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Abstract 

Magnetic resonance imaging (MRI) of the brain is the mainstay of diagnosis and monitoring 

of multiple sclerosis (MS) patients. Conventional brain MRI imaging captures characteristic 

multifocal demyelinating white matter lesions (WML). However, these imaging measures do 

not effectively predict an individual patient’s future clinical condition, limiting the ability of 

clinicians to rationalize therapy. In part, this is because cMRI lacks sensitivity and specificity 

in detecting chronic diffuse and multi-focal inflammation mediated by activated 

microglia/macrophages. 

In this work, molecular imaging using second generation translocator protein (TSPO) 

positron emission tomography (PET) and advanced MRI sequences are used to investigate 

inflammation in the brains of MS patients. A reference tissue based approach is used to 

quantify uptake of the TSPO PET ligands, as a marker of activated microglia/macrophages. 

The TSPO PET brain signal in extra-lesional white matter (so-called “normal appearing white 

matter” or NAWM) and individual WML of MS patients are evaluated with two TSPO 

radioligands, [
11

C]PBR28 and [
18

F]PBR11, and compared with a group of healthy volunteers. 

Individual lesions are classified based on TSPO binding to test whether heterogeneity of 

microglial/macrophage activation in lesions could be detected in vivo in a way analogous to 

histopathological studies in MS brains. An exploratory analysis is performed of the 

relationships between [
11

C]PBR28 binding and the putative astrocyte marker [myo-inositol] 

using single voxel proton magnetic resonance spectroscopy (MRS). Finally, a longitudinal 

analysis is performed to explore how differences in baseline [
11

C]PBR28 binding relate to 

future changes in WML and brain volume changes after 1 year. 

TSPO binding was higher in the MRI NAWM for both second generation radioligands 

than in the white matter of healthy volunteers. Both radioligands demonstrated considerable 

heterogeneity in TSPO binding in NAWM and between lesions in the patients. When 
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considering the lesions individually, lesions with diffusely high TSPO radioligand uptake 

were seen in all disease stages and treatment groups. This indicates that second generation 

TSPO PET imaging detects a range of active inflammation not detected by conventional MRI 

in MS patients and that the inflammation is ongoing at all disease stages and may not be 

completely suppressed even in patients on the most efficacious treatments with good clinical 

control of symptoms. In the exploratory analysis of MRS [myo-inositol] and PET 

[
11

C]PBR28 uptake, there was no correlation between the two measures for the whole cohort 

of MS patients. This is consistent with the notion that changes in the two measures are related 

to distinct processes or to elements of a common process with different time courses. In the 

longitudinal analyses, NAWM and WML [
11

C]PBR28 binding at baseline was correlated to 

enlarging T2 lesion volume change after 1 year, driven by the subgroup of relapsing remitting 

MS patients (RRMS). Baseline white matter TSPO binding was associated with the 

longitudinal brain atrophy changes in the secondary progressive MS (SPMS) subgroup of 

patients. These observations together suggest that during the earlier disease microglial 

activation may contribute to greater neuroaxonal loss locally in and around lesions, while in 

the later stages of disease, brain innate immune inflammation becomes more diffuse and 

contributes to global neurodegeneration. These findings were combined into a single 

multimodal model where baseline MRI and [
11

C]PBR28 binding independently contribute to 

the description of the subsequent enlarging T2 lesion volume changes after 1 year. 
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CHAPTER 1. Background 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating condition of the central 

nervous system (CNS) (Zajicek and Compston, 1995). It is characterised clinically by acute 

episodes of neurological disability (relapses), which often develops into a course of 

irreversibly worsening disability (progression). Expanded Disability Status Scale (EDSS) is 

the most widely used disability measure in MS. EDSS can detect change in clinical severity, 

where approximately 50% of people with MS have a change in EDSS after a year, although 

people with EDSS above 6.5 or below 1.5 change more slowly (Hohol et al., 1999; Ravnborg 

et al., 2005; Meyer-Moock et al., 2014).  

Microglia in MS 

A hallmark of MS is the presence of white matter demyelinating plaques, characterised by 

variable levels of perivascular lymphocytic and macrophage infiltration, astrogliosis, 

demyelination, remyelination and neuroaxonal loss. The importance of T and B cell 

lymphocytes in neuronal injury has been demonstrated by numerous pre-clinical studies, 

leading to development of efficacious disease modifying treatments in current use which 

reduce relapse frequency by suppressing the overall effects of lymphocyte activation in the 

brain (Williams et al., 1994). As well as lymphocytes, innate immune cells (macrophages and 

activated micrglia) are commonly found in MS white matter lesions, particularly in early 

acute lesions post-mortem (identified by the presence of early myelin breakdown products 

within these cells, such as myelin oligodendrocyte glycoprotein (MOG) and myelin- 

associated glycoprotein [MAG] ) (Popescu et al., 2013a).  

The formation of white matter lesions is associated with early breakdown of the blood 

brain barrier with the influx of lymphocytes (particularly T cells) and monocytes, involving a 

complex interplay between the adaptive immune system and innate immunity, resulting in a 

pathological cascade of inflammation, perivascular infiltrates associated with injury to 



 18 

neurons (Hoglund and Maghazachi, 2014). With longer disease duration and progressive 

forms of the disease, lesions become hypocellular at their core (so-called chronic lesions) 

with a subset of these lesions showing a peripheral rim of activated macrophages and 

microglia (Popescu et al., 2013a). Microglia in their ‘resting state’ are thought to have 

diverse functions in the healthy brain, but they become activated under a range of 

pathological conditions and disease states, including MS, where they undergo morphological 

changes into an amoeboid shape and in effecting actions as resident CNS innate immune cells 

(Thomas, 1992). Activated microglia are indistinguishable morphologically from 

macrophages, which form part of the innate immune cells of the peripheral immune system 

(Gandhi et al., 2010). The patterns of macrophage/microglial activation in and around MS 

lesions have been demonstrated long after recovery of the blood brain barrier, indicating a 

persisting compartmentalized innate immune reaction in the CNS (Kutzelnigg et al., 2005).  

The activated innate immune cells have been classically polarised into a pro-inflammatory 

cytotoxic (M1) or anti-inflammatory reparative (M2) phenotypes. Evidence that this innate 

immune response is contributing to neuronal injury comes from a number of preclinical and 

post mortem studies (Zajicek et al., 1992; Ulvestad et al., 1994; Lehnardt et al., 2002; 

Reichert and Rotshenker, 2003; Hametner et al., 2013). However, both phenotypes have been 

demonstrated in post mortem MS lesions and approximately 70 % of infiltrating monocytes 

and activated microglia express both M1 and M2 markers, indicating that an intermediate 

phenotype is the most common (Vogel et al., 2013). The concept of M1 and M2 polarization 

is now actively questioned, as microglia appear to have a complex array of overlapping 

markers that can be dynamically and reversibly expressed under various conditions with 

overlapping functions which are only beginning to be unravelled now (Ransohoff, 2016). 

In extra-lesional white matter (so-called normal appearing white matter or NAWM), 

diffuse microglial activation, as well as clusters of activated microglia in the absence of 
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lymphocytic activation or blood brain barrier breakdown have been demonstrated in MS post 

mortem (Allen et al., 2001; De Groot et al., 2001). As was found in white matter lesions, both 

pro-inflammatory and anti-inflammatory markers were found in activated microglia in the 

NAWM from both post mortem and biopsy specimens (van Horssen et al., 2012; Singh et al., 

2013). In the biopsy specimens, microglial clusters spatially associated with demyelinating 

and degenerating axons were demonstrated (Singh et al., 2013). An in vitro functional study 

of microglia isolated from NAWM of post mortem MS brains found activated microglia were 

anti-inflammatory (Melief et al., 2013). Together, these findings suggest that 

compartmentalised innate immune activation in MS is a dynamic process, which may be 

associated with reparative as well as injurious processes in the brain (Figure 1). It is not clear 

in vivo whether either process dominates overall in MS patients or whether there is a 

dependence on other factors, such as the stage or duration of disease. 

Predicting disease progression  

Conventional MRI 

The combination of focal and diffuse inflammation, particularly mediated by CNS innate 

immune cell population of microglia, neurodegeneration and remyelination failure are 

thought to be the pathophysiological substrates underlying disability progression in MS 

(Franklin and Ffrench-Constant, 2008; Mahad et al., 2015). Our undertstanding of the 

pathophysiology of innate immune activation and its relationship to neurodegeneration in the 

MS brain is mainly limited to post mortem studies, as the brain is not routinely biopsied and 

there is no good animal model of MS. MRI is the most widely used noninvasive technique to 

probe in vivo brain pathology.  
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Figure 1. Schematic summary of some of the diverse roles of activated microglia. The 

left hand side processes (orange) are thought to be associated with neuroaxonal injury 

in multiple sclerosis, whereas the right hand processes (cyan) appear to be involved in 

tissue repair (Rawji and Yong, 2013). OPCs=oligodendrocyte precursor cells.  

Conventional MRI (cMRI) has a central role in standard clinical practice in the diagnosis 

and monitoring of MS. Conventional MRI imaging captures characteristic demyelinating 

white matter lesions (WML) as T2 contrast enhancing hyperintensities and acute 

inflammation of these lesions as enhancement of the T1 weighted imaging signal after 

injection of a gadolinium contrast agent. This involves detection of white matter T2 lesions 

and T1 gadolinium enhancing lesions, which correspond closely to white matter lesions 

pathologically, and qualitative MRI measures of brain atrophy, such as relative ventricular 

size, which are used indirectly to assess neurodegeneration. At the population level there is a 
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weak to moderate correlation between these MRI measures and disability at the time of 

scanning (r=0.1- 0.48), depending on the measure and the population studied (Goodin, 2006; 

Bar-Zohar et al., 2008). With longer term follow-up, for RRMS patients at the population 

level, when MRI detected new/enlarging T2 WML and brain atrophy are combined into a 

single model, stronger relationships (R
2
=0.72-0.75) have been found to future disability 

progression (Sormani et al., 2011a; Popescu et al., 2013b). 

This clinical-radiological mismatch or paradox may be partially explained by several 

limitations of cMRI. It has limited specificity for the various pathological substrates of MS, 

such as inflammation, oedema, axonal loss, demyelination, remyelination and gliosis (Mallik 

et al., 2014). cMRI does not quantify the extent of damage in NAWM and in grey matter 

(Barkhof, 2002). There is great variability in clinical expression of MS plaques and other 

pathological processes in different anatomical locations and compensation by cortical 

adaption (Pelletier et al., 2009; Mostert et al., 2010; Costello, 2013). Finally, another cause of 

this discordance could be the limitations of the Expanded Disability Status Scale (EDSS). 

They include incomplete coverage of CNS domains and, particularly for lower EDSS, 

observer bias and underrepresentation of neuropsychological measures (Cohen et al., 2012). 

Newer MRI techniques 

Some of the newer MRI techniques offer the potential of improving monitoring of 

progression of this condition. These include MTR (magnetisation transfer ratio), DTI 

(diffusion tension imaging) and tractography as measures of demyelination and axonal loss in 

NAWM and grey matter (Filippi et al., 1999; Schmierer et al., 2007; Moll et al., 2011), 

measures of regional and global atrophy (Pagani et al., 2005; Jasperse et al., 2007; Fisniku et 

al., 2008; Popescu et al., 2013b) and functional MRI (Rocca et al., 2009). Although these 

techniques improve the detection of pathology over cMRI in NAWM and grey matter, they 

still lack specificity in distinguishing inflammation, demyelination and neuronal loss. Proton 
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magnetic resonance spectroscopy (MRS) is an imaging technique that can quantify a number 

of metabolites. Two of these, which have been studied extensively in MS, are N-acetyl 

aspartate (NAA), which is synthesized in the mitochondria of neurons, and myo-inositol, 

which is synthesised almost exclusively in glial cells, mainly astrocytes (Brand et al., 1993; 

Bitsch et al., 1999). Reduced concentrations of NAA are associated with neurodegeneration 

in MS and myo-inositol has been found to be increased in MS compared to healthy controls, 

suggesting glial activation and proliferation (Fu et al., 1998; Bitsch et al., 1999). 

PET imaging  

Background 

PET allows molecular imaging in vivo from which estimates of receptor concentration in 

tissue can be derived without altering the function of the receptor by using tracer 

concentrations of suitable positron emitting ligands (Eriksson et al., 1990). PET imaging 

involves reconstruction of an image of the tissue of interest based on the distribution of an 

exogenously administrated positron-emitting reporter molecule that interacts, ideally 

selectively, with the target. The collision of an emitted positron with a local electron produces 

two high energy photons that travel antiparallel (180
0
) to each other. Scintillation detectors 

can detect these annihilation events as coincidental photons.  

Absorption of the high energy anti-parallel photons, known as attenuation, and scattering 

of these photons, which are both phenomena most marked at the centre of the field of view 

and within tissues of high density, non-linearly reduce the detection of true coincident 

photons and degrades the quality of the PET images (Eriksson et al., 1990). The most widely 

used method to correct for attenuation is a transmission CT scan, which is incorporated into 

the gantry of the PET scanner, so both scans can be performed in the same scanning session. 

This transmission scan performed is used to generate an attenuation map of density 

differences throughout the scanned region. By scaling the attenuation coefficients derived 
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from absorption of the lower energy photons of the CT X-rays (100-140 keV) to reflect the 

attenuation of the high energy 511 keV photons, an attenuation corrected image is obtained 

(Sossi, 2007). The timing and spatial distribution of the incident photons combined with 

attenuation correction, modeling radioactive decay of the PET radioisotope labeled 

compound and the signal detection properties of the scanner are then used to reconstruct an 

image, which can be interpreted in terms of the anatomical distribution and density of the 

target molecule (Eriksson et al., 1990; Jacobs et al., 2003). Nevertheless, a number of factors, 

such as the practically achievable detector array densities, subject movement during scanning 

and the need for positrons to travel from their origin to a local annihilation event, currently 

preclude an effective linear spatial resolution greater than ~ 4- 6 mm (Jacobs et al., 2003).  

Kinetic modelling of radioligand receptor binding 

The standardised uptake value (SUV) is the most widely used measure to quantify PET tracer 

binding in clinical practice. It is an index of tracer uptake in a tissue region of interest 

normalized to the injected dose of the tracer and a normalisation factor related to whole body 

distribution of the tracer (such as body mass or body surface area). This is a semi-quantitative 

measure widely used for some tracers, such as [
18

F]FDG, to measure glucose metabolism in 

tissues. However, many technical and biological factors other than the molecular process 

being investigated, can affect SUV, which has limited its use for many tracers (Boellaard, 

2009). SUV is affected by a number of biological processes, including, inter-individual 

variability in radioligand uptake time, metabolism and excretion. Technical factors also affect 

SUV and these include the SUV normalisation method (body weight, lean body mass, or 

body surface area), scanner variability, the method for attenuation correction, the image 

matrix size, the amount of image smoothing and FOV size. 
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Ligand binding to a specific receptor can be quantified in vitro at equilibrium at different 

concentrations of a ligand using a derivation from the Michaelis-Mentin formula: 

              B/F=Bmax/(KD+F)     (1) 

When F<<KD,  (1) approximates to:  

    B/F=Bmax/KD=BP     (2) 

where BP=binding potential; B=concentration of bound ligand; F=free concentration of 

ligand; Bmax=receptor concentration; KD=dissocation constant (concentration of free ligand 

required to bind half the available receptors). 

KD for a given temperature and ligand/receptor is unchanged, so under these conditions BP 

can be used as a measure of Bmax, the receptor density. This relationship can be linearized to 

generate a Scatchard plot, which is used to plot the ratio of bound to free ligand against 

bound ligand to derive in vitro measures of total receptor concentration (Bmax) and KD (Figure 

2): 

     B/F=(-1/ KD)*B + Bmax/KD     (3) 

 

 

 

 

 

 

Figure 2. Scatchard plot demonstrating linear relationship between free and bound 

ligand concentration as described in the text. 

 

Bmax 
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Estimates of receptor density in vivo with SPECT studies of equilibrium binding of a 

radioligand have been validated with respect to the in vitro measures of binding potential 

(Laruelle et al., 1994). However, often this approach is not practical for human studies, as 

this requires a constant infusion of a radioligand that has binding characteristics that favour 

rapid equilibration. Earlier the receptor concentration was derived from equilibrium 

measurements of free and bound ligand. Equilibrium is dynamic for a reversibly binding 

ligand to a receptor, which can be related to kinetic rate constants: 

 

    

where L=free ligand concentration; R=unbound receptor concentration; LR=bound ligand-

receptor concentration; kon=the kinetic rate constant for the rate of association of the ligand 

with the receptor; koff= the kinetic rate constant for the disassociation rate of the ligand from 

the receptor 

At equilibrium:    

                              kon*[L]*[R]= koff*[LR]       (4) 

where koff/ kon is defined as KD (koff/ kon= KD). 

 

From (2) and (4) above:   

                     Bmax= BP*(koff/ kon)         (5) 

 

Therefore, in this in vitro example, estimating the ratio of kinetic rate constants and another 

constant (BP) can be used to determine receptor density. This principle, combined with 

compartmental kinetic modelling of the detected signal to account for the transfer of 

radioligand across compartments into the tissue of interest, is used in vivo to estimate kinetic 

L+R LR 

koff

L+R  

kon

L+R  
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rate constants, and hence estimate radioligand PET binding to receptors in bolus injection 

PET studies where equilibrium is not reached (Gunn et al., 2001). This is summarised in 

Figure 3. In brief, a measured input function, typically a plot of measured radioactivity at 

different time points during the scan (the time activity curve or TAC) from arterial plasma 

corrected for radiometabolites, is convolved with a kinetic compartmental model to obtain the 

best fit of the TAC of the tissue of interest, to give estimates of available receptor 

concentration. This generally gives more physiologically accurate and precise measures of 

receptor availability in tissue regions of interest than SUV (Rizzo et al., 2014). It is not 

possible to estimate available receptor density in vivo directly and the displaceable 

concentration of a radioligand in tissue is not easily obtained, typically requiring ligand 

infusion protocols (to equilibration) or blocking studies, as discussed earlier. Instead, for 

bolus experiments, total volume of distribution (VT) or binding potential (BPND) of a 

radioligand are measured, which have been shown to reflect available receptor density (Gunn 

et al., 2001). 

            BPND = fND*(Bavail/KD)    (6) 

where fND is the fraction of ligand freely dissolved in tissue and Bavail is the available receptor 

concentration (as some receptors may be occupied by endogenous ligands in vivo) 

      VT = fp*(Bavail/KD)+VND       (7) 

where fp is the plasma free fraction of ligand in plasma and VND is the volume of distribution 

of the ligand that is non-displaceable (which is assumed in practice to be a constant). 
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Figure 3. A schematic summarising the principal steps of obtaining a parametric voxel-

wise image map of the binding potential (BPND) of a radioligand from the time activity 

curves (TAC) of detected radioactivity from brain regions of interest (ROI) or voxels 

and the arterial input function combined with compartmental modelling. 
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Translocator protein  

Background 

The 18-kDa mitochondrial translocator protein (TSPO), formerly known as the peripheral 

benzodiazepine receptor, is ubiquitously expressed peripherally and in the CNS. TSPO is a 

transmembrane protein composed of five α helices forming a channel-like structure located in 

the outer mitochondrial membrane. Protein structure data from mouse and bacterial TSPO 

studies suggest that this helical conformation could have a key role in its function (Murail et 

al., 2008; Korkhov et al., 2010). TSPO is richly expressed in steroidogenic cells and has been 

thought to have functions in cholesterol transport into mitochondria, as well as regulating 

mitochondrial respiration through its association with a number of other mitochondrial 

membrane proteins (Figure 4) and having more widespread roles in regulating cell 

proliferation and differentiation (Venneti et al., 2006). However, a transgenic knockout 

mouse model for TSPO (tspo -/-) showed no effect on cholesterol transport or synthesis, but 

there was reduced ATP synthesis and oxygen consumption in microglia from tspo -/- mice, 

suggesting that the in vivo physiological functions of TSPO in the absence of disease or 

injury are more subtle and not essential for survival (Banati et al., 2014). 

TSPO and glial cells: preclinical studies 

TSPO expression is low in healthy brain tissue (Gavish et al., 1999; Batarseh and 

Papadopoulos, 2010). However, after CNS injury, glial cells proliferate, hypertrophy, and 

undergo a number of biochemical changes. These changes have been thought to include 

increases in TSPO binding sites (Schoemaker et al., 1983). Astrocytes in primary culture 

possess a high density of TSPO (Bender and Hertz, 1985). In vivo small animal studies 

demonstrated that TSPO co-localised to the activated astrocyte specific marker glial fibrillary 

acidic protein (GFAP) and “phagocytic cells” (acid phosphatase +) after injection of various 
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cytokines into the striatum (Bourdiol et al., 1991) or in a rat ischaemia model (Benavides et 

al., 1990).

 

Glial cell or neuron TSPO
ligand

VDAC
TSPO

Mitochondrion

ANT

 

Figure 4. The 18-kDa translocator protein (TSPO) is localised to the outer 

mitochondrial membrane, where it associates with the voltage dependent anion channel 

(VDAC) and the adenine nucleotide transporter (ANT) (Rupprecht et al., 2010).  

These early studies were taken to indicate that TSPO was expressed mainly in astrocytes, 

although microglia were not specifically tested. A number of animal models have been 

developed in an attempt to replicate pathophysiological aspects of MS and some of the 

clinical features. Experimental autoimmune encephalitis (EAE) is a model based on 

pathophysiology resulting from autoimmune T cells primed in various ways against myelin. 



 30 

In EAE models, TSPO autoradiography showed specific binding to TSPO in the spinal cord 

that corresponded to the distribution of activated microglia, but not astrocytes (Abourbeh et 

al., 2012; Xie et al., 2012; Mattner et al., 2013). The in vivo [
11

C]PK11195 signal tracked the 

time-course and distribution of the binding measured histopathologically with [
3
H]PK11195 

autoradiography (Chen et al., 2004). In contrast, in a cuprizone diet induced demyelination 

and remyelination mouse model, [
3
H]PK11195 co-localised with activated microglia in the 

early demyelination phase and then both microglia and astrocytes late during the later 

remyelination phase (Chen et al., 2004).  

Taken together, findings from pre-clinical studies would appear to show that the TSPO 

signal can represent both microglial and astrocyte activation with varying relative 

contributions, depending on the animal model of MS and timing after onset of the 

pathological process. Similar marked differences in the localisation of TSPO to either 

activated astrocytes or microglia have been found between various animal models of a range 

of CNS pathologies (Stephenson et al., 1995; Kuhlmann and Guilarte, 2000; Hannestad et al., 

2012; Lavisse et al., 2012). 

TSPO as a marker of activated microglia in MS  

The pre-clinical studies discussed in the previous section on TSPO distribution and its 

relationships to activated glial cell populations indicate that TSPO can be a marker of either 

or both activated astrocytes and microglia. This has been supported by evidence from post 

mortem histopathology from a number of different CNS conditions (Venneti et al., 2006; 

Venneti et al., 2008; Cosenza-Nashat et al., 2009). However, MS is a CNS condition in 

humans only. Animal models of MS that have been developed that reproduce some aspects of 

MS, and these models lack the chronicity of human disease. 

Microglial proliferation is a prominent feature at all stages of MS and the focus of the 

current work is to gain greater understanding of how microglial activation in vivo relates to 
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disease in MS patients. So elucidating how TSPO expression relates to the distribution of 

activated astrocytes and microglia and whether it distinguishes between these two glial cell 

populations would provide additional ways to study astrogliosis, and potentially specifically 

microglial activation, in MS. 

Post mortem studies of MS brains have shed some light on how TSPO expression relates 

to glial activation. In two studies, it was found that TSPO expression corresponded to 

microglial activation around white matter plaques in MS brains (Vowinckel et al., 1997; 

Cosenza-Nashat et al., 2009). In a comprehensive post mortem study of brains from ten MS 

patients (2 RRMS, 5 SPMS, 3 PPMS), using a combination of autoradiography with TSPO 

ligands, blocking TSPO with unlabelled ligand, and quantitative immunohistochemistry for 

microglia and astrocytes, activated microglia were found to correlate strongly with TSPO 

expression, but there was no association of TSPO with astrocyte distribution (Venneti et al., 

2009). These findings would indicate that TSPO expression appears to be relatively 

specifically associated with microglial activation in MS patients. 

TSPO PET imaging  

TSPO ligands 

In the earlier sections, evidence was discussed showing that TSPO appears to be relatively 

specifically expressed at high levels in activated microglia in MS (Cosenza-Nashat et al., 

2009; Venneti et al., 2009). PET imaging provides a way of quantifying the density of a 

target molecule in vivo using kinetic modelling of the detected signal from a radioligand in 

the tissue of interest, ideally specific for the target. Therefore, it follows that radioligands 

specific for TSPO offer the possibility of mapping microglial activation of MS patients in 

vivo. This has opened the window to investigate possible roles of the CNS innate immune 

reaction in a way not possible with MRI.  
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The main endogenous ligands for TSPO are cholesterol and porphyrins, which show 

nanomolar and micromolar affinities for the TSPO, respectively (Snyder et al., 1987; 

Papadopoulos, 1998). One of the first synthetic TSPO ligands produced, PK11195, which has 

nanomolar affinity for TSPO in vitro (Le Fur et al., 1983; Benavides et al., 1990). This ligand 

has been radiolabelled with [
11

C] to make it suitable for PET studies and is the most widely 

studied TSPO PET ligand. However, PET studies using [
11

C]PK11195 are limited by 

relatively low signal to noise ratio in vivo due to a number of factors, in particular low 

affinity for TSPO and high non-displaceable binding (Shah et al., 1994). Together these 

factors limit accurate quantification of the brain specific binding of [
11

C]PK11195. 

There has therefore been considerable interest in developing new TSPO radioligands with 

higher affinity binding for TSPO and low non-displaceable binding compared to 

[
11

C]PK11195. Approximately 50 alternative radioligand candidates have emerged pre-

clinically (Chauveau et al., 2008). These so-called “second generation” tracers have 

improved binding characteristics in vitro over the first generation tracer [
11

C]PK11195 

(Rupprecht et al., 2010). The highly specific binding and relatively low non-displaceable 

binding of these second generation TSPO radioligands have been confirmed for some of 

these compounds in vivo by blocking of TSPO with unlabelled drugs in nonhuman primates 

([
11

C]AC5216 (Zhang et al., 2007); [
11

C]PBR28 (Kreisl et al., 2010); [
11

C]PBR28 (Brown et 

al., 2007); [
18

F]PBR06 (Dickstein et al., 2011)).  

The apparent signal to noise ratio in initial studies using second generation ligands was 

lower than expected from in vitro studies (Liu et al., 2014). A single nucleotide 

polymorphism (rs6971) in exon 4 (at the 147 position) of the tspo gene, resulting in a 

nonconservative substitution of threonine for alanine in the fifth transmembrane domain of 

the TSPO protein, was subsequently uncovered that affects affinity of these second 

generation radioligands for TSPO in humans (Owen et al., 2012; Kreisl et al., 2013). 



 33 

Approximately 50% of Caucasians bind second generation TSPO ligands with high affinity 

(HABs) and 10% bind with low affinity (LABs). The remaining 40% are heterozygotes 

(mixed affinity binders (MABs)) and express both HAB and LAB binding sites in equal 

proportion. Therefore, differences in the TSPO binding in humans result from binding class 

as well as TSPO density. Nevertheless, when accounting for differences in TSPO binding 

status in humans, second generation tracers have been found to have higher binding affinity, 

less non-displaceable binding and greater brain penetration than the first generation tracer 

[
11

C]PK11195, based on collated data in vitro, in ex vivo brain and in silico modelling(Owen 

et al., 2010; Owen et al., 2011; Guo et al., 2012; Guo et al., 2013). A study using a TSPO 

agonist (XBD173) to block binding of the second generation ligand [
11

C]PBR28 in healthy 

volunteers, directly confirmed estimates of displaceable and non-displaceable binding for this 

ligand (Owen et al., 2014).  

TSPO PET imaging of microglia in MS patients 

Evaluating regional differences in [
11

C]PBR28 in MS 

Clinical studies using the early TSPO PET tracer [
11

C]PK11195 have reported higher global 

brain uptake in MS than healthy volunteers, as well as higher uptake in brain grey matter and 

white matter (Banati et al., 2000; Versijpt et al., 2005; Politis et al., 2012). These findings 

have been replicated more recently with second generation TSPO radioligands accounting for 

TSPO binding status of individual subjects (Colasanti et al., 2014; Herranz et al., 2016).  

A diffuse increase in TSPO binding in NAWM has been demonstrated previously even in 

people with clinically isolated syndrome (CIS), individuals who have a single clinical episode 

typical of neurological symptoms and signs of an MS relapse with or without the presence of 

white matter lesions on MRI (Giannetti et al., 2015). CIS patients with higher microglial 

activity than healthy volunteers go on to develop MS after 2 years (Giannetti et al., 2015).  

T2 hyperintense WML have been reported to show variably increased or decreased TSPO 
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radioligand uptake, although gadolinium enhancing lesions, indicating relatively early acute 

lesions, do consistently show increased TSPO binding (Vowinckel et al., 1997; Banati et al., 

2000; Debruyne et al., 2003; Versijpt et al., 2005; Rissanen et al., 2014). These findings are 

consistent with the histopathological findings in post mortem MS brains discussed earlier, 

best illustrated by chronic lesions with low levels of activated microglia at their core and 

active lesions which are associated with a high density of microglia (Lucchinetti et al., 2004). 

A summary of the TSPO clinical studies in MS patients to date is given in Table 1. A 

confounder to interpretation of the PET literature more generally is that different 

investigators have used both different radioligands and different analytical methods. This 

means that quantitative results are not directly comparable. In some instances, even 

qualitative conclusions may be difficult to compare confidently. No attempt to test directly 

for the consistency of results obtained with different radioligands has yet been made.  

Regional [
11

C]PBR28 as a predictor of future outcome in MS 

MRI measures of the number of new and enlarging T2 white matter lesions combined with 

annualized whole brain atrophy rate explain a proportion of the future disability progression 

in MS patients (Sormani et al., 2011b; Popescu et al., 2013b). The association of microglia 

pathophysiologically with white matter plaques and degenerating neurons discussed in the 

earlier sections raises the possibility that TSPO PET measures of microglial activation will 

explain an additional component of future disease progression. Although moderate 

correlations have been found between baseline EDSS and TSPO binding in cortical grey 

matter and white matter (Politis et al., 2012; Colasanti et al., 2014; Giannetti et al., 2014; 

Herranz et al., 2016), these findings need to be interpreted with caution, as disability 

measures reflect the summary impact of relevant injury to date, whereas the PET measures 

are determined by inflammatory activity only at the time of the scan.
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   Table 1. Clinical TSPO PET imaging studies in multiple sclerosis patients 

Publication 

Date 
Reference TSPO PET ligand 

Study 

population 

(n) 

PET endpoints Main findings 

October 

1997 

Vowinckel 

et al.  

[
11

C]PK11195 

(racemic mixture) 

RRMS (2) Visual assessment summed 

images; post mortem MS 

brains ([
3
H]PK11195 

autoradiography; anti-CD68 

for activated microglia and 

macrophages) 

 

SUV increased in gadolinium enhancing lesion  

Increased [
3
H]PK11195 binding at periphery of post mortem lesions 

co-localised with activated microglia/macrophages 

June 2000 Banati et 

al. 

[
11

C]PK11195 RRMS (8) 

SPMS (1) 

PPMS (1) 

BPND (supervised clustering 

method, SRTM); post mortem 

MS brains ([
3
H]PK11195 

autoradiography; oil red O 

stain for lipid-laden 

macrophages; anti-EMB11 for 

activated microglia and 

macrophages) 

 

Higher BPND in MS thalamus and brainstem than HV, and 

asymmetrical  

Heterogeneous signal in T2 and T1 lesions; higher signal in 

gadolinium enhancing lesions; T1 hypointense lesion (excluding 

black holes) BPND correlated with EDSS 

 

May 2003 Debruyne 

et al. 

[
11

C]PK11195 RRMS (13) 

SPMS (7) 

PPMS (2) 

"Normalised uptake value": 

ratio counts per unit volume 

ROI to grey matter 

 

No differences in uptake between MS and HV 

Higher signal in two acute lesions (one gadolinium enhancing)  

NAWM signal higher in progressive disease than RRMS 

 

 

 



 36 

   Table 1 (Continued) 

 

Publication 

Date 
Reference TSPO PET ligand 

Study 

population 

(n) 

PET endpoints Main findings 

April 2005 Versiipt et 

al. 

[
11

C]PK11195 HV (8) 

RRMS (13) 

SPMS (7) 

PPMS (2) 

Mean activity per volume 

unit in ROI divided by 

activity in cortical grey 

matter 

 

NAWM [
11

C]PK11195 uptake increased with the amount of atrophy  

T2-lesional uptake values negatively correlated with brain atrophy 

 

January 

2008 

Vas et al. [
11

C]PK11195 

[
11

C]vinpocetine 

RRMS (4)  

 

BPND (Logan method; 

cerebellum pseudo-reference) 

[
11

C]vinpocetine higher BPND regionally and globally than 

[
11

C]PK11195 

Highest BPND around white matter tracts disrupted by plaque 

 

September 

2011 

Oh et al. [
11

C]PBR28 HV (7) 

RRMS (10) 

SPMS (1) 

VT/fp (Logan method) Global TSPO binding increased with disease duration 

Ratio of white matter to grey matter TSPO binding in MS > HV 

Increased binding in gadolinium enhancing lesion 

June 2012 Ratchford 

et al. 

[
11

C]PK11195 

Longitudinal 

treatment study  

RRMS (9) 

 

BPND (Logan method; 

cerebellum pseudo-reference) 

Significant decrease in BPND after 1 year on glatiramer acetate  

Most pronounced decrease in BPND with treatment was in whole 

cortex  

BPND also decreased in white matter, but not in T2 lesions or 

thalamus 

August 

2012 

Politis et 

al. 

[
11

C]PK11195 HV (8) 

RRMS (10) 

SPMS (8) 

BPND (supervised clustering 

method, SRTM) 

Grey matter and white matter BPND higher in MS (SPMS>RRMS) 

than HV; RRMS higher BPND in a number of cortical regions, with 

additional regions of higher BPND in SPMS; grey matter BPND 

correlated with EDSS (stronger correlation in SPMS) 

April 2013 Takano et 

al. 

[
18

F]FEDAA1106 HV (5) 

RRMS (9) 

VT (2TC); BPND (2TC used to 

estimate k3/k4) 

No difference between healthy volunteers and MS  

VT and BPND could not be obtained from MRI lesions because too 

noisy 
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Table 1 (Continued) 

 

Publication 

Date 
Reference 

TSPO PET 

ligand 

Study 

population 

(n) 

PET endpoints Main findings 

February 

2014 

Giannetti 

et al. 

[
11

C]PK11195 RRMS (10) 

SPMS (8) 

PPMS (1) 

BPND (supervised clustering 

method, SRTM) 

BH present in all patients (no difference between RRMS and 

progressive) 

76% BH had [
11

C]PK11195 binding; [
11

C]PK11195 positive BH 

positively correlated to EDSS (patients with progressive disease only) 

 

April 2014 

 

Rissanen 

et al. 

 

[
11

C]PK11195 HV (8) 

SPMS (10) 

DVR (supervised clustering 

method, Logan) 

Lower DVR in white matter plaques and white matter of HV than 

NAWM of SPMS patients 

Increased peri-plaque DVR in 57 % of lesions and focal areas of 

increased DVR in NAWM; high DVR in core of gadolinium 

enhancing lesions 

 

June 2014 Colasanti 

et al. 

[
18

F]PBR111 RRMS (11) 

 

VT (2TC; also Logan method)  

DVR (VT (ROI)/VT (NLHM)) 

Higher VT in T2 lesions (and trends towards higher VT in non-

lesional  

White matter of MS patients) than white matter of HV 

Heterogeneous binding in lesions, peri-lesional volumes and NAWM 

Higher DVR in lesions than NLHM white matter 

MSSS correlated with VT in lesions 

 

January 2015 Giannetti 

et al. 

[
11

C]PK11195 HV (8) 

CIS (18) 

BPND (supervised clustering 

method, SRTM) 

BPND higher in NAWM and central grey matter of CIS than HV 

NAWM BPND higher in CIS with T2 lesions than without 

CIS with higher NAWM BPND developed MS after 2 years 

December 

2015 

Colasanti 

et al. 

[
18

F]PBR111 RRMS (13) 

 

VT (2TC)  

DVR (VT (ROI)/VT (cortex)) 

Higher hippocampal DVR in MS than HV  

Hippocampal DVR correlated with Beck Depression Inventory score  
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   Table 1 (Continued) 

 

Publication 

Date 
Reference 

TSPO PET 

ligand 

Study 

population 

(n) 

PET endpoints Main findings 

November 

2016 

Datta et al. [
11

C]PBR28 RRMS (16) 

SPMS (7) 

DVR (Logan method, 

caudate pseudo-reference) 

[
11

C]PBR28 DVR and [myo-inositol] not associated, but at higher 

inflammatory brain load, both were positively correlated T2 lesion  

DVR negatively correlated with [NAA] and grey matter volume 

November 

2016 

Herranz et 

al. 

[
11

C]PBR28 

(PET-MRI 

scanner used) 

HV (14) 

RRMS (12) 

SPMS (15) 

SUVR (cluster analysis: 

pseudo-reference region-

NAWM of MS with 

comparable MD to HV 

WM); DVR (2TC VT ratio of 

ROI to pseudo-reference) 

 

DVR and SUVR correlated in MS and HV (adjusting for TSPO 

binding)  

DVR and SUVR higher in NAWM, cortex, CL (intracortical and 

leucocortical), hippocampus and basal ganglia in MS compared to 

HV; cortical atrophy associated with increased thalamic TSPO 

binding; EDSS positively correlated with SUVR in grey and white 

matter; SDMT z-score negatively correlated with SUVR thalamus, 

hippocampus and NAWM 

March 2017  Datta et al. 

(Datta et 

al., 2017)  

[
11

C]PBR28  

[
18

F]PBR111 

HV (30) 

RRMS (27) 

SPMS (7) 

 

DVR (Logan method, 

caudate pseudo-reference) 

Comparable patterns between two second generation radioligands: 

higher DVR in NAWM of MS than HV; DVR heterogeneous across 

individual patient NAWM and lesions; 4 types of lesion identified 

based on relative TSPO uptake; high TSPO uptake in lesions found 

in across range of disease; positive correlation between NAWM 

DVR and median T2 lesion DVR 
Abbreviations: 2TC=two-tissue compartmental model; k3/k4=ratio of kinetic rate constants exchanging between displaceable and non-displaceable tissue compartments; fp=free 

fraction of radioligand in plasma; BH=T1 black holes; BPND=binding potential (displaceable to non-displaceable binding); CIS=clinically isolated syndrome; CL=cortical lesions; 

DVR=distribution volume ratio; EDSS=Expanded Disability Status Scale; HV=healthy volunteers; MS=multiple sclerosis; MD=mean diffusivity on diffusion MRI; MSSS=Multiple 

Sclerosis Severity Score; NAWM=normal appearing white matter; NAA=N-acetyl aspartate; NLHM=non-lesional high magnetization transfer ratio (MTR) white matter; 

PPMS=primary progressive multiple sclerosis; ROI=region of interest; RRMS=relapsing remitting multiple sclerosis; SPMS=secondary progressive multiple sclerosis; 

SDMT=Symbol Digit Modalities Test; SRTM=simplified reference tissue model; SUV=standardized uptake value; SUVR=standardized uptake value ratio; TSPO=18-kDa 

translocator protein 
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There are only two studies to date in MS that have assessed how baseline PET TSPO 

relates to future outcome. One longitudinal study with [
11

C]PK11195 demonstrated that after 

1 year on glatiramer acetate, [
11

C]PK11195 binding potential decreased in whole brain, 

cortical grey matter and whole white matter (Ratchford et al., 2012). Giannetti et al. (2014) 

showed that for a subset T1 black holes in which there was [
11

C]PK11195 binding, baseline 

[
11

C]PK11195 binding was higher in SPMS who were stable or worse after approximately 2 

years compared to those who improved (Giannetti et al., 2014). 

Selection of a reference region for PET kinetic modelling of TSPO in MS 

There are a number of practical difficulties with using an arterial line, such as participant 

discomfort, clinical complications associated with an arterial line and several precisely timed 

steps determining the radioligand concentration in these samples and performing a separate 

metabolite analysis to measure the fraction of unmetabolized parent compound. Reference 

tissue based methods to quantify receptor binding of radioligands, where the reference tissue 

is devoid of displaceable binding of the radioligand, have been developed which do not 

require an arterial line use and can normalize for peripheral binding effects of a ligand (Gunn 

et al., 2001; Zhou et al., 2003). Some of the other assumptions of reference tissue methods 

are that the reference and target tissues have the same non-displaceable volume of 

distribution (VND) and that the blood volume contribution to reference and target regions is 

negligible. A simplified reference tissue models (SRTM) and modifications have been 

developed, where the reference model is simplified from a two-tissue compartmental model 

(2TC) to an one-tissue compartmental model (1TC) by assuming also that the radioligand 

used rapidly equilibrates between specific and non-displaceable compartments (Lammertsma 

and Hume, 1996; Gunn et al., 1997; Wu and Carson, 2002). These models have been shown 

to give equally accurate and more precise estimates of BPND than full 2TC models in the 

cases of some radioligands, such as [
11

C]raclopride (a D2 receptor antagonist) and [
11

C]SCH 
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23390 (a D1 receptor agonist) (Lammertsma and Hume, 1996; Gunn et al., 1997). 

Alternatively, the distribution volume ratio (DVR) of the radioligand between the tissue 

region of interest and the reference region can directly be calculated from the graphical 

linearization method developed by Logan et al. (Logan et al., 1996). The method does not 

require a compartment model structure of the data, but noisy data can give less precise 

estimates than SRTM (Gunn et al., 2002). This can be implemented efficiently with a set of 

basis functions for parametric maps of voxel-wise binding (Gunn et al., 2002). 

TSPO is expressed throughout the brain, which would appear to preclude use of an 

anatomical reference region, which is truly devoid of TSPO and therefore specific TSPO 

radioligand binding (Woods and Williams, 1996; Chen et al., 2004). However, low levels of 

specific binding within a proposed reference region are well tolerated by reference tissue 

models without affecting the reliability of the parameter estimates, although greater bias is 

introduced as levels of specific binding increase with a tendency to underestimate specific 

binding in brain regions of interest (Zhou et al., 2009; Seki et al., 2010; Salinas et al., 2015). 

In theory, any technique used to identify regions with minimal specific binding of a ligand 

can be used to identify possible reference regions. A reference tissue does not need to be a 

defined anatomical brain region. Methods have been developed for using disconnected brain 

regions and combining them as a single reference region where there is not a clearly defined 

anatomical reference region. An example of this comes with supervised cluster analysis, 

which involves ‘normalizing’ the signal in each voxel by defining a number of tissue classes 

(e.g., normal grey matter, normal white matter, specific signal, vascular) (Rissanen et al., 

2015), using standardized TAC from each of these tissue classes derived from representative 

populations, assessing the weighted contribution of a tissue class to a given voxel’s TAC and 

repeating across all voxels. A supervised clustering method has been used in [
11

C]PK11195 

to generate an idealized reference region TAC based on the average ‘normal’ grey matter 
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TAC from a population of healthy volunteers. A putative average TAC for regions with high 

TSPO was obtained from a representative disease population, e.g. basal ganglia in 

Huntington’s disease (Turkheimer et al., 2007), cortex from traumatic brain injury 

(Folkersma et al., 2011). The PET signal in each voxel is decomposed as a weighted sum of 

the population reference and disease TAC to obtain estimates of specific TSPO binding. 

Although this technique has been validated against compartmental modelling with an arterial 

input function, it has not been validated currently with a blocking study and has the potential 

limit of decomposing already noisy signals from individual voxel further to obtain parameter 

estimates. This also precludes meaningful interpretation and independent testing of the 

reference tissue in studies of pathology. 

It has previously been suggested that in MS extra-lesional white matter segmented to 

regions of high MTR based on within subject brain MTR map may represent areas of low 

specific TSPO binding and microglial activation (Moll et al., 2011; Colasanti et al., 2014). 

However, for longitudinal studies, this would create inconsistency in the reference volumes 

defined between individuals and is particularly problematic in MS where the extra-lesional 

white matter includes activated microglia and may undergo demyelination, neuroaxonal loss 

or remyelination in the interval between scans. 

The caudate nucleus has low VT for second generation TSPO ligands (Guo et al., 2014); it 

is associated with relatively low levels of microglial activation and TSPO expression 

compared to other brain regions in MS (Doble et al., 1987; Gulyas et al., 2009; Vercellino et 

al., 2009). The caudate is easily and consistently anatomically defined on longitudinal scans 

and shows relatively less change in volume over time in relapsing remitting and progressive 

forms of MS than do cerebral other grey matter volumes (Pagani et al., 2005; Eshaghi et al., 

2014).  
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Hypotheses of thesis 

1. There are consistent patterns in the distribution and relative levels of white matter 

brain inflammation in vivo in MS and healthy volunteers with two second generation 

TSPO PET tracers, [
11

C]PBR28 and [
18

F]PBR111, using the same reference tissue 

based quantification as a marker of activated microglia/macrophages. 

2. In MS there is an association in levels of co-existing activated microglia and 

astrocytes in vivo evaluated using [
11

C]PBR28 PET binding for activated 

microglia/macrophages and proton MRS [myo-inositol] to reflect primarily astrocytes. 

3. The levels of activated microglia/macrophages in MS brains measured by [
11

C]PBR28 

PET binding is associated with future changes in brain volume and in WML assessed 

after 1 year. 
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CHAPTER 2. Study design and general methods 

Subjects 

The study protocol was approved by the West Bromley Research Ethics Committee (Ref No. 

14/LO/0445). Subjects had a diagnosis of MS according to the revised McDonald criteria 

(2010) (Polman et al., 2011), with EDSS up to 7.0 and either relapsing-remitting course or a 

secondary progressive disease course and none were treated with steroids or had a clinical 

relapse within 3 months of scanning. Women who were pregnant or breastfeeding were not 

eligible to participate. All subjects gave written informed consent. I recruited 24 MS patients 

to undergo [
11

C]PBR28 PET scanning, MRI scanning and clinical assessments. 21 MS 

patients attended a follow-up visit after approximately 1 year after baseline scanning 

(median12 months, range 11-14 months), where they underwent an MRI scan (T2 FLAIR and 

T1 MPRAGE, as at baseline), clinical disability assessment (EDSS), a detailed history and 

neurological examination (including relapse history and medication history). One patient was 

lost to follow-up, one withdrew consent and one declined scanning because of side effects 

from their treatment on the day of the scheduled appointment. MS patients and healthy 

volunteers (HV) scanned with [
18

F]PBR111 and HV scanned with [
11

C]PBR28 were 

described previously (Colasanti et al., 2014; Guo et al., 2014; Owen et al., 2014). 

TSPO genotyping 

TSPO genotype was assessed using a TaqMan based polymerase chain reaction (Applied 

Biosystems® QuantStudioTM 7) assay specific for the rs6971 polymorphism in the TSPO 

gene (Owen et al., 2012). Participants having genotypes associated with low affinity binding 

were excluded (Owen et al., 2012; Guo et al., 2013).  
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Imaging methods 

MRI scanning 

MRI scans were performed on a 3 Tesla Trio scanner ([
11

C]PBR28 cohort) or a 3 Tesla Verio 

scanner ([
18

F]PBR111 cohort) both equipped with a 32-channel phased-array head coil (both 

from Siemens Healthcare, Erlangen Germany).  

Volumetric T1-weighted MPRAGE images were acquired for all subjects using a 1mm 

isotropic resolution 3D SPACE sequence, before and 5 minutes after iv gadolinium-chelate 

administration (0.2 mL/kg Gadoteric Acid, Dotarem®; TR=2300 ms, TE=2.98 ms, TI=900 

ms with 256x240x160mm FOV. Volumetric T2-weighted FLAIR images were acquired 

using a 1mm isotropic resolution 3D SPACE sequence with a 250x250x160mm FOV, 

TE=395 ms, TR=5 s, TI=1800 ms, turbo factor of 141, and parallel imaging factor of 2 in 5 

m:52 s. 

MRI image processing and definition of regions of interest  

White matter masks: WML, perilesional and NAWM 

T2 FLAIR images were rigidly registered to corresponding T1 images from the same subject 

using FLIRT (FMRIB Software Library v5.0). This applies a spatial transformation to the T2 

FLAIR with 6 degrees of freedom (3 rotations and 3 translations) to align to the reference 

image (same subjects T1 image from the same scanning session) by minimising the cost 

function (correlation ratio) based on relative differences in intensities voxels with tri-linear 

interpolation. All registrations were checked for goodness of alignment as overlaid images 

manually by myself. I manually segmented WML on the T2 images registered to TI using 

Jim software (Xinapse Systems v7). I binarised the segmented WML to create the WML 

mask, including all voxels within the segmented WML with nearest neighbour interpolation 

as part of the WML mask. Peri-lesional masks were generated by dilating the WML mask in 

3D by 6mm and subtracting the WML mask. Creation of the NAWM mask is described 
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Test-retest variability of WML segmentations 

I performed repeat segmentations of the WML for the first 6 patients between 2 to 4 weeks 

after my first WML segmentation on the same images at baseline and at the 1 year follow-up 

(12 brain images in total). This was to assess test-retest variability in the WML segmentation 

for the same technician (i.e., myself), blinded to the identity of the subject or the previous 

segmentation. Test- retest variability was expressed as the absolute difference in WML 

volume between the two segmentations divided by the mean of the volumes of the two 

segmentations for a given brain image. The median test-retest variability for the scans  

assessed was 3.4% (range 1.9% to 4.7%). I checked the quality of the overlap of lesion masks 

on the repeat segmentations by overlaying the two WML mask in different colours and all 

masks were very closely aligned. 

Brain segmentation: white matter, cortical and subcortical structures 

The WML mask was used for lesion-filling the T1 images. This function uses the WML mask 

together with the T1 image to "fill" the lesion area in the structural image with intensities that 

are similar to those in the non-lesion neighbourhood (restricted to areas of an initially 

estimated region of white matter only). Lesion-filling has been shown to improve the 

registration and segmentation of MS brains and the resultant brain tissue volumetric estimates 

(FMRIB Software Library v5.0). All lesion-filled images were checked for goodness as 

images overliad with the un-filled T1 images manually by myself. 

The T1 lesion-filled images were bias field corrected and brain extracted using BET 

(FMRIB Software Library v5.0).  Briefly, this involved estimating the centre of gravity 

(COG) of the brain/head image based on the distribution of intensities in the T1 image, 

centring a rough sphere (radius of half the estimated head/brain) on the COG, followed by 

tessellated expansion of the surface of the sphere in real (i.e., floating point) space until an 

optimum solution is achieved at the brain surface based on intensity differences between the 
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brain and CSF. The brain extracted, bias field corrected and lesion-filled T1 image was 

segmented into white matter, grey matter, cerebral cortex and cerebrospinal fluid using the 

FSL tool FAST (FMRIB Software Library v5.0) (Zhang et al., 2001; Battaglini et al., 2012). 

Briefly, this involves applying to each voxel three overlapping Gaussian models of image 

intensity distributions for each corresponding brain tissue class (grey matter, white matter and 

CSF) combined with spatial neighbourhood information (e.g., tissues of the same type are 

more likely to be next to each other than in a random configuration) to assign a probability of 

the tissue class for each voxel. To create masks of white and grey matter the segmented brain 

was thresholded to only include voxels with probability grater than 70% of a given tissue 

class then binarised to create the masks. The cortical mask was obtained by using a function 

that includes only grey matter outside the central grey matter (defined by the initial sphere 

used for the brain extraction above), which was applied to the grey matter mask (FMRIB 

Software Library v5.0).  

Finally, to create a mask of the NAWM, the WML mask was dilated by 6mm around its 

edges in 3D then subtracted from the white matter mask and the resulting mask further 

eroded by 3 mm. 

To obtain subcortical masks, the brain extracted, bias field corrected and lesion-filled T1 

image was used as an input for the FSL tool FIRST (FMRIB Software Library v5.0), which 

segmented the image into its subcortical structures (thalamus, caudate, brainstem). FIRST 

registers the input image to MNI (Montreal Neurological Institute) 1mm template and fits 

subcortical structure models to the image. The structure models are 3D meshes, using 

anatomical information on shape and intensity of the given structure based on a library of 

expert manual segmentations of healthy and diseased brains (the Centre for Morphometric 

Analysis (CMA), Boston), combined with likely modes of variation in these models from the 

populations studied. The inverse transform of the subcortical images gives the probability 
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maps of the subcortical segmentations in native space, which are thresholded above 70% 

probability and then binarised to obtain the final masks, in this case, for thalamus and caudate 

nucleus. All segmentations for white matter, grey matter, cortex and subcortical structures 

and their corresponding masks, including NAWM, were checked for goodness of 

segmentation and thresholding as overlaid images on the input T1 images manually by 

myself. 

Baseline brain volumes: whole brain, grey matter and WML 

Normalised brain volumes were calculated for baseline T1 images using SIENAX (FSL 

Software Library) (Smith et al., 2002). SIENAX affine registers an individual MS patient 

lesion-filled extracted T1 brain image to MNI space by applying a registration scaling factor, 

obtained from the skull image registration to the MNI skull, to normalise for head size 

(Jenkinson and Smith, 2001; Jenkinson et al., 2002). This is primarily in order to obtain the 

volumetric scaling factor, to be used as a normalisation for head size. This is followed by 

segmentation of the T1 image in native space into tissue fractions, as described above, to 

calculate whole brain volume, as well as estimating individual tissue fraction volumes. The 

baseline WML volumes were calculated directly from the WML mask volumes with the 

registration scaling factor obtained from SIENAX applied. All these cross-sectional analyses 

were performed solely by myself. 

MRI longitudinal analyses 

All longitudinal analyses to obtain volumetric measurements were performed by 

ICOMETRIX, Belgium. In Results Chapter 5, for measurement of changes in brain volumes, 

the MsMetrix method was used (Smeets et al., 2016). In brief, the baseline and follow-up T1 

images were bias corrected, lesion filled (using the WML masks from the earlier steps), skull 

stripped, and segmented into white matter, grey matter and CSF. The two images from 
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baseline and follow-up were then registered to each other in both directions, consisting of 

rigid registrations of the whole image and brain only, as well as an affine registration based 

on the skull images to compensate for small scaling distortions. The affine-registered, lesion-

filled, bias corrected T1 images are then non-rigidly registered to each other in both 

directions, using normalised mutual information for similarity and B-splines to limit the 

degree of deformation with a two voxel final grid spacing. Finally, voxel-wise differences in 

volume from the nonlinear registration were integrated over the whole brain and grey matter 

volumes to calculate the changes in volume over 1 year between the T1 images, their 

segmentations and the WML masks at the two time points in both directions and averaged to 

give the final longitudinal volume measures (Smeets et al., 2016). The output send from 

ICOMETRX consisted of a single PDF files with a summary of the longitudinal and baseline 

volumes of whole brain and segmentations, including WML with a sample image of a brain 

slice and overlain segmentations (there is no facility currently to send us also the processed 

images). 

MRS imaging protocol 

In Results Chapter 4, an exploratory MRS analysis of brain metabolites is performed on MS 

patients recruited for this study. Single voxel MR spectroscopy was acquired in the same 

session as the other MRI sequences. A sagittal survey image was used to identify the anterior 

commissure (AC) and posterior commissure (PC). The spectroscopy voxel was positioned 

just superior to the lateral ventricles in the midline. The spectroscopy voxel measured 40 mm 

antero-posterior × 25 mm cranio-caudal × 40 mm left–right (Figure 5). The voxel was 

selected based on recommendations for use of MR spectroscopy in MS patients, with 

modification of length to accommodate the overall volume in the full study population (De 

Stefano et al., 2007). 

Proton spectra were acquired using a PRESS (Point Resolved Spectroscopy) sequence 
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(repetition time = 2000 ms, echo time = 30 ms, 96 averages, 1024 data points). Magnetic 

field homogeneity was optimised to a linewidth of ~5Hz over the spectroscopy voxel using 

the proton signal from water. Water suppression was achieved by a chemically selective 

saturation, the WET (water suppression enhanced through T1 effects) method (Ogg et al., 

1994). All analyses were performed by myself with training on the analysis methods and 

checks of the outputs provided by Dr. Ines Violante based at C3NL, Burlington Danes 

Building, Imperial College London.  

MRS analyses 

LCModel software (version 6.3 (Provencher, 1993)) was used for metabolite quantification 

applying the internal water reference method, accounting for different water content in grey 

matter, white matter and cerebrospinal fluid (Provencher, 1993). LCModel analyses the 

magnetic resonance spectrum as a linear combination of the basis set of complete model 

spectra of metabolites from a normal population library (Provencher, 1993). Only metabolites 

with Cramér–Rao bounds <20% were considered. Concentrations of NAA, myo-inositol, 

glycerophosphocholine and creatine plus phosphocreatine were used in this study. 

Concentrations in millimole (mM) units were calculated for all metabolites by the software.  

Patient and MRI system factors (such as radiofrequency receiver properties affected by 

variability of gain in the amplifiers of the receiver system, head size and position) can 

influence the resonance intensity in ways the analytical algorithm cannot account for. Our 

analysis used ‘un-corrected’ concentrations only for the same brain and the same scan 

session, when normalisation values for metabolite concentrations are identical. Otherwise, I 

used internal normalisations of metabolite concentration. Creatine and phosphocreatine are 

present in both neurons and glia. Their summed concentration, referred to as total creatine 

concentration, shows little or no change in chronic lesions or NAWM in MS (Sarchielli et al., 

1999). Total creatine concentration therefore was used as the internal ‘standard’ for 
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normalisation of signals from other metabolites from the same voxel (Figure 5). 

MTR imaging 

In Results Chapter 5, an exploratory analysis of MTR at baseline in NAWM was performed 

in relation to predicting future change in T2 lesions. To give a pseudo proton density 

weighting (PDw) image, two volumes with 1mm isotropic resolution were acquired using 

256x246x196 mm field of view, repetition time TR=27 ms, flip angle=5°, a parallel imaging 

factor of 2, 6 echoes acquired using 630Hz/pixel bandwidth with TEs every 1.95ms from 

1.95 to 11.7ms in 7m:20. Magnetization transfer weighting (MTw) was added using a 

12.24ms duration Gaussian RF pulse at 2.2 kHz off resonance with a flip angle of 540. I 

created MTR images from the PDw image and MTw image by applying the following 

formula to the two images, using the function fslmaths (FMRIB Software Library v5.0): 

 

        MTR = 100*(SPDw – SMTw)/SPDw            (8) 

where SPDw=signal from PDw image and SMTw=signal from MTw image 

 

The MTR image was rigidly registered to T1 image using FLIRT (FMRIB Software 

Library v5.0). I checked the quality that there was a good quality of registration for each 

subject between the MTR and the T1 images by overlaying both images. I applied the 

NAWM mask to the voxel-wise MTR map to obtain NAWM MTR map for each patient from 

which I computed the mean NAWM MTR for each patient, using the function fslstats 

(FMRIB Software Library v5.0). 
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Figure 5. Placement of spectroscopy voxel shown in (A) sagittal, (B) coronal and (C) 

axial image planes. (D) A parametric PET [
11

C]PBR28 distribution volume ratio (DVR) 

image overlaid with an outline of the placement spectroscopy voxel in the axial MRI 

plane corresponding to (C) is shown. The colour bar to the right of (D) provides a key to 

the voxel-wise DVR values in the parametric PET image. (E) A representative MR 

spectrum for a patient. Abbreviations: mInos=myo-inositol, Cho=choline, 

Cr+PCr=creatine and phosphocreatine, NAA=N-acetyl aspartate, ppm=parts per 

million
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PET scanning  

PET scanning (Discovery RX PET/CT scanner) was performed with a trans-axial resolution 

of 5.0 mm, and a radial resolution of 5.1 mm at 1 cm from the centre of the FOV in 3D-mode. 

[
11

C]PBR28 or [
18

F]PBR111 were injected as an intravenous bolus over approximately 20 s 

at the start of a 90 min and 120 min dynamic PET acquisitions, respectively(Guo et al., 2013; 

Owen et al., 2014).  

Injected activities for [
11

C]PBR28 ranged from 223.8- 379.6 MBq (mean +/-s.d., 325.6+/-

34.6 MBq, n=44). Injected mass for different subjects ranged from 1.16 - 8.91 μg (2.75+/-

1.64 μg). [
18

F]PBR111 was injected as an intravenous bolus over approximately 20 seconds 

at the start of a 120 minute dynamic PET acquisition. The mean injected activity was similar 

for healthy volunteers and MS patients (164.6 MBq and 169.7 MBq, respectively). 

PET data were reconstructed using filtered back projection including corrections for 

attenuation and scatter (based on a low-dose CT acquisition). For [
11

C]PBR28, the dynamic 

data were binned into 26 frames (durations: 8 x 15 s, 3 x 1 min, 5 x 2 min, 5 x 5 min, 5 x 10 

min). For [
18

F]PBR111, dynamic data were binned into 29 frames (durations: 8 x 15 s, 3 x 1 

min, 5 x 2 min, 5 x 5 min, 8 x 10 min). 

Radioligand synthesis 

Radiosynthesis and quality control were performed on site by PET radiochemists at Imanova 

Centre of Imaging Sciences (Hammersmith Hospital, London) according to the method of 

Briard et al. with modification, as previously described, obtaining radiochemical purities (for 

both [
11

C]PBR28 and [
18

F]PBR111) of > 95% (Briard et al., 2008; Fookes et al., 2008). 

Below [
11

C]PBR28 production is described in more detail. 

Cyclotron produced [
11

C]CO2 was converted to [
11

C]methyl iodide using a GE Microlab 

system (GE, Uppsala, Sweden). The [
11

C]methyl iodide was subsequently passed through a 
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solution containing 1mg of desmethyl-PBR28 in 350mL DMF, and 0.5M tetrabutyl 

ammonium hydroxide in methanol (4mL) as base. The reaction mixture was heated to 120 
o
C 

for 5 minutes, allowed to cool and diluted with high-performance liquid chromatography 

(HPLC) solvent (ammonium formate 10mmol/L: acetonitrile 57/43 (v/v), 8mL/minute) prior 

to injection onto an Agilent Eclipse XDB-C18 HPLC column (5mm, 250 9.4mm, Agilent, 

Santa Clara, CA, USA). The fraction containing [
11

C]PBR28 was collected into a vessel 

containing 20 mL water for injection before trapping onto a solid-phase cartridge (C18 

Classic SepPak, Waters, Milford, MA, USA). The cartridge was washed with water for 

injection and [
11

C]PBR28 was eluted using ethanol (1 mL) followed by saline for injection (9 

mL) through a 0.2 mm sterile filter (Pall Acrodisc, Sterile, 33 mm, 0.22 mm, Pall, Port 

Washington, NY, USA) into a sterile vial (Adelphi, Manchester, UK).  

The final product was tested using validated procedures in accordance with good 

manufacturing practices for the following: visual appearance clear, colourless and practically 

free from particles (A), pH between 4.5 and 8.5 (A), total endotoxins <175EU/dose (A), 

PBR28 mass <10 g per dose, desmethyl-PBR28 <1 mg per dose, total unknown chemical 

impurities ≤12 mg per dose (A), radiochemical purity >95% (A), radiochemical identity co-

elution with cold PBR28 (A), isotopic half-life within 10% of expected value (A), filter 

integrity pass (A), isotopic purity (no additional gamma peaks in a fully decayed sample), 

(P), residual solvents within limits set by International Conference on Harmonization Q3C 

R4 (P) and sterility confirmed (P). (A) indicates tests performed as part of the release process, 

(P) indicates tests performed as part of the post release processes. All batches used for this 

study successfully passed the specifications listed above.  

PET image and kinetic analysis 

T1 images, NAWM, WML, caudate and thalamus masks and reconstructed dynamic PET 

scans were used as inputs for the MIAKAT (Molecular Imaging and Kinetic Analysis 
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Toolbox) software (www.miakat.org) for kinetic analysis of PET data. MIAKAT is an 

automated pipeline developed on site by IMANOVA where after I set up the input images 

and the file structure (instructions provided in the user manual , as well as trouble shooting 

assistance and training from Graham Searle at Imanova and Dr. Gregory Scott, PhD student 

at Imperial College London), the subsequent steps are fully automated. In the automated 

pipeline, PET images were motion corrected using a frame-by- frame realignment algorithm, 

in which all frames were individually realigned to a reference frame and rigid registered to 

the MNI 2mm space with a mutual information cost function using SPM5 (Wellcome Trust 

Centre for Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm). These transformed four-

dimensional (4D) PET images were integrated over time to obtain 3D PET summation 

images in this ‘final’ 2mm pseudo-MNI space. The T1 MRI images and masks were also 

rigid registered and re-sliced to this pseudo-MNI space. The Clinical Imaging Centre 

Neuroanatomical Atlas (Tziortzi et al., 2011) was non-linearly deformed into the individual’s 

space, via mapping of T1-weighted MR imaging data, to obtain a personalized anatomical 

parcellation of the brain. This parcellation was used to generate time-activity curves for 

regions of interest, including the thalamus, caudate, NAWM, WML and (voxel-wise) for 

whole brain.  

In Results Chapter 4 for the exploratory analysis of the relationship between brain 

metabolites detected on spectroscopy and [
11

C]PBR28 binding, WML, NAWM and grey 

matter masks within the spectroscopy voxel only were used. The masks of WML, NAWM 

and grey matter were multiplied by the mask of the spectroscopy voxel to create the 

respective masks within the spectroscopy voxel.  

Standardized uptake values (SUV) were calculated from the time-activity curves between 

60-90 minutes for [
11

C]PBR28 and 90-120 minutes for [
18

F]PBR111 (Guo et al., 2013; Owen 

http://www.miakat.org/
http://www.fil.ion.ucl.ac.uk/spm
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et al., 2014). Transformed 4D PET images were integrated over time to obtain 3D PET 

summation images in Montreal Neurological Institute 2 mm space (Tziortzi et al., 2011).  

Methodology: quantifying TSPO binding 

Background 

Reference-based PET analyses enhance patient tolerance, as arterial blood sampling is not 

needed. [
11

C]PBR28 VT has a test-retest variability of approximately 20%, the major 

contribution to which appears to come in the blood to tissue transfer modelling (Collste et al., 

2016). Alternatively, reference based methods show less test-retest variability (5% or less) 

(Collste et al., 2016), which we previously confirmed also for [
18

F]PBR111 (Guo et al., 

2013). All of these reference-based approaches that seek to quantify TSPO binding 

technically define a “pseudo-reference” region, as TSPO is expressed throughout the brain 

(Owen et al., 2014). The measures of TSPO binding from various TSPO radioligands 

obtained from reference-based kinetic modelling vary in dynamic range or sensitivity by the 

extent and variance in radioligand uptake. However, specific binding within a proposed 

pseudo-reference region does not affect the reliability of the parameter estimates if it does not 

vary simultaneously with factors influencing the ratio of interest, although this may lead to 

underestimation of relative binding differences between ROIs (Zhou et al., 2009; Salinas et 

al., 2015).  

Selection of a reference region 

Here I used the Logan graphical reference method (Logan et al., 1996) to estimate regional 

brain distribution volume ratios (DVR) using the caudate time activity curve as the reference 

tissue input (Gunn et al., 2001). Most previous MS studies also have used reference-based 

methods (Banati et al., 2000; Debruyne et al., 2003; Turkheimer et al., 2007; Politis et al., 

2012; Rissanen et al., 2014; Colasanti et al., 2016; Herranz et al., 2016). Reference-based 

methods are strongly correlated with direct estimates of volume of distribution, VT 
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(Kropholler et al., 2006; Turkheimer et al., 2007; Colasanti et al., 2014; Herranz et al., 2016). 

Reference methods for TSPO have differed by the choice of reference tissue, broadly 

distinguished by those that use an individually variable reference, defined on the basis of 

appearing most similar to the behaviour expected for the healthy brain (Turkheimer et al., 

2007; Herranz et al., 2016) and those that are anatomically defined and selected identical for 

all subjects (Debruyne et al., 2003; Colasanti et al., 2016).   

Derived pseudo-reference regions have been used in many cases. For example, a widely 

used method of quantifying TSPO binding in MS for the first generation radioligand 

[
11

C]PK11195 uses a supervised clustering technique to derive the pseudo-reference region 

(Turkheimer et al., 2007). In this case, the pseudo-reference tissue time activity curve is 

generated from an individual brain by partitioning the noisy signal from each voxel based on 

its similarity to a population based reference time activity curve from the cortex of healthy 

volunteers (considered low signal) and the striatum of Huntington’s disease patients 

(considered high signal) to estimate the signal in brain regions of interest. Although this 

method has been validated by also quantifying binding using compartmental kinetic models, 

as the pseudo-reference method is derived, this methodology does not lend itself to 

independent histopathological assessment of this reference region in relation to anatomy in a 

straightforward way. Formal functional validation of this method using a blocking PET study 

is awaited. Also, microglial activation is heterogeneous across a population of even healthy 

cortex. The derived pseudo-reference region also varies between individuals, which 

potentially confounds interpretation further. 

I chose to use an anatomically defined pseudo-reference region, as the interpretation and 

assumptions of lack of inter-patient heterogeneity are more directly tested. I used the caudate 

nucleus because it can be defined reliably using automated segmentation methods, it has 

dimensions above the FWHM of the PET scanner and it shows relatively lower levels of 
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microglial activation in MS patients and TSPO binding relative to other brain regions (Guo et 

al., 2013). I confirmed that there were no significant differences in the caudate SUV of 

caudate between people with MS and the HV for [
18

F]PBR111 (mean ± s.d., 0.40 ± 0.11 for 

MS; 0.38 ± 0.07 for HV) and for [
11

C]PBR28 (0.60 ± 0.14 for MS; 0.66 ± 0.13 for HV). We 

directly tested the accuracy of the relative uptakes estimated from the DVR calculated with 

the caudate “pseudo-reference” region and the ratio of SUV in brain regions to the SUV in 

caudate (SUVR). I found the SUVR measures were strongly correlated with the DVR for MS 

and HV for both radioligands across different brain regions (Figure 6).

Selection of a reference model 

The original reference tissue model required estimation of 5 parameters (Blomqvist et al., 

1990; Cunningham et al., 1991), which reduces to 4 parameters with assumptions of equal 

blood-brain barrier transport in both the reference and target tissues for a radioligand with 

reversible binding to its receptor, which is the case for the TSPO radioligands used. More 

recently, the simplified reference tissue model (SRTM) has been developed (Lammertsma 

and Hume, 1996), which, by assuming rapid equilibration between displaceable and non-

displaceable compartments, only requires the estimation of three parameters: R1 (the relative 

target to reference rate of delivery of radioligand), k2 (the efflux rate constant) and binding 

potential of the radioligand to the target tissue (BPND). 
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Figure 6. Distribution volume ratio (DVR) using the Logan method with a caudate 

pseudo-reference region against standarized uptake value ratio (SUV) as a ratio of the 

SUV in caudate (SUVR) for both [
11

C]PBR28 (SUV between 60 to 90 minutes) and 

[
18

F]PBR111 (SUV between 90 to 120 minutes) across all brain regions of interest (ROI) 

analysed (thalamus, cerebellum, cortex, white matter, normal appearing white matter 

and white matter lesions). Regression lines are plotted separately for high-affinity 

binders (HAB, dashed line) and medium-affinity binders (MAB, dotted line). Separate 

plots for (A) [
11

C]PBR28 multiple sclerosis (MS) patients, (B) [
11

C]PBR28 healthy 

volunteers, (C) [
18

F]PBR111 MS patients and (D) [
18

F]PBR111 healthy volunteers. Each 

data point represents a single brain region from an individual subject. These figures 

indicate that raw SUVR measures are correlated with DVR using a caudate pseudo-

reference region for all brain regions studied, both tracers and both MS and healthy 

volunteers. 
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More rapid computation of voxel-wise maps of these parameters was made possible by the  

introduction of a basis function implementation of the kinetic modelling to estimate 

parameters (Gunn et al., 1997). However, although SRTM provides an elegant and 

computationally efficient way of estimating radioligand binding using compartmental kinetic 

modelling without an arterial line, violations of its key assumption that the non-displaceable 

and displaceable binding equilibrate rapidly in the target tissue, lead to biases (both 

underestimation and overestimation) in BPND estimates (Salinas et al., 2015).  

The distribution volume ratio (DVR) can directly be calculated from the graphical 

linearization method developed by Logan et al. (Logan et al., 1996) by using data from a 

reference region C'(t) with an average tissue-to-plasma clearance k'2. The equation derived 

(9) is: 

 

The DVR is the regression slope and the intercept int' which becomes constant after an 

equilibration time. The method does not require a compartment model structure of the data or 

the assumptions made by SRTM. This method is computationally more intensive, especially 

if parametric voxel wise images of DVR are to be obtained, although this is somewhat 

simplified by the fact that this graphical method requires linear rather than nonlinear fitting of 

the kinetic data. However, if data is very noisy, the Logan method is particularly susceptible 

to error.  

Both the Logan reference and SRTM have been used most extensively in quantitative PET 

studies of dopamine, for example using [
11

C]raclopride (D2/D3 receptor antagonist), using 

(9) 
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the cerebellum as a reference region (Fujimura et al., 2010; Yoder et al., 2011). Neither 

reference-based method has been established as superior in the quantification of TSPO 

binding of second generation radioligands in clinical PET studies. Therefore, I made 

preliminary assessments of estimated [
11

C]PBR28 binding in the MS patients using SRTM or 

the Logan reference models both with a caudate pseudo-reference region to decide on the 

model to use for this study.  

The Logan graphical reference method (Logan et al., 1996) using the caudate nucleus 

time-activity curve as the input function and model fitting performed with linear regression 

was used to estimate the distribution volume ratio (DVR) in tissue regions of interest (WML, 

NAWM, thalamus and cortex). The SRTM was applied using again the caudate TAC as the 

reference input estimate parameters to best fit the TAC for the same tissue regions of interest 

using the nonlinear least squares method (Lammertsma and Hume, 1996). Both models were 

implemented on the transformed four-dimensional (4D) PET images (described above) within 

the same MIAKAT software (www.miakat.org) for kinetic analysis of PET data. 

The dynamic range of BPND (where BPND= DVR-1) for SRTM for the regions of interest 

combined (-0.04-0.9) was less than the dynamic range of DVR obtained using the Logan 

reference method (0.7-1.84) for the same patients (n=24). Furthermore, the Logan reference 

method was better able to distinguish differences between the brain regions studied, where 

significant differences were found for all pair-wise comparisons (after correction for multiple 

comparisons), whereas SRTM only distinguished thalamus and WML [
11

C]PBR28 binding 

from the other regions (Figure 7).  

I selected the Logan graphical method with caudate as a pseudo-reference region to 

evaluate TSPO binding in MS further, because of its the greater dynamic range of TSPO 

binding and its greater ability discriminate between grey and white matter regions based on 

regional differences in TSPO binding compared with SRTM, as well as the efficiency of 

http://www.miakat.org/
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implementation of the Logan model without the need for a compartment model structure of 

the data. MIAKAT calculated DVR for each brain ROI and generated a voxel-wise 

parametric DVR map using the Logan graphical method with the caudate as the pseudo-

reference region. The individual labelled lesions masks, the corresponding peri-lesional 

masks from Results Chapter 3 and the masks for the spectroscopy voxel in Results Chapter 4 

were all applied to the PET parametric DVR image to obtain the DVR for these brain regions. 
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Figure 7. [
11

C]PBR28 binding quantified for several brain regions in MS using (A) the 

simplified reference tissue method (SRTM) and (B) the Logan reference method with a 

caudate pseudo-reference region for MS patients (n=24). NAWM= normal appearing 

white matter; WML=white matter lesions. 
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Test-retest variability of [
11

C]PBR28 in MS 

In order to find a threshold to distinguish differences in DVR between neighbouring regions, 

repeat PET scans were performed within 6 weeks in 6 of the [
11

C]PBR28 MS patients. There 

were no clinical changes in the patients in this period, as expected, and pathological changes 

are not expected within this timeframe. I assessed DVR in four brain regions (WML, 

NAWM, thalamus and cortex) for each patient (Figure 8, Bland-Altman plot). The PET 

kinetic analysis was identical to the general analysis, with all images rigid registered to the 

MNI space (“final” space).  

 

Test-retest variability was calculated as follows: 

 Test-retest variability (%)= (DVR
PET1 

- DVR
PET2

)*100    (10)   

DVRmean  

 

where  

DVR
PET1

=DVR for a given ROI in an individual patient for first PET scan; 

DVR
PET2

=DVR for a given ROI in an individual patient for second (repeat) PET scan; 

DVRmean=mean DVR of the two PET scans for a given ROI in an individual patient  

 

The mean test-retest variability in DVR between the two PET scans was 2.26 % (standard 

deviation +/- 1.45 %). The DVR test-retest variability for all regions and patients was < 5 %, 

consistent with previous findings (Coughlin et al., 2014).  

Individual lesion analysis and classification 

For the final analysis, WML with volume > 8 mm
3
 were sampled to match the full-width 

half-maximum of the PET scanner of approximately 5 mm. Based on earlier results 

(Coughlin et al., 2014) and the test-retest [
11

C]PBR28 PET data, where meaningful 
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differences in DVR were defined based on the observation that the maximum difference in 

TSPO binding across brain regions within individuals did not exceed 5% (Chapter 2), four 

classes of lesions were identified based on the presence of differences in DVR > 5% in the 

lesion core and in the peri-lesional volume relative to surrounding NAWM: high uptake 

relative to surrounding NAWM (“active lesions”); highest uptake in the peri-lesional volume 

(“peripherally active lesions”); uptake similar to the NAWM (“undifferentiated lesions”); low 

uptake (“inactive lesions”). I also did not have repeat examinations on all subjects, so 

estimated from independent test-retest estimates.  

In Results Chapter 5, for the longitudinal analysis of lesion volume changes between 

baseline and follow-up MRI scans, a personalised script was used to compare overlapping 

centroids between the baseline and follow-up individual lesion masks in pseudo-MNI 

(‘final’) space to identify new lesions and old lesions and to compute lesion volume changes 

in old lesions. 

Statistical analyses 

Statistical analyses were performed using SPSS software (IBM, SPSS v22). The one-way 

analysis of variance (ANOVA) was used to analyse the variance of between subject factors. 

Homogeneity of variance was confirmed with Levene’s test of equal variances. Post hoc 

analysis to assess differences between group means was performed with correction for 

multiple comparisons (Tukey’s honest significant difference). Descriptive statistics were 

reported as mean +/- standard deviation, unless otherwise stated. For correlational analyses, 

the Spearman’s correlation coefficient was calculated, unless otherwise stated. A p-value 

(Bonferroni corrected for multiple comparisons) of less than 0.05 was considered statistically 

significant. 
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Figure 8. Bland-Altman plot for six MS patients who had two [
11

C]PBR28 PET scans 

within six weeks of each other with no clinical changes in that period for three brain 

regions (white matter lesions, normal appearing white matter, thalamus and cortex). 

Each data point represents a single brain region from one patient (n=24). The test-retest 

variability of distribution volume ratio (DVR) between the first PET scan (“test”) and 

second scan (“retest”) was calculated for each data point as the ordinate value divided 

by the abscissa value. The mean test-retest variability in DVR between the two PET 

scans was 2.26 % (standard deviation ± 1.45 %). The DVR test-retest variability for all 

regions and patients was < 5 %. The unbroken line intersects the vertical axis at the 

mean test-retest difference in DVR; the upper and lower dotted lines intersect the 

vertical axis at the mean ± 1.96 standard deviations of the test-retest difference in DVR. 
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CHAPTER 3. [
11

C]PBR28 and [
18

F]PBR111 as measures of brain innate 

immune activation in MS  

Introduction 

The T2 lesion load in MS white matter detected with conventional MRI explains a proportion 

of the future risk of disability progression, a key endpoint in clinical trials of MS and patient 

reported outcomes (Goodin, 2006; Bar-Zohar et al., 2008). The low predictive power of T2 

lesions may partially be explained by the more diffuse inflammatory neuropathology evident 

in the white matter post mortem that appears normal on conventional MRI (Allen et al., 

2001). Individual lesions at different stages of disease and even in the same brains have been 

found to have different neuropathological inflammatory characteristics not well distinguished 

by MRI (Filippi et al., 2012). Innate immune responses involving pro-inflammatory 

microglia are associated with this inflammation (Kutzelnigg et al., 2005; Frischer et al., 

2009; Frischer et al., 2015; Mahad et al., 2015).  

As reviewed in Chapter 1, TSPO is highly expressed in activated microglia in MS, 

therefore TSPO PET imaging offers a way of probing the level and distribution of activated 

microglia in vivo of MS patients (Cosenza-Nashat et al., 2009). Clinical TSPO PET studies 

reported higher uptake in grey matter and white matter (NAWM and white matter lesions) in 

multiple sclerosis than in healthy volunteers, although the relationship of TSPO uptake across 

brain regions within individual MS brains was not reported in these studies. These findings in 

vivo were obtained using both the first generation and the higher affinity second generation 

TSPO radioligands (Politis et al., 2012; Colasanti et al., 2014; Herranz et al., 2016). While 

the observation of abnormal NAWM has been noted in a few TSPO PET studies in MS, other 

studies have even failed to show differences in TSPO PET signal between the brains of MS 

patients and healthy volunteers (Debruyne et al., 2003; Politis et al., 2012; Takano et al., 

2013; Colasanti et al., 2014; Rissanen et al., 2014). Furthermore, WML showed variably 
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increased or decreased TSPO radioligand uptake (Banati et al., 2000; Debruyne et al., 2003). 

A number of challenges to the interpretation of the literature are the use of different analytical 

methods and different radioligands. Most studies have used the first generation TSPO 

radioligand, [
11

C]PK11195. Although an advantage is that the quantification method with this 

radioligand has been widely used now, by comparison, the second generation radioligands 

have lower displaceable binding and higher non-displaceable binding (Guo et al., 2012). 

Early studies with second generation radioligands were conducted before differences in 

TSPO binding in humans dependent on the rs6971 polymorphism were identified, further 

confounding interpretation of results from these studies (Oh et al., 2011; Takano et al., 2013).  

Here, I assessed the in vivo PET TSPO radioligand binding in MS patients with two 

second generation radioligands: [
11

C]PBR28 and [
18

F]PBR111 using identical methodology.  

All of those scanned were genetically stratified for a common polymorphism in the TSPO 

gene affecting ligand affinity (Owen et al., 2012). This allowed assessment of the 

characteristics of regional TSPO radioligand binding as an index of microglial/macrophage 

inflammatory activity in the MS white matter (NAWM and WML), as well as the consistency 

of results obtained with different radioligands. I further explored whether individual WML 

could be distinguished by patterns of TSPO ligand binding in analogous ways to 

histopathological classifications of lesions (Lassmann et al., 2007). 

Methods 

The subjects and details of the MRI and PET imaging protocol, radioligand synthesis, 

definition of regions of interest (ROI), individual lesions, segmentation into tissue fractions 

and registrations of MRI images, PET images and kinetic analysis are described in the 

general Methods (Chapter 2). DVR was calculated for the ROIs and a voxel-wise parametric 

DVR map was generated using the Logan graphical method with the caudate as the pseudo-

reference region, described in detail in the general Methods Chapter 2. Four classes of lesions 
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were identified based on relative TSPO uptake patterns (described in more detail in Chapter 

2): active, peripherally active, undifferentiated and inactive lesions.  

Statistical analyses were performed as described in Chapter 2.  

Results 

Demographic and clinical characteristics of study participants are summarised in Tables 2 

and 3. Data from 24 MS patients and 20 HV scanned with [
11

C]PBR28 and from 10 MS 

patients and 10 HV scanned with [
18

F]PBR111 are included. The MS patients studied with 

the two radioligands were well matched for age, sex, EDSS and disease duration. However, 

approximately 30% of the [
11

C]PBR28 PET cohort had SPMS, while all of those in the 

[
18

F]PBR111 PET group had RRMS.  

Brain TSPO radioligand uptake  

There were significant differences in the [
11

C]PBR28 DVR across brain regions for the MS 

and HV (ANOVA, p=4x10
-19

). Uptake was highest in the thalamus; the thalamic [
11

C]PBR28 

DVR in patients with MS (mean ± s.d., 1.52 ± 0.04) was higher than in HV (1.39 ±0.05, 

p=0.03). The DVR of NAWM (1.17 ± 0.04) in the MS patients also was higher than in the 

white matter of HV (1.02 ± 0.05, p=0.02; Figure 9A). [
11

C]PBR28 uptake in the NAWM was 

greater for patients than the mean uptake across WML (1.03 ± 0.04, p=0.03).   

Our re-analysis of the smaller [
18

F]PBR111 dataset found similar trends. Differences in DVR 

again were found between the MS and HV groups (p=1x10
-6

). [
18

F]PBR111 DVR in NAWM 

of the MS patients (1.27 ± 0.04) was greater than that in the HV white matter (1.13 ± 0.04, 

p=0.02; Figure 9B). The mean thalamic DVR for MS patients (1.50 ± 0.04) was greater than 

for HV (1.41 ± 0.04), although not statistically significantly so (p=0.08). I did not find 

differences between the mean DVR in the NAWM and WML (p=0.93). Baseline disability 

(EDSS) was not correlated with DVR in any brain region studied for either radioligand.
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Table 2. Demographic characteristics of healthy volunteers (HV) and MS patients 

scanned with either [
11

C]PBR28 or [
18

F]PBR111 

Demographic/clinical 
characteristic 

[18F]PBR111 
HV1 

[11C]PBR28 HV2 [18F]PBR111  
MS1 

[11C]PBR28 
MS3 

Number 10 20 10 24 

Gender, Male : Female, n  3 : 7 14 : 6 2 : 8 10 : 14 

Age, years, mean (SD) 42(11.1) 47 (14.8) 45 (8.8) 47 (11.4) 

TSPO genotype, n          

   High affinity binders 7 12 7 13 

   Medium affinity binders 3 8 3 11 

MS subtype, RRMS: SPMS, n    10 : 0 17 : 7 

Disease duration, years, 
 mean (SD) 

    10 (5.8) 13.5 (6.5) 

EDSS, median (range)     3.5 (1.5-6.5) 4.5 (1.0-7.0) 

Treatments, n          

   None     3 9 

   Interferons     5 1 

   Fingolimod     0 3 

   Dimethyl fumarate     2 1 

   Nataluzimab     0 6 

   Alemtuzimab     0 4 

MRI metrics (normalised)         

 Brain parenchymal 
volume(cm3), mean (SD) 

1534 (58) 1590(180) 1440 (126) 1380 (140) 

Cortical volume(cm3),  
mean (SD) 

637 (33) 630 (55) 616 (61) 578 (66) 

   Mean T2 white matter 
lesion 

volume (cm3) (SD) 

 
 

  9.7 (9.7) 17.9 (15.8) 

Median T2 white matter 
lesion number (range) 

    31.5 (7-52) 38.5 (13-96) 

  

 

 

 

Data from subjects previously described in: 
1 Colasanti et al. 2014 (Colasanti et al., 2014)  
2 Owen et al. 2014; Guo et al. 2014; Vera et al. 2016 (Guo et al., 2014; Owen et al., 2014; Vera et al., 2016) 
3 Datta et al. 2016 (Datta et al., 2016) 

 

 

 

Abbreviations: MS=multiple sclerosis; RRMS=relapsing remitting MS; SPMS=secondary 

progressive MS; TSPO=translocator protein; EDSS=Expanded Disability Status Scale; 

SD=standard deviation 
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Table 3. Demographic and clinical characteristics of individual MS patients. A1-24: 

[
11

C]PBR28 cohort (data from these patients was used in Datta et al. 2016); B1-10: 

[
18

F]PBR111 cohort (data from these patients was published with a different analysis in 

Colasanti et al. 2014) 

Case Age Gender EDSS Disease 

duration 

MSSS MS 

Subtype 

DMT 

A1 22 F 3 16 2.6 RRMS Fingolimod 

A2 38 M 6 10 7.4 RRMS Alemtuzimab 

A3 42 F 1 13 0.6 RRMS Nataluzimab 

A4 50 F 2.5 9 3.5 RRMS - 

A5 59 M 6 23 5.2 SPMS - 

A6 36 M 1 6 1.1 RRMS Dimethyl 

fumarate 

A7 57 F 1 18 0.3 RRMS Fingolimod 

A8 48 M 7 12 8.6 RRMS Nataluzimab 

A9 53 M 5 14 5.2 RRMS Nataluzimab 

A10 43 M 5 13 5.3 SPMS - 

A11 29 F 1 1 2.4 RRMS Interferon β 

A12 51 F 6.5 8 8.7 RRMS Nataluzimab 

A13 62 F 6 24 5.0 SPMS - 

A14 56 M 7 17 7.8 SPMS - 

A15 52 F 2 6 3.5 RRMS Alemtuzimab 

A16 45 F 4 28 2.4 RRMS Alemtuzimab 

A17 66 F 6.5 17 6.9 RRMS - 

A18 53 F 3 16 2.6 RRMS - 

A19 30 F 4 6 6.8 RRMS Nataluzimab 

A20 36 M 7 10 8.9 SP - 

A21 47 M 7 11 8.8 SPMS - 

A22 39 M 4 10 5.3 RRMS Alemtuzimab 

A23 45 F 6.5 14 7.6 RRMS Fingolimod 

A24 64 F 2.5 22 1.3 RRMS Nataluzimab 

B1 42 F 6 2 9.6 RRMS Interferon β 

B2 40 F 4 11 4.9 RRMS Natalizumab 

B3 41 F 1.5 14 2.3 RRMS - 

B4 51 F 2 4 8.6 RRMS Interferon β 

B5 28 M 2 7 3.2 RRMS - 

B6 55 F 2 20 0.9 RRMS Interferon β 

B7 42 M 5.5 11 6.3 RRMS - 

B8 48 F 6.5 8 8.71 RRMS Natalizumab 

B9 59 F 3 16 2.6 RRMS Interferon β 

B10 41 F 5.5 4 9.1 RRMS Interferon β 

 
Abbreviations: MS=multiple sclerosis; M=male; F=female; EDSS=Expanded Disability Status Scale; 
RRMS=relapsing remitting multiple sclerosis; SPMS=secondary progressive multiple sclerosis 



 70 

 

Healthy 
volunteers  

0.5 

1.0 

1.5 

2.0 

NAWM Lesions White matter 

[1
1
C

]P
B

R
2

8
 D

V
R

 

MS 

A

*

*

MS Healthy 
volunteer

s  

0.5 

1.0 

1.5 

2.0 

NAWM Lesions White matter 

[1
8
F

]P
B

R
1
1
1

 D
V

R
 

B 
*

*

 

Figure 9. Boxplots of the distribution volume ratio (DVR) in white matter of healthy 

volunteers and normal appearing white matter (NAWM) and lesions in multiple 

sclerosis (MS) using (A) [
11

C]PBR28 and (B) [
18

F]PBR111. *p < 0.05 was considered a 

statistically significant different DVR between brain regions. 

TSPO binding in NAWM and individual WML of MS patients 

We evaluated differences in white matter DVR between subjects (Figure 10). The ranges in 

DVR for [
11

C]PBR28 (median, 1.10, range 0.80-1.85) and for [
18

F]PBR111 (median 1.28, 

range 1.06 -1.45) amongst MS patients both were greater than for the white matter of HV 

([
11

C]], median, 1.04, range, 0.82-1.21; [
18

F]PBR111, median 1.12, range, 0.98-1.25). 

Individual lesions in all subjects also showed a wide variation in DVR (Figure 10). 



 71 

Figure 10. PET distribution volume ratios (DVR) for (A) [
11

C]PBR28 and (B) 

[
18

F]PBR111 in the white matter of individual healthy volunteers (filled black triangles) 

and in normal appearing white matter (NAWM, filled black triangles) and in individual 

white matter lesions (open diamonds; median, horizontal black bar), including 

gadolinium enhancing lesions (filled black circles), of MS patients. Data from all healthy 

volunteers (HV) are shown in a single bar on the far left side. Data from individual MS 

patients (rank ordered with respect to their NAWM DVR) are shown to the right. A1-

A24 and B1-B10 denote individual MS patients scanned with [
11

C]PBR28 and 

[
18

F]PBR111, respectively. Detailed demographic information is provided in Table 3. 

 

 

I also tested for relationships between [
11

C]PBR28 DVR inflammatory measures across 

tissue compartments in the PET scan conducted at baseline. NAWM DVR was correlated 
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strongly with the mean DVR of T2 lesions (WML) (Spearman’s ρ= 0.92, p=3x10
-10

) and the 

mean cortical (ρ= 0.93, p=1x10
-10

) and thalamic (ρ= 0.79, p=1x10
-5

) DVR (Figure 11).  

We found only two gadolinium enhancing lesions in scans from the MS patients. The 

gadolinium enhancing lesions (one in a patient scanned with [
11

C]PBR28 and one with 

[
18

F]PBR111) had high DVR (1.81 and 1.19, respectively), but not the highest DVR of 

lesions within those subjects (Figure 10, A22 and B3). 

Figure 11. Strong positive correlations were found using both (A) [
11

C]PBR28 

(Spearman’s ρ = 0.94, p = 4x10
-11

) and (B) [
18

F]PBR111 (ρ = 0.94, p = 1x10
-4

) between 

median PET distribution volume ratios (DVR) in white matter lesions (ordinate) and in 

the normal appearing white matter (NAWM) (abscissa) for MS patients.  
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Figure 12. Axial T2 FLAIR images (A-D) from two MS patients (participants A20 [A, B] 

and A10 [C, D], respectively) with corresponding overlays of parametric [
11

C]PBR28 

PET distribution volume ratios (DVR) within and around larger white matter T2 

hyperintense lesions (B, D). To their right is a colour scale for DVR values. (E) Includes 

surface renderings of relative DVR variation across voxels for lesions identified as to the 

left as 1-3 (B, D). To discriminate voxel-wise variation more clearly, DVR has been 

transformed by a non-linear scaling function, with relative values expressed as shown 

on the colour scale to the right and as relative excursion above the origin. The base of 

the plot has axes ordered by voxels in the image plane (x, y). Three lesion types are 

illustrated: (1) an active lesion; (2) a peripherally active lesion; and (3) an 

‘undifferentiated’ lesion. 
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Figure 13. Proportions of the four types of white matter lesions (inactive, peripherally 

active, active and undifferentiated) characterised by PET in MS patients. Data from 

subjects studied with [
11

C]PBR28 and [
18

F]PBR111 have been combined. Plots illustrate 

relative abundance of lesions classified by: (A) clinical MS subtype (relapsing remitting, 

RR: secondary progressive, SP) and (B) disease duration of subjects (expressed as 

quartiles (Q) across the study population: Q1, 1-7 years; Q2, 8-11 years; Q3, 12-16 

years; Q4, 17-28 years). (C) Relative proportion of lesions group according to 

treatment at the time of scanning: no treatment in people with relapsing remitting   

(RR-) or secondary progressive (SP-); disease modifying treatment with interferon or 

dimethyl fumarate (I or D); fingolimod (F); nataluzimab (N) and alemtuzimab (A).  
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Classification of individual lesions based on relative TSPO uptake 

We pooled data from the [
11

C]PBR28 and [
18

F]PBR111 cohorts after classification of WML 

based on the magnitude and spatial distribution of the relative TSPO ligand uptake as active, 

inactive, peripherally active or undifferentiated (Methods and Figure 12).  A higher 

proportion of lesions were inactive in patients with SPMS (35 %, 39/112) than in those with 

RRMS (23 %, 103/446, p=0.01) (Figure 13A). Inactive lesions were more common (31 %, 

39/126) in patients with longer disease duration than in those with shorter disease duration 

(18 %, 26/145; p=0.036) (Figure 13B). However, active lesions were found in both clinical 

stages of disease (RRMS: 18 %, 82/446; SPMS: 28%, 31/112), across all quartiles of disease 

duration and in patients receiving any of the treatments represented in our population, as well 

as those not being treated (Fig. 5). 21 % (28/131) of sampled lesions in people being treated 

with nataluzimab (treated between1-5.5 years) and 35 % (24/69) of the lesions in those who 

had received alemtuzimab were classified as active. Undifferentiated lesions were relatively 

most common in the patients with RRMS who were treatment naïve (70 %, 70/100). 

Discussion 

I found similar relative differences between MS patients and HV using two different second 

generation TSPO PET radioligands. Both radioligands demonstrated considerable 

heterogeneity in TSPO uptake in NAWM and between lesions across different multiple 

sclerosis patients. The strong correlation between the mean NAWM and DVR in T2 white 

matter lesions, whole cortex and the thalamus for individual patients suggests that both 

measures reflect an individually variable, innate inflammatory phenotype. The differences in 

inflammatory activity were not well reflected in the conventional MRI measures; gadolinium 

enhancement identifies only a small proportion of lesions with an activated microglial 

phenotype as expressed by TSPO radioligand uptake. In considering the lesions individually, 

I have proposed a classification of the lesions into four types conceptually related to those 
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previously based on neuropathological criteria (Lucchinetti et al., 2000). I found that lesions 

with diffusely high TSPO radioligand uptake (which I have called “active” lesions) can be 

found in all disease stages and treatment groups.  

I found that TSPO binding was higher in the MRI NAWM for both second generation 

radioligands than in the white matter of healthy volunteers, as did earlier studies using the 

first generation tracer, [
11

C]PK11195 (Banati et al., 2000; Debruyne et al., 2003; Rissanen et 

al., 2014). A diffuse increase in TSPO binding in NAWM has been demonstrated previously 

even in clinically isolated syndrome (CIS), with higher microglial activity in those who go on 

to develop multiple sclerosis after 2 years (Giannetti et al., 2015). Trends towards higher 

TSPO binding in NAWM than white matter of healthy volunteers were found in the previous 

analysis of the [
18

F]PBR111 data using VT as an outcome measure (Colasanti et al., 2014). 

The same study demonstrated a wide range of TSPO binding in NAWM across multiple 

sclerosis patients, which I have confirmed here with the re-analysis of this data and also with 

our larger [
11

C]PBR28 cohort.  

I found a heterogeneous pattern of microglial activation in WML both between and within 

multiple sclerosis patients. Although relatively high microglial activation was found in the 

two gadolinium enhancing lesions, higher activation was found in other lesions even in the 

same two patients. By contrast, TSPO binding was low in some lesions relative to the 

NAWM. These findings are consistent with histopathology, which shows different degrees of 

microglial activation across lesions within the same brains (Lucchinetti et al., 2000; Frischer 

et al., 2009). This and other PET TSPO studies have assessed the overall signal in WML 

relative to NAWM. Different studies have shown either increased or decreased average tracer 

uptake within lesions relative to NAWM (Banati et al., 2000; Debruyne et al., 2003). Several 

studies have demonstrated markedly increased TSPO binding in gadolinium enhancing 

lesions (Banati et al., 2000; Oh et al., 2011). Giannetti et al. also found TSPO binding in 
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some T1 black holes (Giannetti et al., 2014). Consistent with the findings in the present 

study, our previous analysis of the [
18

F]PBR111 data showed a wide dispersion of VT across 

individual lesions (Colasanti et al., 2014).  

Post mortem studies have found only a weak correlation between white matter and grey 

matter inflammation, although these studies have focused on focal inflammation within 

lesions rather than the more diffuse inflammation that also occurs (Calabrese et al., 2015). 

However, more recently, extensive, evolving meningeal inflammation has been demonstrated 

in both early and long-standing disease (Lucchinetti et al., 2011; Popescu and Lucchinetti, 

2012). Previous in vivo TSPO PET studies have found increased microglial activation in MS 

grey matter and white matter compared with healthy brains, although the relationship within 

individual brains of MS patients was not reported in these studies (Politis et al., 2012; 

Rissanen et al., 2014; Giannetti et al., 2015). What has not been noted before is the strong 

correlation between microglial activation in the NAWM and increased microglial activation 

in white matter lesions and grey matter volumes. This suggests that patients are better 

described in terms of a global inflammatory state, reflected by the white matter inflammatory 

state, rather than by individual lesion activity. Extending the earlier observations with 

clinically isolated syndrome (Giannetti et al., 2015), measures of this global white matter 

innate inflammatory activity may be predictive of the short term disease course generally for 

patients with MS. 

I classified individual lesions into four different classes based on the patterns of TSPO 

radioligand uptake relative to that in the surrounding NAWM. The classification is similar 

conceptually to that used histopathologically for WML in MS brains: both rely on differences 

in distributions of activated microglia (Lucchinetti et al., 2000). I identified all four of these 

lesion types in vivo at all disease stages for both TSPO ligands, [
18

F]PBR111 and 

[
11

C]PBR28. There was a higher proportion of inactive lesions in secondary progressive 
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disease and longer disease duration than in a relapsing remitting disease course, respectively. 

This has also been demonstrated recently in a histopathological study of post mortem brains 

(Frischer et al., 2015), although in vivo I also found TSPO PET active lesions were common 

in relapsing remitting, secondary progressive multiple sclerosis and all disease durations. An 

early clinical study with [
11

C]PK11195 also showed that lesions in a patient with secondary 

progressive disease had pronounced microglial activation (Banati et al., 2000). These data 

thus provide further evidence for substantial persistent innate inflammatory activity in SPMS.  

I found that active lesions were common in multiple sclerosis patients receiving a range of 

disease modifying treatments and found even in people receiving either of two of the most 

efficacious pharmacological immunomodulators (alemtuzimab and nataluzimab). This 

provides evidence that current treatments may not suppress microglial activity fully in some 

cases. Persistent, pro-inflammatory microglia could explain the progression of 

neurodegenerative changes reflected as brain atrophy or disability progression seen in some 

people despite treatment. However, the apparently high frequency of active lesions found in 

our small population also may reflect biases in patient selection, as those on the most 

efficacious treatments are typically given these because of more aggressive disease. Future 

randomised, longitudinal studies are needed to characterise the frequency and degree of 

persistence of this inflammation to better understand effects of these treatments. 

Baseline T2 lesion load and clinical progression are weakly correlated (Sormani et al., 

2014). Previous TSPO PET studies have reported positive correlations between disability and 

TSPO ligand uptake (Politis et al., 2012; Colasanti et al., 2014), but I did not observe this 

with either of the two patient groups. This may be related to sample sizes; neither study was 

powered for this outcome and the group studied with [
18

F]PBR111 was small. Also important 

is that disability measures reflect the summary impact of relevant injury to date, whereas the 

PET measures are determined by inflammatory activity only at the time of the scan. 
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Limitations of EDSS for capturing all relevant aspects of performance could contribute 

(Stangel et al., 2015). Although I found that with the two tracers, [
11

C]PBR28 and 

[
18

F]PBR111, the differences in TSPO ligand binding across brain regions between MS 

patients and healthy volunteers were broadly comparable, the magnitude of the differences 

were less marked with [
18

F]PBR111 than with [
11

C]PBR28. In part, this is related to the 

former study having a smaller sample size (and therefore wider confidence intervals, 

reducing the ability to detect significant differences), as well as [
18

F]PBR111 also having a 

lower affinity for TSPO, higher non-displaceable binding and poorer brain penetration than 

[
11

C]PBR28 (Guo et al., 2012). Finally, quantifying TSPO binding using a pseudo-reference 

region method may have led to an underestimation of regional radioligand uptake (Zhou et 

al., 2009; Salinas et al., 2015). The reduced dynamic range of the reference-based measure 

could limit discrimination of differences between tissues, despite the gain in precision. I also 

did not have repeat examinations on all subjects, so I defined differences in DVR that could 

be considered meaningful based on a “hard threshold” estimated from independent test-retest 

estimates.  

In summary, I have provided evidence for continuing inflammation and heterogeneity in 

the innate immune inflammatory activity of individual lesions within and between the brains 

of MS patients that is not captured by conventional MRI. These results highlight that 

gadolinium contrast enhancement underestimates the total inflammatory activity. I also found 

that the overall innate inflammatory activity was not appreciably lower in patients with 

RRMS relative to SPMS. In the next chapter, I evaluated whether the newer MRI technique 

of MRS could be used in parallel with second generation TSPO PET imaging to probe the 

persistent ‘smouldering’ brain inflammation in MS patients and I discuss the potential 

additive clinical value in MS of a combined MRS and TSPO PET evaluation. 
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CHAPTER 4. [
11

C]PBR28 PET and magnetic resonance spectroscopy of 

activated glial cells in MS  

Introduction  

In the previous Chapter, two second generation TSPO radioligands were used to assess 

microglial activation in the brains of MS patients. However, the brain’s chronic inflammatory 

response includes both astrocyte and microglial activation. This combined chronic 

inflammation is associated with neurodegeneration and disability progression (Bitsch et al., 

1999; Kapeller et al., 2001). Magnetic resonance spectroscopy (MRS) enables measurement 

of a range of brain metabolites in vivo. Two metabolites in relatively high concentration, 

myo-inositol and N-acetyl aspartate (NAA), are among those showing pathology-related 

changes in MS (Rae, 2014). Myo-inositol has been proposed as a glial marker, as it is found 

in high concentrations in activated astrocytes and can be elevated in MS compared with 

healthy controls (Fu et al., 1998). Choline, a less specific marker of membrane turnover in 

glial cells, shows similar changes under some conditions (Matthews and Datta, 2015). NAA 

is synthesised in the mitochondria of neurons. Reduced concentrations are associated with 

neurodegeneration in MS and other diseases (Fu et al., 1998; Banati et al., 2000). 

The more general relationships between astrocyte markers and TSPO radioligand binding 

are poorly defined. The relationships between neurodegeneration and activation of the 

immune response mediated by both populations of brain glial cells could be explored in vivo 

by coupling MRS with TSPO PET imaging, where MRS myo-inositol predominantly reflects 

activated astrocytes and TSPO PET is used as an index of microglial/macrophage activity.  

I sought to explore the in vivo relationships between MRS measures of myo-inositol and PET 

[
11

C]PBR28 binding in patients with MS selected to have a wide range of brain inflammatory 

load and disability. This allowed exploration also of how different measures of neuronal 

integrity (MRS NAA) and neurodegeneration (normalised grey matter volume) were related 



 81 

to these measures of inflammatory response.  

Methods  

The study population is described in the general Methods Chapter 2 and consisted of the 

same MS patients from Chapter 3, who all underwent [
11

C]PBR28 PET scanning and MRI 

scans. One patient (subject A22, Table 3) was excluded from the final analysis because noise 

artefacts (related to subject movement towards the end of the scan when the MRS acquisition 

occurred) in the MRS measure precluded reliable estimates of metabolite concentrations.  

Imaging methods 

Details on the MRI and PET imaging protocol, radioligand synthesis, definition of regions of 

interest (ROI), segmentation into tissue fractions and registrations of MRI images, PET 

images and kinetic analysis are described in the general Methods Chapter 2. The details of the 

MRS analysis of the detected brain metabolites are described in Chapter 2. A total of 24 

people with clinically definite MS underwent [
11

C]PBR28 PET, single voxel MRS and 

structural MRI scanning. 

Statistical analyses  

Statistical analyses were performed using SPSS software (IBM, SPSS v22). The Shapiro–

Wilks test (with p-value <0.05 considered significant) and Q-Q plots for normality found that 

the following variables did not pass the tests for normality: EDSS (p=0.008), [
11

C]PBR28 

DVR in NAWM (p = 0.04) and in WML (p = 0.03) of the spectroscopy voxel.  

The non-parametric Spearman’s correlation coefficient therefore was used for 

correlational analyses, unless otherwise stated. Descriptive statistics were reported as median 

and range, unless otherwise stated. A p-value of less than 0.05 was considered significant for 

all statistical tests.  
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Results  

Of the 23 patients (nine men, median age 48years, range 22–66 years) included in the final 

analysis, 7 had a diagnosis of secondary progressive disease and 16 had relapsing- remitting 

disease. The median EDSS was 5.0 (range, 1.0–7.0). WML were found within the 

spectroscopy voxel for all patients. None of these lesions was gadolinium enhancing.  

Differences in [
11

C]PBR28 uptake are not correlated with brain [myo-inositol] 

The concentration of myo-inositol in the spectroscopy voxel (expressed as either an absolute 

concentration or as a ratio to total tissue creatine) was not significantly correlated to PET 

[
11

C]PBR28 DVR within either the whole spectroscopy voxel or the [
11

C]PBR28 DVR of the 

NAWM, WML or grey matter within the spectroscopy voxel (p > 0.05). The mean 

[
11

C]PBR28 DVR across the whole spectroscopy voxel was correlated with the DVR of 

WML within the voxel (Spearman’s ρ = 0.90, p < 5 × 10
-9

).  

I explored post hoc whether an association could be found in those people with a higher 

inflammatory burden. To do this, I divided patients into two groups based on the median 

[
11

C]PBR28 DVR of the whole spectroscopy voxel (1.26). Although there were no 

correlations between normalised [myo-inositol] (concentration of myo-inositol as a ratio to 

total creatine) and the [
11

C]PBR28 DVR measures for the lower inflammatory subgroup 

(DVR ⩽ 1.26), for the high inflammatory subgroup (DVR > 1.26) there was a correlation 

between the normalised [myo-inositol] and [
11

C]PBR28 DVR weighted by WML fraction 

within the high inflammatory load subgroup (ρ=0.685, p = 0.014 (uncorrected), Figure 14A). 

No other correlations were found in the high inflammatory group (DVR > 1.26) between 

normalised [myo-inositol] and [
11

C]PBR28 DVR either of the whole spectroscopy voxel or of 

NAWM or grey matter [
11

C]PBR28 DVR within the voxel. I further explored whether there 

was an association between [choline] and [myo-inositol]. There was a moderate correlation 

between [myo-inositol] and [choline] (ρ = 0.547, p = 0.007 ((un-corrected), Figure 14B).  
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Figure 14. Relationships of imaging measures of glial cell activation. (A) Correlation 

between the concentration of myo-inositol (Ins) normalised to the total creatine (creatine 

and phosphocreatine) concentration (Cr+PCr) and [
11

C]PBR28 distribution volume 

ratio (DVR) of the T2 white matter lesions within the spectroscopy voxel. (B) 

Correlation of choline to myo-inositol concentration in the spectroscopy voxel 

(Spearman’s ρ=0.547, p=0.007). Patients were stratified by group median DVR from the 

whole spectroscopy voxel (1.26) into those with higher inflammatory load (DVR >1.26, 

filled circles) and lower inflammatory load (DVR ≤ 1.26, crosses). The dashed 

regression line describes the post hoc correlation found for the higher inflammatory 

load subgroup (ρ=0.685, p=0.014). The dotted regression line represents a best fit for the 

lower inflammatory load subgroup, which shows no correlation.
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Relationships between measures of inflammatory burden and neurodegeneration 

We explored the relationships of inflammatory markers ([
11

C]PBR28 DVR and myo-inositol) 

with measures of neurodegeneration. A moderate correlation was found between the creatine 

normalised NAA concentration and [
11

C]PBR28 DVR in WML (ρ = −0.443, p = 0.034 (un-

corrected), Figure 15A). The correlation between normalised NAA concentration and the 

whole voxel [
11

C]PBR28 DVR was marginally not significant (ρ=−0.411, p=0.051). There 

was also a correlation between the whole brain normalised grey matter volume, as a measure 

of relative neurodegeneration, and [
11

C]PBR28 DVR weighted by WML fraction in the 

spectroscopy voxel (ρ= −0.535, p = 0.009, Figure 15B). There was no evidence for 

correlations between myo-inositol and either NAA (ρ=0.238 and p=0.274) or grey matter 

volume (ρ= −0.205 and p=0.349). I did not find significant correlations between either the 

whole brain normalised grey matter volume and the whole brain [
11

C]PBR28 DVR (ρ = 

−0.236, p = 0.278) or the grey matter fraction and the [
11

C]PBR28 DVR within the voxel (ρ = 

0.07, p = 0.75). I did not find significant associations of normalised grey matter volume, 

[
11

C]PBR28 DVR, myo-inositol or NAA to clinical disability (EDSS).  
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Figure 15. Correlations of neurodegeneration measures with [
11

C]PBR28 DVR. (A) The 

normalised concentration of N-acetyl aspartate (NAA) was correlated with the average 

distribution volume ratio (DVR) in T2 white matter lesions (Spearman’s ρ= -0.443, 

p=0.034). (B) The whole brain grey matter volume was correlated with DVR of white 

matter lesions within the spectroscopy volume (ρ= -0.535, p=0.009). The dotted line is 

the regression line and black dots describe data from different patients (n=23).

Discussion  

Histopathological studies in MS have shown that the [myo-inositol] detected by MRS signal 

corresponds to astrocyte activation and that increased TSPO expression co-localises with 

activated microglia in MS brains (Fu et al., 1998; Banati et al., 2000). The independence of 

these markers in vivo was tested for the first time in a group of MS patients with a range of 
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inflammatory loads. There was not a meaningful correlation between MRS [myo-inositol] and 

PET [
11

C]PBR28 uptake. This is consistent with the notion that changes in the two measures 

in this population are related to distinct processes or to elements of a common process with 

different time courses. Similar findings were reported using the first-generation PET 

radioligand [
11

C]PK11195 in conjunction with MRS for [myo-inositol], although this related 

to a different disease population consisting of HIV-positive patients (Garvey et al., 2012). 

Activated astrocytes and microglia are found within and outside lesions at all stages of MS 

(Popescu et al., 2013a). Brex et al. highlight the heterogeneity of changes in MRS 

neurodegenerative and inflammatory markers among lesions and between patients (Brex et 

al., 2000). In my exploratory analyses, I found that under some conditions there may be 

parallel activation of microglia, reflected in the PET TSPO signal, and astrocyte activation, 

reflected by MRS [myo-inositol]. In this study, in patients with a higher inflammatory load, 

MRS [myo-inositol] and PET [
11

C]PBR28 uptake in WML were correlated, providing 

evidence in vivo for the joint activation of astrocytes and microglia under some conditions. 

Similar observations were made in a study that found the [myo-inositol] was associated with 

higher levels of brain inflammatory pathology in Alzheimer’s disease (Murray et al., 2014).  

Grey matter volume and MRS NAA are both markers of neurodegeneration (Fu et al., 1998; 

Kapeller et al., 2001). I found that higher TSPO uptake within T2 WMLs was correlated with 

both reduced NAA and grey matter volume. This provides evidence that the microglial 

activation found within T2 WMLs is associated with neurodegeneration, although causation 

cannot be inferred from this cross-sectional study. This is consistent with histopathological 

findings in MS in which microglial activation is associated with grey matter 

neurodegeneration (Vercellino et al., 2009; Magliozzi et al., 2010). In vivo clinical studies 

have shown an association of increased PET [
11

C]PK11195 uptake in NAWM with greater 

brain atrophy (Versijpt et al., 2005). Both populations of glial cells could contribute to axonal 
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damage (Rae, 2014). However, the lack of a relationship between brain [myo-inositol] and 

measures of neurodegeneration in this study again supports that the TSPO PET and MRS 

measure are reporting largely independent phenomena or phenomena with different time 

courses.  

I did not find relationships between disability and the MRS inflammatory marker 

measures, as in the previous chapter for analyses TSPO PET DVR and EDSS. However, as 

with PET TSPO, MRS, as a measure of inflammatory state, may be potentially predictive of 

future change rather than neurodegenerative processes (Audoin et al., 2007; Giannetti et al., 

2015). However, a complication of following how baseline brain inflammation relates to 

future neurodegenerative and disability is that there appear to be different delays between 

regional brain inflammatory changes and these other processes in patients with MS (Popescu 

et al., 2013a; Llufriu et al., 2014).  

This small study was powered to test for a relatively strong, general relationship between 

[myo-inositol] and PET [
11

C]PBR28 uptake in MS. While the results distinguish between 

results from the two measures, a limitation of the study design is that a broad range of disease 

was investigated by a relatively small sample size. The possibility of a relationship under 

some conditions cannot be ruled out.  

A fundamental limitation lies in the use of the MRS [myo-inositol] as an index of 

astrogliosis. While there is a strong evidence in support of the approach from correlative 

neuropathology (Bitsch et al., 1999), anabolic and catabolic pathways for myo-inositol are 

expressed in other cell types, as well (Rae, 2014). Additional corroborative observations with 

other, potentially more specific markers of astrocyte activation would support the argument 

(Parker et al., 2014). The limited spatial resolution of MRS and requirement of the 

spectroscopy voxel to analyse metabolite concentrations from a pre-defined single large 

voxel placed over the scanned brain at the time of imaging further limits the power of MRS 
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in probing either brain inflammation and neurodegeneration in general, or astrogliosis 

specifically. Future developments, including in multi-voxel magnetic resonance 

spectroscopy, will improve the spatial resolution and sensitivity to detect regional changes in 

metabolites of this technique. 

In this Chapter, I have shown that MRS [myo-inositol] and [
11

C]PBR28 were not 

correlated overall, although under conditions of high inflammatory load there appeared to be 

an association. This may indicate that the two glial populations in MS have independent time 

courses of activation, which may converge under conditions of higher ongoing brain 

inflammation. These interpretations are framed with caution in the context of the limitations 

of MRS as an imaging technique for astrogliosis. In this Chapter and the previous Chapter, I 

did not find an association between baseline measures of brain inflammation in these MS 

patients and disability. In the next Chapter, I investigate the hypothesis that the brain innate 

inflammation contributes to future changes of clinical relevance in individual MS patients.  
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CHAPTER 5. [
11

C]PBR28 PET imaging and its relationship to future 

changes in brain volume and white matter lesions  

Introduction 

In the previous two Chapters, I showed that TSPO PET with two second generation 

radioligands detected increased regional microglial activation in the brains of MS white 

matter than healthy volunteers, the pattern of microglial activation in NAWM and WML was 

heterogeneous and discussed findings of combining [
11

C]PBR28 PET with MRS [myo-

inositol] as independent measures of glial cell activation in MS. These baseline measures 

were not correlated with clinical disability. However, clinical disability reflects cumulative 

damage from prior neurodegeneration and inflammation, as opposed to present ongoing 

inflammation. The number of new and enlarging T2 lesions combined with annualized brain 

atrophy rate predict a large proportion of the variance in short term disability progression MS 

(Popescu et al., 2013b; Sormani et al., 2014). I hypothesize that TSPO PET imaging 

measures of activated microglia could predict an additional component of the variance in 

future disease progression in both RRMS and SPMS. 

Histopathologically, WML with innate immune activation at their edge may be those most 

likely to enlarge over time (Lucchinetti et al., 2004; Filippi et al., 2012). The NAWM on 

conventional MRI contains activated microglial nodules that have been found in association 

with demyelinating and damaged axons on post mortem neuropathology (Seewann et al., 

2009; Singh et al., 2013) These microglial nodules may precede the appearance of 

WML(Allen et al., 2001). Magnetization transfer imaging enhances the contrast between 

white matter water molecules associated with macromolecules and free water, which 

increases the sensitivity for detection of demyelination and neuroaxonal loss in the NAWM 

compared to conventional MRI sequences (Schmierer et al., 2004; Vrenken et al., 2006; Moll 
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et al., 2011). Our understanding of the in vivo dynamics of innate inflammatory pathology in 

multiple sclerosis brain thus is limited, as this aspect of the immune response has mainly been 

studied cross-sectionally post mortem. TSPO PET imaging may be used to study in vivo how 

the brain innate immune activation relates to future disease evolution. A previous study using 

the first generation radioligand [
11

C]PK11195 did find a diffuse increase in TSPO binding in 

NAWM patients with clinically isolated syndrome (CIS) and those with higher microglial 

activity had an increased risk of developing MS after 2 years, although relationships of TSPO 

binding to changes in brain volume or EDSS was not reported (Giannetti et al., 2015). 

As increases in lesion load and brain atrophy are imaging correlates of disease progression 

and worse clinical outcome, I sought to investigate whether microglial activation in vivo 

assessed using [
11

C]PBR28 TSPO PET imaging could be used to model the T2 lesion volume 

change and brain atrophy rate over the subsequent 1 year and therefore help stratify patients 

at higher risk of worse future outcome. I explored whether adding magnetization transfer 

imaging of NAWM as a measure of demyelination could further add power to the model. The 

longer term objective is to improve the prediction of future disability progression in MS 

patients in order to better stratify higher risk patients for early highly efficacious disease 

modifying treatments. 

Methods 

Of the 24 MS patients who underwent baseline assessments, including the baseline MRI and 

PET scans, 21 patients attended the follow-up visit for clinical assessments and an MRI scan. 

Of the three patients who did not continue onto the follow-up visit: one patient was lost to 

follow-up, one withdrew consent and one declined scanning because of side-effects from 

their treatment on the day of the scheduled appointment (see Table 3: subjects A9, A22 and 

A23). 21 patients had a follow-up MRI approximately 1 year (median12 months, range 11-14 

months) after the baseline scanning. The details on the MRI and PET imaging protocol, 
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radioligand synthesis, definition of regions of interest (ROI), segmentation into tissue 

fractions and registrations of MRI images, PET images and kinetic analysis are described in 

the Methods Chapter 2. The longitudinal MRI analyses are described in detail also in 

Methods Chapter 2.  

Statistical analyses 

Statistical analyses were performed using SPSS software (IBM, SPSS v22). For correlational 

analyses, the Spearman’s correlation coefficient was calculated, unless otherwise stated. 

Descriptive statistics were reported as median and range, unless otherwise stated.  

The proportional increase in volume from baseline T2 lesion volume was less than 10% 

for almost all patients with enlarging T2 lesions, so I chose 5% increase in volume of 

enlarging T2 lesions as significant and classified any patients with greater that 5% increase in 

enlarging T2 lesion volume as a positive outcome for constructing a receiver operating 

characteristic (ROC) with white matter DVR as the discriminant. 

Hierarchical linear regression was used to assess separately whole brain atrophy rate, 

overall T2 lesion volume change and enlarging T2 lesion volume. I evaluated 3 different 3 

level models using hierarchical linear regression modelling: 

1.  Dependent variable of whole brain atrophy rate (% between baseline and follow-up scan) 

with EDSS, age and gender as covariates (level 1) and independent variables as NAWM 

DVR controlling for TSPO binding status (level 2) followed by baseline T2 lesion 

volume (level 3). 

2. Dependent variable of enlarging T2 lesion volume change (mL between baseline and 

follow-up scan) with three levels as above. 

3. Dependent variable of enlarging T2 lesion volume change (mL between baseline and 

follow-up scan) with NAWM DVR controlling for TSPO binding status (level 1), 

NAWM MTR (level 2) and baseline T2 lesion volume (level 3). 
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For all models, the coefficient of determination (R
2
) was reported for level 1. For each level 

thereafter (level 2 and 3), the contribution of the next level independent of other levels for 

explaining variance in the dependent variable was reported as an R
2
 change value. Where 

correlations were directly assessed and for post hoc analyses, a correction was made for 

multiple comparisons (Bonferroni method). A p-value of less than 0.05 was considered 

significant for all statistical tests. 

Results 

Illustrative images are shown in Figure 16. Of the 21 patients included in the longitudinal 

analysis (8 men; median age 48 years, range 22–66 years), 7 had a diagnosis of SPMS and 14 

of RRMS. The median baseline EDSS was 4.0 (range, 1.0–7.0) and median disease duration 

was 13 years (range, 1-28 years). 7 patients experienced a clinical relapse between their 

baseline and follow-up scans (median 0 relapses/year, range 0-1 relapses/year). The EDSS at 

follow-up did not change in 16 patients of the 21 patients (EDSS change: median 0.0, mean 

0.2, range 0.0-2.0). The demographic details of these 21 patients are summarised in Table 4. 

Correlations between baseline [
11

C]PBR28 DVR and MRI measures of disease burden 

I then tested for correlations between baseline [
11

C]PBR28 DVR and MRI measures of 

disease burden. Both NAWM and WML DVR were positively correlated with the baseline 

T2 lesion volume (ρ=0.49, p=0.03 and ρ=0.63, p=0.002, respectively). NAWM and WML 

DVR were negatively correlated with baseline whole brain volume (ρ= -0.81, p=4x10
-5

; ρ= -

0.74, p=4x10
-4

, respectively). NAWM DVR was correlated with baseline normalised grey 

matter volume (ρ= -0.56, p=0.02 (Figure 17), but there was no statistically significant 

association between WML DVR and grey matter volume (ρ= -0.49, p=0.08). The baseline 

NAWM MTR was negatively correlated with NAWM DVR at baseline (ρ= -0.69, p=8x10
-4

).  
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Table 4. Summary of clinical characteristics of the 21 multiple sclerosis patients (8 men, 

13 women) studied and conventional measures of disease burden who were assessed at 

baseline and follow-up 

 

 Median Range 

Age (years) 48 22 - 66 

Baseline EDSS 4.0 1.0 - 7.0 

Disease duration (years) 13 1 - 28 

Baseline T2 white matter 

lesion volume (cm
3
) 

8 2 - 37 

Baseline whole brain 

volume (cm
3
) 

1420 1250 - 1540 

Relapses (between 

baseline and follow-up) 

0 0 - 3 

EDSS change (between 

baseline and follow-up) 

0.0 0.0-2.0 

  

Abbreviations: EDSS=Expanded Disability Status Scale 
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Figure 16. Illustrative parametric PET [
11

C]PBR28 distribution volume ratio (DVR) 

images at baseline (A, D) from two patients with associated T2 FLAIR images at 

baseline (B, E) and after approximately 1 year (C, F). The top panels (A-C) are from a 

patient (EDSS 4.0) with high average normal appearing white matter (NAWM) DVR 

(1.35) (patient A19 in Table 3, page 63). The yellow arrowhead highlights a lesion that 

enlarged over the observation interval. The bottom panels (D-F) include images from a 

patient (EDSS 6.0) with low average NAWM DVR (0.88) for whom no enlarging T2 

lesions were found between the baseline (E) and follow up (F) MRI scans (patient A5 in 

Table 3, page 63). The colour bar to the right of the PET images shows the dynamic 

range of DVR in the images (A, D). 
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Figure 17. Plots [
11

C]PBR28 distribution volume ratios (DVR) and baseline whole brain 

volume (WBV) and grey matter (GM) volume. (A) Normal appearing white matter 

(NAWM) DVR against baseline WBV (Spearman’s ρ= -0.81, p=4x10
-5

). (B) White 

matter lesions (WML) DVR against baseline WBV (ρ= -0.74, p=4x10
-4

). (C) NAWM 

DVR against baseline GM volume (ρ= -0.56, p=0.02). (D) WML DVR against baseline 

GM volume (ρ= -0.42, p=0.08). 

[
11

C]PBR28 DVR measures and subsequent radiological progression of disease  

NAWM and WML DVR at baseline were not associated with total T2 lesion volume changes 

(which include contributions from both enlarging and shrinking lesions) between baseline 

and follow-up (Spearman’s ρ= -0.08, p=0.75; ρ= -0.01, p=0.95, respectively), nor were there 

significant associations between DVR and T2 lesion volume change in either the RRMS or 
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SPMS patient sub-groups. I also did not find evidence for associations between NAWM and 

WML DVR at baseline and subsequent changes in whole brain (ρ= -0.006 p=0.98; ρ=0.08; 

ρ=0.74, respectively) or total grey matter (ρ=0.07; ρ=0.78; ρ=0.15; ρ=0.51, respectively) 

volumes for the group of MS patients as a whole.  

NAWM and WML DVR were positively correlated with enlarging T2 lesion volume 

(ρ=0.59, p=0.01; ρ=0.64, p=0.004, respectively) over the subsequent 1 year. A post hoc 

analysis suggested that this relationship was specific for sub-group of patients with RRMS, 

who showed strong relationships between baseline NAWM and WML DVR and enlarging T2 

lesion volumes (ρ=0.74, p=0.008; ρ=0.64, p=1x10
-3

, respectively); I did not find an 

association between enlarging T2 lesion volume and NAWM DVR (ρ= -0.05, p=0.91) or 

WML DVR (ρ= -0.41, p=0.36) in the sub-group of SPMS patients. However, correlations 

were observed in the SPMS patients between WML DVR and both subsequent changes in 

whole brain volume (ρ=0.86, p=0.04) and grey matter volume (ρ=0.96, p=5x10
-4

). A trend 

towards correlation between NAWM DVR and whole brain volume change over the 

subsequent 1 year also was found (ρ=0.71, p=0.07) in a post hoc exploratory analysis, 

although it not reach statistical significance. A similar analysis for the RRMS group did not 

identify associations between DVR and either whole brain or grey matter volume changes. 

Stratifying patients for enlarging T2 lesion activity by NAWM [
11

C]PBR28 DVR  

I explored whether differences in NAWM DVR at baseline could be used to stratify patients 

for risk of T2 lesion volume change in the subsequent year. I estimated the optimal NAWM 

DVR discriminating higher and lower risk based on the enlarging T2 lesion volume. I 

constructed an ROC curve with NAWM DVR as the test variable to define the optimal 

discriminant value of baseline NAWM DVR to use as an enlarging T2 volume stratification 

measure. A NAWM DVR cut-off of 1.10 maximised specificity (67%) and sensitivity (67%) 

for discriminating a >5% increase in T2 lesion volume. There was an approximately 30% 
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greater relative increase in enlarging T2 volumes in the higher (median 4.8 mL, range 1.1-

10.6 mL) than in the lower (median 6.8 mL, range 0.7-9.6 mL) NAWM DVR sub-group 

(p=0.04, Mann-Whitney test) (Figure 18). 

Figure 18. Boxplot of enlarging T2 white matter lesion volume increase in the multiple 

sclerosis patients stratified by low (<1.10) and high (>1.10) [
11

C]PBR28 distribution 

volume ratio (DVR) in the normal appearing white matter (NAWM) (p=0.04). 

Multivariate descriptive models of later changes in MRI measures of disease burden 

I sought to explore models that describe the future disability changes in our study group 

based on demographic, clinical, MRI and PET measures at baseline. I initially modelled the 

whole brain volume change between the baseline and follow-up MRI scans as a function of 

EDSS, age and gender (R
2
=0.48, p=0.01). Neither the baseline NAWM DVR (controlling for 
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TSPO binding status) nor the baseline T2 lesion volume improved the main model (R
2 

change=0.09, p=0.26; R
2
 change<0.01, p=0.97, respectively).  

I then explored models of the enlarging T2 lesion volume. EDSS, age and gender did not 

explain enlarging T2 lesion volume (R
2
=0.33, p=0.14). Including the baseline NAWM DVR 

added significant explanatory power of the model for the variance in enlarging T2 lesion 

volume (R
2
 change=0.37, p=0.004) A hierarchical regression model with the first level as 

NAWM DVR accounted for approximately 50% of the variance in enlarging T2 lesion 

volumes (R
2
=0.46, p=0.001). Additionally including the baseline T2 lesion volume (R

2
 

change=0.30, p=5x10
-6

) and NAWM MTR (R
2
 change=0.12, p=0.04) significantly improved 

the model.  

Discussion 

In this Chapter, I assessed the relationship of [
11

C]PBR28 DVR to subsequent changes in 

MRI over 1 year in MS patients. NAWM and WML DVR were correlated with T2 lesion 

volume and whole brain volume at baseline. Enlarging T2 lesions and brain atrophy rates 

have prognostic significance for development of disability progression in multiple 

sclerosis(Sormani et al., 2014). I found that white matter [
11

C]PBR28 DVR was correlated to 

enlarging T2 lesion volume. These findings were combined into a single model to show that 

baseline NAWM DVR, T2 lesion volume and NAWM MTR all independently contribute to 

description of the subsequent variance of the enlarging T2 lesion volume. 

I found correlations between baseline whole brain volume and T2 lesion load with both 

DVR in NAWM and in WM T2 lesions. A previous TSPO PET study reported correlations of 

NAWM TSPO ligand binding with baseline brain atrophy measures in SPMS (Versijpt et al., 

2005). This and related associations identified in cross-sectional studies have been interpreted 

to suggest that microglial activation either contributes causally to, or reflects a response to 

neuroaxonal loss. With our longitudinal design, I was able to investigate the associations 
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between microglial activation and measures of inflammatory activity and neuroaxonal loss 

more powerfully. I found that a measure of higher levels of microglial activation was 

associated with a greater volume of subsequently enlarging lesions in the RRMS subgroup. 

By contrast, in the sub-group of patients with SPMS, microglial activation was associated not 

with enlarging T2 hyperintense lesions in the white matter, but with greater subsequent brain 

atrophy. These observations together suggest that during the earlier relapsing stage of the 

disease, the innate immune inflammatory response is associated with (and may contribute to) 

greater neuroaxonal loss in and around lesions (Colasanti et al., 2014), while with longer 

duration and a transition to progressive disease, the microglial activation, which is highly 

correlated between white and grey matter in the brain, becomes more diffuse and contributes 

to global neurodegeneration. Confirming this hypothesis will demand larger and longer 

longitudinal studies in which these relationships can be evaluated prospectively. An even 

stronger test is needed to confidently rule out the possibility that the association is a response 

to neurodegeneration, rather than a cause, e.g., involving an intervention able to relatively 

selectively modulate the microglial activation in RRMS and SPMS. 

Nonetheless, there already is indirect evidence that some or all of the microglial activation 

measured here is contributing indirectly or directly to neurodegeneration. Activated nodules 

of microglia have been detected in extra-lesional white matter both in association with 

demyelinating axons and in the absence of myelin loss (van Horssen et al., 2012; Singh et al., 

2013). A number of pre-clinical studies support a role for microglial activation being pro-

inflammatory in MS and contributing to neurodegeneration (Duffy et al., 2014). The NAWM 

MTR, which is associated with myelin density and axonal count in correlative post mortem 

studies, is lower in MS patients than healthy volunteers (Schmierer et al., 2004; Vrenken et 

al., 2006; Moll et al., 2011). I also found in the data here that [
11

C]PBR28 DVR was 

negatively correlated with NAWM MTR, as well as in a previous study using another second 
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generation TSPO ligand ([
18

F]PBR111), which showed higher TSPO binding in NAWM with 

lower relative to higher MTR (Colasanti et al., 2014).  

Later disability progression in large MS datasets is modelled well by a combination of 

whole brain atrophy rate and the numbers of new and enlarging T2 lesions over 6-12 months 

(Popescu et al., 2013b; Sormani et al., 2014). I constructed a model for which NAWM DVR, 

NAWM MTR and T2 lesion volume all were measured at a single time point. This model 

explained over 90% of the variance in enlarging lesion volume over the subsequent 1 year. 

This suggests that the inflammatory burden of microglial activation in the brain may be 

related causally to mechanisms of neuroaxonal damage. This is consistent with 

histopathological concepts where white matter lesions with microglial activation at the edge 

are thought to represent lesions that enlarge (Lucchinetti et al., 2004; Filippi et al., 2012). 

Here I used this to demonstrate a proof of principle that baseline microglial activation in the 

NAWM could be used to stratify patients at risk of greater future lesion enlargement, and 

therefore poorer future clinical prognosis. 

The present study consisted of a mixed population of MS patients with a follow-up of 

approximately 1 year. I did not detect any new T2 lesions in this cohort, there were few 

relapses and overall EDSS changed little across the group. This is not uncommon for 

relatively short follow-up periods (Goldman et al., 2010), although the 1 year period was 

important to assess how the approach might further enhance the power of Phase IIa treatment 

studies. Future studies could confirm and extend this work with longer follow-up periods. 

Here the analyses of the sub-groups with RRMS and SPMS were based on post hoc analyses. 

TSPO PET studies powered to focus on progressive forms of multiple sclerosis would be able 

to confirm whether a diffuse and higher relative magnitude of microglial activation predicts 

brain atrophy rates.  
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In this study, I have found a strong association between microglial activation in different 

white and grey matter regions in MS, suggesting that while focal lesion activity in white 

matter and grey matter is not closely associated, the diffuse innate immune activation 

measured by TSPO PET is. The diffuse microglial activation measured by TSPO PET 

explained a large proportion of the subsequent enlarging T2 white matter lesion volume in 

RRMS patients and stratified patients at higher risk of developing enlarging lesions. In 

patients with SPMS, I found that microglial activation predicted subsequent brain atrophy. 

These imaging neuropathological changes are known to be associated with disability 

progression. The results overall show that TSPO PET contributes information for establishing 

individual patient prognoses additional to that from patient clinical characteristics or MRI 

measures for better defining the short term prognosis of MS patients. The development of 

accurate measurements of innate immune responses in MS in vivo could potentially 

contribute meaningfully to the precision of personalized medicine for MS.  



 102 

CHAPTER 6. Summary and conclusions 

Conventional MRI is an important tool in the management of MS patients. However, it does 

not capture the innate immune activation that is a prominent feature of MS brains and likely 

contributes to disease evolution in individual patients, although the in vivo roles of innate 

immune activation in MS have not been established. This thesis sought to evaluate innate 

immune activation in the white matter of MS patients with PET imaging using two second 

generation TSPO PET radioligands, [
11

C]PBR28 and [
18

F]PBR111 with the same reference-

tissue based quantification; to explore the relationship between [
11

C]PBR28 PET and [myo-

inositol] MRS as two glial cell markers in brain and to evaluate the relationship of 

[
11

C]PBR28 to future short term disease changes in MS patients. 

In PET studies, full compartmental modelling typically provides the most accurate 

estimates radioligand binding, and therefore the corresponding available receptor 

concentration. A challenge of quantification of TSPO binding with full compartmental 

modelling is that an arterial line is required, which is invasive, and careful timing of arterial 

blood samples during the PET scan is also needed. Reference tissue based kinetic analysis 

methods provide a gain in precision in quantifying the displaceable binding of a ligand as 

well as avoiding the disadvantages of using an arterial input function and arterial line (Gunn 

et al., 2001). However, there is the limitation that TSPO is expressed throughout the brain, 

therefore, rather than a true reference region (devoid of TSPO expression), these methods use 

a pseudo-reference region, and may give a relative underestimation of displaceable 

radioligand binding.  

Most previous studies of MS using TSPO PET have used a pseudo-reference method; the 

differences lie in the pseudo-reference region chosen (see Chapter 2). Second generation 

TSPO ligands have highly specific binding for TSPO in vitro, but their binding affinity is 

affected in humans by the rs6971 polymorphism and is generally less well understood in vivo. 



 103 

I used the caudate as a pseudo-reference region based on the observation that this region was 

easily and reproducibly identified within a standardized neuroanatomical template using 

standard imaging segmentation algorithms, it consistently had the lowest PET signal in MS 

patients and healthy volunteers and that there was a similar signal in both groups of 

volunteers. Also, the caudate has dimensions above the FWHM of the PET scanner. The 

Logan reference tissue method makes relatively fewer assumptions in quantifying ligand 

binding than compartmental models (Logan et al., 1996). I found that the Logan method with 

caudate pseudo-reference was better able to discriminate between brain regions based on the 

estimated radioligand binding with greater dynamic range of binding than SRTM. Therefore, 

I chose to use the Logan (with caudate pseudo-reference) to quantify TSPO binding in the 

subsequent analyses. 

Heterogeneous white matter innate immune activation and increased microglial activation 

in NAWM compared to HV white matter has been demonstrated in previous studies, although 

numbers are limited, different radioligands and quantification methods have been used and 

some studies have even failed to show differences in TSPO PET signal between the brains of 

MS patients and healthy volunteers (Debruyne et al., 2003; Takano et al., 2013). By 

obtaining a clearer picture of the patterns of innate immune activation in vivo in MS brains 

and how this may relate to histopathology, I sought to increase our understanding of the in 

situ behaviour of innate immune activation in living MS patients. In this study, I 

demonstrated higher microglial activation in NAWM of MS patients than healthy volunteers 

consistent with previous studies (Banati et al., 2000; Debruyne et al., 2003; Rissanen et al., 

2014). I proposed an approach to classification of individual lesions inspired by 

histopathological classifications based on the distribution of macrophages and microglia in 

and around lesions (Lucchinetti et al., 2000), as well as demonstrating for the first time the 

confidence that comparability of results from the two radioligands, [
11

C]PBR28 and 
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[
18

F]PBR111, when analysed identically offers for use of second generation TSPO 

radioligands.  

Individual lesions with high levels of microglial activation in their core relative to 

surrounding tissue (which I called “active” lesions) were identified in vivo in all disease 

stages and using both TSPO ligands. These findings in vivo are reflected in a recent study of 

brains post mortem, where histopathologically defined active lesions were found in all 

disease stages (Frischer et al., 2015). Although I found two acute gadolinium enhancing 

lesions in MS patients, which had increased microglial activation relative to their surrounding 

NAWM, there were individual lesions with even higher TSPO uptake in these individuals. 

Moreover, I report novel findings in patients on a range of treatments, where active lesions 

were found even in patients receiving either of two of the most efficacious pharmacological 

immunomodulators (alemtuzimab and nataluzimab). This would suggest that 

compartmentalized microglial activation can persist at high levels in some lesions after the 

early phase of blood brain barrier breakdown of an early acute lesion. These findings also 

suggest that current treatments classed as highly efficacious based on suppression of T2 

hyperintense lesion activity do not suppress microglial activity fully. The functional 

implications of whether this microglial activation contributes to neuronal injury overall or 

repair were evaluated in the longitudinal part of this study. 

The question arises as to whether either radioligand is preferable for future clinical studies 

and applications. In vitro, ex vivo and in silico data indicate that [
11

C]PBR28 has higher 

binding affinity for TSPO and higher displaceable to non-displaceable binding compared to 

[
18

F]PBR111, when matched for TSPO binding status (Guo et al., 2012). A study using a 

TSPO agonist (XBD173) to block binding of [
11

C]PBR28 in healthy volunteers directly 

confirmed estimates of relatively high displaceable binding for this ligand (Owen et al., 

2014). I found that the dynamic range of DVR in the MS patients measured with [
11

C]PBR28 
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was greater than with [
18

F]PBR111. Finally, defluorination of [
18

F]PBR111 and skull uptake 

of [
18

F] (Fookes et al., 2008) limits accuracy of assessment of uptake in the adjacent 

neocortex. Together, these factors suggest that for many applications, [
11

C]PBR28 is a 

preferable radioligand. However, the longer half-life of [
18

F]PBR111 (110 minutes) than 

[
11

C]PBR28 (20 minutes) makes the former more practical for transportation between sites 

without the need for having an on-site cyclotron to produce the radioligand. Further work 

needs to be done, for instance with blocking studies of [
18

F]PBR111, to evaluate the in vivo 

binding characteristics of both radioligands. However, depending on manufacturer/supply 

arrangements, [
18

F]PBR111 could have advantages at some sites. 

Post mortem studies have found only a weak correlation between white matter and grey 

matter inflammation, although these studies have focused on focal inflammation within 

lesions rather than the more diffuse inflammation that also occurs (Calabrese et al., 2015). 

However, more recently, extensive meningeal inflammation, characterised by the presence of 

B cell lymphoid follicles, has been demonstrated and inflammation appears to be a highly 

dynamic process (Magliozzi et al., 2007; Lucchinetti et al., 2011; Popescu and Lucchinetti, 

2012). Previous in vivo TSPO PET studies have found increased microglial activation in MS 

grey matter and white matter compared with healthy brains, although the relationship within 

individual brains of MS patients was not reported in these studies (Politis et al., 2012; 

Colasanti et al., 2014). Assessment of grey and white matter innate inflammation in vivo in 

individual MS brains can provide insights into whether the innate inflammatory 

pathophysiology occurs in parallel across grey and white matter regions. I found that the 

microglial activation in NAWM was highly correlated with that in the white matter lesions, 

as well as the cortex and thalamus. This would suggest that there is a higher inflammatory 

burden in MS patients, not only in the white matter, but also throughout the brain. 
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Furthermore, this may indicate that at the individual patient level the inflammatory burden in 

the white matter reflects microglial activation throughout the brain. 

MS brains typically show astrocyte activation and the innate immune responses of 

microglial activation, as well as recruitment of peripheral macrophages. Chronic 

inflammation in MS is associated with neurodegeneration and disability progression (Versijpt 

et al., 2005; Giannetti et al., 2015). As conventional MRI lack specificity to directly probe 

and quantify the CNS innate immune activation or astrocyte activation, I sought to explore 

for the first time the baseline relationships between these glial cell populations together in 

MS patients, in order to gain an understanding of patterns of activation of astrocytes and the 

innate immune cells in vivo and how this may relate to neurodegeneration. The patients who 

underwent [
11

C]PBR28 PET imaging also were evaluated using brain MRS. While the 

[
11

C]PBR28 signal reflects microglial activity, MRS myo-inositol concentration is thought to 

reflect astrocyte activation (Bitsch et al., 1999). I sought to explore the in vivo relationship 

between MRS [myo-inositol] and PET [
11

C]PBR28 binding. I did not find that [myo-inositol] 

and [
11

C]PBR28 DVR were correlated. This may indicate that the two measures are relatively 

independent for a cohort of MS patients with a range of inflammatory loads. However, in 

exploratory analyses, I found that when patients were stratified into high and low brain 

inflammatory load subgroups, MRS [myo-inositol] and PET [
11

C]PBR28 uptake in WML 

were correlated. This provides evidence that under some conditions there may be parallel 

activation of microglia, reflected in the PET TSPO signal, and astrocyte activation, reflected 

by MRS [myo-inositol]. Similar observations were made in a study that found [myo-inositol] 

was associated with microglial activation only at higher levels of brain inflammatory 

pathology in Alzheimer’s disease (Murray et al., 2014). 

MRI measures of brain atrophy reflect global neurodegeneration, where grey matter 

atrophy accounts for the greatest proportion of this atrophy in MS (Geurts et al., 2012). NAA 
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is synthesized in the mitochondria of neurons and can be detected by MRS imaging, where 

reduced concentrations are associated with neurodegeneration in MS and other diseases (Fu 

et al., 1998; Bitsch et al., 1999). In exploratory analyses, I found that higher [
11

C]PBR28 

DVR within white matter lesions was correlated with greater grey matter atrophy and reduced 

[NAA], although no association was found between [myo-inositol] and either measure of 

neurodegeneration. This is consistent with histopathological findings in MS in which 

microglial activation is associated with grey matter neurodegeneration (Vercellino et al., 

2009; Magliozzi et al., 2010) and the association of increased PET [
11

C]PK11195 uptake in 

NAWM with greater brain atrophy (Versijpt et al., 2005). These findings support a role for 

the microglial activation found within white matter associating with neurodegeneration, 

although from this cross-sectional analysis, causation cannot be inferred. The lack of 

association between [myo-inositol] and measures of neurodegeneration does not preclude the 

possibility that both populations of glial cells may contribute to axonal damage (Rae, 2014). 

For example, astrocyte activation could have a longer time course antecedent to 

neurodegeneration (Llufriu et al., 2014). Future, longer term longitudinal studies combining 

MRS and PET TSPO imaging as described here could evaluate their independent predictive 

value for future neurodegeneration and increases in disability. 

Increases in lesion load and brain atrophy are strongly correlated with disease progression 

and worse clinical outcomes (Sormani et al., 2014). It has been suggested from 

histopathological studies that lesions with innate immune activation at their edge may enlarge 

(Lucchinetti et al., 2004; Filippi et al., 2012). Furthermore, activated nodules of microglia in 

association with demyelinating and damaged axons have been demonstrated in extra-lesional 

white matter, that may precede the appearance of white matter lesions (Singh et al., 2013). A 

longitudinal study assessing the relationship of TSPO PET brain uptake with changes in brain 

atrophy and lesion volume has not previously been reported in MS patients. The aim here 
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with such a study is to provide insights into the possible functional roles of innate immune 

activation in lesion evolution and neurodegeneration, which cannot be inferred from cross-

sectional studies. Here I hypothesized that in vivo innate immune activation assessed using 

[
11

C]PBR28 TSPO PET imaging could be used to predict T2 lesion volume change and brain 

atrophy over the subsequent 1 year and therefore enhance precision in identifying patients 

with established MS at higher risk of disease progression. I explored whether adding 

magnetization transfer imaging of NAWM as a measure of demyelination could further add 

additional predictive power. A previous TSPO PET study reported correlations of 

[
11

C]PK11195 uptake in NAWM with baseline brain atrophy measures (Versijpt et al., 2005). 

From these associations, it is not possible to make conclusions on whether microglial 

activation is a response to or directly contributes to neuroaxonal injury.  

I found that increased levels of innate immune activation were associated with enlarging 

lesion volume increase in the RRMS patients. By contrast, in the subgroup of patients with 

SPMS, microglial activation was associated with a greater rate of annualized brain atrophy, 

but not with enlarging T2 hyperintense lesion volume in the white matter. These novel 

findings suggest that during the earlier relapsing stage of the disease, the innate immune 

response is associated with and may contribute to neuroaxonal loss in and around lesions, 

while with longer disease duration and a transition to progressive disease, the microglial 

activation, which is highly correlated between white and grey matter in the brain, contributes 

more to global brain neurodegeneration.  

I constructed a multivariate regression model consisting of baseline [
11

C]PBR28 binding 

in NAWM, baseline T2 lesion volume and NAWM MTR that independently explained over 

90% of the variance in enlarging lesion volume change in this cohort of MS patients, itself a 

key predictor in models of subsequent disability progression (Sormani et al., 2011b), over the 

subsequent 1 year. This provides further evidence that the inflammatory burden in the brain 



 109 

may be related causally to mechanisms of neuroaxonal damage in MS. Here I used this to 

demonstrate a proof of principle that baseline microglial activation in the NAWM could be 

used to stratify patients at higher risk of future lesion enlargement to help rationalize 

treatments for individual patients. Together, these findings suggest that it may be most 

effective to target more efficacious treatments as first-line in patients at high risk of 

aggressive disease determined from a single TSPO PET and MRI brain scan, rather than 

waiting at least 6 months to 1 year for follow-up MRI scans to assess for lesion enlargement, 

brain atrophy rate and new lesions.  

Limitations and future directions 

[
11

C]PBR28 and [
18

F]PBR111 showed a heterogeneous distribution of tracer uptake in 

individual white matter lesions relative to the surrounding NAWM. I chose lesions bigger 

than 8 mm
3
. This threshold was chosen based on striking a balance between having a large 

sample size of individual lesions and obtaining a meaningful signal within the limits of the 

spatial resolution of the PET images. A previous study found that partial volume correction 

methods made little difference to the precision of TSPO binding measures (Colasanti et al., 

2014). However, 8 mm
3
 may still be considered a low threshold. The analysis of the TSPO 

signal from individual lesions would need to be repeated with a range of cut-offs to assess 

effect on heterogeneity and proportions of types of lesions in different disease subtypes, 

disease durations and treatment subgroups. However, with larger cut-offs of minimum lesion 

volume to include in the analysis, this will necessarily introduce selection bias by excluding a 

larger proportion of lesions. This could be addressed by analysing data with a range of cut-

offs of minimum lesion size. I would hypothesize that the trend would be similar, with active 

lesions found across all disease stages, durations and even in patients on the currently most 

efficacious disease modifying therapies. 

The combination of MRS and TSPO PET in this study was powered to test for a relatively 
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strong, general relationship between [myo-inositol] and [
11

C]PBR28 uptake, respectively. 

While the results distinguish between results from the two measures, a limitation of the study 

design is that a broad range of disease was investigated by a relatively small sample size. 

Moreover, a single large voxel was sampled, rather than the whole brain, which further 

limited the statistical power of the analysis. In future, multi-voxel spectroscopy could be 

applied to obtain a more complete picture of metabolites in the whole brain and different 

brain regions and relate this to microglial activation measured with TSPO PET. With a more 

comprehensive sampling of brain regions at higher spatial resolution with a focus on either 

early or late disease would help confirm the relative independence of these two imaging 

measures of putative glial cell activation. Longitudinal studies with combined MRS [myo-

inositol] and [
11

C]PBR28 PET would help clarify whether the time courses of the two signals 

are different for both early and late disease.  

TSPO PET studies have reported positive correlations between disability and brain PET 

signal in early and late disease (Politis et al., 2012; Colasanti et al., 2014). I did not find 

significant relationships between baseline EDSS and TSPO binding. Neither [
11

C]PBR28 nor 

[
18

F]PBR111 study were powered for this outcome. However, the lack of correlation could 

also reflect limitations of a cross-section design: disability measures reflect the summary 

impact of neuroaxonal injury to date, whereas the PET measures are determined by 

inflammatory activity only at the time of the scan. Insensitivity of EDSS to all relevant 

domains of disability, including cognitive deficits and depression, could also contribute 

(Stangel et al., 2015).  

In the longitudinal analysis of follow-up changes, I did not detect any new T2 lesions in 

this cohort, there were few relapses and overall EDSS changed little across the group. This is 

not uncommon for relatively short follow-up periods of patients on treatment (Goldman et 

al., 2010), although the 1 year period was important to test with the view of further enhancing 
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power of clinical trials of treatment studies in MS. Here the interpretation of the relationships 

of microglial activation with enlarging lesions and brain atrophy rates of the sub-groups with 

RRMS and SPMS were based on post hoc analyses. Future studies could confirm and extend 

the current work with longer follow-up periods. TSPO PET studies powered to focus on 

progressive forms of multiple sclerosis would be able to confirm whether a diffuse and higher 

relative magnitude of microglial activation predicts lesion volume changes and brain atrophy 

rates.  

Early Phase 2 clinical pharmacology trials could assess in vivo efficacy of putative 

investigational medicinal products (IMPs) suppressing microglial activation using either 

[
11

C]PBR28 or [
18

F]PBR111 DVR in the NAWM as an endpoint. The time point for change 

in DVR has not been defined, but other disease modifying therapies seem to act within 6 

months. The design of a pilot study could comprise a treatment group of MS patients (in the 

first instance, RRMS), who would undergo a baseline PET and MRI scan. Patients would 

take the new medication as soon as possible after the scans, followed by a post-medication 

PET and MRI after 6 months. With a power of 0.8 and Type I error of 0.05 and an effect size 

of 0.8 (the standard deviation of DVR for both [
11

C]PBR28 or [
18

F]PBR111 in healthy 

volunteer white matter and NAWM of MS patients was around 0.05, Results section of 

Chapter 3), this gives a sample size of 12 for both TSPO radioligands. A standard protocol in 

clinical trials is to use a 3:1 ratio of medicine:placebo. Therefore, a pilot study could be run 

with 16 RRMS patients using either TSPO PET tracer (12 taking treatment, 4 receiving a 

placebo). A screening blood test for the TSPO rs6971 polymorphism would exclude 

approximately 10% of MS patients before scanning as low affinity binders (LAB) for TSPO. 

This gives a final sample size estimate of 18 patients for such a study. If the effect size 

(Cohen’s d) is reduced to 0.6, the sample size estimate increases to 28. This approach might 

allow informative small Phase 2A trials with the assumption that the TSPO PET signal 
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reflects pro-inflammatory microglial activity sensitive to recent neuro-axonal damage or 

future risk of damage. 

Further analysis focusing on individual lesion [
11

C]PBR28 DVR and MTR will provide 

insights into how microglial activation relates to changes in individual lesion volume and 

remyelination/demyelination. Furthermore, the current analysis of individual lesions and 

suggested future directions discussed above could be extended to include follow-up of 

individual lesions to gain a deeper understanding of how these lesions evolve within and 

across individuals in vivo. This would help shed light on hypotheses based on 

histopathological data on how microglial activation patterns in white matter lesions relate to 

lesion evolution, as well as MRI studies of longitudinal changes in MRI contrasts (T1 

hypointensities and MTR) within individual active lesions. I would hypothesize that 

enlarging lesions were predominantly of the TSPO PET active and peripherally active type 

lesion. These studies may also shed light on the nature of undifferentiated lesions.  

Conclusions 

In these investigations with second generation TSPO PET of MS patients I have quantified 

TSPO binding as a measure of microglial activation with a reference based method. Using 

identical methodology I have found broadly comparable results with two different tracers, 

[
11

C]PBR28 and [
18

F]PBR111, showing increased microglial activation in the NAWM of MS 

patients compared to healthy volunteers and heterogeneous levels of microglial activation 

within individual MS white matter lesions. Different classes of lesions were identified in vivo 

with TSPO PET based on relative regional differences in microglial activation analogous to 

neuropathological patterns. Lesions classified as active on TSPO PET were found in all 

disease durations, both RRMS and SPMS patients, as well as in those on the most efficacious 

disease modifying treatments. MRS [myo-inositol] and [
11

C]PBR28 binding were not 

associated for the whole group, suggesting that these are independent glial markers, possibly 
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of astrocytes and microglia, respectively. Cross-sectional analyses showed an inverse 

relationship of MRS [NAA], a sensitive measure of neuronal injury, with [
11

C]PBR28 

binding. Longitudinal analyses found that microglial activation accounted for subsequent 

lesion enlargement in RRMS and greater progression of brain atrophy in the later SPMS 

phase of disease. Together, these findings have provided a greater understanding of the 

pathophysiology of how compartmentalized innate brain inflammation relates and contributes 

to neuronal injury in MS patients. The development of accurate measurements of innate 

immune responses in MS in vivo could potentially contribute meaningfully to enhancement of 

the precision of personalized medicine for MS.  
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