also found (Table 14). In control
subjects, a trend for higher [11C](R)‐PK11195 binding with increasing age was
also observed, although no statistically significant correlation was detected
(Spearman’s rho 0.297, p=0.474). By assuming a linear correlation between
NAWM DVR and EDSS in the MS patients, the cut‐off value of DVR 1.02
corresponded to EDSS 4.2 and the age of 40 years in this data (95% confidence
interval 1.01–1.03. The correlations are further visualized as scatterplots in
Figure 13.

Figure 14. Scatter plot of [11C](R)‐PK11195 DVR in NAWM in respect to A) EDSS and B)
age in SPMS (n=10) and RRMS (n=10) patients. Red line signifies DVR cut‐off value of 1.02.

Several statistically significant correlations were observed also between the ROI
specific [11C](R)‐PK11195 DVR values and the MRI parameters (Table 15). The
increased radioligand binding in both NAWM and in the perilesional ROI of Gd‐
negative black holes correlated with the reduced global FA in NAWM, whereas the
global MD in NAWM correlated only with higher [11C](R)‐PK11195 binding in the
perilesional ROI. Higher [11C](R)‐PK11195 uptake in NAWM was also associated
to increased atrophy in both gray and white matter There was also a significant
correlation of the increased radioligand binding in NAWM and perilesional ROIs
to higher total T1 and T2 lesion volumes as opposed to the negative correlation
between the lower [11C](R)‐PK11195 uptake in cortical GM to the higher T1 and
T2 lesion loads.

0.153
0.597
0.930
0.304
0.823
0.656

0.331

‐0.126

‐0.021

0.242

0.053

‐0.106

NAWM

T1 perilesional#

T1 black hole#

T2 lesion

Thalamus

Striatum

Cortical GM

‐0.139

0.188

0.224

0.005

‐0.044

0.328

0.663

Spearman

0.558

0.427

0.342

0.985

0.853

0.158

0.001*

p‐value

Disease Duration

‐0.043

0.055

0.324

0.076

‐0.040

0.426¤

0.733

Spearman

p‐value

0.859

0.816

0.163

0.750

0.866

0.061¤

<0.001*

EDSS

‐0.001

0.000

0.303

0.120

‐0.003

0.383

0.524

Spearman

p‐value

0.997

1.000

0.195

0.613

0.990

0.096

0.018**

MSSS

DVR = distribution volume ratio; ROI = region of interest; EDSS = expanded disability status scale; MSSS = multiple sclerosis
severity scale; NAWM = normal appearing white matter
#
Gadolinium negative T1 perilesional and black hole ROIs
* Spearman correlation statistically significant at the level of p<0.01
** Spearman correlation statistically significant at the level of p<0.05
¤
Corresponding Pearson correlation 0.479, p=0.033, significant at the level of p<0.05

p‐value
<0.001*

0.734

Age

Spearman

[11C](R)‐PK11195
DVR in ROI

Table 14. Correlations of ROI‐specific [11C](R)‐PK11195 DVR to the clinical patient characteristics in all MS
patients (n=20; SPMS n=10, RRMS n=10) expressed as Spearman’s rho and the corresponding p‐values. Modified
from study IV
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0.008*

<0.001*

0.101

0.043**

0.292

0.363

<0.001*

0.377

0.457

0.248

0.215

‐0.721

T1 black hole#

T2 lesion§

Thalamus

Striatum

Cortical GM

‐0.473

0.048

0.278

0.341

0.259

0.795

0.761

0.041**

0.844

0.249

0.154

0.285

<0.001

<0.001*

0.457

‐0.216

‐0.429

‐0.200

‐0.103

‐0.661

‐0.766

0.049**

0.374

0.067

0.339

0.676

0.002*

<0.001*

‐0.513

0.121

0.109

0.339

0.289

0.510

0.398

0.025**

0.621

0.657

0.156

0.230

0.026**

0.092

0.188

0.185

0.197

0.226

0.152

‐0.258

‐0.701

0.427

0.435

0.405

0.337

0.523

0.272

0.001*

0.174

0.296

‐0.141

‐0.053

0.096

‐0.296

‐0.523

0.462

0.205

0.554

0.825

0.689

0.206

0.018**

Mean MD§
GM volume
WM volume
Spearman p‐value Spearman p‐value Spearman p‐value

DVR = distribution volume ratio; ROI = region of interest; FA = fractional anisotropy; MD = mean diffusivity; GM = gray matter; WM white matter;
NAWM = normal appearing white matter
#
Gadolinium negative T1 perilesional and black hole ROIs
* Spearman correlation statistically significant at the level of p<0.01
** Spearman correlation statistically significant at the level of p<0.05
§
DTI and lesion load data available from 9/10 SPMS and 10/10 RRMS patients

T1

perilesional#

NAWM

0.782

T1 lesion load#
T2 lesion load§
Mean FA§
Spearman p‐value Spearman p‐value Spearman p‐value

0.573

[11C]PK11195
DVR (ROI)

Table 15. Correlations of ROI specific [11C](R)‐PK11195 DVR to MRI and DTI findings in all MS patients (n=20; SPMS n=10, RRMS
n=10) expressed as Spearman’s rho and the corresponding p‐values. Modified from study IV.
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5.5

Post‐mortem [11C](R)‐PK11195 autoradiography and
immunohistochemistry of progressive MS brain
samples

According to the clinical characteristics provided by the UK Multiple Sclerosis
Tissue Bank, of the 15 samples all but two included white matter lesions.
Altogether 5 WM lesions from 5 different MS patients (4 SPMS, 1 PPMS) were
identifiable from both the [11C](R)‐PK11195 autoradiography images and
photomicroscopy of the immunohistochemical stainings. The clinical
characteristics and the results of lesion analyses are shown in Table 16.
Table 16. Results of post‐mortem [11C](R)‐PK11195 autoradiography and immunohisto‐
chemistry analyses of WM lesions in patients with progressive MS. Lesion evaluations of
autoradiography and immunohistochemistry performed qualitatively (+/‐) in the core and
rim of the lesions. Additionally, the ratio of the number of positively staining cells
compared to WM are shown in parentheses. Modified from study IV.
Case Sex/Age Disease

Disease [11C](R)‐PK11195

type

duration

Core

Rim

CD68
Core

Rim

GFAP
Core

Rim

1

46/m

SPMS

8

‐

+

‐ (1.0) + (8.3) ‐ (1.8) + (3.0)

2

49/f

SPMS

21

+

+

+ (2.0) + (3.0) + (2.9) + (2.9)

3

51/m

SPMS

10

‐

+

‐ (0.9) + (2.4) ‐ (0.7)

‐ (0.9)

4

73/m

PPMS

52

‐

+*

‐ (1.1) + (4.3) ‐ (0.8)

‐ (1.0)

5

53/m

SPMS

11

‐

‐

‐ (0.7)

‐ (0.5)

‐ (1.8) ‐ (0.5)

CD68 = cluster of differentiation 68, GFAP = glial fibrillary acidic protein; m = male; f =
female; SPMS = secondary progressive multiple sclerosis; RRMS = relapsing remitting
multiple sclerosis; + = increased binding / staining compared to adjacent white matter; ‐
= binding / staining not increased or decreased in the area of interest compared to white
matter

In addition, representative cases are illustrated in Figure 14. ln a sample with a
chronic active white matter lesion (Figure 15A), a notable loss of myelin and
increased gliosis with astrocytosis was detected within the lesion with both the
LFB and GFAP stainings. However, astrocytosis was more notable in the
perilesional than in the intralesional area according to the results of the GFAP
staining. In the perilesional area of the lesion, a dense rim of activated
microglia/macrophages was detected in the CD68 staining, whereas within the
lesion, CD68 expression was clearly lower. Accordingly, the [11C](R)‐PK11195
signal in the autoradiography image was higher around the lesion when
compared to the intralesional or more distant adjacent WM. In contrast, Figure
15B demonstrates a late active lesion characterised with increased
microglial/macrophage activity and astrocytosis within and around the lesion in
the CD68 and GFAP stainings. Correspondingly, an increased [11C](R)‐PK11195
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Figure 15. [11C](R)‐PK11195 autoradiography and respective CD68, LFB and GFAP
immunohistochemistry (IHC) images of serial autopsy sample cryosections from SPMS‐
patients. A) 46‐year‐old male, disease duration 8 years (case 1 in Table 16) B) 49‐year‐old
female, disease duration 21 years (case 2 in Table 16) C) 51‐year‐old male, disease
duration 10 years. The enlarged (x25 and x630) IHC images demonstrate the border of a
chronic active (A) and the core of late active (B) plaques and normal WM (C).

Results

87

signal was seen within, but not around, the lesion. In addition, notable
astrocytosis and gliosis was present within the lesion. In normal WM (Figure 15C)
with a typical myelin density, there was normal amount of astrocytes and a low
count of activated microglia/macrophages in the immunohistochemistry and the
[11C](R)‐PK11195 signal in the corresponding autoradiography image was weak.
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DISCUSSION

6.1

Summary of the main findings

In study I, [11C]TMSX PET imaging was used for the first time to evaluate
adenosine A2A receptor binding in MS patients. A total of 7 healthy controls and 8
SPMS patients were examined in the study. A2A receptor binding was increased in
the NAWM of SPMS patients in comparison to healthy controls. There was also a
trend without statistical significance for higher [11C]TMSX uptake in the thalami of
SPMS patients than in healthy controls. The increased [11C]TMSX binding in
NAWM was associated with increased WM atrophy and reduced FA in NAWM as a
sign of structural damage in the SPMS patients.
In study II, non‐invasive input function methods were developed and validated for
the evaluation of brain [11C]TMSX binding by using arterial blood sampling and
[11C]TMSX image data from 7 healthy controls, 8 SPMS patients, 4 RRMS patients
and 9 PD patients. Supervised clustering for the extraction of the GM reference
region performed reliably in healthy controls and MS patients, and the VT‐values
in the SCgm reference were generally lower than the corresponding values in the
cerebellum reference. In the evaluation of DVR in SPMS patients and healthy
controls, the reference Logan with the SCgm reference yielded reproducible
results when they were compared with the original arterial input function, thus
providing a non‐invasive alternative for the evaluation of specific binding.
However, in PD patients, the VTs in both SCgm and cerebellum references were
significantly lower than in healthy controls. VT estimates with both population‐
based input functions (PBIFis with invasive and PBIFnis with non‐invasive
scaling) correlated well with the results yielded with the original arterial input
function. Although the variance in the results was lower with PBIFis than PBIFnis,
in the DVR estimation, both methods performed robustly when compared to OPIF.
Study III evaluated microglial activation in 10 SPMS patients and 10 healthy
controls using TSPO binding radioligand [11C](R)‐PK11195. TSPO binding was
significantly higher in the NAWM of SPMS patients than in the healthy controls. In
addition, SPMS patients had higher [11C](R)‐PK11195 binding in the thalami when
compared to the control group. The total TSPO binding within T2 hyperintense
lesions was generally low. In the perilesional area of T1 black holes, TSPO binding
pattern appeared to be heterogeneous with increased perilesional [11C](R)‐
PK11195 uptake observed in 57% of the lesions in the visual qualitative
assessment.
In study IV, the patterns of [11C](R)‐PK11195 binding were further evaluated in
NAWM and T1 perilesional area of the same 10 SPMS patients and 10 healthy
controls as examined in study III in addition to 10 RRMS patients receiving no
immunomodulatory medication. Additionally, autoradiography with [11C](R)‐
PK11195 and immunohistochemistry to study activated microglia, astrocytes and
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myelin density in 8 post‐mortem brain samples of progressive MS patients were
performed. TSPO binding was significantly higher in NAWM and the total
perilesional area of T1 hypointense lesions of SPMS patients when compared to
RRMS patients. When all the MS patients were pooled together, the higher TSPO
binding in NAWM correlated with longer disease duration and considerably more
clinical disability measured with EDSS and MSSS. Furthermore, increased T1
perilesional binding had a borderline significant association to higher EDSS. By
using a cut‐off value of 1.02 for [11C](R)‐PK11195 DVR in NAWM, SPMS patients
could be segregated from RRMS patients. Additionally, increased (R)‐
[11C]PK11195 binding in NAWM and the T1 perilesional area correlated with
more severe brain atrophy, reduced FA in NAWM and increased T1 and T2 lesion
loads. In [11C](R)‐PK11195 autoradiography, the increased perilesional TSPO
binding in chronic lesions was associated with a dense rim of amount of activated
microglia around the lesions.

6.2

Methodological considerations

In order to overcome the challenges in defining a reference region for
radioligands with widespread specific binding when conducting an evaluation of
diseases with diffuse brain pathology, the application of a supervised cluster
algorithm has been proven feasible not only with [11C](R)‐PK11195 (Turkheimer
et al. 2007, Yaqub et al. 2012), but also with [11C]PIB (Ikoma et al. 2013) and
[18F]FDG (Dukart et al. 2013). In addition, in the present studies (III and IV),
supervised clustering for [11C](R)‐PK11195 was applied and it was found to
provide robust DVR estimates. Importantly, when one has a reliable reference
region (i.e. low specific and non‐specific binding) available, it is possible to
acquire DVR or BPND estimates, which are the measures of specific radioligand
binding unlike VT estimates, which can include both specific and unspecific
binding components of the target region. Moreover, when using the reference
Logan for the DVR estimation, there is no need for arterial sampling, thus making
the imaging studies more comfortable for the study subjects. Additionally, the
methodology for supervised clustering of the reference regions is independent of
the time consuming drawing of ROIs, which in turn is also prone to operator bias.
In this study (II), it was also possible to implement successfully the gray matter
reference region clustering for the first time for [11C]TMSX. In healthy controls
and MS patients, the performance of the SCgm reference region appeared robust
with low and similar VT‐values across the groups. However, in PD patients, the VTs
were lower in both SCgm and cerebellum reference regions when compared to
other groups. Even though [11C]TMSX binding in the striatum does not change
with age, the striatal binding of [11C]MPDX to A1 receptors has been reported to
decline with age (Mishina et al. 2012). Moreover, no data exist on the effect of
healthy aging in the A2A receptor expression, or on the effect of dopaminergic
medication in PD patients in distinct brain regions other than striatum. Thus,
either of these factors could contribute to the low [11C]TMSX binding in
cerebellum and cortical gray matter detected in the PD patients. Consequently, the
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supervised clustering of brain [11C]TMSX PET images will need to be applied for
aged healthy controls or for patients with other neurological diseases with
caution until further studies have been conducted, even though in younger
controls and MS patients the results were encouraging.
According to the results in study II, PBIFis provides a robust alternative to OPIF
with fewer blood samples needed. In the VT estimates, PBIFis appeared preferable
to PBIFnis due to its better concordance with OPIF. On the other hand, in the DVR
estimates, both PBIFnis and PBIFis compared excellently to OPIF. Thus, it is
recommended that PBIFnis should be adopted in future studies because of its
non‐invasiveness. Population based input function as an alternative for arterial
input function derived with blood sampling has also been utilised in brain PET
studies with other radioligands, i.e. with [11C]rolipram (Zanotti‐Fregonara et al.
2012) and [18F]FMPEP‐d2 (Zanotti‐Fregonara et al. 2013). However, when
compared to OPIF, PBIF may be less sensitive at the individual level, and
consequently, might not detect subtle differences between groups as efficiently as
OPIF. On the other hand, PBIF is not vulnerable to possible inaccuracies
associated with manual sampling and analysis methods of the blood samples. In
addition, a shared average PBIF for all study subjects regardless of possible
disease statuses would likely contribute a bias in VT estimates (Zanotti‐Fregonara
et al. 2013), and thus it is recommended that PBIFs should be acquired separately
for healthy controls and different patient populations.
In study III, the perilesional [11C](R)‐PK11195 binding in the black holes was
evaluated using a visual, qualitative assessment. These kinds of methods are very
user dependent and prone to errors. Moreover, in patients with a progressive
disease, the enlarging white matter lesions can become confluent with adjacent
lesions, and in that situation, the assessment of individual lesions becomes
challenging. Consequently, a semiautomated method was developed for the
identification of the perilesional zone of the T1 hypointense lesions for the
quantification of radioligand binding in study IV.
Until today, the methods for the modelling of dynamic brain [11C](R)‐PK11195
and [11C]TMSX image data have been very variable in different studies due to the
lack of harmonisation of protocols. For instance, reference regions used in
[11C](R)‐PK11195 imaging have included cortical gray matter (Debruyne et al.
2003, Versijpt et al. 2005), whereas for [11C]TMSX, centrum semiovale (Mishina et
al. 2007, Naganawa et al. 2007), has been used in addition to cerebral cortex
(Mishina et al. 2011, Mishina et al. 2012). However, it is not feasible to use either
centrum semiovale or cerebral cortex as a reference region in MS, since this is a
disease with widespread pathology and also increased ligand binding as reviewed
here. Nevertheless, according to recent studies with [11C](R)‐PK11195 studies, the
use of a clustered reference region appears to have established its position in the
estimation of specific ligand binding (Giannetti et al. 2014a, Giannetti et al. 2014b,
Politis et al. 2012). In addition, it appears likely that reference region clustering
could be developed also for 2nd generation TSPO ligands in future studies
investigating neuroinflammatory and neurodegenerative brain diseases.
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Nonetheless, subtle differences in the results between study groups may arise
from differences in image reconstruction protocols and PET scanner features, as
well as due to the different methods used for kinetic modelling and ROI
acquisition and also for calculating the parametric images as reviewed in the
publications of substudies II and III. Thus, it would be a major advantage if the
different study centres would agree to harmonise the protocols for image
processing and specific binding estimation for future studies.
It is also necessary to acknowledge some limitations in the present study. The lack
of age and sex matched controls for RRMS and PD groups hinders the comparison
of the results in these groups to healthy controls. However, the main focus of this
study was on the patients with a progressive disease, to which the control
subjects group were matched. Naturally, the SPMS patients were older than RRMS
patients due to the course of the disease, but in turn this made it possible to
conduct an evaluation of MS patients as a continuum of the disease process.
Finally, the low number of study subjects per group sets its limits on the
interpretation and generalisation of these results. On the other hand, according to
the general ethical principles of good clinical practice, the number of participants
in PET imaging studies should be kept as low as possible in order to limit the
radiation exposure to the study subjects.

6.3

Adenosine A2A receptors in progressive MS

It does seem that the [11C]TMSX PET imaging in studies I and II are the first ones
to have been published in patients with MS. The results of the increased
[11C]TMSX binding in the NAWM of SPMS patients compared to controls suggest
that A2A receptors might be involved in modifying the widespread pathological
processes in the brain of SPMS patients. As reviewed in study II, the striatal A2A
receptors which are linked to the modulation of dopaminergic transmission are
regarded as the classical or typical A2A receptors, whereas those in other locations
(cerebral cortex, cerebellum and thalami) are called atypical A2A receptors. Taking
into account the role of A2A receptors in modulating the function of astrocytes
(Matos et al. 2013) and microglia (Orr et al. 2009), it can be hypothesised that the
increased A2A binding in normal appearing brain structures in SPMS might be
linked to the activation of microglia and astrocytes representing the widespread
neuroinflammation in the disease and possibly also contributing to
neurodegeneration.
It is not possible to deduce from the present human in vivo study whether the
increased A2A receptor binding in SPMS patients represents a beneficial,
endogenous attempt to limit neuroinflammation, or whether it is a
neuroinflammation and neurodegeneration propelling phenomenon per se.
However, the evidence from in vivo animal experiments and in vitro studies on the
neuroinflammatory capacity of A2A antagonism in neuroinflammatory conditions,
and upregulation of A2A receptors in microglia (reviewed in chapter 2.2.2 and in
(Santiago et al. 2014)) indicates that A2A overexpression might be harmful in
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neuroinflammatory diseases causing neurodegeneration, including MS. More
support for this theory is provided by the findings from animal models of PD,
where A2A receptor antagonism reduced the activation of microglia in striatum
and substantia nigra in addition to the effect on striatal functions mediated by
dopamine D2 receptors (Pierri et al. 2005). Thus compounds targeting these
modifying adenosine A2A receptors might represent an alternative pathway for
drug development aiming at reducing neuroinflammation and disease
progression also in MS.
The challenge in understanding the mechanisms of adenosine and A2A receptors in
MS is in its complexity since it involves immune cells in both the periphery and
CNS. Additionally, little is known of these phenomena in living humans, since the
hypotheses have been mainly derived from evidence emerging from in vitro
experiments and in vivo animal studies. Based on the results from animal studies
mimicking MS disease, it appears that treatment with an A2A antagonist may be
able to protect the animals against EAE development even though genetically A2A
deficient animals are prone to develop more severe EAE (Mills et al. 2008, Mills et
al. 2012, Yao et al. 2012). Accordingly, it has been proposed that adenosine
receptors on other cell types may also be involved in attenuating or boosting the
pro‐inflammatory capacity of lymphocytes and in susceptibility of CNS to disease
progression and lymphocyte infiltration in MS (Volonte 2013).
More studies will be needed to clarify the role of adenosine A2A receptors in
progressive MS. Comparison of A2A binding characteristics between relapsing and
progressive subtypes of MS with in vivo PET imaging would be informative with
respect to disease progression. If one conducted post‐mortem A2A receptor
autoradiography in conjunction with immunohistochemistry then it might be
possible to identify the cell types expressing A2A receptors in MS lesions and
normal appearing brain structures. Furthermore, with regard to the reported
regulatory function of A2A receptors in microglia, PET studies evaluating the
possible co‐localisation of increased A2A receptor and TSPO binding in MS patients
could provide more evidence on this connection in vivo. Finally, studies with A2A
antagonists in EAE models mimicking chronic lesions could help clarify the
putative effect of A2A antagonism in neuroinflammation in progressive MS.

6.4

TSPO and activated microglia in progressive MS

The present results of the increased in vivo [11C](R)‐PK11195 binding in the
NAWM of MS patients, and increasingly so in SPMS when compared to RRMS
patients, are in line with previous studies (Banati et al. 2000, Debruyne et al.
2003, Politis et al. 2012). Furthermore, the borderline finding of the increased
TSPO binding in the thalami of SPMS patients in respect to healthy controls is
corroborated by the comparable observation in the report of Banati et al. (Banati
et al. 2000). In the study by Politis and colleagues (Politis et al. 2012a), increased
cortical [11C](R)‐PK11195 binding was also reported for SPMS and RRMS patients,
a finding which was not confirmed in the present work.
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In the recent in vivo PET studies, cumulative evidence has emerged that TSPO
binding can serve as a potential marker of disease progression. Politis and
colleagues (Politis et al. 2012) have shown that increased cortical TSPO binding
correlated with clinical disability, and that the correlation was more evident in
patients with SPMS than with RRMS. However, no similar correlations were found
for WM. Nevertheless, in another study, the total TSPO binding in NAWM
predicted the conversion of CIS to RRMS (Giannetti et al. 2014b). This is also in
concordance with the present results i.e. the correlation between more severe
disability and the increased radioligand binding in NAWM when analysing the
RRMS and SPMS patients together as a progressive continuum of the disease
process. In addition, TSPO binding in T2 lesions of RRMS patients (Colasanti et al.
2014), and in T1 black holes of progressive patients (Giannetti et al. 2014a) has
been shown to correlate with the clinical disability. The level of total TSPO
binding in the black holes of the progressive patients was also shown to be
predictive of disease progression (Giannetti et al. 2014a). However, black holes
with smaller volumes were shown to have higher TSPO binding compared to
larger lesions in RRMS patients, which could also be explained by partial volume
effect, since it was demonstrated here that the radioligand binding was negligible
within chronic lesions, but was higher in the perilesional area. Interestingly, the
[11C](R)‐PK11195 DVR threshold of 1.02 in NAWM dividing the SPMS patients
from RRMS patients corresponding to the disability level of EDSS 4.2, whereas
EDSS >3 has been considered to be the turning point of irreversible accumulating
disability (Andersen 2010, Leray et al. 2010). Clinically, it is challenging to
identify patients on the verge of progressive disease, where EDSS measurements
and conventional MRI are of limited value. It could be hypothesized that
evaluating TSPO binding in NAWM with PET imaging might aid in predicting the
development of progressive disease, as it can be regarded as an indicator of the
increasing global inflammatory burden associated with irreversible tissue
damage. Thus, TSPO PET imaging could possibly be adopted as an imaging
biomarker for disease progression before clinically measurable signs of
permanent disability have emerged.
Interestingly, the onset of progression in MS has been shown to be heavily
dependent on age, on average corresponding to the age of 45 years irrespective of
the disease subtype (Tutuncu et al. 2013). Based on animal studies, it has been
postulated that the process of remyelination and the efficiency of
macrophages/microglia changes with age: the increases in the numbers of
macrophage/microglia associated with the early stages of remyelination becomes
slower with ageing resulting in changes in the kinetics of the cytokine and
chemokine profiles, whereas there is a concomitant delay in the clearing of myelin
debris (Miron and Franklin 2014). In addition, in general the slowly expanding
lesions in progressive multiple sclerosis show very little oligodendrocyte
progenitor cell recruitment and remyelination (Kutzelnigg and Lassmann 2014).
Thus, it appears that in aging brain, the pro‐regenerative capacity of
macrophages/microglia becomes reduced and more inefficient, leading to the
need to recruit more macrophages/microglia, but even this might not be sufficient
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to promote effective repair and remyelination. The demonstration of the clear
correlations found here between higher age with increased TSPO binding and
decreased mean FA in NAWM as markers of microglial/macrophage activation
and disintegrity of the myelinated white matter tracts also fits well with this
hypothesis.
Until today, only a few studies with 2nd generation TSPO ligands have been
performed in MS patients in vivo. The inability of [11C]PBR28 to reveal differences
in the TSPO binding in WM or GM between healthy controls and MS patients in the
study by of Oh and colleagues (Oh et al. 2011) is most likely explained by the high
variation in the specific binding caused by the TSPO gene polymorphism, since the
role of this genetic variation in TSPO binding was not established until 2012
(Owen et al. 2012). However, that same study claimed that the ratio of WM to GM
uptake of [11C]PBR28 was increased in RRMS in comparison to healthy controls,
which is in line with the findings of increased [11C](R)‐PK11195 binding in the
WM in this present work as well as that reported by others as reviewed in chapter
2.2.1. Similarly to the situation with [11C](R)‐PK11195, the [11C]PBR28 binding
was also increased in gadolinium‐enhancing active plaques. Interestingly, in some
lesions, a focal increase in [11C]PBR28 binding preceded the appearance of
gadolinium enhancement, pointing to a role for early glial activation in MS lesion
development (Oh et al. 2011). Another pilot study with 4 RRMS patients detected
similar patterns of TSPO binding with the 2nd generation TSPO ligand
[11C]vinpocetine when compared to [11C](R)‐PK11195, but with higher binding
potentials and a better signal‐to‐noise ratio (Vas et al. 2008). Now that the
stratification of the study subjects according to the TSPO binding phenotype has
become feasible with simple PCR testing (Owen et al. 2012), it is probable that the
2nd generation TSPO ligands will be utilised increasingly in human studies on
neuroinflammation, such as MS studies.
In view of the number of neuroinflammation PET studies conducted with
[11C](R)‐PK11195 over the years, it seems somewhat surprising, that only one
treatment study has evaluated the effect of disease modifying therapies on
microglial activation (Ratchford et al. 2011). As reviewed earlier, that study found
a significant reduction of microglial activation in RRMS patients after one year of
treatment with glatiramer acetate. Interestingly, glatiramer acetate has been
proposed to exert also direct CNS effects by promoting the differentiation of
monocytes and microglia into antigen‐presenting cells (Kim et al. 2004, Ratchford
et al. 2011). According to in vitro studies, another potent peripheral
immunomodulator in MS, fingolimod, has been shown to exert direct effects in
CNS by modulating microglial activation and promoting remyelination through
interactions with microglia, oligodendrocytes, and astrocytes, which are all cells
which can express the target receptors of fingolimod (sphingosine 1‐phosphate
receptors) (Groves et al. 2013, Jackson et al. 2011). When considering the
proposed theory on compartmentalised inflammation and the putative role of
microglia in neuronal damage in progressive MS (Lassmann et al. 2012), the
above mentioned direct CNS effects of fingolimod appear especially intriguing.
Moreover, a recent study conducted by Airas and colleagues (Airas et al. 2015) on
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a rat EAE model with chronic focal MS‐like lesions revealed that treatment with
fingolimod achieved a significant reduction in the perilesional microglial activity
as confirmed with in vivo [18F]GE180 PET imaging and ex vivo autoradiography
and immunohistochemistry.
According to the present [11C](R)‐PK11195 autoradiography and
immunohistochemistry results, and the findings from previous in vitro and animal
studies with TSPO radioligands (reviewed in chapter 2.3.2.3), it appears probable
that the increased TSPO binding in MS tissues in vivo is also partly attributable to
the activated astrocytes in addition to the activated microglia. However,
considering the co‐localisation of [11C](R)‐PK11195 uptake with both CD68 and
GFAP positivity at the plaque edge of chronic active lesions but not in the centre of
the plaque with low CD68 staining and notable GFAP staining, it is plausible that
the perilesional binding of [11C](R)‐PK11195 in vivo represents mainly the
microglial activation in chronic active, “smouldering”, plaques, which have also
been proposed to be one of the contributors to the disease progression
(Lassmann et al. 2012).
It is not entirely known whether the microglial activation in progressive MS
represents the beneficial, debris cleaning and inflammatory damage limiting
function as a reaction to the pathological disease process, or whether it is an
uncontrolled, prolonged overactivation contributing to chronic inflammation and
further tissue damage (Biber et al. 2014). Whichever is the case, microglial
activation can be regarded as a sign of disease progression, probably associated
with neuronal damage, and TSPO PET imaging could therefore be utilised as a
surrogate marker of disease progression. This is especially important when
striving to develop disease modifying therapies in progressive MS, where
conventional imaging markers are known to correlate inadequately with the
clinical phenotype and the prognosis of the disease (Bakshi et al. 2008, Miki et al.
1999, Nijeholt et al. 1998).
In summary, the present results corroborate the proposed correlation between
neuroinflammation and neurodegeneration in progressive MS: increasing
atrophy, higher age, higher lesion load and more severe structural disintegrity in
NAWM were associated with increased microglial activity in the perilesional
white matter and NAWM with increasing clinical disability. According to these
findings and the results from earlier TSPO PET and neuropathology studies, it is
probable that increased TSPO binding in MS reflects microglial activation related
to myelin degradation, gliosis and inflammation in the perilesional area, and to
diffuse inflammation in NAWM. Accordingly, it appears reasonable to propose
that TSPO PET imaging could be used to assess the inflammatory burden in MS,
and that it may help in identifying of – or even in predicting the conversion to –
progressive disease. Moreover, TSPO PET imaging could possibly be used as a
surrogate biomarker for clinical treatment studies, especially in progressive MS.
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Discussion

MRI and DTI abnormalities in progressive MS

The present findings of the higher T1 and T2 lesion load, more severe WM and GM
atrophy and reduced FA in NAWM as a sign of structural damage in SPMS in
comparison to RRMS patients and healthy controls are in line with previous
studies (reviewed in chapter 2.3.1). However, these studies appear to be the first
which have compared DTI abnormalities with adenosine A2A and TSPO binding in
vivo. The findings of the correlation of reduced FA in NAWM to increased TSPO
binding in NAWM and perilesional WM are in line with earlier neuropathology
and post‐mortem studies, also reviewed in this thesis (chapter 2.3.1.3). Clarifying
the role of adenosine A2A receptors in WM tract pathology will need further
investigation, but the link may be mediated through the activated microglia as
discussed above (chapter 6.3).
Future studies will reveal whether DTI measurements of axonal disintegrity in
NAWM will be validated as a direct indicator or predictor of neurodegeneration in
MS. The advantage of DTI in comparison to PET imaging is that it is more widely
available, because the short‐lived radioligands used in these studies demand the
proximity of specialised facilities and expert personnel involved in isotope
production and radiochemical syntheses. However, DTI along with other
advanced MRI techniques are more unspecific than PET imaging, which can reveal
specific pathological alterations at the molecular and cellular levels.
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CONCLUSIONS

The purpose of this thesis was to investigate the role of adenosine A2A receptors
and activated microglia in progressive MS using in vivo PET imaging with
[11C]TMSX and [11C](R)‐PK11195 radioligands, respectively. It was also intended
to investigate associations of PET imaging parameters with pathological imaging
findings in DTI and conventional MRI and to clinical measurements of disability.
Another aim was to develop non‐invasive input function methods for the analyses
of brain [11C]TMSX PET imaging. Finally, the histopathological correlates of
[11C](R)‐PK11195 binding were investigated in post‐mortem samples of MS brain
using autoradiography and immunohistochemistry. Based on the results
presented in this thesis, the following conclusions can be drawn:
I

[11C]TMSX PET imaging can be used to evaluate adenosine A2A receptor
binding in the brain of SPMS patients. A2A receptor binding is increased in the
NAWM of SPMS patients and this correlates with the increased WM atrophy
and structural damage in NAWM measured as reduced FA. [11C]TMSX PET
represents a new approach for investigating neuroinflammation in
progressive MS.

II

Supervised clustering appears to be a feasible method for GM reference
region extraction from brain [11C]TMSX PET images in healthy controls and
MS patients, and with the reference Logan, it provides a non‐invasive way to
evaluate DVR. The adoption of a population‐based input function for the
estimation of brain [11C]TMSX VT and DVR provides a robust alternative for
arterial input function and may make it possible to omit arterial blood
sampling in future studies.

III Microglial activation measured with [11C](R)‐PK11195 PET is increased in
the NAWM of SPMS patients in comparison to healthy controls. Total [11C](R)‐
PK11195 binding within T2 hyperintense lesions is generally low. In the
perilesional area of T1 black holes, the microglial activation pattern is
heterogeneous, with increased perilesional [11C](R)‐PK11195 uptake being
detected in more than half of the lesions.
IV [11C](R)‐PK11195 uptake is increased in NAWM and total perilesional area of
T1 hypointense lesions of SPMS patients in comparison to RRMS patients;
furthermore, the extent of this increase correlates with the severity of the
disability. By using [11C](R)‐PK11195 DVR in NAWM as a predictive marker,
SPMS patients may be differentiated from RRMS patients. The increased
[11C](R)‐PK11195 binding in NAWM correlates with the brain atrophy,
reduced FA in NAWM and increased lesion volume. In [11C](R)‐PK11195
autoradiography, increased perilesional radioligand uptake associates with
the increased numbers of activated microglia as identified by CD68
expression.
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