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General introduction

Multiple Sclerosis (MS) is one of the most common diseases of the central nervous system, affecting almost 2.3 million people worldwide of which 100 000 in France, mainly women with a ratio of 3:1 worldwide. The disease remains a major public health issue as the leading cause of non-traumatic neurological disability among young adults.

MS is classically considered an immune-mediated demyelinating disorder of the central nervous system (CNS), where focal white matter (WM) lesions represent the pathological hallmark of the disease. Current therapies are principally focused on the inflammatory component of the disease, but are poorly effective on the long-term disability progression.

Consequently, the possibility of an associated grey matter (GM) damage has been increasingly investigated over the past decade, and a link between disability and neuronal damage leading to neurodegeneration has been demonstrated.

Post-mortem studies and experimental models have led to identify multiple mechanisms leading to the neuro-axonal damage: i) microglial activation, ii) cortical demyelinated lesions, iii) failure of repair, and iv) neuronal loss. On conventional structural magnetic resonance imaging (MRI) acquired at 1.5 or 3T, the extent and severity of GM pathology remain poorly visualized. Significant GM tissue loss characterizes patients with MS on anatomical T1-weighted sequences, and correlates with physical and cognitive disability, but such atrophy measurements are inherently nonspecific. Metrics derived from non-conventional MRI techniques, such as magnetization transfer imaging, have been proposed to measure the early pathology of GM in MS.

The development of new imaging techniques able

However, while being sensitive to the diffuse changes occurring during the course of the disease, none of these techniques has proved to be specific for assessing the damage of the neuronal compartment and to efficiently detect the cortical damage.

Cortical demyelinated lesions are poorly detected using convention MRI, with at best a third of cortical lesions being detected. Magnetization transfer imaging showed areas of decreased magnetization transfer ratio in the cortex of MS patients, which could correspond to areas of demyelination. Ultra-high field 7T MRI provides unprecedented high signal-and contrastto-noise ratio for brain imaging that has the potential to open outstanding perspectives for the investigation of the pathophysiology of MS, allowing the visualization of cortical demyelinated lesions as well as other cortical pathological components.

In parallel to the increase visualization of GM damage, molecular imaging techniques have allowed to specifically assess mechanisms of WM and GM pathology. Positron Emission Tomography (PET) is an imaging technology based on the injection of radiotracers directed against specific molecular targets and has recently allowed the selective quantification in vivo of the key biological mechanisms relevant to MS pathophysiology: microglial activation, failure of repair, and neuronal damage. This manuscript will first attempt to present current concepts of WM and GM damage in MS from a histological, immunological and neuroimaging point of view, highlighting the relationship between demyelination and inflammation in our understanding of disability progression. We will underscore the need for new imaging techniques specific of these two mechanisms to fully understand the origin of the neurodegenerative process and its relevance over the course of the disease. In the second part of this work, we will propose the use of PET with [18F]-DPA714 as marker of innate immune cell activation in MS by presenting the detailed methods and results of two pilot studies conducted at different stages of the disease. Then, we will investigate the cortical pathology and the mechanism of myelin repair using MTR imaging and the UHF 7T in two pilot studies conducted on patients with MS.

Finally, the conclusions drawn from all the studies presented in this thesis will be summarized, and the answer to the key questions proposed at the end of the introduction will be provided. Future research perspectives that could originate from the results reported in this thesis will be presented.

Introduction

Since the first pictorial descriptions of Multiple Sclerosis as a disseminated plaque-like sclerosis by Jean Cruveilhier in his Anatomie Pathologique du corps humain [START_REF] Cruveilhier | Anatomie pathologique du corps humain, ou descriptions, avec figures lithographiees et coloriees, des diverses alterations morbides dont le corps humain est susceptible[END_REF] and Robert Carswell in Pathological Anatomy: Illustrations of the Elementary Forms of Disease [START_REF] Carswell | Pathological anatomy: illustrations of the elementary forms of disease[END_REF], followed by its identification and classification as a distinct entity by Jean Martin Charcot in a series of major lectures [START_REF] Charcot | Histologie de la sclerose en plaque[END_REF], a long way has been done in the ability to diagnose and characterize the features of la sclérose en plaques.

Multiple Sclerosis is now recognized as one of the most common diseases of the central nervous system (including the brain, the spinal cord and optic nerves), and is a very active field of research. MS is defined as a chronic inflammatory and demyelinating disease, affecting 2.3 million people worldwide of which at least 65 000 in France in 2016 [START_REF] Gbd | Global, regional, and national burden of multiple sclerosis 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016[END_REF]MS Collaborators, 2019). However, the latter estimation is thought to be underestimate, with an estimation of 100 000 patients with MS in France, reported by the French MS society ARSEP (https://www.arsep.org/). The disease remains a major public health issue as the leading cause of non-traumatic neurological disability among young adults. Moreover, no cures have been found for MS.

Epidemiology and risk factors

In a recent paper of the GBD 2016 MS Collaborators, a global analysis of epidemiology of the disease was performed by grouping information from the literature [START_REF] Gbd | Global, regional, and national burden of multiple sclerosis 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016[END_REF]MS Collaborators, 2019). Between 1990 and 2016, they have detected an increased prevalence of MS of +10.4% worldwide.

The global prevalence of MS differs by sex, as MS is known to affect more women.

Female:male sex ratios of about 2-2.5:1 have been frequently reported [START_REF] Pugliatti | The epidemiology of multiple sclerosis in Europe[END_REF][START_REF] Trojano | Geographical Variations in Sex Ratio Trends over Time in Multiple Sclerosis[END_REF]. The sex prevalence of MS seems to undergo dynamic changes, with several recent examples of increasing sex ratios summarized by Leray and colleagues [START_REF] Leray | Epidemiology of multiple sclerosis[END_REF]. In a Canadian study comprising all registered cases in Canada, the female:male sex ratio by year of birth increased from about 1.9:1 in cases born in 1936-1940, to almost 3.2:1 in the latest birth cohort from 1976 to 1980 [START_REF] Orton | Sex ratio of multiple sclerosis in Canada: a longitudinal study[END_REF]. The gender ratio has changed due to an increase incidence of MS in women. Such increase might be the result of multiple factors such as environmental changes. Several factors have been suggested, including later pregnancy, use of oral contraception, smoking, obesity, less physical activity and more stress [START_REF] Leray | Epidemiology of multiple sclerosis[END_REF].

MS prevalence varies greatly between continents. Indeed, a demographic heterogeneity has been described in the prevalence of MS worldwide (Figure 1.1), from high levels (>120 cases of MS/100 000 habitants) in North America and some northern European countries to lower levels (<60 cases of MS/100 000 habitants) in Asia and Sub-Saharan Africa. However, the notion of a latitude gradient has been questioned because of the heterogeneity in the diagnosis accuracy and cases ascertainment between the northern and southern hemispheres [START_REF] Koch-Henriksen | Why does the north-south gradient of incidence of multiple sclerosis seem to have disappeared on the Northern hemisphere?[END_REF]. Moreover, the notion of a latitude gradient is also questioned as genetic and environmental factors are thought to play a key role over geography in the prevalence and incidence of MS. Of particular interest, lower circulating level of vitamin D has been associated with a higher risk of MS [START_REF] Ascherio | Vitamin D and multiple sclerosis[END_REF][START_REF] Ascherio | Vitamin D as an early predictor of multiple sclerosis activity and progression[END_REF].

Other environmental factors such as cigarette smoking [START_REF] Ramanujam | Effect of Smoking Cessation on Multiple Sclerosis Prognosis[END_REF], Epstein-Barr virus infection [START_REF] Levin | Primary Infection with the Epstein-Barr Virus and Risk of Multiple Sclerosis[END_REF], organic solvent, adolescent obesity, and working night shifts have been identified. From [START_REF] Gbd | Global, regional, and national burden of multiple sclerosis 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016[END_REF]MS Collaborators, 2019) The increased heritability within family provides evidence that genetic factors have a prominent role in the development of MS. The association between MS and variations in the genes encoding human leukocyte antigens (HLA) within the major histocompatibility complex was first observed several decades ago [START_REF] Jersild | HL-A antigens and multiple sclerosis[END_REF][START_REF] Naito | Multiple sclerosis: association with HL-A3[END_REF]. As an example, it was shown that carriers of the class II variant HLA DRB1*15:01 allele are about three times more likely to develop MS than non-carriers [START_REF] Patsopoulos | Fine-mapping the genetic association of the major histocompatibility complex in multiple sclerosis: HLA and non-HLA effects[END_REF].

Not less than 110 other non-HLA genes has been identified as heritable risk factors for MS (The International Multiple Sclerosis Genetics Consortium, 2007), such as IL2RA and IL7RA. Interestingly, most of the non-HLA known MS-associated genes regulate adaptive and innate immunity, cytotoxic and regulatory T cell and microglia function, providing further evidence that MS is primary an immune-mediated disease.

However, the lifestyle and environmental risk factors or genetic predisposition only explain a fraction of the disease risk. Certain factors such as smoking, Epstein-Barr virus infection and obesity, can interact with HLA risk genes, and influence adaptive and/or innate immunity [START_REF] Olsson | Interactions between genetic, lifestyle and environmental risk factors for multiple sclerosis[END_REF].

Diagnosis of MS 1.3.1 Since Charcot to McDonald

Since the first description of clinical features of MS by Jean Martin Charcot, the diagnostic criteria has changed considerably over time [START_REF] Przybek | Evolution of diagnostic criteria for multiple sclerosis[END_REF]. The first guideline provides by Charcot, followed by Marburg, outlines triads of symptoms, which appeared to be not specific enough to MS and occurred in others neurological disorders [START_REF] Charcot | Histologie de la sclerose en plaque[END_REF][START_REF] Marburg | Die sogenannte akute multiple Sklerose (Рипол Классик)[END_REF]. In 1954, Allison and Milliar have classified their pathological cases "according to an arbitrary scheme", introducing for the first time clinical classification of patient as "early", "probable" or "possible" MS [START_REF] Allison | Prevalence of disseminated sclerosis[END_REF]. This classification recognized the appearance of symptoms at different time points involving different regions of the CNS, giving the definition of the dissemination in time (DIT) and the dissemination in space (DIS), still used to diagnose MS. The classification mentioned above were used by Schumacher and colleagues to develop new guidelines for the diagnosis of "clinically definite" form of MS and to exclude alternative diagnoses [START_REF] Schumacher | Problems of Experimental Trials of Therapy in Multiple Sclerosis: Report by the Panel on the Evaluation of Experimental Trials of Therapy in Multiple Sclerosis[END_REF]. Over the next few years, it was pointed out that the Schumacher's criteria were too restrictive, leading to multiple attempts to improve these guidelines, without much success.

In 1983, a committee of MS experts have established a formalized guidelines for the diagnosis of MS [START_REF] Poser | New diagnostic criteria for multiple sclerosis: Guidelines for research protocols[END_REF]) (Figure 1.2). These were based on previous Schumacher's criteria [START_REF] Schumacher | Problems of Experimental Trials of Therapy in Multiple Sclerosis: Report by the Panel on the Evaluation of Experimental Trials of Therapy in Multiple Sclerosis[END_REF]. To improve the diagnosis, Poser and colleagues have proposed to classify patients in two major groups, definite and probable [START_REF] Poser | New diagnostic criteria for multiple sclerosis: Guidelines for research protocols[END_REF]. The main clinical feature was a "relapse" defined as the occurrence of neurological symptoms, typical of MS, and lasting for at least 24 hours. Poser criteria allows the diagnosis of definite MS when there are at least two separate attacks (proof for DIT), separated from 30 days since the start of the first attack recovery until the onset of the second attack, with clinical evidences of two separate lesions (only one if paraclinical evidence of another) involving two different parts of the CNS (proof for DIS) or laboratory support by examination of the cerebro-spinal fluid (CSF) (presence of oligoclonal band or increased production of immunoglobulin G). Laboratory support performed by CSF examination assists in the differential diagnosis by providing evidences of MS (oligoclonal bands present in the patient's CSF), helpful in ruling out other infectious or inflammatory conditions. Paraclinical evidences of a lesion aim to detect lesion that has not produced clinical signs of neurological dysfunction. Such tests and procedures could be achieved by a variety of technics, including evoked potential, hyperthermia, or specific urological studies.

Figure 1.2: Poser Criteria for diagnostic of Multiple Sclerosis

In the Poser Criteria, two attacks must involve different parts of the CNS, must be separated by a period of at least one month, and must each last a minimum of 24 hours

The development of technology as MRI scans has led to an update of the MS criteria in 1997 based on the recommendations by Barkhof and colleagues (Barkhof et al., 1997), followed in 2000 by Tintoré and colleagues [START_REF] Tintoré | Isolated demyelinating syndromes: comparison of different MR imaging criteria to predict conversion to clinically definite multiple sclerosis[END_REF]. The criteria for the diagnosis of definite MS was then revised in 2001 by a consensus of MS experts under the supervision of Ian [START_REF] Mcdonald | Recommended diagnostic criteria for multiple sclerosis: Guidelines from the international panel on the diagnosis of multiple sclerosis[END_REF], revised in 2005 (Polman et al., 2005a), 2011 [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald criteria[END_REF] and 2017 [START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF]. These successive revisions aimed to simplify the diagnosis criteria, with increasing sensitivity without modifying the specificity, and thus allowed and earlier diagnosis. Based on the McDonald criteria, a diagnosis of MS can be reached on clinical assessment alone if the patient have experienced two or more attacks associated to clinical evidence of at least two lesions. In other case (two attacks with evidence of a single lesion, one attack, progressive course), MRI should be used to assess either DIS or DIT.

Magnetic Resonance Imaging

Over the years, MRI has been more and more used in the diagnosis of MS and it is currently the most useful paraclinical tool to assess this diagnosis. MS is characterized by the presence of visible focal areas of demyelination in the CNS, detectable by MRI using T2-weighted (T2-w) or Fluid attenuated inversion recovery (FLAIR) sequences (Figure 1.3). Lesions appear hyperintense on these two sequences compared to WM signal. On MRI, WM lesions tend to appear round or ovoid in shape and their size ranges from few millimeters to more than one centimeter in diameter. Signal alteration between or surrounding lesions can be observed on T2-w image of the brain characterizing the "dirty" WM, which occurs mainly in the deep and periventricular WM. A high propensity of WM lesions has been detected in the deep and periventricular WM areas using MRI [START_REF] Narayanan | Imaging of axonal damage in multiple sclerosis: Spatial distribution of magnetic resonance imaging lesions[END_REF], but can also be seen in juxtacortical or infratentorial areas. Part of the T2-w hyperintensities are also visible on T1-weighted (T1-w) as areas of low signal intensity (hypointense) compared to the normal appearing WM (NAWM) (Figure 1.4). Chronic areas of hypointensity are also known as persisting "black holes" indicating areas of more severe tissue damage visible on specific T1-w spin-echo sequence (van Walderveen et al., 1998). The dynamic component of WM lesions can be assessed by injecting contrast agent before performing T1-w acquisition. The blood-brain barrier (BBB) disruption, indicated by contrast enhancement in WM lesions, is characteristic of new lesions or of the recurrence of inflammation within preexisting lesions. While earlier diagnostic criteria using MRI were based on the number of T2-w hyperintensities [START_REF] Filippi | Quantitative brain MRI lesion load predicts the course of clinically isolated syndromes suggestive of multiple sclerosis[END_REF][START_REF] Lee | Spatial mapping of T2 and gadoliniumenhancing T1 lesion volumes in multiple sclerosis: evidence for distinct mechanisms of lesion genesis?[END_REF][START_REF] Morrissey | The significance of brain magnetic resonance imaging abnormalities at presentation with clinically isolated syndromes suggestive of multiple sclerosis. A 5-year follow-up study[END_REF][START_REF] O'riordan | The prognostic value of brain MRI in clinically isolated syndromes of the CNS. A 10-year follow-up[END_REF], revised and simplified criteria have been proposed and now focused on the location of T2-w hyperintensities (infratentorial, juxtacortical, periventricular, spinal cord) for demonstrating DIS based on the recommendations by Barkhof and colleagues, and Tintoré and colleagues [START_REF] Barkhof | Comparison of MRI criteria at first presentation to predict conversion to clinically definite multiple sclerosis[END_REF][START_REF] Tintoré | Isolated demyelinating syndromes: comparison of different MR imaging criteria to predict conversion to clinically definite multiple sclerosis[END_REF]. The latter recommendations to prove DIS has been included as criteria for the diagnosis of definite MS defined by a consensus of MS experts under the supervision of Ian [START_REF] Mcdonald | Recommended diagnostic criteria for multiple sclerosis: Guidelines from the international panel on the diagnosis of multiple sclerosis[END_REF], revised in 2005 (Polman et al., 2005a), 2011 [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald criteria[END_REF] and 2017 [START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF]. In the latest revision of the McDonald criteria [START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF], DIS can de demonstrated by one or more T2-w hyperintense lesions in two or more of four areas of the CNS. Confirmation of DIT can be achieved on a single MRI with presence of enhancing and non-enhancing lesions, or otherwise by detection of additional lesions on follow-up scans. Gadolinium-enhancing lesion, CNS: Central nervous system, MRI: Magnetic resonance imaging.

Adapted from [START_REF] Louapre | Corrélats structuraux et fonctionnels de l'atteinte cognitive précoce au cours de la sclérose en plaques[END_REF] 1.4 Evolution and prognosis 1.4.1 Clinical phenotypes MS is characterized by different subtypes of disease, each one following a particular clinical course. The main clinical subtypes of MS were defined 30 years ago by [START_REF] Lublin | and National Multiple Sclerosis Society (USA) Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis*[END_REF] as relapsing and progressive disease (Figure 1.6). The relapsing-remitting MS phenotype (RRMS), is characterized by "clearly defined disease relapses with full recovery or with sequelae and residual deficit upon recovery; period between disease relapses characterized by a lack of disease progression" (Figure 1.7). This subtype affects more than 85% of the patients diagnosed with MS. On the opposite end of the spectrum, 15% experience a "disease progression from onset with occasional plateaus and temporary minor improvements allowed", called primary progressive MS form (PPMS). A majority of patients diagnosed with an initial RR form do eventually progress into secondary progressive MS (SPMS). The latter has been defined as "initial RR disease course followed by progression with or without occasional relapses, minor remissions, and plateaus".

Since then, clinical phenotypes have been reviewed in 2014 [START_REF] Lublin | Defining the clinical course of multiple sclerosis[END_REF] to include clinically isolated syndrome (CIS) in the spectrum of MS phenotypes. Two important modifiers have been introduced: the consideration of disease activity, and the consideration of disease progression. It is important to note that progressive form does not progress in a uniform fashion and may remain clinically stable over months and to distinguish disease progression from disability worsening, which have been used to describe worsening induced by relapses or onset of progressive phase. Activity is determined by clinical relapses and/or MRI activity (contrast-enhancing lesions; new or unequivocally enlarging T2 lesions assessed at least annually). Adapted from [START_REF] Lublin | Defining the clinical course of multiple sclerosis[END_REF] Figure 

Prognosis and prediction

It is important to understand clinical phenotypes as a dynamic process. Patient with CIS may convert to RRMS, and patients with RRMS may subsequently follow a SP course. Brownlee and colleagues followed 157 patients with CIS over 6 years: 71 (45%) had a second attack and thus developed clinically definite MS, 36 (23%) had MRI-only MS, and 50 (32%) didn't have MS according to 2010 McDonald criteria at the end of the follow-up period [START_REF] Brownlee | Earlier and more frequent diagnosis of multiple sclerosis using the McDonald criteria[END_REF]. Several independent risks factors for conversion to MS have been identified: young age [START_REF] Mowry | Clinical predictors of early second event in patients with clinically isolated syndrome[END_REF], presence of cognitive impairment at onset [START_REF] Feuillet | Early cognitive impairment in patients with clinically isolated syndrome suggestive of multiple sclerosis[END_REF], genetic factors such as HLA-DRB1 [START_REF] Zhang | Relationship between HLA-DRB1 polymorphism and susceptibility or resistance to multiple sclerosis in Caucasians: a meta-analysis of non-family-based studies[END_REF], and vitamin D deficiency [START_REF] Martinelli | Vitamin D levels and risk of multiple sclerosis in patients with clinically isolated syndromes[END_REF]. One of the most significant predictors of conversion to MS from CIS is the presence of brain abnormalities on baseline MRI [START_REF] O'riordan | The prognostic value of brain MRI in clinically isolated syndromes of the CNS. A 10-year follow-up[END_REF][START_REF] Tintoré | Baseline MRI predicts future attacks and disability in clinically isolated syndromes[END_REF], with number, location and activity of the lesions all providing prognostic information. Another study confirmed the previous results [START_REF] Kuhle | Conversion from clinically isolated syndrome to multiple sclerosis: A large multicentre study[END_REF]. Data from 1047 CIS in 33 centres have explored clinical and biochemical variables predicting conversion from CIS to clinically definite MS. The authors concluded that MRI lesion load, oligoclonal bands and age at CIS were the strongest independent predictors of conversion to clinically definite MS.

While relapses may have unforgiving consequences in rare cases, the socio-economic impact of the disease is mostly driven by the increasing disability progression that can follow the RR phase. In a longitudinal study, Scalfari and colleagues evaluated the factors affecting the rate of conversion to SPMS [START_REF] Scalfari | Onset of secondary progressive phase and long-term evolution of multiple sclerosis[END_REF]. They followed 806 patients annually or semi-annually for 28 years (shortest follow-up=16 years). At the end of the study, 66.3% of patients had developed a SP course. The authors demonstrated that the rate of conversion to SPMS increases proportionally to disease duration. However they highlighted the fact that individual prognosis was highly variable. About 25% of patients will become progressive within 5 years of the disease onset, while on the opposite end of the spectrum, 25% of patients will remain RRMS at 15 years. This study also confirmed previous findings suggesting that male sex [START_REF] Vukusic | Prognostic factors for progression of disability in the secondary progressive phase of multiple sclerosis[END_REF] and older age of onset [START_REF] Stankoff | Age at onset determines the occurrence of the progressive phase of multiple sclerosis[END_REF] were significant risk factors for conversion to SPMS.

Progression of physical disability can be assessed using the Expanded Disease Severity Scale (EDSS) [START_REF] Kurtzke | Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (EDSS)[END_REF]. This scale quantifies disability in eight functional systems. These ratings are then used in conjunction with observations and informations concerning gait and use of assistive devices to rate the EDSS from 0 (normal neurological examination) to 10 (death due to MS). In a longitudinal study, Tintoré and colleagues performed a multivariate analysis to identify and stratify which baseline demographic, clinical, radiological and biological characteristics could predict MS development and disability accumulation [START_REF] Tintoré | Defining high, medium and low impact prognostic factors for developing multiple sclerosis[END_REF]. Their work performed on a prospective cohort of 1015 patients with CIS highlights the importance of radiological and biological metrics to more accurately assess early risk of disability. In particular, they found that oligoclonal bands in the CSF, as well as the presence of over 10 lesions on baseline MRI were associated with a higher risk of accumulation of disability (up to EDSS= 3.0)

Beyond the early stages of the disease, focal MS pathology appears less relevant to disease progression. Particularly, once a threshold of disability is reached, progression may not be influenced by relapses either before or after onset of the SP phase [START_REF] Confavreux | Early clinical predictors and progression of irreversible disability in multiple sclerosis: an amnesic process[END_REF].

Leray and colleagues proposed the concept of MS as a 2-stage disease (Figure 1.8) [START_REF] Leray | Evidence for a two-stage disability progression in multiple sclerosis[END_REF]. The early phase is defined from clinical onset to irreversible EDSS= 3.0 and is thought to be mainly dependent on focal damage in the WM. The second or late phase, from irreversible EDSS=3.0 to irreversible EDSS=6.0, is thought to be independent of focal inflammation and may instead be underpinned by diffuse inflammatory and neurodegenerative changes. In an observational study of 2054 patients, Leray and colleagues were able to show that disability progression in the first phase of MS does not influence progression during the second phase [START_REF] Leray | Evidence for a two-stage disability progression in multiple sclerosis[END_REF]. Duration of the early phase was found to be highly variable while the duration of the late phase was relatively constant. The dissociation between the 2 phases of MS, with different underlying mechanisms, is supported by MRI evidence. Calabrese and colleagues followed RRMS patients with at least 5 years of clinical history (mean>10 years) and showed that at this stage, variables such as T2 lesion volume did not influence the risk of entering the secondary progressive phase of the disease [START_REF] Calabrese | The changing clinical course of multiple sclerosis: a matter of gray matter[END_REF].

Figure 1.8: Duration of the 2 phases of Multiple Sclerosis

Disability progression during Phase 2 (mean time from EDSS 3 to EDSS 6) in five subgroups defined according to the duration of Phase 1 (mean time from MS clinical onset to EDSS 3) in 718 MS patients who have reached both EDSS 3 and EDSS 6. From [START_REF] Leray | Evidence for a two-stage disability progression in multiple sclerosis[END_REF] Patient prognostication is a complex and dynamic task in MS, as different clinical, radiological and biological factors can influence outcome depending on the disease stage.

This reality reflects the variety of pathological mechanisms thought to underpin disability progression in MS.

1.5 The clinico-radiological paradox MRI has become a key tool in the diagnosis of MS, based on its ability to show WM lesions.

In a clinical setting, WM lesions are easily detected using standard MRI sequences allowing an early and specific diagnosis. However, the number and volume of WM lesions fail to fully explain the extent of MS-related disability and severity of clinical progression over time (Figure 1.9), especially with regard to cognitive impairment [START_REF] Barkhof | MRI in multiple sclerosis: correlation with expanded disability status scale (EDSS)[END_REF][START_REF] Bar-Zohar | Magnetic resonance imaging metrics and their correlation with clinical outcomes in multiple sclerosis: a review of the literature and future perspectives[END_REF]. The concept of a clinico-radiological dissociation has been formalized by Barkhof [START_REF] Barkhof | MRI in multiple sclerosis: correlation with expanded disability status scale (EDSS)[END_REF][START_REF] Barkhof | Can MRI be a predictor of long-term clinical outcome for MS[END_REF], and this mismatch has been term the clinicoradiological paradox. [START_REF] Barkhof | The clinico-radiological paradox in multiple sclerosis revisited[END_REF]. Several factors contribute to the clinic-radiological paradox: i) limitations of the clinical scoring, ii) the histopathological heterogeneity of WM lesions, and iii) abnormalities not visible using standard MRI sequences.

The first limitation came from the EDSS itself; it is a composite score of symptoms and signs in eight functional systems, walking ability and activities of daily living, leaving a large space for intra-and inter-variability when scoring, in particular with score below 4.

Moreover, this test does not assess cognitive impairment or others clinical manifestations of MS. To overcome the limitations of the EDSS, attempts to develop new scales have been done, such as the Multiple Sclerosis Functional Composite (MSFC) [START_REF] Kalkers | Concurrent validity of the MS Functional Composite using MRI as a biological disease marker[END_REF], which address three independent clinical domains (ambulation, upper limb function and cognition). This score has shown a better correlation with WM lesions than the EDSS [START_REF] Kalkers | Concurrent validity of the MS Functional Composite using MRI as a biological disease marker[END_REF]. Even so MSFC has shown better results than EDSS, the latter remains the most popular disability score in clinical practice.

Another limitation came from the histopathological heterogeneity of WM lesions and the limited histopathological specificity of MRI. While WM abnormalities are easily detectable (Geurts et al., 2005a) on MRI sequences, such as T2-w (63% identified on T2-w relative to histology) or FLAIR (70% identified on FLAIR relative to histology), the pathological processes underlying these lesions can be diverse. Using standard MRI sequences, it is not possible to distinguish inflammatory lesions than chronic lesions. However, subset of WM lesions visible on T2-w are also visible on T1-w images. Without the use of contrast agent, hypointense lesions so called 'black holes' have been shown to reflect lesions with the greater axonal injury (van Walderveen et al., 1998). Using contrast agent such as Gadolinium, subtype of lesions appears hyperintense on T1-w because of the blood-brain barrier disruption. This transitory phase characterize the inflammatory phase of lesion development [START_REF] Gaitán | Evolution of the blood-brain barrier in newly forming multiple sclerosis lesions[END_REF].

While T2-w image is a sensitive tool to detect WM abnormalities such as lesions, it appears that tissue presenting normal signal intensity in between WM lesions contains clear abnormalities, defining the normal appearing WM. A large number of studies have evaluated intrinsic abnormalities of the NAWM using advances MRI techniques, which appears to correlate with disability score [START_REF] Filippi | Microstructural MR Imaging Techniques in Multiple Sclerosis[END_REF]. For example, in NAWM, the MTR has shown to correlate with clinical score; however it not only correlates with myelin content but also with gliosis [START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF](Schmierer et al., , 2007a)), neuroinflammation and axonal damage [START_REF] Moll | Multiple sclerosis normal-appearing white matter: pathology-imaging correlations[END_REF], leading to a lack of specificity.

Another limitation raised by [START_REF] Barkhof | The clinico-radiological paradox in multiple sclerosis revisited[END_REF] is the presence of cortical damage, in particular cortical lesions, which were not considered in the diagnosis of MS before the 2017 revision, and which are very difficult to measure with standard MRI sequences. Post-mortem studies have described that focal demyelinating GM lesions were hardly detected by MRI, and in particular that subpial lesions totally escaped from classical MRI: overall less than 5% are cortical lesions are detected with FLAIR at 1.5T (Geurts et al., 2005a). Moreover, such cortical damage has a strong impact on clinical parameters, from physical disability to cognitive impairment (Magliozzi et al., 2018a).

Conclusion

From the existing literature presented in this chapter, it become clear that MS is a highly heterogeneous disease as well in the disease phenotype than the disability progression. In particular, this heterogeneity illustrated the clinic-radiological paradox. This paradox has raised confounders affecting the clinical outcomes, which are not visible on conventional MRI: i) histopathological heterogeneity of T2 lesions, ii) NAWM abnormalities, and iii) cortical lesions. Post-mortem and pathological studies have described the physiopathology underlying these confounders, and will be summarized in the following chapter. spontaneous regenerative response in the adult human brain; and second, that this process does not always occur and many lesions remain demyelinated. From [START_REF] Franklin | Why does remyelination fail in multiple sclerosis?[END_REF] 

Introduction

Multiple sclerosis is traditionally seen as a chronic inflammatory and demyelinating disease of the CNS, which leads to delineated demyelinated plaques in the CNS with axonal preservation and reactive astrocytic scar formation. These basic hallmarks of the MS pathology were defined during the 19th century, starting with the macroscopic drawings of brain and spinal cord alterations by [START_REF] Carswell | Pathological anatomy: illustrations of the elementary forms of disease[END_REF][START_REF] Cruveilhier | Anatomie pathologique du corps humain, ou descriptions, avec figures lithographiees et coloriees, des diverses alterations morbides dont le corps humain est susceptible[END_REF]. Following these descriptions, Charcot was the first to define MS as a focal inflammatory demyelinating disease of the white matter, and thus its principal pathological hallmarks [START_REF] Charcot | Histologie de la sclerose en plaque[END_REF].

For some time, the view on MS pathology centered on focal demyelinated plaques in the white matter. Later it became clear that lesions are also present in the gray matter, including the cortex, the deep GM, and the GM of the spinal cord [START_REF] Brownell | The distribution of plaques in the cerebrum in multiple sclerosis[END_REF].

Furthermore, there is neurodegeneration, which affects the brain and spinal cord.

Since the first characterization, the general pathology of MS has been well described and the pathological hallmarks of MS include now inflammation, demyelination, remyelination, gliosis, neurodegeneration, which affect the WM and the GM both focally and diffusely [START_REF] Lassmann | Multiple Sclerosis Pathology[END_REF].

White matter damage

Focal demyelination and inflammation

The principal hallmark of MS is the presence of focal demyelinating lesions (Figure 2.1), consisting of a loss of myelin surrounding the axon, leading to the degeneration of the axon in an extent that is variable between patients and between plaques. These lesions appear abundantly in the WM. However, the demyelination process can be reversed by the generation of a new sheath of myelin around the axon, a process termed remyelination.

Lesions can be fully remyelinated or only partially with some remyelinated area. From [START_REF] Kutzelnigg | Pathology of multiple sclerosis and related inflammatory demyelinating diseases[END_REF] Based on demyelination and cellularity infiltration, demyelinating WM lesions can be divided into four categories: active (demyelinating), chronic active, chronic inactive, and remyelinating lesions [START_REF] Trapp | Pathogenesis of tissue injury in MS lesions[END_REF][START_REF] Van Der Valk | Staging of multiple sclerosis (MS) lesions: pathology of the time frame of MS[END_REF]. At the early stage of the disease, active lesions are associated with perivascular inflammation, BBB damage and microglial activation. Inflammation is a characteristic feature of both active and inactive plaques; however, the density of inflammatory infiltrates is much higher in active compared to inactive lesions, as it has been demonstrated recently on brain samples of patients with MS [START_REF] Machado-Santos | The compartmentalized inflammatory response in the multiple sclerosis brain is composed of tissue-resident CD8+ T lymphocytes and B cells[END_REF][START_REF] Zrzavy | Loss of "homeostatic" microglia and patterns of their activation in active multiple sclerosis[END_REF]. The inflammatory infiltrates are composed of mononuclear cells, in particular lymphocytes, macrophages and plasma cells [START_REF] Frischer | The relation between inflammation and neurodegeneration in multiple sclerosis brains[END_REF]. In the recent study from Machado and colleagues, the authors described that, within a lesion, the major subpopulation of lymphocytes are activated CD8+ but that the overall extent of inflammation is lower in the progressive stage compared to earliest stages. In the study performed by Zrzavy and colleagues, the authors described a higher amount of microglial activation in the normal appearing WM of patients with MS compared to healthy controls, which increased with disease duration [START_REF] Zrzavy | Loss of "homeostatic" microglia and patterns of their activation in active multiple sclerosis[END_REF].

They also found that early active lesions contained microglia and macrophages with proinflammatory phenotype, while at later stages the phenotype of these two cell changes to be intermediate between pro-inflammatory and anti-inflammatory activation. In inactive lesions, the density of microglia/macrophages was significantly reduced.

Beyond acute active lesions, chronic active lesions contained a broad rim of macrophages with myelin degradation products at the edge and macrophages with later stages of myelin degradation products in the lesion center. Without evidence of active demyelination in lesional core, chronic active lesions are termed smoldering or slowly expanding lesions

showing an inactive center surrounded by a rim of macrophages and activated microglia [START_REF] Brück | Monocyte/macrophage differentiation in early multiple sclerosis lesions[END_REF][START_REF] Frischer | The relation between inflammation and neurodegeneration in multiple sclerosis brains[END_REF][START_REF] Frischer | Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque[END_REF][START_REF] Kutzelnigg | Pathology of multiple sclerosis and related inflammatory demyelinating diseases[END_REF][START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF][START_REF] Lassmann | Multiple Sclerosis Pathology[END_REF][START_REF] Prineas | Immunopathology of secondary-progressive multiple sclerosis[END_REF][START_REF] Stadelmann | Myelin in the Central Nervous System: Structure, Function, and Pathology[END_REF]. In the study from Frischer and colleagues, they classified lesions from 120 post-mortem MS brain as active (early or late), smoldering, inactive and shadow plaques, to investigate the distribution of lesion type among different form of MS. While active lesions are most frequent in the early stages of MS and become rare in the progressive stage, smoldering lesions show the opposite distribution in relation to MS course [START_REF] Frischer | The relation between inflammation and neurodegeneration in multiple sclerosis brains[END_REF]. Smoldering plaques were frequently and almost exclusively found in progressive MS. The presence of either active or slowly expanding demyelination has been associated with younger age of death and a shorter disease duration as compared to pathologically inactive disease.

Inactive demyelinated lesions represent an end stage of lesion formation without ongoing myelin destruction and inflammation, comparable to a scar. In histological section, they are identified as demyelinated lesions with very few if any residual myelin sheaths and a sharp border to the periplaque white matter, and are characterized by reduced cellularity and axonal reduction.

Demyelination in WM lesions can be reversed by spontaneous remyelination, which might occured in early lesions simultaneously of active demyelination. In the CNS, myelin has two major function: it provides metabolic support to the axon, and allows rapid transmission of action potentials along the axon. After demyelination, these 2 functions are altered leading to axonal injury and loss. Remyelination is important, first, to restore metabolic support to the axon, limiting the axon degeneration that is responsible for progressive disability, and then to restore the structures that are required to facilitate conduction and hence function. In a recent review, Franklin and Ffrench-Constant provide an overview on remyelination and the importance of identifying remyelination drugs for its neuroprotective effect [START_REF] Franklin | Regenerating CNS myelin -from mechanisms to experimental medicines[END_REF]. Following demyelination in the CNS, remyelination is initiated by activation of oligodendrocyte progenitor cells (OPCs). This activation enables the OPCs to divide and form new oligodendrocytes, processes termed proliferation and migration, respectively. Finally, OPCs undergo differenciation, process allowing the generation of new myelin which wraps around the axon to form the newly formed myelin sheath. Two recent studies have challenged the concept of remyelination by newly generated oligodendrocytes [START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF][START_REF] Nave | Time to revisit oligodendrocytes in multiple sclerosis[END_REF][START_REF] Yeung | Dynamics of oligodendrocyte generation in multiple sclerosis[END_REF]. Using C14-based birth-dating technique of human oligodendrocytes from post-mortem samples, Yeung and colleagues found that oligodendocytes in remyelinated lesions were as old as the patient, and therefore could not have been generated from newly recruited OPCs [START_REF] Yeung | Dynamics of oligodendrocyte generation in multiple sclerosis[END_REF]. These studies put in light the complexity of the remyelination process, and the difference between processes studied in animal model and MS brain samples.

Remyelination usually occurs at the lesion edge but can also concern an entire lesion.

Lesions associated to a complete remyelination have been called "shadow plaques". They mainly occur around small or medium sized vein and are characterized by a uniform reduction of the myelin sheat thickness. Other features are a moderate reduction of axonal density, the absence of macrophages containing early myelin debris, and a low number of perivascular inflammatory infiltrates [START_REF] Patrikios | Remyelination is extensive in a subset of multiple sclerosis patients[END_REF]. Patrikios and colleagues investigated the extent of remyelination across an heterogeneous cohort of patient with MS, by analyzing 51 autopsies of patients with different clinical courses and disease durations (5 acute MS, 7 RRMS, 18 SPMS, and 11 PPMS). The authors found that the extent of remyelination is heterogeneous among patients ranging from 0% to 25% for low remyelinators, 25% to 60% for mild remyelinators, and 60% to 96% for high remyelinators [START_REF] Patrikios | Remyelination is extensive in a subset of multiple sclerosis patients[END_REF], independently of the total plaque area or the disease type [START_REF] Patani | Remyelination can be extensive in multiple sclerosis despite a long disease course[END_REF]. Moreover, this extent is also heterogeneous across the brain with a lower remyelination rate in lesions close to the ventricles, only 11% of shadow plaques over perventricular lesions compared to 39% in other plaques [START_REF] Patrikios | Remyelination is extensive in a subset of multiple sclerosis patients[END_REF]. The authors also demonstrated that the extent of remyelinated lesions or lesion area were associated with an older age of death and a longer disease duration [START_REF] Patrikios | Remyelination is extensive in a subset of multiple sclerosis patients[END_REF], suggesting a neuroprotective role of this remyelination.

Diffuse white matter damage

Beside the presence of focal demyelinated plaques in the WM, the brain of patients with MS is affected by pathological changes in a more global sense. Changes in the NAWM consists of a diffuse inflammatory process associated with a diffuse activation of the microglia. In addition, there is a diffuse axonal injury throughout the whole brain, which occurs independently from demyelination [START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF]. In 2005, Kutzelnigg and colleagues provided a clear picture of the NAWM pathology by analyzing 52 post-mortem brain samples of patients with different clinical courses (11 acute MS, 6 RRMS, 20 SPMS, and 14 PPMS). They described a global reduction in the intensity of myelin staining due to decreased fiber density as well as diffuse axonal injury that is more significant in progressive disease compared with RRMS or patients with acute MS. The axonal injury and loss are visible by the presence of focal axonal swelling, axonal end bulbs and degenerating axons throughout the WM. Axonal degeneration affects the whole WM, with some increase around demyelinated plaques and in defined fiber tracts emerging from the WM lesions. [START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF] Diffuse changes in NAWM also occur in presence of inflammatory infiltrates, mainly composed of CD8+ T-lymphocytes associated with profound microglial activation, which was more present in patients with progressive disease compared to RRMS [START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF]. An interesting result of the study from Kutzelnigg and colleagues was the absence of correlation between the focal WM lesion load and microglial activation or axonal injury in the NAWM suggesting that diffuse WM injury can develop independently from demyelinating WM lesions. Moreover, the diffuse WM injury appeared to be correlated with the extent of cortical demyelination. This founding implies that neurodegeneration in cortical plaques could have a stronger impact on WM injury than WM lesions, through anterograde degeneration, or that cortical lesions appear predominantly in area connected to WM damages, through retrograde degeneration [START_REF] Calabrese | Exploring the origins of grey matter damage in multiple sclerosis[END_REF].

Grey matter involvement

Cortical lesions

MS is generally considered a disease affecting the WM, although it has been demonstrated

since the first pathological study that the GM, and in particular the cortex is also affected [START_REF] Brownell | The distribution of plaques in the cerebrum in multiple sclerosis[END_REF]. Brownell and Hughes showed that about 22% of all brain lesions were located at least partly in the cerebral cortex and 4% in the deep grey matter (DGM) structures. The introduction of new techniques for myelin staining allowed more reliable investigations of GM demyelination. Neuropathologists found that demyelination within the cortex is extensive, in particular in patients with progressive disease (Bø et al., 2003a;[START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF]. On 20 brain samples of patients with MS (3 RRMS, 10 SPMS, and 7 PPMS), Bø and colleagues described an average of 26% of cortical area that was demyelinated. Demyelination in the cortex was mainly due to purely cortical lesions: intracortical lesions account for 84% of the cortical lesions and 86% of the cortical demyelinated area (Bø et al., 2003a). Cortical demyelination may lead to four different patterns of lesion described in histopathology (Figure 2.3): i) the leukocortical lesion, which extends across both the WM and the GM (type 1), ii) the intracortical lesion, found both in cerebellar and hemispheric cortical regions, which often occurs around a blood vessel (type 2), iii) the subpial lesion, which extends inward the surface of the brain affecting the largest cortical area (type 3), and iv) lesions which extends throughout the full width of the cerebral cortex without entering the subcortical WM (type 4).

At the earliest stage of the disease, leukocortical lesions were found to be the most frequent (50%), compared to subpial (34%) or intracortical (16%) lesions, and are often active, as reflected by the presence of myelin-laden macrophages [START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF]. In the study performed by Lucchinetti and colleagues, inflammatory infiltrates were observed in all lesion types by the presence of perivascular CD3+ T-cells and CD8+ T-cells, in respectively 82% and 77% of the studied lesions [START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF]. B-cells were observed in 27% of the cortical lesions and all of the studied lesions contained microglial activation. By contrast cortical lesions found at the latter stage of the disease are most frequently subpial and less inflammatory (Bø et al., 2003b).

As in WM lesions, spontaneous remyelination occurs in cortical lesions. It has been demonstrated that up to 75% of cortical lesions show signs of remyelination. In a recent study, Strijbis and colleagues have demonstrated that 75% of cortical lesions show subtle to substantial remyelination, ranging from 1% to 60% [START_REF] Strijbis | Cortical Remyelination Is Heterogeneous in Multiple Sclerosis[END_REF]. The authors shown that remyelination was more extensive in cortical lesions than in WM lesions, in average 50%, with a trend toward a higher percentage of remyelination in PPMS cases compared to patients who underwent relapsing onset of MS (RRMS, SPMS). As OPCs and mature oligodendocytes are necessary for remyelination, the authors also investigated the number of these two cells in brain samples. They found more OPCs in remyelinated and nonremyelinated cortical lesions vs remyelinated and nonremyelinated WM lesions, which confirmes the higher extent of remyelination in GM than in WM. These results are in line with a previous study from Chang and colleagues, exploring the remyelination potential of cortical lesions, in particular as a specific target for new pro-remyelinating therapies [START_REF] Chang | Cortical remyelination: a new target for repair therapies in multiple sclerosis[END_REF].

Meningeal inflammation

At latter stage of the disease, the lack of inflammatory infiltrates in MS cortical lesions suggested that mechanisms underlying GM and WM damages might differ. Several studies on post-mortem samples investigated the role of meningeal inflammation in causing damage in adjacent cerebral cortex [START_REF] Bevan | Meningeal inflammation and cortical demyelination in acute multiple sclerosis[END_REF][START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF][START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF][START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF][START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF]Magliozzi et al., , 2018bMagliozzi et al., , 2018a;;[START_REF] Serafini | Detection of ectopic B-cell follicles with germinal centers in the meninges of patients with secondary progressive multiple sclerosis[END_REF]. Meningeal inflammation was characterized as ectopic B-cells follicle-like structures mainly accumulated in the deep infoldings of the cerebral sulci (Figure 2.4). These structures appear to be present exclusively in SPMS patients [START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF]. In particular, it was shown that 87% SPMS are characterized by a high level of inflammatory infiltrates, among which 40% present B-cell follicle-like structures [START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF]. The presence of these structures was linked to a higher extent of subpial demyelination (Figure 2.5), earlier age of disease and disability onset, and earlier age of death [START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF][START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF].

In addition, an increased meningeal inflammation, only found in SPMS presenting B-cell follicle-like structures, was associated to a "surface-in" gradient of neuronal loss, oligodendrocytes and astrocytes loss. Those gradients from the most external cortical layers close to the CSF surface onto the most inner ones close to the WM were associated with a gradient of microglial activation [START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF]. [START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF] 

Conclusion

In conclusion, many studies of post-mortem tissues have shown that the primary pathological features of MS are demyelination followed by an inconstant process or remyelination and viusualize the inflammatory infiltrates such as ultra-small superparamagnetic iron oxide (USPIO) particles, susceptibility imaging or PET targeting innate immune cell.

Gadolinium enhancement

Since the introduction of MRI in the McDonald diagnostic criteria, gadolinium enhancement has become one of the main criteria to assess disease activity. Gadolinium enhancing lesions have shown to be clinically relevant, as the number of enhancing lesions correlates with the number of clinical relapses [START_REF] Kappos | Predictive value of gadoliniumenhanced magnetic resonance imaging for relapse rate and changes in disability or impairment in multiple sclerosis: a meta-analysis[END_REF], even though they are 10 times more frequent than clinical relapses.

Gadolinium enhancement generally parallels the radiological onset of a WM lesion, but subtle changes in the normal appearing WM have been detected days to weeks before gadolinium enhancement [START_REF] Absinta | Direct MRI detection of impending plaque development in multiple sclerosis[END_REF][START_REF] Werring | The pathogenesis of lesions and normal-appearing white matter changes in multiple sclerosis: a serial diffusion MRI study[END_REF]. Moreover, gadolinium enhancement only offers a limited time-window (usually less than 6 weeks) for active lesion detection [START_REF] Gaitán | Evolution of the blood-brain barrier in newly forming multiple sclerosis lesions[END_REF].

Ultra-small superparamagnetic iron oxide particles

Ultra-small particles of iron oxide have been used to monitor different aspect of the inflammatory process in MS. It has been demonstrated that the phagocytosis of USPIO by cells of the monocytes/macrophages system allows the visualization of cell infiltration in an inflammatory environment [START_REF] Corot | Recent advances in iron oxide nanocrystal technology for medical imaging[END_REF].

Experimental autoimmune encephalomyelitis (EAE) is the most popular animal model of MS. This model is induced through the immunization with CNS tissue or myelin peptides, such as myelin basic protein and proteolipid protein. This induction activated immune cells againt CNS tissue or myelin peptides, leading to the destruction of the myelin. Depending on the mode of induction and genetic background, EAE is characterized by various level of inflammatory cell reaction, including lymphocyte, macrophage infiltration and activation of microglial cells, and demyelination [START_REF] Constantinescu | Experimental autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis (MS)[END_REF]. Pilot studies performed on EAE mice investigated USPIO as a tool to visualize monocyte infiltration [START_REF] Dousset | Comparison of Ultrasmall Particles of Iron Oxide (USPIO)-Enhanced T2-Weighted, Conventional T2-Weighted, and Gadolinium-Enhanced T1-Weighted MR Images in Rats with Experimental Autoimmune Encephalomyelitis[END_REF][START_REF] Floris | Blood-brain barrier permeability and monocyte infiltration in experimental allergic encephalomyelitis: a quantitative MRI study[END_REF]. They showed that gadolinium enhancement appeared concomitantly with the onset of neurological signs, whereas USPIO load became detectable at the peak of the disease, once the BBB has been disrupted as reflected by gadolinium enhancement. Immunohistochemical analysis revealed that USPIO was present in newly infiltrated macrophages within inflammatory lesion area. USPIO imaging could also serve as a tool to predict disease severity. In the study performed by Brochet and colleagues, relapsing EAE animals with various degrees of disease severity underwent MRI with USPIO injection [START_REF] Brochet | Early macrophage MRI of inflammatory lesions predicts lesion severity and disease development in relapsing EAE[END_REF]. At the onset of the disease, USPIO allowed assignment of animals into the USPIO+ or USPIO-groups. During the first attack, no clinical differences were found between the 2 groups. However, USPIO+ group presented more lesions identified on MRI at onset, and, at the second attack, a more severe clinical disease compared to USPIO-group. USPIO+ rats developed significantly more severe lesions, with more extensive demyelination and more severe axonal loss within the brain at the second relapse, underlining the role of the innate immune inflammation in axonal loss during disease progression. These studies also reported that USPIO-enhancement patterns differed from Gd-enhancement, demonstrating that BBB leakage, as shown by Gd-enhancement, and cellular infiltration, as shown by USPIO-enhancement, are two separate mechanisms that can be distinguished in animal model. Moreover, USPIO enhancement showed clinical relevance in EAE model, as it correlated with disability, axonal loss and response to therapy [START_REF] Brochet | Early macrophage MRI of inflammatory lesions predicts lesion severity and disease development in relapsing EAE[END_REF][START_REF] Floris | Blood-brain barrier permeability and monocyte infiltration in experimental allergic encephalomyelitis: a quantitative MRI study[END_REF].

The contribution of USPIO imaging to the assessment of inflammation has also been investigated in patients with MS [START_REF] Dousset | MR Imaging of Relapsing Multiple Sclerosis Patients Using Ultra-Small-Particle Iron Oxide and Compared with Gadolinium[END_REF][START_REF] Gkagkanasiou | USPIO-Enhanced MRI Neuroimaging: A Review[END_REF][START_REF] Kerbrat | USPIO-positive MS lesions are associated with greater tissue damage than gadolinium-positive-only lesions during 3-year follow-up[END_REF][START_REF] Maarouf | Ultra-small superparamagnetic iron oxide enhancement is associated with higher loss of brain tissue structure in clinically isolated syndrome[END_REF][START_REF] Tourdias | Assessment of Disease Activity in Multiple Sclerosis Phenotypes with Combined Gadolinium-and Superparamagnetic Iron Oxide-enhanced MR Imaging[END_REF][START_REF] Vellinga | Pluriformity of inflammation in multiple sclerosis shown by ultra-small iron oxide particle enhancement[END_REF]. Combined administration of gadolinium contrast agents and USPIO particles was performed to compare patterns of WM lesions enhancement. In a study including 24 patients with MS, Tourdias and colleagues detected 56 lesions visible on T2-w, of which 37 were gadoliniumenhancing and 47 were USPIO-enhancing [START_REF] Tourdias | Assessment of Disease Activity in Multiple Sclerosis Phenotypes with Combined Gadolinium-and Superparamagnetic Iron Oxide-enhanced MR Imaging[END_REF]. Among these lesions, three patterns were detected: i) lesions enhanced with both gadolinium and USPIO (n=28), ii) lesions enhanced by gadolinium alone (n=9), and iii) lesions enhanced by USPIO alone (n=19). The researchers concluded that the combination of gadolinium contrast agent and USPIO particles allows a better detection of active WM lesions in both relapsing and progressive forms of the disease. More specifically, they demonstrated that the combination of the two agents allows a 51% increased detection of active lesions compared to gadolinium alone. In addition, they suggested that lesions enhanced by both gadolinium-based agent and USPIO particles could represent a more severe subgroup of lesions.

Vellinga and colleagues used USPIO particles after detection of new gadolinium-enhancing lesions [START_REF] Vellinga | Pluriformity of inflammation in multiple sclerosis shown by ultra-small iron oxide particle enhancement[END_REF]. In 14 patients with MS, 188 USPIO-positive lesions were seen, 144 of which were Gd-negative. Three patterns of USPIO-enhancement were defined: i) focal enhancement, ii) ring-like enhancement, and iii) previously T1-hypointense that return to isointensity (Figure 3.1). It was speculated that each of these patterns could provide distinct information regarding the BBB state, cell-mediated mechanisms and repair mechanisms. The latter pattern was most frequently observed in transiently hypointense lesions, while ring-enhancing lesions were less likely to evolve into black holes at followup than lesions without USPIO-enhancement, interpreted as possible remyelinating lesions.

In 29% of the lesions enhancing with both contrast agents, USPIO-enhancement persisted longer than Gd-enhancement, in line with studies on EAE model [START_REF] Dousset | MR Imaging of Relapsing Multiple Sclerosis Patients Using Ultra-Small-Particle Iron Oxide and Compared with Gadolinium[END_REF][START_REF] Floris | Blood-brain barrier permeability and monocyte infiltration in experimental allergic encephalomyelitis: a quantitative MRI study[END_REF].

In a follow-up, Vellinga and colleagues investigated USPIO uptake in the normal-appearing WM of patients with MS as a marker of diffuse inflammation, before the demyelination and axonal loss occurs [START_REF] Vellinga | Use of ultrasmall superparamagnetic particles of iron oxide (USPIO)-enhanced MRI to demonstrate diffuse inflammation in the normalappearing white matter (NAWM) of multiple sclerosis (MS) patients: An exploratory study[END_REF]. They found a reduced T1 relaxation reflecting the uptake of USPIO by reactive microglia/macrophages in the normal-appearing WM of patients with MS, which was not present in the WM of healthy controls. The USPIO enhancement in the NAWM of patients with MS is most likely to reflect diffuse inflammation. hypointense lesion as seen on pre-contrast T1-w images (B); arrowhead bottom row: a hypointense lesion that remains hypointense on post-USPIO images. From [START_REF] Vellinga | Pluriformity of inflammation in multiple sclerosis shown by ultra-small iron oxide particle enhancement[END_REF] Overall, the use of USPIO particles has shown to be sensitive to innate immune mediated inflammation that could sometimes precede the BBB damage and might subsequently last later than gadolinium enhancement. Lesional patterns seen with USPIO agent provide complementary insight into the underlying pathology and are therefore clinically relevant as potential MRI markers for disease severity and possibly treatment efficacy. However, the injection of USPIO particles, may cause adverse events, impeding any larger clinical application.

Susceptibility-weighted imaging

As iron is known to be retained by activated microglia/macrophages during inflammation, new non-invasive MRI sequences able to measure iron content in MS brain have been developed (reviewed by [START_REF] Stüber | Iron in Multiple Sclerosis and Its Noninvasive Imaging with Quantitative Susceptibility Mapping[END_REF]. Iron in the brain is paramagnetic, producing strong field variation in its surroundings that translates into shorter T2* values. Thus, the most popular MRI sequence to investigate iron in the brain is T2*-weighted gradient-echo (T2*-w, GRE). Starting from this sequence, multiple MRI technics have been derived such as T2*-w magnitude, phase imaging [START_REF] Deistung | Susceptibility weighted imaging at ultra high magnetic field strengths: theoretical considerations and experimental results[END_REF], susceptibility-weighted imaging (SWI) [START_REF] Haacke | Susceptibility weighted imaging (SWI)[END_REF], R2* mapping, and quantitative susceptibility mapping (QSM) (de Rochefort et al., 2010) (Figure 3.2). SWI is an enhanced version of T2*-w, by postprocessing the magnitude images with a phase mask to further increase magnetic susceptibility differences of tissues [START_REF] Haacke | Susceptibility weighted imaging (SWI)[END_REF][START_REF] Haacke | Susceptibility-Weighted Imaging: Technical Aspects and Clinical Applications, Part 1[END_REF]. R2* mapping is based on the T2* relaxation and corresponds to the reciprocal of the latter (R2*=1/T2*). However, SWI or R2* mapping don't provide absolute quantification of iron content, and suffer from blooming artefact. QSM has been developed to overcome these limitations [START_REF] De Rochefort | Quantitative susceptibility map reconstruction from MR phase data using bayesian regularization: validation and application to brain imaging[END_REF]. The tissue field derived from phase data can be deconvolved to generate QSM that reflects local tissue properties. White arrows highlight the putamen nuclei, showing the highest increased of R2*/QSM. From [START_REF] Langkammer | Quantitative susceptibility mapping in multiple sclerosis[END_REF] Phase imaging and R2* mapping have been used to explore susceptibility properties of brain tissue in healthy and pathological conditions. Comparing healthy and MS brain samples, Bagnato and colleagues investigated the origin of susceptibility variation in post-mortem tissue [START_REF] Bagnato | Tracking iron in multiple sclerosis: a combined imaging and histopathological study at 7 Tesla[END_REF]. The authors demonstrated that both WM in healthy samples and NAWM from patients with MS contained iron, mainly localized in oligodendrocytes and myelin sheaths. In normal brain, small amount of iron were detected in deep WM structures coinciding with subtle signal increase in R2* and decrease phase. Looking at WM lesions in patients with MS, Bagnato and colleagues described qualitatively that lesions characterized by a high R2* signal contained at least one large vessel with perivascular iron accumulation [START_REF] Bagnato | Tracking iron in multiple sclerosis: a combined imaging and histopathological study at 7 Tesla[END_REF]. In accordance with other studies [START_REF] Absinta | 7T PHASE IMAGING OF ACUTE MS LESIONS: A NEW WINDOW INTO THE INFLAMMATORY PROCESS[END_REF](Absinta et al., , 2016a[START_REF] Absinta | IDENTIFICATION OF CHRONIC ACTIVE MULTIPLE SCLEROSIS LESIONS AT 3T MRI[END_REF], some WM lesions were surrounded by a rim of high R2* signal and low phase.

This rim visible on MRI was matched with iron and ferritin accumulation, and microglial activation. In an interesting paper combining both post-mortem and in vivo investigations, Dal-Bianco and colleagues aimed to describe the characteristics of WM lesions surrounded by iron accumulation [START_REF] Dal-Bianco | Slow expansion of multiple sclerosis iron rim lesions: pathology and 7 T magnetic resonance imaging[END_REF]. Post-mortem analysis showed that the iron containing cells in the rim were mainly pro-inflammatory activated microglia, as found also by Mehta and colleagues [START_REF] Mehta | Iron Is a Sensitive Biomarker for Inflammation in Multiple Sclerosis Lesions[END_REF]. They found that the iron rim was mainly seen in slowly expanding lesions (lesion with inactive demyelinated center but continuous myelin breakdown at the edge) [START_REF] Prineas | Immunopathology of secondary-progressive multiple sclerosis[END_REF], and this was confirmed by the in vivo analysis

showing that lesions with an iron rim on average expanded very slowly, as described by Absinta and colleagues [START_REF] Absinta | 7T PHASE IMAGING OF ACUTE MS LESIONS: A NEW WINDOW INTO THE INFLAMMATORY PROCESS[END_REF]. However, the notion of slowly expanding lesions characterized by a ring phase has been challenged by Bian and colleagues in a 2.5 years longitudinal study, where ring phase lesions remained unchanged over the follow-up [START_REF] Bian | A serial in vivo 7T magnetic resonance phase imaging study of white matter lesions in multiple sclerosis[END_REF].

QSM is more sensitive than previous techniques in detecting pathological changes, as demonstrated on basal ganglia [START_REF] Langkammer | Quantitative susceptibility mapping in multiple sclerosis[END_REF]. Thus, QSM has been widely used to investigate WM lesions presenting a rim of iron. Adding QSM to study WM lesions has allowed to monitor inflammation staging of lesions and their age [START_REF] Chen | Quantitative Susceptibility Mapping of Multiple Sclerosis Lesions at Various Ages[END_REF].

In their paper, Chen and colleagues investigated longitudinally 162 lesions from 23 patients with the relapsing-remitting form of MS [START_REF] Chen | Quantitative Susceptibility Mapping of Multiple Sclerosis Lesions at Various Ages[END_REF]. Age of lesions was determined based on their first appearance on MRI scan compared to the first QSM. WM lesions were categorized according to their age and Gd-enhancement. The main result of this study was that the susceptibility varies according to the lesion age and inflammatory status (Figure 3.3). From Gd-enhanced (age 0 year) to intermediate age (age 0-4 years), susceptibility increased from similar values to NAWM to significantly higher values. Lesion susceptibility became then stable at high values and decayed back to that of NAWM. inflammatory activity in lesions. QSM can detect both early and late inflammatory activity. From [START_REF] Stüber | Iron in Multiple Sclerosis and Its Noninvasive Imaging with Quantitative Susceptibility Mapping[END_REF] Compared to Gd-enhancement and USPIO imaging, susceptibility imaging may offer a complementary picture of inflammation in WM lesions or in the NAWM helping to distinguish early and late inflammatory activity. However, as it is the case for MRI techniques, susceptibility imaging is not specific for a pathological mechanism and can be affected by both iron and myelin [START_REF] Hametner | The influence of brain iron and myelin on magnetic susceptibility and effective transverse relaxation -A biochemical and histological validation study[END_REF][START_REF] Wisnieff | Quantitative susceptibility mapping (QSM) of white matter multiple sclerosis lesions: Interpreting positive susceptibility and the presence of iron[END_REF]. The different sensitivities towards iron and myelin for R2* and susceptibility finally results in slightly different but complementary contrasts. These contrasts may be exploited together to decouple the effects of iron and myelin on susceptibility. Initial attempts to decouple iron from myelin using in vivo MRI measurements have already been suggested [START_REF] Mangeat | Multivariate combination of magnetization transfer, T2* and B0 orientation to study the myeloarchitecture of the in vivo human cortex[END_REF][START_REF] Stüber | Myelin and iron concentration in the human brain: a quantitative study of MRI contrast[END_REF] and are expected to provide a more precise view onto the respective underlying biological contrast source. In the resting CNS, PBR expression is thought to be mainly in astrocytes and microglia. PBR is present in the mitochondria of these cells in association with the voltage-dependent anion channel and the adenine nucleotide transporter, suggesting that it might be a part of the mitochondrial permeability transition pore. Note that PBR is situated on the outer mitochondrial membrane.

(Right) This figure illustrates potential mechanisms of PBR increases in microglia. The process of activation, in response to neuronal insults, involves cytokine production by microglia. Since proinflammatory cytokines may increase PBR, it is possible that these cytokines act in an autocrineparacrine fashion to increase PBR expression in microglia that are undergoing activation. The functions of PBR in microglia are unknown. It is possible that PBR plays a yet undefined role in several aspects of microglial function, such as the regulation of cell death, proliferation, cytokine and free radical generation. From [START_REF] Venneti | The peripheral benzodiazepine receptor (Translocator protein 18kDa) in microglia: From pathology to imaging[END_REF] Another multi-modality imaging approach has been proposed by [START_REF] Kaunzner | Quantitative susceptibility mapping identifies inflammation in a subset of chronic multiple sclerosis lesions[END_REF], coupling QSM MRI with PET, to evaluate the sensitivity of QSM for innate immune activated cells. In this study, they used QSM to explore chronic active lesions and to visualize persistent innate immune cell activation in lesions among different forms of MS.

On 30 patients with MS, including both relapsing-remitting and secondary progressive forms, they found an increased susceptibility in lesions presenting a rim of iron with QSM (rim+) compared to rim-lesions, and in the rim of rim+ lesions compared to the core of the lesion. This higher susceptibility has been associated to an uptake of PET tracer both in vivo and ex-vivo, and in particular with marked cells presenting the morphology of microglial cells in majority. These findings demonstrate the sensitivity of QSM for innate immune activated cells such as activated microglia.

TSPO PET imaging

Aside from MRI studies, several studies have used PET imaging to investigate innate immune cell activation (reviewed in [START_REF] Airas | Imaging neuroinflammation in multiple sclerosis using TSPO-PET[END_REF][START_REF] Dupont | Translocator Protein-18 kDa (TSPO) Positron Emission Tomography (PET) Imaging and Its Clinical Impact in Neurodegenerative Diseases[END_REF][START_REF] Stankoff | Exploring the heterogeneity of MS lesions using positron emission tomography: a reappraisal of their contribution to disability[END_REF]. The most popular imaging tool to measure innate immune cells relies on the use of PET with radiotracers targeting translocator protein (18 kDa) (TSPO) (Figure 3.4). TSPO, formerly known as PBR (peripheral benzodiazepine receptor), is a protein structure expressed on the outer mitochondrial membrane of glial cells (resting microglial and astrocytes). It is part of the permeability transition pore, a macromolecular complex primarily localised in the outer mitochondrial membrane.

An increased TSPO expression has been shown in the context of inflammatory conditions such as MS [START_REF] Vowinckel | PK11195 binding to the peripheral benzodiazepine receptor as a marker of microglia activation in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF]. However, TSPO binding is not fully discriminant between cell populations such as activated microglia, infiltrating macrophages, astrocytes, and endothelial cells [START_REF] Lavisse | Reactive Astrocytes Overexpress TSPO and Are Detected by TSPO Positron Emission Tomography Imaging[END_REF][START_REF] Rizzo | Kinetic modeling without accounting for the vascular component impairs the quantification of [(11)C]PBR28 brain PET data[END_REF][START_REF] Wimberley | Impact of Endothelial 18-kDa Translocator Protein on the Quantification of 18F-DPA-714[END_REF]. In response to an injury, reactive astrocytes may also overexpress TSPO, in addition to the microglial expression [START_REF] Venneti | Imaging Microglial Activation During Neuroinflammation and Alzheimer's Disease[END_REF].

In a study performed by Lavisse and colleagues on rat model, the authors demonstrated that part of the TSPO uptake was co-localized with activated astrocytes. This study was performed on a rat model of selective astrocyte activation through lentiviral gene transfer of the cytokine ciliary neurotrophic factor (CNTF) into the rat striatum, in the absence of detectable microglia reactivity, neuronal degeneration, or any additional pathological process. The results are in contrast with the study performed by Banati and colleagues [START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis. Quantitative in vivo imaging of microglia as a measure of disease activity[END_REF], showing on both EAE model and post-mortem brain sample of patients with MS that TSPO binding was localized in regions with activated microglia but did not bind to astrocytes. However, TSPO expression in both activated microglia and astrocytes seems to be temporally different [START_REF] Maeda | Phase-dependent roles of reactive microglia and astrocytes in nervous system injury as delineated by imaging of peripheral benzodiazepine receptor[END_REF]. In the study performed by Maeda and colleagues, astrocytes transiently expressed TSPO at high levels in association with their movement to the injury site. In contrast, high TSPO signals were persistently present in activated microglia localized at the injury site up to 90 days. In addition, they found that during the injury microglial cells were twice more abundant than astrocytes, and the level of TSPO expression quantified with [11C]-DAA1106 mainly depended on the number of microglial cells (partial correlation coefficients, 0.60 and 0.04, p<0.001 and p=0.72 by t-test, respectively, for microglial and astrocytic counts).

In parallel, several immunohistochemistry studies in the mouse, nonhuman primate, and human have shown colocalization of endothelial cell and TSPO markers. Using a 5XFAD transgenic mouse model of Alzheiner's disease, Mirzaei and colleagues detected TSPO colocalization with endothelial cells [START_REF] Mirzaei | In vivo imaging of microglial activation by positron emission tomography with [(11)C]PBR28 in the 5XFAD model of Alzheimer's disease[END_REF]. A recent paper from Wimberley and colleagues has evaluated in vivo the impact of TSPO endothelial binding onto the quantification of the [18F]-DPA714 [START_REF] Wimberley | Impact of Endothelial 18-kDa Translocator Protein on the Quantification of 18F-DPA-714[END_REF]. Moreover, this team developed new quantification methods enabling to take into account TSPO endothelial binding [START_REF] Rizzo | Generalization of endothelial modelling of TSPO PET imaging: Considerations on tracer affinities[END_REF][START_REF] Rizzo | Generalization of endothelial modelling of TSPO PET imaging: Considerations on tracer affinities[END_REF][START_REF] Veronese | Kinetic modelling of [11C]PBR28 for 18 kDa translocator protein PET data: A validation study of vascular modelling in the brain using XBD173 and tissue analysis[END_REF].

Taken together these results demonstrate that TSPO PET is not selective of microglial activation, but depicts a broader cell population including astrocytes or macrophages.

The first compound developed to target TSPO expression was the [11C]-PK11195, whose increased binding has been demonstrated in MS [START_REF] Vowinckel | PK11195 binding to the peripheral benzodiazepine receptor as a marker of microglia activation in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF]. This tracer was able to describe the heterogeneity of WM lesions through an increased binding in a subpopulation of WM lesions, which were interpreted as chronic active lesions (Figure 3.5) [START_REF] Vowinckel | PK11195 binding to the peripheral benzodiazepine receptor as a marker of microglia activation in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF]. These results suggest that the increased binding of [11C]-PK11195

is not limited to active lesions identified by gadolinium enhancement on MRI. the upper lesion there is microglial activation, confirming this lesion to be a chronic active lesion, whereas in the lower lesion there is no radioligand uptake, confirming this lesion to be a chronic inactive lesion. From [START_REF] Airas | Imaging neuroinflammation in multiple sclerosis using TSPO-PET[END_REF] Giannetti and colleagues focused on T1 hypointense lesions, also called black holes (BH) [START_REF] Giannetti | Microglia activation in multiple sclerosis black holes predicts outcome in progressive patients: An in vivo [(11)C](R)-PK11195-PET pilot study[END_REF]. A total of 1242 BH were found, with no differences between subgroups of MS (relapsing and progressive). This surprising results might be due to the low resolution (5mm thickness) of the T1-w spin-echo sequence used for BH detection. Then, BH were classified as showing either presence (binding potential > 0) or absence (binding potential = 0) of detectable PK enhancement as measured by PK binding potential. Part of the BH population showed an increased binding of [11C]-PK11195 (76% of total BH lesions). In addition, the authors demonstrated that BH with smaller volume have a higher TSPO binding compared to larger lesions in RRMS patients. This result is controversial as the authors studied BH with a minimal volume of 3mm 3 , which is under the resolution of their PET acquisition (5mm 3 ), and hence this observation might to some extent be due to partial volume effect and should be interpreted with caution. However, this paper highlights the heterogeneity of WM lesions and suggests that the T1 hypointense lesions in MS are not just "holes" representing loss of axons and myelin, but display an inflammatory activity that could have clinical relevance. Moreover, in the progressive group, the correlation between the PK binding in BH lesions and the EDSS supports a role for activated microglia in disability progression, as already described [START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis. Quantitative in vivo imaging of microglia as a measure of disease activity[END_REF].

In addition to inflammation in WM lesions, studies using [11C]-PK11195 have also investigated diffuse inflammation in normal appearing tissues. An increased PK binding was found in the normal-appearing WM of patients with MS compared to healthy controls [START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF] since the CIS stage, before the conversion to definite MS [START_REF] Giannetti | Increased PK11195-PET binding in normal-appearing white matter in clinically isolated syndrome[END_REF]. Interestingly, patients with CIS who developed MS two years later had higher PK binding at baseline, in particular in NAWM. An increase in [11C]-PK11195 binding was also found in the periventricular WM of secondary progressive patients compared to relapsing patients [START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF][START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF].

The use of [11C]-PK11195 in clinical studies is restricted by several limitations, including the short half-life of carbon-11, and the low signal-to-noise ratio due to its nonspecific binding [START_REF] Schweitzer | PET tracers for the peripheral benzodiazepine receptor and uses thereof[END_REF]. To overcome this main limitation, a second generation of tracers targeting TSPO has been developed (reviewed in [START_REF] Chauveau | Nuclear imaging of neuroinflammation: a comprehensive review of [11C]PK11195 challengers[END_REF], belonging to different chemical classes or entities (Table 3. Initial studies with the second generation of compounds failed to found differences in the WM and the GM between patients with MS and healthy controls [START_REF] Oh | Translocator protein PET imaging for glial activation in multiple sclerosis[END_REF]. These failures might be explained by the heterogeneity of individual binding profiles that have been recently attributed to the rs6971 TSPO gene gene single nucleotide polymorphism [START_REF] Owen | An 18-kDa Translocator Protein (TSPO) polymorphism explains differences in binding affinity of the PET radioligand PBR28[END_REF], which generates three patterns of binding affinity: high-affinity binders (HAB), mixed-affinity binders (MAB), and low-affinity binders (LAB). The fact that second generation compounds were found to be sensitive to this polymorphism led researchers to develop rs6971-insensitive radioligands. A third generation of tracers was therefore developed to overcome this limitation, with the synthesis of compounds that are rs6971insensitive or at least less sensitive, including [11C]-ER176 and flutriciclamide ([18F]-GE180). However, the specificity, brain entrance and clinical relevance of these compound remain to be confirmed [START_REF] Zanotti-Fregonara | The validity of 18F-GE180 as a TSPO imaging agent[END_REF] and the rs6971-insensitivity to be proved [START_REF] Fan | Flutriciclamide (18F-GE180) PET: Firstin-Human PET Study of Novel Third-Generation In Vivo Marker of Human Translocator Protein[END_REF]. 

Table 3.1: Summary of the different generation of TSPO radiotracer applied

From [START_REF] Dupont | Translocator Protein-18 kDa (TSPO) Positron Emission Tomography (PET) Imaging and Its Clinical Impact in Neurodegenerative Diseases[END_REF] The development of second-generation TSPO radiotracers has provided further insight into the understanding of the innate immune cell contribution to the pathophysiology of MS (Table 3.2). As for the [11C]-PK11195, it allows to investigate diffuse inflammation in the NAWM as well as focal inflammation in WM lesions of patients with MS [START_REF] Colasanti | In Vivo Assessment of Brain White Matter Inflammation in Multiple Sclerosis with 18F-PBR111 PET[END_REF]Datta et al., 2017a;[START_REF] Hagens | In vivo assessment of neuroinflammation in progressive multiple sclerosis: a proof of concept study with [18F]DPA714 PET[END_REF]. Using [18F]-PBR111, Colasanti and colleagues demonstrated that both WM lesions and perilesional volume were characterized by a higher binding than the WM of healthy control [START_REF] Colasanti | In Vivo Assessment of Brain White Matter Inflammation in Multiple Sclerosis with 18F-PBR111 PET[END_REF]. Moreover,

[18F]-PBR111 uptake in WM lesions was associated with a higher degree of disability.

Using either [18F]-PBR111 or [11C]-PBR28, Datta and colleagues investigated the inflammatory heterogeneity in the WM of patients with MS (Datta et al., 2017a). For both ligands, the mean distribution volume ratio (DVR) in NAWM of patients was greater than the one of healthy controls. WM lesions were classified according to the DVR in the core of the lesion and the perilesional volume, as active (high uptake relative to surrounding NAWM), peripherally active (higher uptake in the perilesional volume relative to surrounding NAWM), undifferentiated (uptake similar to the NAWM), and inactive (low uptake). Active lesions were found in all disease stages and treatment groups.

In the longitudinal follow-up (Datta et al., 2017b), [11C]-PBR28 binding at study entry was shown to predict WM lesion volume enlargement over one year in relapsing patients, and brain volume change in progressive patients.

References Population Radioligand

Main Findings [START_REF] Vowinckel | PK11195 binding to the peripheral benzodiazepine receptor as a marker of microglia activation in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF] 2 RRMS [11C]-PK11195 Increased BP in resolving WM lesions with no Gd-enhancement, not in chronic lesions [START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis. Quantitative in vivo imaging of microglia as a measure of disease activity[END_REF] 12 MS (8 RR, 1 SP, 3 PP) + 8 HC [11C]-PK11195 Increased BP in (T2/T1) lesions, correlated with increasing disability for T1 lesions (Debruyne et al., 2003a) [START_REF] Versijpt | Microglial imaging with positron emission tomography and atrophy measurements with magnetic resonance imaging in multiple sclerosis: a correlative study[END_REF] MS (13 RR, 7 SP, 2

PP) + 8 HC [11C]-PK11195
Increase BP in Gd-enhancing lesions Uptake in T2 lesions at the time of relapse, decrease uptake in T2 lesions associated to higher atrophy

Increase uptake in NAWM associated with longer disease duration and higher atrophy [START_REF] Oh | Translocator protein PET imaging for glial activation in multiple sclerosis[END_REF] 11 MS + 7 HC 

+ 17 HC [11C]-PK11195
Increased BP in NAWM, thalami, and perilesion of SPMS compared to HC Higher binding in NAWM associated with higher clinical disability and reduced WM structural integrity [START_REF] Singhal | 18F-PBR06 Versus 11C-PBR28 PET for Assessing White Matter Translocator Protein Binding in Multiple Sclerosis[END_REF] 6 RRMS [18F]-PBR06

[11C]-PBR28 Both tracers, higher SUVR in NAWM compared to T1 and T2 lesions [START_REF] Barletta | Evidence of diffuse cerebellar neuroinflammation in multiple sclerosis by 11C-PBR28 MR-PET[END_REF] 28 MS (14 RR, 14 SP)

+ 16 HC [11C]-PBR28
Increased uptake in cerebellar of MS patients, which correlated with cognitive and neurological disability [START_REF] Singhal | Gray matter microglial activation in relapsing vs progressive MS: A [F-18] PBR06-PET study[END_REF] 12 MS (7 RR, 5 SP)

HC

[18F]-PBR06 DGM SUVR higher in SPMS compared to RRMS and HC Increased TH SUVR associated with higher disability and brain atrophy

Table 3.2: Summary of PET imaging studies assessing TSPO tracers in Multiple Sclerosis

(adapted from [START_REF] Airas | Imaging neuroinflammation in multiple sclerosis using TSPO-PET[END_REF][START_REF] Airas | Imaging of microglial activation in MS using PET: Research use and potential future clinical application[END_REF][START_REF] Airas | Evaluation of Microglial Activation in Multiple Sclerosis Patients Using Positron Emission Tomography[END_REF][START_REF] Mahajan | The Role of Advanced Magnetic Resonance Imaging Techniques in Multiple Sclerosis Clinical Trials[END_REF] 

Failure of repair

As it was described earlier in this thesis, microglial activation and failure of repair are two key mechanisms occurring in the pathogenesis of the disease. Until now, therapeutic research has mainly aimed at reducing WM lesions accrual that drive episodes of inflammatory demyelination and clinical relapses. More recently, there has been a growing interest in promoting remyelination of lesions once they have been generated. However, in order to investigate the effect of potential remyelinating compounds in patients with MS, there is a need for imaging measures that are sensitive and specific to myelin content.

Conventional T2-w MRI is very sensitive in identifying MS lesions in the WM. However, T2-w is a qualitative sequence and does not provide the sensitivity needed to differentiate between the pathological substrates underlying MS lesions, such as inflammation, oedema, gliosis, axonal damage, demyelination, and remyelination. On T1-w sequence, different types of lesions can be distinguished: active lesions showing gadolinium enhancement and chronic lesions appearing hypointense without contrast agent. Hypointense lesions on T1-w are usually interpreted as irreversible tissue damage, but could also be transient. A longitudinal change in lesion signal intensity from hypointense to isointense after a period of inflammation could suggest remyelination, but also the resolving of inflammation or oedema. Similarly to T2-w, T1-w sequence provides a limited specificity for myelin and only offers a partial picture of myelin content in MS.

To overcome the poor specificity for myelin of conventional MRI sequences, quantitative techniques have been developed, such as magnetization transfer imaging, T2 relaxation for myelin water fraction or diffusion-weighted imaging for diffusion tensor imaging.

Magnetization transfer imaging

Magnetization transfer imaging (MTI) is a qualitative technique based on physical states of the proton in biological tissue. In brain tissue, protons exist in two pools: a 'free' state, in which they are highly mobile, and a 'bound' state consisting of proton associated with macromolecules such as proteins and lipids. Relaxation properties of tissue are influenced by the magnetization exchange occurring between the two pools. Due to the very short T2 of the bounded protons, they are not directly visible in MR images. In MT imaging, an RF pulse is applied off-resonance to selectively saturate the bounded protons. In order to return to equilibrium, this energy imparted by the bounded protons is exchanged with the free water, resulting in an attenuation of the water signal measured with MRI. Thus, it became possible to indirectly measure the saturation of the bound pool via the effect this has on the free pool.

The magnetization transfer ratio (MTR, Figure 3.6) [START_REF] Wolff | Magnetization transfer contrast (MTC) and tissue water proton relaxation in vivo[END_REF]) is a widely used semi-quantitative measurement of the amount of MT exchange taking place between the two compartments, obtained from two images acquired with (MTon) and without (MToff) MT-weighting (through the application of a pre-saturation pulse). Post-mortem studies have demonstrated correlation between MTR and myelin content [START_REF] Barkhof | Remyelinated Lesions in Multiple Sclerosis: Magnetic Resonance Image Appearance[END_REF][START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF], but MTR might be also influenced by water content, inflammation [START_REF] Vavasour | Is the magnetization transfer ratio a marker for myelin in multiple sclerosis?[END_REF], and axonal density [START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF][START_REF] Van Waesberghe | Axonal loss in multiple sclerosis lesions: Magnetic resonance imaging insights into substrates of disability[END_REF]. In MS brain sample, MTR was found to be lower in the normal appearing WM of patients with MS than in the WM of healthy controls, and further decreased in WM lesions [START_REF] Barkhof | Remyelinated Lesions in Multiple Sclerosis: Magnetic Resonance Image Appearance[END_REF][START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF]. MTR in WM lesions is lower in the presence of demyelination, and significantly higher in remyelinated lesions, even though it doesn't reach the level measured in the normal-appearing WM, indicating incomplete remyelination [START_REF] Chen | Voxel-based analysis of the evolution of magnetization transfer ratio to quantify remyelination and demyelination with histopathological validation in a multiple sclerosis lesion[END_REF].

Since the earliest pilot in vivo studies, MTR was applied to investigate demyelination and remyelination in both normal-appearing WM and WM lesions. The measurement of the MTR signal changes in the normal-appearing WM has been among the first approaches used to investigate in vivo damage outside focal WM lesions of patients with MS. Reduction of MTR signal has been found in the normal appearing WM compared to healthy controls since the earliest stage of the disease [START_REF] Audoin | Voxel-based analysis of MTR images: A method to locate gray matter abnormalities in patients at the earliest stage of multiple sclerosis[END_REF]. More advanced regional analyses have described MTR changes according to the distance from ventricular CSF (Brown et al., 2019a[START_REF] Brown | Periventricular magnetisation transfer ratio abnormalities in multiple sclerosis improve after alemtuzumab[END_REF][START_REF] Brown | An abnormal periventricular magnetization transfer ratio gradient occurs early in multiple sclerosis[END_REF][START_REF] Liu | Magnetization transfer ratio measures in normal-appearing white matter show periventricular gradient abnormalities in multiple sclerosis[END_REF][START_REF] Pardini | Relationship of grey and white matter abnormalities with distance from the surface of the brain in multiple sclerosis[END_REF][START_REF] Pardini | The relationship between cortical lesions and periventricular NAWM abnormalities suggests a shared mechanism of injury in primaryprogressive MS[END_REF]. A gradient of MTR signal has been described at all stages of the disease, being present in patients with optic neuritis even before their conversion to clinically defined MS [START_REF] Brown | An abnormal periventricular magnetization transfer ratio gradient occurs early in multiple sclerosis[END_REF] This periventricular gradient of MTR was shown to correlate with a higher EDSS, and a longer disease duration (Brown et al., 2019a), and was linked to a similar gradient of MTR in the cortex (Brown et al., 2019a). In PPMS, a steeper periventricular gradient of MTR signal also correlates with a higher cortical lesion load [START_REF] Pardini | The relationship between cortical lesions and periventricular NAWM abnormalities suggests a shared mechanism of injury in primaryprogressive MS[END_REF]. These results suggested the existence of a shared mechanism involved in the development of cortical and periventricular damage (Brown et al., 2019a;[START_REF] Pardini | Relationship of grey and white matter abnormalities with distance from the surface of the brain in multiple sclerosis[END_REF][START_REF] Pardini | The relationship between cortical lesions and periventricular NAWM abnormalities suggests a shared mechanism of injury in primaryprogressive MS[END_REF].

A variable and heterogeneous reduction of MTR values within WM lesions of patients with MS has been described [START_REF] Filippi | Magnetization transfer imaging to monitor the evolution of individual multiple sclerosis lesions[END_REF], a higher reduction being found in T1-hypointense lesions [START_REF] Lipp | Comparing MRI metrics to quantify white matter microstructural damage in multiple sclerosis[END_REF][START_REF] Thaler | The use of multiparametric quantitative magnetic resonance imaging for evaluating visually assigned lesion groups in patients with multiple sclerosis[END_REF][START_REF] Zivadinov | Magnetization transfer imaging of acute black holes in patients on glatiramer acetate[END_REF]. In a longitudinal study, Zivadinov and colleagues investigated the evolution of T1 unenhanced hypointense lesions by measuring their MTR changes over 12 months. Lesions were classified into 4 patterns based on signal differences in lesion isointensity or hypointensity over 12 months. At baseline, the lowest MTR values were found in hypointense lesions that remais hypointense in the follow-up. During the follow-up, the latter pattern showed the highest increase of MTR values (+34%). In addition, initially hypointense lesions that became isointense also demonstrated an increased MTR values over the follow-up (+18%), suggesting partial remyelination of the hypointense lesions.

Newly formed lesions are characterized by a decreased MTR values as soon as the initial stage (gadolinium enhancement), which generally partly recovers during the following months [START_REF] Chen | Magnetization transfer ratio evolution with demyelination and remyelination in multiple sclerosis lesions[END_REF][START_REF] Filippi | Magnetization transfer changes in the normal appering white matter precede the appearance of enhancing lesions in patients with multiple sclerosis[END_REF][START_REF] Goodkin | A serial study of new MS lesions and the white matter from which they arise[END_REF]. Surprisingly, it has been shown that a minor drop of MTR value could be detected several weeks before the lesion appearance [START_REF] Brown | Imaging of repeated episodes of demyelination and remyelination in multiple sclerosis[END_REF][START_REF] Fazekas | Quantitative magnetization transfer imaging of pre-lesional white-matter changes in multiple sclerosis[END_REF][START_REF] Filippi | Magnetization transfer changes in the normal appering white matter precede the appearance of enhancing lesions in patients with multiple sclerosis[END_REF][START_REF] Goodkin | A serial study of new MS lesions and the white matter from which they arise[END_REF], suggesting early changes in the tissue microstructure, which could correspond to early myelin disorganisation, edema, innate immune mediated inflammation, or axonal changes. By developing a novel processing strategy of MTI acquisitions, Chen and colleagues investigated demyelination and remyelination at the individual lesional voxel level [START_REF] Chen | Magnetization transfer ratio evolution with demyelination and remyelination in multiple sclerosis lesions[END_REF]. They found changes of MTR signal consistent with demyelination and remyelination that followed different temporal evolutions. These changes persisted in different lesion regions for at least 3 years following lesion formation. Recently, similar results have been found by Zheng and colleagues who followed the MTR changes over 4 years in WM lesions of patients with MS [START_REF] Zheng | Long-Term Magnetization Transfer Ratio Evolution in Multiple Sclerosis White Matter Lesions[END_REF]. In addition, the variability in the evolution of lesions over 4 years correlated with brain atrophy and clinical phenotypes.

Patients presenting more benign lesions had also lower rate of brain atrophy. Lesions associated to low MTR values at baseline and decreasing MTR over time were more abundant in the SPMS group compared to RRMS and CIS, while stable lesions were associated to earlier disease stages.

Although MTR protocols are available on clinical scanner, the reproducibility of the MTR signal is impaired by acquisition parameters such as the MT pulse properties, the type of sequence used (gradient echo/spin echo), the flip angle, the echo and repetition times. To overcome these drawbacks, mathematical models of the MT effect have been proposed and can be achieved with a quantitative MT (qMT) protocol. This technique provides quantitative parameters related to tissue structure, such as the restricted proton fraction. In a post-mortem study, Schmierer and colleagues investigated the relevance of this technique to reflect myelin content (Schmierer et al., 2007a). They found that the restricted proton fraction was a good predictor of the myelin content by the decreased signal seen in the WM lesions of patients with MS compared to the normal-appearing WM. Differences were also found between remyelinated and demyelinated lesions, and between remyelinated lesions and normal appearing WM. Despite these evidences that the qMT is a sensitive marker of myelin content, the long scan times have impeded its clinical translation. Optimization of the MRI acquisition to reduce the scan time has been proposed, and apply in vivo on patients with MS at 3T [START_REF] Bagnato | Selective inversion recovery quantitative magnetization transfer imaging: Toward a 3 T clinical application in multiple sclerosis[END_REF][START_REF] Yarnykh | Fast wholebrain three-dimensional macromolecular proton fraction mapping in multiple sclerosis[END_REF] and at 7T [START_REF] Bagnato | Selective Inversion Recovery Quantitative Magnetization Transfer Brain MRI at 7T: Clinical and Postmortem Validation in Multiple Sclerosis[END_REF].

Bagnato and colleagues found that the restricted proton fraction was lower in WM lesions compared to normal-appearing WM, with the lowest value found in T1 hypointense lesions [START_REF] Bagnato | Selective inversion recovery quantitative magnetization transfer imaging: Toward a 3 T clinical application in multiple sclerosis[END_REF]. In addition, the reduction of the restricted proton fraction in WM lesions was associated to disease duration [START_REF] Bagnato | Selective inversion recovery quantitative magnetization transfer imaging: Toward a 3 T clinical application in multiple sclerosis[END_REF] and disability scores [START_REF] Bagnato | Selective Inversion Recovery Quantitative Magnetization Transfer Brain MRI at 7T: Clinical and Postmortem Validation in Multiple Sclerosis[END_REF][START_REF] Bagnato | Selective inversion recovery quantitative magnetization transfer imaging: Toward a 3 T clinical application in multiple sclerosis[END_REF]. These results were in line with previous studies using either MTR or qMT.

Another MT technique has been developed, called inhomogeneous MT (ihMT), with a potential higher specificity for myelin [START_REF] Duhamel | Validating the sensitivity of inhomogeneous magnetization transfer (ihMT) MRI to myelin with fluorescence microscopy[END_REF][START_REF] Varma | Magnetization transfer from inhomogeneously broadened lines: A potential marker for myelin[END_REF]. This technique takes advantage of the long dipolar relaxation time values associated with myelinated structures to selectively isolate the contribution of the myelin. This technique has been successfully applied on healthy brain [START_REF] Girard | Magnetization transfer from inhomogeneously broadened lines (ihMT): Experimental optimization of saturation parameters for human brain imaging at 1.5 Tesla[END_REF], showing promosing tissue contrast between WM and GM, and on spinal cord [START_REF] Girard | Magnetization transfer from inhomogeneously broadened lines (ihMT): Improved imaging strategy for spinal cord applications[END_REF][START_REF] Taso | Tract-specific and age-related variations of the spinal cord microstructure: a multi-parametric MRI study using diffusion tensor imaging (DTI) and inhomogeneous magnetization transfer (ihMT)[END_REF]. Recently, the first application in a clinical context has been performed on a group of 25 RRMS patients [START_REF] Van Obberghen | Evaluation of the Sensitivity of Inhomogeneous Magnetization Transfer (ihMT) MRI for Multiple Sclerosis[END_REF]. They found a reduction of both the ihMT signal and the MTR value in the normal-appearing WM of patients with MS compared to healthy controls. Lesions showed a lower signal than the normal appearing WM for both the ihMT and the MTR, reflecting the sensitivity of ihMT for myelin. While MTR has failed to explained disability, a reduction of the ihMT has been linked with a more severe disability, as reflected by the EDSS. Despite the heterogeneity of the cohort in term of disease duration and disease type, this preliminary investigation might suggest a higher sensitivity for myelin of ihMT compared to MTR.

Diffusion-weighted imaging

Diffusion-weighted imaging (DWI) is a qualitative technique taking advantage of the diffusion of water molecules within biological tissues [START_REF] Le Bihan | MR imaging of intravoxel incoherent motions: application to diffusion and perfusion in neurologic disorders[END_REF]. The diffusion coefficient measures the ease of water molecules to move. In brain tissue, this coefficient is reduced compared to free water, due to microstructural constraints induced by membranes and intra-/extra-cellular structures. The diffusion behavior of water molecules is altered in pathology, as a consequence of microstructural alterations. Mathematical models have been developed to derive quantitative parameters that characterize microstructural abnormalities based on diffusion-weighted acquisition, such 'diffusion tensor imaging' (DTI) [START_REF] Basser | Inferring microstructural features and the physiological state of tissues from diffusion-weighted images[END_REF], 'Composite hindered and restricted model of diffusion' (CHARMED) [START_REF] Assaf | Composite hindered and restricted model of diffusion (CHARMED) MR imaging of the human brain[END_REF][START_REF] Assaf | New modeling and experimental framework to characterize hindered and restricted water diffusion in brain white matter[END_REF], and 'neurite orientation dispersion and density imaging' (NODDI) [START_REF] Zhang | NODDI: practical in vivo neurite orientation dispersion and density imaging of the human brain[END_REF].

Diffusion can be characterized as a tensor (Figure 3.7), which corresponds to a 3x3 matrix describing the 3 directional components of diffusion in the tissue. From the diffusion tensor, eigenvalue decomposition can be performed to diagonalize the tensor, and obtained three eigenvalues that describe the geometry and the diffusion of the tensor. The diffusivity along the main axis, reflected by the first eigenvalue λ1, is called axial diffusivity (AD). By averaging the two others eigenvalues (λ2, λ3), the radial diffusivity (RD) is obtained. It is also possible to calculate the mean diffusivity (MD), and the degree of anisotropy, which reflects the tissue organization, expressed as the fractional anisotropy (FA).

Figure 3.7: Diffusion of water molecules along myelinated axons

Local diffusion tensor representation of water molecule diffusion along white matter fibers and the diffusion tensor model that captures the orientated diffusion process with the diffusion ellipsoid

In MS, the pathological component of the disease affects the diffusion of water molecules through modifications of the microstructure of brain tissue. Among the DTI-derived measures, mean diffusivity, which reflects the magnitude of diffusion, and fractional anisotropy, which is a measure of tissue integrity and organization, have been widely employed to explore tissue damage. Post-mortem MRI analysis of MS brains found that an increased MD and a lower FA correlate with a more pronounced degree of demyelination and, to a lesser extent, axonal loss (Schmierer et al., 2007b). In healthy brain, due to the axon organization as fiber bundles, AD reflects the diffusion of water molecules parallel with the axon, and is potentially more sensitive to axonal pathology. In contrast, RD reflects the movement of water molecule perpendicular to the axon, and is thought to mostly reflect myelin content [START_REF] Song | Dysmyelination Revealed through MRI as Increased Radial (but Unchanged Axial) Diffusion of Water[END_REF].

Since the earliest in vivo studies, DTI was used to investigate microstructural damages in both normal-appearing WM and in WM lesions. Increased diffusivities and decreased FA was found in the normal-appearing WM of patients with MS compared with healthy controls [START_REF] Schneider | Sensitivity of multi-shell NODDI to multiple sclerosis white matter changes: a pilot study[END_REF]. Moreover, focal diffusivity abnormalities were detected in the NAWM several weeks before lesion formation [START_REF] Naismith | Increased diffusivity in acute multiple sclerosis lesions predicts risk of black hole[END_REF][START_REF] Rocca | Weekly diffusion-weighted imaging of normal-appearing white matter in MS[END_REF].
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DT MR imaging has been widely used to characterize the heterogeneity of diffusion abnormalities in lesions. A more severe alteration was found in T1 hypointense lesions, with increased MD and decreased FA [START_REF] Filippi | Diffusion tensor magnetic resonance imaging in multiple sclerosis[END_REF][START_REF] Klistorner | Diffusivity in multiple sclerosis lesions: At the cutting edge?[END_REF][START_REF] Werring | Diffusion tensor imaging of lesions and normal-appearing white matter in multiple sclerosis[END_REF][START_REF] Zhou | Multiple sclerosis: Hyperintense lesions in the brain on T1-weighted MR images assessed by diffusion tensor imaging[END_REF]. T1 hypointense lesions are characterized by a lower FA and a higher MD compared to both T1 isointense and T1 hyperintense lesions [START_REF] Zhou | Multiple sclerosis: Hyperintense lesions in the brain on T1-weighted MR images assessed by diffusion tensor imaging[END_REF].

Comparison of MD values between gadolinium enhancing and non-enhancing lesions yelded conflicting results [START_REF] Filippi | Diffusion tensor magnetic resonance imaging in multiple sclerosis[END_REF][START_REF] Zhou | Multiple sclerosis: Hyperintense lesions in the brain on T1-weighted MR images assessed by diffusion tensor imaging[END_REF]: gadolinium enhancing lesions have shown either a higher MD than normal appearing WM [START_REF] Filippi | Diffusion tensor magnetic resonance imaging in multiple sclerosis[END_REF], or no difference with the normal appearing WM of patients with MS [START_REF] Zhou | Multiple sclerosis: Hyperintense lesions in the brain on T1-weighted MR images assessed by diffusion tensor imaging[END_REF]. On the contrary, most of the studies have reported lower FA values in enhancing than in nonenhancing lesions.

The evolution of tissue injury in lesions has been also investigated using diffusion metrics [START_REF] Klistorner | Evidence of progressive tissue loss in the core of chronic MS lesions: A longitudinal DTI study[END_REF][START_REF] Naismith | Increased diffusivity in acute multiple sclerosis lesions predicts risk of black hole[END_REF][START_REF] Ontaneda | Identifying the start of multiple sclerosis injury: a serial DTI study[END_REF][START_REF] Werring | The pathogenesis of lesions and normal-appearing white matter changes in multiple sclerosis: a serial diffusion MRI study[END_REF].

Focusing on the core of chronic MS lesions, Klistorner and colleagues have confirmed the presence of a gradient of tissue damage from the normal appearing tissue to the perilesional area and the lesion core [START_REF] Klistorner | Diffusivity in multiple sclerosis lesions: At the cutting edge?[END_REF][START_REF] Klistorner | Evidence of progressive tissue loss in the core of chronic MS lesions: A longitudinal DTI study[END_REF]. In addition, the MD of T1 hypointense lesions increases with time reflecting sustained tissue destruction in lesions. An increased MD over time has further been associated with progressive brain atrophy. Gadolinium enhancing lesions have revealed similar patterns of DTI-metrics evolution. A moderate increase of diffusivity can be detected during the pre-enhancing phase [START_REF] Naismith | Increased diffusivity in acute multiple sclerosis lesions predicts risk of black hole[END_REF][START_REF] Ontaneda | Identifying the start of multiple sclerosis injury: a serial DTI study[END_REF][START_REF] Werring | The pathogenesis of lesions and normal-appearing white matter changes in multiple sclerosis: a serial diffusion MRI study[END_REF]. Once gadolinium enhancement appears, a rapid and drastic increase of diffusivity can be quantified, followed by partial normalization following the cessation of the enhancement (Figure 3.8). An inverse pattern was observed for FA, with the lowest value at the time of enhancement, followed by recovery [START_REF] Naismith | Increased diffusivity in acute multiple sclerosis lesions predicts risk of black hole[END_REF][START_REF] Ontaneda | Identifying the start of multiple sclerosis injury: a serial DTI study[END_REF]. Naismith and colleagues have investigated whether the evolution of the DTI metrics can differentiate lesions evolving towards persistent T1 hypointensities detected on T1 spin-echo sequence [START_REF] Naismith | Increased diffusivity in acute multiple sclerosis lesions predicts risk of black hole[END_REF]. They found that lesions presenting a higher value of RD at the time of gadolinium enhancement and that subsequently remain elevated throughout the duration of the follow-up, are more likely to become persistent T1 hypointensities, reflecting a more severe and persistent tissue injury over time. During maximum Gd enhancement (time 0), radial diffusivity becomes elevated over baseline (time -1), regardless of lesion outcome. However, for lesions that evolved towards black holes, radial diffusivity was higher, and remained elevated throughout the duration of follow-up. From [START_REF] Naismith | Increased diffusivity in acute multiple sclerosis lesions predicts risk of black hole[END_REF] Of important note, in a complex pathology like MS, demyelination, inflammation, axonal loss and fiber organization may have similar impact on DTI indices, and cannot be differentiated [START_REF] Wheeler-Kingshott | About "axial" and "radial" diffusivities[END_REF]. This has prompted the development of more advanced DWI methods based on multi-compartment models to address this limitated specificity.

In a recent paper, De Santis and colleagues [START_REF] De Santis | Evidence of early microstructural white matter abnormalities in multiple sclerosis from multi-shell diffusion MRI[END_REF] have used the CHARMED model to disentangle the signal from the extra-axonal space that undergoes hindered diffusion, and the signal from the intra-axonal space that undergoes restricted diffusion. The fitting of the model provides the fraction of the restricted compartment that should reflect the axonal density. At the earliest stage of the disease, patients with MS were characterized by a lower restricted fraction compared to controls, which was not visible using classical DTI metrics. Both in patients with MS and in controls, a decreasing restricted fraction was found with increasing distance from ventricular space, which might reflect a higher axonal density in the central WM distant from the ventricles. In patients with MS, WM lesions were characterized by a lower restricted fraction compared to contralateral normal appearing WM, as well as lower FA and increased diffusivity.

Others advanced models have been developed during the last decade such as the NODDI model [START_REF] Zhang | NODDI: practical in vivo neurite orientation dispersion and density imaging of the human brain[END_REF]. The NODDI model describes brain tissue as a combination of three different compartments: the intra-neurite space that undergoes restricted diffusion, the extra-neurite space that undergoes hindered diffusion and free water, as in CSF. Thus, it provides information about the neurite density (the intracellular volume fraction) and the orientation dispersion of the axonal and dendritic projection. Recently, the NODDI model was applied on groups of patients with MS, compared with healthy controls [START_REF] Granberg | In vivo characterization of cortical and white matter neuroaxonal pathology in early multiple sclerosis[END_REF][START_REF] Mustafi | Detecting white matter alterations in multiple sclerosis using advanced diffusion magnetic resonance imaging[END_REF][START_REF] Schneider | Sensitivity of multi-shell NODDI to multiple sclerosis white matter changes: a pilot study[END_REF]. Patients with MS were characterized by a slight reduction of the intracellular volume fraction in the normal appearing WM compared to the WM of healthy controls. In addition, a reduction of the neurite density has been observed in WM lesions, with a gradient of microstructural damage from the WM lesions to the perilesion and the normal appearing WM [START_REF] Mustafi | Detecting white matter alterations in multiple sclerosis using advanced diffusion magnetic resonance imaging[END_REF]. These results are in line with previous diffusion studies applying DTI [START_REF] Werring | Diffusion tensor imaging of lesions and normal-appearing white matter in multiple sclerosis[END_REF] and could reflect a marked axonal loss that predominates in the WM lesions and that is less pronounced in the normal-appearing WM [START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF](Schmierer et al., , 2007b)).

Myelin PET imaging

As discussed above, MRI techniques, while being very sensitive to microstructural changes, are not fully specific for myelin content. This has led to the development of PET strategies to investigate myelin content changes. In the search of radiotracers that could selectively bind to myelin, a stilbene derivative called BMB (1,4-bis(p-aminostyryl)-2-methoby benzene) has first been identified, and was shown to bind to myelin ex-vivo and in vivo [START_REF] Stankoff | Imaging of CNS myelin by positronemission tomography[END_REF]. Following this first evidence, several compounds belonging to the stilbene family were shown to have similar affinity properties for myelin such as BDB, CIC [START_REF] Wang | In vivo quantification of myelin changes in the vertebrate nervous system[END_REF], GE3111 [START_REF] Cotero | Intraoperative fluorescence imaging of peripheral and central nerves through a myelin-selective contrast agent[END_REF], and more recently C-11-labeled Nmethyl-4,4'-diaminostilbene [11C]-MeDAS [START_REF] Wu | A novel PET marker for in vivo quantification of myelination[END_REF], which has been demonstrated

to have optimal biodistribution and pharmacokinetic properties in rodents [START_REF] De Paula Faria | PET imaging of demyelination and remyelination in the cuprizone mouse model for multiple sclerosis: A comparison between [11C]CIC and [11C]MeDAS[END_REF]. These tracers, all previously known as amyloid markers, were hypothesized to bind to proteins characterized by a similar conformation contained in amyloid plaques and myelin [START_REF] Bajaj | Identification of the protein target of myelin-binding ligands by immunohistochemistry and biochemical analyses[END_REF][START_REF] Ridsdale | Three-dimensional structure of myelin basic protein. II. Molecular modeling and considerations of predicted structures in multiple sclerosis[END_REF]. Following the same hypothesis of a common molecular target between amyloid plaques and CNS myelin, other amyloid markers related to the benzothiazole chemical class were investigated for their potential to be used as myelin markers. The thioflavin T derivative 2-(4'-methylaminophenyl)-6hydroxybenzothiazole (Pittsburg Compound B, PiB) was then shown to stain myelin ex-vivo in rodent and human post-mortem brain samples [START_REF] Stankoff | Imaging central nervous system myelin by positron emission tomography in multiple sclerosis using [methyl-11 C]-2-(4'methylaminophenyl)-6-hydroxybenzothiazole[END_REF].

A longitudinal pilot study has demonstrated in vivo that amyloid PET could detect a decreased tracer uptake in WM lesions compared to normal-appearing WM, which paralleled myelin content (Figure 3.9) [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF]. No difference was found when comparing normal appearing WM of patients with MS and WM of healthy controls, in line with pathological studies showing that normal appearing WM abnormalities consist of axonal damage and loss [START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF] or microglia activation [START_REF] Howell | Activated Microglia Mediate Axoglial Disruption That Contributes to Axonal Injury in Multiple Sclerosis[END_REF]. Furthermore, longitudinal data presented by the authors support the ability of [11C]-PiB to capture demyelination and remyelination in single lesions over time [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF]. Using a voxel-wise approach, dynamic indices of global myelin content, From [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF] Using [18F]-florbetaben or [18F]-florbetapir, no differences have been between WM of healthy controls and the normal-appearing WM of patients with MS [START_REF] Matías-Guiu | Amyloid PET imaging in multiple sclerosis: an (18)F-florbetaben study[END_REF][START_REF] Pietroboni | Amyloid PET as a marker of normal-appearing white matter early damage in multiple sclerosis: correlation with CSF β-amyloid levels and brain volumes[END_REF][START_REF] Zeydan | Pittsburgh compound-B PET white matter imaging and cognitive function in late multiple sclerosis[END_REF]. However, in both studies, the authors found a decreased tracer uptake in WM lesions of patients with MS, in line with the results obtained using [11C]-PiB, showing the sensitivity of these tracers for myelin content.

Pietroboni and colleagues investigated [18F]-florbetapir uptake by PET in damaged WM and normal-appearing WM in patients with MS, and evaluated correlations among CSF βamyloid 1-42 (Aβ) levels, [18F]-florbetapir uptake and brain volumes [START_REF] Pietroboni | Amyloid PET as a marker of normal-appearing white matter early damage in multiple sclerosis: correlation with CSF β-amyloid levels and brain volumes[END_REF]. Twelve MS patients were recruited and stratified according to the evidence of disease activity in the previous year (i.e. relapses and/or presence of gadolinium-enhancing lesions).

Reduction of the tracer uptake was found in damaged WM compared to the normal appearing WM. The tracer uptake in NAWM was found to be lower in patients with active disease than in those with non-active disease. Finally, in patients presenting active disease only, CSF Aβ concentration was a predictor of both NAWM standard uptake value (SUV) and NAWM volume.

Pathological mechanisms affecting the GM

Whereas MS was primary regarded as a WM disease, it has became increasingly clear that cortical GM was not free of damage in MS (Bø et al., 2003b(Bø et al., , 2003a;;[START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF], cortical demyelination now being considered as one characteristic hallmark of the disease.

3.3.1 Imaging cortical lesions: the tip of the ice-berg Several post-mortem studies have pointed the high frequency of cortical demyelinating lesions in MS, which account for almost 20% of the all brain lesions, with an average of 25% of the cortical areas that will demyelinate during the disease course (Bø et al., 2003a;[START_REF] Brownell | The distribution of plaques in the cerebrum in multiple sclerosis[END_REF]. According to criteria proposed by Bø and colleagues (Bø et al., 2003a), cortical lesions can be classified as follows: type I lesions involve the deeper layers of the GM as well as the adjacent WM, also called leukocortical; type II lesions are often small and confined within the cortex, also called intracortical; type III lesions extend from the pial surface into the cortex, also called subpial; and type IV lesions span the entire cortex without entering the subcortical WM, often merged with subpial lesions.

Unfortunately, the sensitivity of MRI techniques at standard strength field remains poor in the detection of cortical lesions compared with histological studies (Geurts et al., 2005b;[START_REF] Kidd | Cortical lesions in multiple sclerosis[END_REF][START_REF] Seewann | Imaging the tip of the iceberg: visualization of cortical lesions in multiple sclerosis[END_REF][START_REF] Seewann | Postmortem verification of MS cortical lesion detection with 3D DIR[END_REF].

Improved detection of cortical lesions

During the last decade, a significant improvement in the detection of cortical lesions has been made by developing specific pulse sequence such as Double Inversion Recovery (DIR)

or phase sensitive inversion recovery [START_REF] Sethi | Improved detection of cortical MS lesions with phasesensitive inversion recovery MRI[END_REF], and by moving to high field 3T and ultra-high field 7T MRI systems. The DIR sequence uses two inversion pulses which null the signal from both CSF and normal appearing WM. At 1.5T, the use of DIR sequence showed an average increase of 152% and 538% in intracortical lesion detection relative to T2-FLAIR and T2-w images, respectively (Geurts et al., 2005b). Although DIR imaging is the most valuable tool for cortical lesion detection at conventional field strength, implementation on 7T system has been slowed by technical issues like the high specific absorption rate or the sensitivity to inhomogeneity in the transmit radiofrequency field.

Ultra-high field (UHF) scanners offer the advantage of increased signal-to-noise ratio (SNR)

and contrast-to-noise ratio (CNR) when compared with lower field MRI scanner. The improved spatial resolution offered by imaging sequences at UHF, allowed to greatly improve cortical lesion detection. Initial UHF studies on patients with MS investigated T1-and T2-based sequences [START_REF] Kollia | First Clinical Study on Ultra-High-Field MR Imaging in Patients with Multiple Sclerosis: Comparison of 1.5T and 7T[END_REF][START_REF] Mainero | In vivo imaging of cortical pathology in multiple sclerosis using ultrahigh field MRI[END_REF][START_REF] Metcalf | High-Resolution Phased-Array MRI of the Human Brain at 7 Tesla: Initial Experience in Multiple Sclerosis Patients[END_REF][START_REF] Tallantyre | Demonstrating the perivascular distribution of MS lesions in vivo with 7-Tesla MRI[END_REF], mostly 2D T2*-w gradient-echo and 3D T1-w magnetizationprepared rapid-acquisition GRE (MPRAGE) sequences at 7T (Figure 3.10). Following these first in vivo studies, that clearly illustrated the ability of 7T MRI to visualize cortical lesions, including in subpial areas, a combined in vivo and post-mortem approach has been initiated by several groups aiming to determine which sequences might be the best to detect cortical lesions and then to distinguish histological cortical lesion types (Figure 3.11) [START_REF] Abdel-Fahim | Improved detection of focal cortical lesions using 7T magnetisation transfer imaging in patients with multiple sclerosis[END_REF][START_REF] Beck | Improved visualization of cortical lesions in multiple sclerosis using 7T MP2RAGE[END_REF]Datta et al., 2017c;[START_REF] Fartaria | An Ultra-High Field Study of Cerebellar Pathology in Early Relapsing-Remitting Multiple Sclerosis Using MP2RAGE[END_REF][START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF][START_REF] De Graaf | Clinical application of multi-contrast 7-T MR imaging in multiple sclerosis: increased lesion detection compared to 3 T confined to grey matter[END_REF][START_REF] Jonkman | Ultra-high field MTR and qR2* differentiates subpial cortical lesions from normal-appearing gray matter in multiple sclerosis[END_REF][START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF][START_REF] Kilsdonk | Increased cortical grey matter lesion detection in multiple sclerosis with 7 T MRI: a post-mortem verification study[END_REF][START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF][START_REF] Pitt | Imaging Cortical Lesions in Multiple Sclerosis With Ultra-High-Field Magnetic Resonance Imaging[END_REF][START_REF] Sinnecker | Multiple Sclerosis Lesions and Irreversible Brain Tissue Damage: A Comparative Ultrahigh-Field Strength Magnetic Resonance Imaging Study[END_REF][START_REF] Tallantyre | 3 Tesla and 7 Tesla MRI of multiple sclerosis cortical lesions[END_REF]. The figure shows the four types of cortical lesions as described by pathologists (Bø et al., 2003a): type I, also called leukocortical lesions, which involve the deeper layers of the grey matter as well as the adjacent white matter at the grey/white matter junction; type II, or intracortical lesions, which are small demyelinated lesions often centred around blood vessels and confined within the cortex; type III, extending from the pial surface into the cortex; type IV, lesions extending through the entire width of the cortex. From [START_REF] Kilsdonk | Increased cortical grey matter lesion detection in multiple sclerosis with 7 T MRI: a post-mortem verification study[END_REF] FLAIR. Other studies also reported improved cortical lesion detection at 7T in an in vivo setting, when compared to 1.5T and 3T, mostly using T2*-w sequences [START_REF] Abdel-Fahim | Improved detection of focal cortical lesions using 7T magnetisation transfer imaging in patients with multiple sclerosis[END_REF][START_REF] Beck | Improved visualization of cortical lesions in multiple sclerosis using 7T MP2RAGE[END_REF][START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF][START_REF] De Graaf | Clinical application of multi-contrast 7-T MR imaging in multiple sclerosis: increased lesion detection compared to 3 T confined to grey matter[END_REF][START_REF] Kollia | First Clinical Study on Ultra-High-Field MR Imaging in Patients with Multiple Sclerosis: Comparison of 1.5T and 7T[END_REF][START_REF] Mainero | In vivo imaging of cortical pathology in multiple sclerosis using ultrahigh field MRI[END_REF][START_REF] Metcalf | High-Resolution Phased-Array MRI of the Human Brain at 7 Tesla: Initial Experience in Multiple Sclerosis Patients[END_REF][START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF][START_REF] Sinnecker | Multiple Sclerosis Lesions and Irreversible Brain Tissue Damage: A Comparative Ultrahigh-Field Strength Magnetic Resonance Imaging Study[END_REF][START_REF] Tallantyre | Demonstrating the perivascular distribution of MS lesions in vivo with 7-Tesla MRI[END_REF][START_REF] Tallantyre | 3 Tesla and 7 Tesla MRI of multiple sclerosis cortical lesions[END_REF][START_REF] Tallantyre | Ultra-high-field imaging distinguishes MS lesions from asymptomatic white matter lesions[END_REF]. This indicates a clear improvement of 7T studies compared to previous 1.5T studies [START_REF] Kangarlu | Cerebral cortical lesions in multiple sclerosis detected by MR imaging at 8 Tesla[END_REF][START_REF] Kollia | First Clinical Study on Ultra-High-Field MR Imaging in Patients with Multiple Sclerosis: Comparison of 1.5T and 7T[END_REF]. These studies also showed that the sensitivity of 7T MRI is different for each cortical lesions subtype. When focusing on intracortical lesions, 7T FLAIR and 7T T2*-w showed an improvement of 340% and 250%, respectively, compared to 3T sequences. 7T also enables to increase detection of subpial lesions, using T2*-w sequence [START_REF] Kollia | First Clinical Study on Ultra-High-Field MR Imaging in Patients with Multiple Sclerosis: Comparison of 1.5T and 7T[END_REF][START_REF] Mainero | In vivo imaging of cortical pathology in multiple sclerosis using ultrahigh field MRI[END_REF][START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF]. In the study from Nielsen and colleagues, 7T increased the detection of cortical lesion 5 fold with T2*w than with 3T DIR, leading authors to recommand the use of T2*-w at 7T as the new 'gold standard' for cortical lesion detection [START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF].

In a very recent study, the same team applied 7T UHF MRI to characterize the longitudinal development of cortical lesions in patient with MS [START_REF] Treaba | Longitudinal Characterization of Cortical Lesion Development and Evolution in Multiple Sclerosis with 7.0-T MRI[END_REF] 

Ultra-high field drawbacks

Since the first investigation, 7T MRI hasclearly shown its ability to improve the visualization of small brain structures and subtle pathologies. However, as Sati has well discussed in a recent review [START_REF] Sati | Diagnosis of multiple sclerosis through the lens of ultra-high-field MRI[END_REF], advantages are not without drawbacks. First, in a clinical setting, protocol acquisition can't usually exceed 1h, and even less in standard brain MRI protocol for diagnostic work-up. To assess micrometric resolution, investigators have to make a compromise between acquisition time and full coverage of the brain. Usually, acquisition are performed covering between 3cm [START_REF] Metcalf | High-Resolution Phased-Array MRI of the Human Brain at 7 Tesla: Initial Experience in Multiple Sclerosis Patients[END_REF] to full-brain coverage. To assess full-brain coverage at submillimetric resolution, acquisition time varies from 3 to 30min depending on the sequence and the parameters, and the use of multi-slab imaging was commonly used to split long acquisition [START_REF] Beck | Improved visualization of cortical lesions in multiple sclerosis using 7T MP2RAGE[END_REF][START_REF] Kollia | First Clinical Study on Ultra-High-Field MR Imaging in Patients with Multiple Sclerosis: Comparison of 1.5T and 7T[END_REF][START_REF] Mainero | In vivo imaging of cortical pathology in multiple sclerosis using ultrahigh field MRI[END_REF].

Apart from long acquisition time, UHF imaging suffers from stronger images artefacts than 3T images, related to the inhomogeneities in the static magnetic field (B0), radiofrequency (RF) transmit field (B1+) (Figure 3.12), and subject motion. It also raises safety concerns regarding RF energy deposition, which can quickly exceed the specific absorption rate limitations. Although CSF suppression is fairly homogenous across the brain on T2-FLAIR, tissue and lesion contrasts are reduced due to some T1 weighting effects coming from the elongated T1 values at 7 T.

Figure 3.12: Example of the transmission B1+ field inhomogeneity

From [START_REF] Sati | Diagnosis of multiple sclerosis through the lens of ultra-high-field MRI[END_REF] Overall, despite the exacerbation of images artefacts, UHF imaging has enabled both ex vivo and in vivo observation of cortical lesions. Initial studies showed improved detection of cortical lesions at 7T compared to 3T, as well as the ability to differentiate their pathologically defined subtypes. The step forward in the understanding of different pathological processes that characterize cortical MS lesions is to explore in vivo the cortical pathological processes, by combining multiple MRI contrasts or by complementing MRI with other imaging modalities, such as positron emission tomography.

Characterizing tissue damage in cortical lesions

The pathophysiological mechanisms leading to cortical GM degeneration in MS are unknown. Early neuropathological descriptions of MS cortical lesions suggested that the histo-and immuno-pathological characteristics of cortical demyelination differ significantly from those in WM, based on the evidence that cortical lesions lacked the inflammatory pattern typical of WM plaques. Subsequent pathological examinations, however, suggested that cortical MS lesions might develop following meningeal inflammation accompanied by cortical microglia activation, leading to an extensive demyelination.

Magnetization transfer ratio

As in the WM, MTR has been used to investigate myelin content, in particular demyelination, in the cortex of patients with MS. It has revealed abnormalities in the GM of patients with MS, showing a lower MTR in cortical lesions compared to normal appearing GM [START_REF] Jonkman | Ultra-high field MTR and qR2* differentiates subpial cortical lesions from normal-appearing gray matter in multiple sclerosis[END_REF] and in normal appearing GM compared to GM of healthy controls [START_REF] Davis | The clinico-radiological paradox in multiple sclerosis: novel implications of lesion size[END_REF][START_REF] Derakhshan | Surface-based analysis reveals regions of reduced cortical magnetization transfer ratio in patients with multiple sclerosis: a proposed method for imaging subpial demyelination[END_REF][START_REF] Khaleeli | Magnetization Transfer Ratio in Gray Matter: A Potential Surrogate Marker for Progression in Early Primary Progressive Multiple Sclerosis[END_REF]. In particular, Jonkman and colleagues have used MTR to investigate whether it is possible to distinguish NAGM from subpial lesions [START_REF] Jonkman | Ultra-high field MTR and qR2* differentiates subpial cortical lesions from normal-appearing gray matter in multiple sclerosis[END_REF]. They found that subpial lesions were characterized by a lower MTR compared with both leukocortical lesions and normal appearing GM.

Susceptibility-weighted imaging

In post-mortem studies, up to 70% of cortical lesions exhibit a chronic inflammatory phenotype and rims of activated microglia close to the pial surface or the lesion edge [START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF]. In a pilot MR imaging/histopathologic combined study, hypointense rings on T2*-w, potentially reflecting iron-containing activated microglia or macrophages, were observed at the edge of chronic active cortical lesions [START_REF] Pitt | Imaging Cortical Lesions in Multiple Sclerosis With Ultra-High-Field Magnetic Resonance Imaging[END_REF]. Similar rings have been reported in white matter lesions by using T2* phase imaging [START_REF] Absinta | 7T PHASE IMAGING OF ACUTE MS LESIONS: A NEW WINDOW INTO THE INFLAMMATORY PROCESS[END_REF][START_REF] Bagnato | Tracking iron in multiple sclerosis: a combined imaging and histopathological study at 7 Tesla[END_REF]. These results, in line with those by Kooi and colleagues [START_REF] Kooi | Meningeal Inflammation is not Associated With Cortical Demyelination in Chronic Multiple Sclerosis[END_REF], showed that some patients with MS had rims of activated microglia at the border of the cortical lesions, whereas other did not.

In a combined histological and MRI study, Castellaro and colleagues investigated the heterogeneity of cortical lesions using susceptibility imaging [START_REF] Castellaro | Heterogeneity of Cortical Lesion Susceptibility Mapping in Multiple Sclerosis[END_REF].

Neuropathology was performed on 16 brain samples of patients with MS, and showed that the largest proportion of cortical lesions was chronic active lesions (45%), associated with activated microglia at the lesion edge. This type of cortical lesion was more abundant compared with both chronic inactive (25.9%), with very low level of activated microglia in the lesion core, and active (29.1%) cortical lesions, characterized by a high density of microglial cells in the lesion core and borders.The in vivo analysis, performed on 36 patients with MS, allowed the detection of cortical lesions with both DIR and QSM sequences.

Among cortical lesions detected with DIR, intracortical QSM-hyperintense lesions were found more abundant in RRMS patients, while the number of leukocortical QSMhypointense lesions was higher in SPMS group. Moreover, intracortical lesions were associated with a shorter disease duration (Pearson correlation, r = -0.48). In addition, in RRMS patients, a higher number of both QSM-hyperintense and intracortical lesions was positively associated with disability (Spearman coeff, r = 0.63 and 0.71, p < 0.05)

The diffuse gray matter damage

Apart from visible cortical lesions, post-mortem studies have reported an extended demyelination mainly localized in the outer cortex, especially in SPMS (Bø et al., 2003a;[START_REF] Kutzelnigg | Cortical demyelination in multiple sclerosis: a substrate for cognitive deficits?[END_REF][START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF]. Bø and colleagues described an average of 26% of cortical area that was demyelinated, from which only 14% was due to demyelination in the normal-appearing GM (Bø et al., 2003a).

Magnetization transfer ratio

In an in vivo study on 44 patients with MS, Samson and colleagues have looked for evidence of outer cortical abnormalities using MTR imaging [START_REF] Samson | Investigation of outer cortical magnetisation transfer ratio abnormalities in multiple sclerosis clinical subgroups[END_REF]. To assess MTR in the outer cortex, the cortex was segmented, and subdivided into outer and inner bands. They found lower MTR values in the outer cortex compared with the inner cortex in both patients with MS and controls. However, the outer MTR was reduced in patients with MS compared with healthy controls, in particular in SPMS patients, in line with post-mortem studies showing a more extended subpial demyelination.
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T2* relaxation

Although T2*-w sequence has been widely used to improve cortical lesions detection, postmortem MRI studies demonstrated increased T2* values in cortical lesions, pathologically related to demyelination and iron loss (Cohen-Adad, 2014). Therefore, T2* map has been used to study cortical myelin and iron content. As in the study of Samson and colleagues [START_REF] Samson | Investigation of outer cortical magnetisation transfer ratio abnormalities in multiple sclerosis clinical subgroups[END_REF], other studies have investigated the presence of a gradient in cortical pathology throughout the cortical layer [START_REF] Mainero | A gradient in cortical pathology in multiple sclerosis by in vivo quantitative 7T imaging[END_REF] or beyond cortical lesions [START_REF] Louapre | Beyond focal cortical lesions in MS[END_REF]. Freesurfer software allows the reconstruction of cortical surface at variable depth from the pial surface [START_REF] Dale | Cortical surface-based analysis. I. Segmentation and surface reconstruction[END_REF][START_REF] Fischl | Cortical surface-based analysis. II: Inflation, flattening, and a surface-based coordinate system[END_REF]. This technique was used by Mainero and colleagues to sample T2* signal at 25%, 50% and 75% from the pial surface. Patients with MS showed an increased T2* signal, relative to healthy controls, which was more pronounced in SPMS patients, consistent with cortical myelin and iron loss.

Moreover, they found that T2* changes preferentially involved cortical sulci rather than cortical gyri, corroborating the hypothesis that subpial demyelination is a process likely facilitated by the adjacent meningeal inflammatory milieu [START_REF] Howell | Activated Microglia Mediate Axoglial Disruption That Contributes to Axonal Injury in Multiple Sclerosis[END_REF][START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF][START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF].

With the same software, Louapre and colleagues used surface analysis to investigate normal appearing cortical damage as a function of distance from lesions [START_REF] Louapre | Beyond focal cortical lesions in MS[END_REF]. As expected, they found an increased T2* signal in both intracortical and leukocortical lesions compared with normal appearing GM. Moreover, they found a gradient of T2* values, decreasing from cortical lesion border toward normal appearing GM. This gradient was more pronounced in SPMS patients, suggesting a wider damage surrounding cortical lesions.

TSPO PET imaging

Activated microglia is thought to play a major role in cortical GM demyelination in multiple sclerosis. As in the WM, microglia activation can be investigated using TSPO PET imaging.

In a small study using [11C]-PK11195, an increased binding in cortical GM of patients with MS, which was more pronounced in SPMS patients, was described [START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF].

Moreover, [11C]-PK11195 uptake correlated with EDSS score. However, some following studies have failed to reproduce this result, and did not find differences between the normal appearing GM binding of patients with MS and the cortical binding of healthy controls [START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF].

A recent study used a second generation TSPO tracer with a supervised clustering approach to identify a consistent reference region [START_REF] Herranz | The neuroinflammatory component of gray matter pathology in multiple sclerosis[END_REF]. This approach allowed them to investigate the [11C]-PBR28 binding in cortex and in particular in cortical lesions. They were able to find a difference in tracer binding between patients with MS and healthy controls in the cortex. Moreover, the tracer binding was increased in both intracortical and leukocortical lesions, relative to healthy controls' cortex. In addition, increased binding in the cortex of patients with MS was associated with both neurological disability and impaired cognitive performance.

These differences might be due to the use of different radiotracers, variability in the quantification techniques, and the reference region used in the quantification. For instance, in some of the earlier studies using [11C]-PK11195 presented in the section 3.2.1.4, cortical GM has been used as a reference region, whereas in others it was the main target of interest [START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF][START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF]. Despite the use of a clustered reference region to estimate specific ligand binding, subtle differences between the studies may still arise from the different methods used for kinetic modelling, and for calculating the parametric images.

PET tracers for neurodegeneration

Neurodegenerative damage and neuronal loss occur since the earliest stages of MS. Cortical neurodegeneration has been linked with meningeal inflammation and microglial activation [START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF]. As MS is progressively perceived as a neurodegenerative disease, a variety of techniques has been developed to measure the neuronal component of the pathology, thus shifting the imaging target from inflammation to neurodegeneration [START_REF] Vigeveno | Shifting imaging targets in multiple sclerosis: From inflammation to neurodegeneration[END_REF].

A variety of PET tracers has been used to measure different components of the neurodegenerative process.

PET with [18F]-fluorodeoxyglucose (FDG) has been widely used to investigate brain metabolism, through the estimation of the metabolic rate of glucose. Experimental studies have shown that glucose consumption closely reflects neuronal function in the healthy brain [START_REF] Sokoloff | Localization of functional activity in the central nervous system by measurement of glucose utilization with radioactive deoxyglucose[END_REF], and thus can be used as a marker of neuronal integrity. In MS, global reduction in brain glucose metabolism has been reported [START_REF] Bakshi | Highresolution fluorodeoxyglucose positron emission tomography shows both global and regional cerebral hypometabolism in multiple sclerosis[END_REF][START_REF] Blinkenberg | Reduced metabolism in cerebral cortex correlates with MRI changes and cognitive dysfunction in patients with disseminated sclerosis[END_REF]. Longitudinal follow-up of 10 MS patients showed that brain glucose metabolism decreases over time, with the most pronounced reductions detected in frontal and parietal cortical areas [START_REF] Blinkenberg | A longitudinal study of cerebral glucose metabolism, MRI, and disability in patients with MS[END_REF]. Reduction in regional or global glucose metabolism correlates with measures of cognitive disability [START_REF] Blinkenberg | Cerebral metabolism, magnetic resonance spectroscopy and cognitive dysfunction in early multiple sclerosis: an exploratory study[END_REF][START_REF] Paulesu | Functional basis of memory impairment in multiple sclerosis: a[18F]FDG PET study[END_REF].

However, the interpretation of [18F]-FDG PET is not straightforward in an inflammatory disorder such as MS, as measures of glucose metabolism may be also increased by local inflammation and glucose uptake by inflammatory cells [START_REF] Buck | 18F-FDG PET detects inflammatory infiltrates in spinal cord experimental autoimmune encephalomyelitis lesions[END_REF][START_REF] Schiepers | Positron emission tomography, magnetic resonance imaging and proton NMR spectroscopy of white matter in multiple sclerosis[END_REF], thus confounding the analysis of results. These results illustrate the complex interpretation of this PET measure, which reflects both metabolic breakdown and inflammatory burden, justifying the research of PET tracers targeting GABAergic neurotransmission as alternative markers of neurodegeneration in MS.

Flumazenil (FMZ) is an antagonist of the central benzodiazepine receptor, a component of the ubiquitous GABAA receptor complex present in the neuronal synapses in the GM.

GABAA receptor density measured in vivo by PET with [11C]-FMZ has been reported as a specific marker of neuronal integrity and has allowed to estimate neuronal damage in several neurological and psychiatric disorders, including stroke, neurodegenerative diseases, or epilepsy [START_REF] Künig | Benzodiazepine receptor binding in Huntington's disease: [11C]Flumazenil uptake measured using positron emission tomography[END_REF][START_REF] Meyer | Positron emission tomography measures of benzodiazepine binding in Alzheimer's disease[END_REF][START_REF] Morris | Relationships between selective neuronal loss and microglial activation after ischaemic stroke in man[END_REF][START_REF] Yankam Njiwa | Periventricular[END_REF].

Recently, [11C]-FMZ has been successfully applied on a group of 20 patients with MS, compared to 10 healthy controls, to assess neuronal damage at distinct stages of the disease and the relationship between neuronal injury and clinical disability (Figure 3.13) [START_REF] Freeman | The neuronal component of gray matter damage in multiple sclerosis: A [(11) C]flumazenil positron emission tomography study[END_REF]. Using the partial saturation protocol, authors were able to non-invasively quantify the [11C]-FMZ binding providing a voxel-wise absolute quantification of GABAA receptor concentration [START_REF] Delforge | Quantitation of Benzodiazepine Receptors in Human Brain Using the Partial Saturation Method[END_REF][START_REF] Delforge | Parametric images of benzodiazepine receptor concentration using a partial-saturation injection[END_REF] 

Conclusion

This chapter provides an overview of the conventional and non-conventional imaging techniques applied in MS cohort to investigate the primary mechanisms occurring in the pathogenesis of the disease, affecting both the WM and the GM: microglial activation and failure of repair. After these three introductory chapters, the next part of the thesis will focus on the application of some of the techniques presented during clinical research protocol performed during the thesis, and the results obtained of the clinical studies that have been performed.

Chapter 4 Rational of the thesis

The global aim of my PhD work was to investigate, using a combination of advanced imaging tools, the key mechanisms potentially driving neurodegeneration in multiple sclerosis, i.e. neuroinflammation and myelin dynamics. For this purpose, I investigated patients at different stages of their disease, and applied a combination of PET, targeting either innate immune cells or myelin, and high field advanced MRI.

During the last decade, most imaging studies attempting to assess these mechanisms has focused on single quantitative MRI or PET modalities, and generally provided group analysis in large brain region of interest, and not individual cartography of tissue damage.

The role of innate immune cell activation in lesions and normal appearing tissue has been to date approached using techniques based on the susceptibility properties of tissue, known to be sensitive to extent of iron-containing activated microglial cells [START_REF] Stüber | Iron in Multiple Sclerosis and Its Noninvasive Imaging with Quantitative Susceptibility Mapping[END_REF]. R2* maps or QSM changes in lesions were obtained and allowed to describe lesions surrounded by a rim of iron [START_REF] Absinta | 7T PHASE IMAGING OF ACUTE MS LESIONS: A NEW WINDOW INTO THE INFLAMMATORY PROCESS[END_REF](Absinta et al., , 2016a[START_REF] Absinta | IDENTIFICATION OF CHRONIC ACTIVE MULTIPLE SCLEROSIS LESIONS AT 3T MRI[END_REF][START_REF] Bagnato | Tracking iron in multiple sclerosis: a combined imaging and histopathological study at 7 Tesla[END_REF]. Susceptibility MRI was also proposed to stage lesions depending on their chronology (Absinta et al., 2016b;[START_REF] Chen | Quantitative Susceptibility Mapping of Multiple Sclerosis Lesions at Various Ages[END_REF]. However these techniques still lack specificity for innate immune cells, as they are sensitive both to iron, and myelin. PET imaging with tracers targeting TSPO is considered more specific for innate immune cells, while being also sensitive to some extent to astrocyte and endothelial cells. It has shown promising preliminary results in patients with MS [START_REF] Airas | Imaging of microglial activation in MS using PET: Research use and potential future clinical application[END_REF][START_REF] Airas | Evaluation of Microglial Activation in Multiple Sclerosis Patients Using Positron Emission Tomography[END_REF][START_REF] Stankoff | Exploring the heterogeneity of MS lesions using positron emission tomography: a reappraisal of their contribution to disability[END_REF], allowing to define the extent of inflammation in normal appearing tissue as well as in white matter lesions, and pointing the possibility of a subset of lesions with persisting activity (Datta et al., 2017a(Datta et al., , 2017b)).

Similarly previous studies investigating myelin content by imaging mainly focused on very sensitive MRI sequences, such as magnetization transfer imaging, diffusion weighted imaging or T2 relaxometry, all of them still providing a limited specificity for myelin [START_REF] Petiet | Ultrahigh field imaging of myelin disease models: Toward specific markers of myelin integrity?[END_REF]. MTR, which has been the most frequently applied tool, described the evolution of tissue damage in white matter lesions at all stages, from early stages preceding their appearance to late stages associated with remyelination [START_REF] Brown | Imaging of repeated episodes of demyelination and remyelination in multiple sclerosis[END_REF][START_REF] Chen | Magnetization transfer ratio evolution with demyelination and remyelination in multiple sclerosis lesions[END_REF][START_REF] Fazekas | Quantitative magnetization transfer imaging of pre-lesional white-matter changes in multiple sclerosis[END_REF], and clearly illustrated the dynamic evolution of lesions. This technique has also been applied to quantify tissue damage in the cortex enabling the detection of cortical demyelination. More recently, the quantification of T2* signal on sequences acquired using 7T systems improved the sensitivity to detect cortical demyelination, and identified the presence of a gradient of demyelination among cortical layer, as well as around cortical lesions [START_REF] Louapre | Beyond focal cortical lesions in MS[END_REF][START_REF] Mainero | A gradient in cortical pathology in multiple sclerosis by in vivo quantitative 7T imaging[END_REF].

In this thesis, I have developed an approach that combined specific quantitative molecular imaging tools by PET with the most relevant multimodal high field MRI acquisitions, in order to describe at the individual subject the patterns of innate immune cell activation and myelin dynamics, and to decipher their impact on neurodegeneration and disability worsening in patients.

As a major outcome of my work, I have developed a post processing methodology that now allows the generation of individual and regional maps of tissue damage and repair, which was used for the quantification of innate immune cell activation as well as for the investigation of demyelination/remyelination in white matter lesions and in the cortex. [START_REF] Reich | Multiple Sclerosis[END_REF].

During the past decades great therapeutical progresses have been made in the prevention of clinical relapses that characterize the relapsing-remitting form of the disease. However, the prevention of disability worsening remains a key unsolved issue in the treatment of MS.

Disability worsening does not follow homogeneous and stable trajectories over the course of MS, but instead can be characterized by alternating phases of rapid accrual of disability and clinical stability. This notion has been supported by the large individual variations in the time to reach early clinical benchmarks at the relapsing stage of the disease, and by the similar variability in the clinical evolution of progressive MS [START_REF] Confavreux | Relapses and progression of disability in multiple sclerosis[END_REF][START_REF] Signori | Long-term disability trajectories in primary progressive MS patients: A latent class growth analysis[END_REF].

Biological mechanisms that have been implicated in driving disability worsening include the progression of WM and cortical lesion load [START_REF] Louapre | Imaging markers of multiple sclerosis prognosis[END_REF], and the patient-specific potential to repair lesions, that was shown to critically contribute to axonal irreversible damage [START_REF] Kornek | Multiple sclerosis and chronic autoimmune encephalomyelitis: a comparative quantitative study of axonal injury in active, inactive, and remyelinated lesions[END_REF] and clinical disability [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF][START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF].

The innate immune system is a key component of the inflammatory reaction in MS, and its activation has been shown to play a crucial role in the biological processes contributing to the accrual of clinical disability. Pro-inflammatory innate immune cells are involved in active demyelination and axonal damage [START_REF] Granberg | In vivo characterization of cortical and white matter neuroaxonal pathology in early multiple sclerosis[END_REF][START_REF] Kutzelnigg | Pathology of multiple sclerosis and related inflammatory demyelinating diseases[END_REF][START_REF] Mahad | Pathological mechanisms in progressive multiple sclerosis[END_REF][START_REF] Trapp | Axonal transection in the lesions of multiple sclerosis[END_REF], and have the potential to inhibit myelin repair [START_REF] El Behi | Adaptive human immunity drives remyelination in a mouse model of demyelination[END_REF][START_REF] Miron | M2 microglia and macrophages drive oligodendrocyte differentiation during CNS remyelination[END_REF][START_REF] Peferoen | Activation status of human microglia is dependent on lesion formation stage and remyelination in multiple sclerosis[END_REF]. Moreover, WM lesions surrounded by a rim of chronically activated microglial cells are found exclusively in postmortem brains of patients with a progressive form of disease [START_REF] Frischer | Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque[END_REF][START_REF] Prineas | Immunopathology of secondary-progressive multiple sclerosis[END_REF][START_REF] Zrzavy | Loss of "homeostatic" microglia and patterns of their activation in active multiple sclerosis[END_REF]. Finally, microglial cells mediate the subpial cortical demyelination associated with meningeal inflammation [START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF]Magliozzi et al., 2018b), and their accumulation in both the normal appearing WM and the GM [START_REF] Fischer | Disease-specific molecular events in cortical multiple sclerosis lesions[END_REF][START_REF] Van Horssen | Clusters of activated microglia in normal-appearing white matter show signs of innate immune activation[END_REF][START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF][START_REF] Zrzavy | Loss of "homeostatic" microglia and patterns of their activation in active multiple sclerosis[END_REF], results in oxydative burst, energy deficit and neurodegeneration [START_REF] Fischer | NADPH oxidase expression in active multiple sclerosis lesions in relation to oxidative tissue damage and mitochondrial injury[END_REF].

These converging lines of evidence suggest that the activation of the innate immune system acts as a transversal biological mechanism contributing to tissue damage and disability at all stages of the disease.

The most popular imaging tool to measure innate immune cells is PET with radiotracers targeting translocator protein (18 kDa) (TSPO), whose expression is dramatically upregulated in innate immune cells in the context of inflammatory conditions such as MS [START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis. Quantitative in vivo imaging of microglia as a measure of disease activity[END_REF][START_REF] Venneti | The peripheral benzodiazepine receptor (Translocator protein 18kDa) in microglia: From pathology to imaging[END_REF]).

An increased binding of the [11C]-PK11195, the first-generation compound developed for TSPO imaging, has been described inside and outside WM lesions, and in the GM of patients with all forms MS (Debruyne et al., 2003b;[START_REF] Giannetti | Increased PK11195-PET binding in normal-appearing white matter in clinically isolated syndrome[END_REF][START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF].

Recent studies using [11C]-PBR28, a second generation TSPO tracer, have demonstrated a high uptake of this radiotracer in the cortex of patients with MS [START_REF] Herranz | The neuroinflammatory component of gray matter pathology in multiple sclerosis[END_REF], and a subject-specific heterogeneity in increased binding in WM lesions and in the NAWM, with a possible link with lesion enlargement after one year (Datta et al., 2017a(Datta et al., , 2017b)).

The pyrazolopyrimidine [18F]-DPA714 [START_REF] James | DPA-714, a new translocator proteinspecific ligand: synthesis, radiofluorination, and pharmacologic characterization[END_REF]) is a fluorinated secondgeneration TSPO tracer, which has been successfully employed in animal models of MS [START_REF] Abourbeh | Imaging Microglial/Macrophage Activation in Spinal Cords of Experimental Autoimmune Encephalomyelitis Rats by Positron Emission Tomography Using the Mitochondrial 18 kDa Translocator Protein Radioligand [18F]DPA-714[END_REF], and has a good in vivo biodistribution [START_REF] Arlicot | Initial evaluation in healthy humans of [18F]DPA-714, a potential PET biomarker for neuroinflammation[END_REF]. We have shown that [18F]-DPA714 allows a reliable kinetic modelling in humans using a twotissue compartment model [START_REF] Lavisse | Optimized Quantification of Translocator Protein Radioligand 18F-DPA-714 Uptake in the Brain of Genotyped Healthy Volunteers[END_REF], and validated a non-invasive quantification method through the extraction of reference regions [START_REF] García-Lorenzo | Validation of an automatic reference region extraction for the quantification of [18F] DPA-714 in dynamic brain PET studies[END_REF][START_REF] Rizzo | Generalization of endothelial modelling of TSPO PET imaging: Considerations on tracer affinities[END_REF]. In a recent small study of 8 patients with progressive MS, [18F]-DPA714 PET could reliably identify focal and diffuse neuroinflammation [START_REF] Hagens | In vivo assessment of neuroinflammation in progressive multiple sclerosis: a proof of concept study with [18F]DPA714 PET[END_REF]. In the present study, we investigated a group of 37 patients with relapsing or progressive MS along with a group of healthy controls with [18F]-DPA714 PET. We developed an original postprocessing approach to obtain individual maps of innate immune cell activation at the voxel level. Our objective was to characterize patient-specific patterns of innate immune cells activation and to explore the relationship between these patterns and individual trajectories of disability worsening in patients with MS.

Material and methods

Subjects

We have recruited 41 patients with MS according to the revised McDonald criteria (Polman et al., 2005a) (13 relapsing-remitting, RR; 15 secondary-progressive, SP; 13 primaryprogressive, PP), and 20 age-and gender-matched healthy controls (HC). All have signed written informed consent to participate in a clinical imaging protocol approved by the local ethics committee.

Individuals can be characterized by high-, low-, or mixed-affinity to TSPO binding sites (HAB, LAB, and MAB, respectively) [START_REF] Owen | An 18-kDa Translocator Protein (TSPO) polymorphism explains differences in binding affinity of the PET radioligand PBR28[END_REF]. Genomic DNA from blood samples was used to genotype the rs6971 polymorphism of the TSPO gene, and revealed 25

HABs (15 MS, 10 healthy controls), 31 MABs (22 MS, 9 healthy controls), and 5 LABs ( 4MS, 1 healthy control). The latter group was excluded from further analysis (Table 5.1).

Clinical assessment

At study entry, all patients underwent a full neurological examination and were scored using the Expanded Disability Status Scale (EDSS) [START_REF] Kurtzke | Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (EDSS)[END_REF] Disease duration (years) mean±SD? -9.0 ± 5.5 6.7 ± 4.4 12.9 ± 6.0 6.7 ± 2.9 

EDSS, median

MRI post-processing

In patients, T2 hyperintense lesions were manually contoured on T2-w scans with reference to FLAIR images, and T1 hypointense (T1-se) and gadolinium-enhancing (Gd+) lesions on pre and post-gadolinium T1 spin-echo sequences, respectively (Figure 5.1). The corresponding lesion masks were generated and aligned to the individual T1-w scan using FLIRT from FSL (v5.0.9, http://fsl.fmrib.ox.ac.uk/fsl/). After performing a "lesion-filling" procedure in patients only [START_REF] Chard | Reducing the impact of white matter lesions on automated measures of brain gray and white matter volumes[END_REF], T1-w scans were segmented using Freesurfer (v6.0, http://freesurfer.net) to obtain a WM mask. The following regions of interest (ROIs) were then defined in patients: (i) normal-appearing white matter, defined as the WM outside visible lesions on T2-w scans; (ii) perilesional area, defined as the 2-voxel rim outside lesion border; (iii) T2 lesions; (iv) T1-se lesions and (v)

Gd+ lesions. In healthy controls, the WM ROI was defined.

In each subject, T1-w were non-linearly registered onto a standard brain image [START_REF] Fonov | Unbiased nonlinear average age-appropriate brain templates from birth to adulthood[END_REF], called MNI, using a combination of affine and symmetric diffeomorphic transformations calculated with ANTs (v2.2, http://stnava.github.io/ANTs/). The derived transforms were used to align all the previously generated ROIs to standard space.

PET quantification

Reconstructed dynamic PET data were realigned for motion correction according to the process of frame-to-reference image registration using SPM (v8, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). Voxel-wise [18F]-DPA714 distribution volume ratio (DVR) parametric maps, corresponding to the ratio of the total distribution volumes between the target and the reference region, were calculated using the Logan graphical method based on reference region [START_REF] Logan | Distribution Volume Ratios without Blood Sampling from Graphical Analysis of PET Data[END_REF], extracted using a supervised clustering algorithm [START_REF] García-Lorenzo | Validation of an automatic reference region extraction for the quantification of [18F] DPA-714 in dynamic brain PET studies[END_REF]. DVR maps were co-registered to the T1-w images with FLIRT and normalized to MNI using the previously derived transformations.

Generation of individual maps of activated microglia

A voxel-wise non-parametric permutation-based two-sample t-test with threshold-free cluster enhancement was employed using RANDOMISE from FSL [START_REF] Winkler | Permutation inference for the general linear model[END_REF], to find WM regions of significant difference in DVR maps between patients and healthy controls. Age, gender and TSPO binding were included as covariates of no interest.

From these regions of significant difference, we extracted the mean DVR in patients and healthy controls. Two separate relative changes between groups (defined as mean DVR in patients minus mean DVR in healthy controls, divided by mean DVR in healthy controls)

were calculated, one for the HABs and one for the MABs. These relative changes were employed as thresholds to define each voxel as characterized or not by a significant activation of innate immune cells.

To classify a given voxel, we first computed the average of all the DVR values localized at the same MNI coordinates in the healthy control group. We then calculated the relative change between this value and the DVR value in the given voxel. If this change was greater than the previously calculated threshold, that given voxel was classified as characterized by a significant activation of innate immune cells (DPA+). As a result of the same procedure repeated for each voxel in each subject, individual maps of activation, consisting of binary masks of DPA+ voxels, were generated (Figure 5.2).

The percentage of DPA+ voxels over total volume in the NAWM, perilesional area, T2 lesions, T1-se lesions and Gd+ lesions of patients with MS, and in the WM of healthy controls, was then calculated. 

Single lesion classification

In patients, to minimize partial volume effect, only WM lesions with a volume greater than 50 voxels were considered for analysis. Each lesion was then classified as (i) DPA-active (percentage of DPA+ voxels over lesion volume ≥50%); (ii) DPA-inactive (percentage of DPA+ voxels over lesion volume ≤10%) and (iii) unclassified (lesion not falling into one of the abovementioned classes). The number and percentage of lesions classified as DPA-active or DPA-inactive over total number of T2 lesions was calculated for each patient.

Statistical Analysis

Linear regression models were used to assess unadjusted differences in: (i) age between healthy controls and MS subgroups (RR, SP and PP); (ii) disease duration, T2 lesion load, and T1-se lesion load between MS subgroups. Pearson's chi-squared tests were used to determine whether there were significant differences in the distribution of: (i) gender and TSPO genotype between healthy controls and MS subgroups; (ii) treatment among MS subgroups. Ordered logistic regression models were used to test differences in EDSS and EDSS step change among MS subgroups. Bonferroni corrected pairwise post-hoc analysis was performed when differences between groups were statistically significant (significant level was set at p<0.05).

A multivariable linear regression model including age and gender as covariates, was employed to assess the difference in percentage of DPA+ voxels between the NAWM of patients with MS and the WM of healthy controls.

In MS patients only, a linear-mixed regression model, accounting for the hierarchical structure of the data, was employed to assess the difference in percentage of DPA+ voxels between ROIs (NAWM, perilesional area, T2 lesions, and T1-se lesions). Age, gender, MS subgroup, and treatment type were included as covariates. Subjects were included in the model as random effect. Pairwise comparisons of the estimated margins were performed to assess differences in percentage of DPA+ voxels between each pair of ROIs. P-values were adjusted using Bonferroni correction.

In patients with MS only, two linear regression models were employed to assess differences between MS subgroups in the number of DPA-active/inactive lesions respectively. Age, gender, treatment type and total number of T2 lesions were included as covariates. Pairwise comparisons of the estimated margins were performed to assess differences in the number of DPA-active/inactive lesions between MS subgroups. P-values were adjusted using Bonferroni correction.

Mixed-effects logistic regression models, accounting for the hierarchical structure of the data, were employed to identify correlates of the classification of a T2 lesion as DPA-active or DPA-inactive. The following variables were included in the model: a binary variable encoding whether the lesion was visible or not on the T1 spin-echo, age, gender, MS subgroup, and treatment type. Subjects were included in the model as random effect.

Multiple ordered logistic regression models were employed to assess which parameters were associated with EDSS at study entry or with EDSS step change over the 2 years preceding study entry. The following parameters were considered: (i) T2 lesion load; (ii) T1-se lesion load; (iii) number of T2 lesions; percentage of DPA+ voxels in (iv) NAWM, (v) perilesional area, (vi) T2 lesions and (vii) T1-se lesions; number of (viii) DPA-active and (ix) DPAinactive lesions. Age, gender, MS subgroup, and treatment type were included as covariates of no interest. P-values were adjusted using Bonferroni correction.

All values, except otherwise specified, are reported as mean ± standard deviation or median [min-max]. All statistical analyses were performed in Stata (v14.0 MP)

Results

Demographic, clinical and MRI variables

Subject's demographics, TSPO genotype, clinical and radiological data are reported in 

An increasing gradient of innate immune cells activation from normal appearing white matter to MS lesions

The mean DVR values in WM areas of significant differences between patients and healthy controls were 0.92±0.09 and 0.99±0.09 in patients with MS (HAB and MAB respectively), and 0.77±0.06 and 0.84±0.07 in healthy controls (HAB and MAB respectively). Thus, the relative changes between groups were 19.34% and 17.29% for HAB and MAB respectively.

A final relative group difference rounded to 20% was retained for both HAB and MAB, and used as a threshold to identify voxels characterized by activation of innate immune cells in single subjects.

The percentage of DPA+ voxels in the NAWM of patients with MS (24.9±9.7%) was significantly higher (coeff=10.0, p<0.001) than the percentage of DPA+ voxels in the WM of healthy controls (14.0±7.8%), (Figure 5.3). In patients with MS, the percentage of DPA+ voxels was statistically different among ROIs (Wald Chi2(9,N=146)=116.09, p<0.001), with a significant increase from NAWM, to perilesional area (38.1±13.5%), T2 lesions (45.0±17.9%) and T1-se lesions (51.9±22.9%) (Figure 5.3). In patients with MS, the probability of a T2 lesion to be classified as DPA-active was significantly higher for hypointense lesions on T1 spin echo sequences (OR: 2.09, p<0.001) and in male patients (OR: 2.14, p=0.023). The probability of a T2 lesion to be classified as DPA-inactive was significantly reduced for hypointense lesions on T1 spin echo sequences (OR: 0.21, p<0.001) and in male patients (OR: 0.41, p=0.035). With regards to Gd+ lesions, these were all classified as DPA-active (percentage of DPA+ voxels inside Gd+ lesions: 93.3±6.3%). 

Figure 5.3: A gradient of innate immune cells activation from normal white matter to MS lesions

Boxplot diagrams showing the percentage of voxels classified as activated based on [18F]-DPA714 dynamic PET (median and 25-75 percentiles), for each region-of-interest in healthy controls and patients with MS. Compared to the percentage of DPA+ voxels in the white matter (WM) of healthy controls, the percentage of DPA+ voxels in patients with

Individual patterns of innate immune cells activation correlate with disability trajectories

Discussion

In this study we have developed an original post-processing pipeline of [18F]-DPA714 PET images to obtain individual maps of innate immune cell activation. Based on these maps, we showed that patients with MS are characterized by an increased activation of innate immune cells in the WM compared with healthy controls, and we have been able to classify single WM lesions as either DPA-active or DPA-inactive. This novel approach allowed to identify individual profiles of innate immune cells activation both at the whole WM and at the single lesion level, which were shown to correlate with patient-specific trajectories of disability worsening. In particular, a higher number of DPA-active lesions, an increased percentage of DPA+ voxels in T1-se hypointense lesions and in the NAWM were significantly associated with a greater accumulation of clinical disability over 2 years, regardless of the form of disease.

At the whole-group level, the results of our study reinforced the previously demonstrated evidence that patients with MS have an increase in microglial/macrophage activation in the WM compared with healthy controls (Datta et al., 2017b;Debruyne et al., 2003b;[START_REF] Giannetti | Increased PK11195-PET binding in normal-appearing white matter in clinically isolated syndrome[END_REF][START_REF] Herranz | The neuroinflammatory component of gray matter pathology in multiple sclerosis[END_REF][START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF][START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF]. In patients, we further demonstrated a clear increasing gradient in the percentage of DPA+ voxels from NAWM, to perilesional and lesional WM, with the highest level of activation of innate immune cells being found in WM plaques. Interestingly, the greatest variability in the percentage of DPA+ voxels was found in white matter lesions, especially in T1-se hypointense lesions. This finding confirms that a heterogeneous pathological substrate could underlie the hypointense appearance of lesions on T1 spin-echo sequences. While it has been well described that acute lesions could appear as transient hypointensities on T1 spin-echo sequences (van Waesberghe et al., 1998), it is generally considered that T1-se hypointensities in subacute and chronic lesions mostly reflect irreversible tissue damage [START_REF] Sahraian | Black holes in multiple sclerosis: definition, evolution, and clinical correlations[END_REF]. Our results further attest that the content in active innate immune cells of these T1se hypointensities is largely heterogeneous and often drastically high [START_REF] Giannetti | Microglia activation in multiple sclerosis black holes predicts outcome in progressive patients: An in vivo [(11)C](R)-PK11195-PET pilot study[END_REF]. This finding, together with the evidence that a higher percentage of DPA+ voxels in hypointense T1-se lesions is associated with a more severe trajectory of disability worsening, suggests that a subset of these T1-se hypointensities could be chronically active and may play a key role in disability worsening, justifying further research for their characterization using multimodal imaging.

One of the key findings of this study was the large amount of WM lesions characterized by a drastic activation of innate immune cells and classified as "active" based on [18F]-DPA714 PET (37,1% of T2 lesions), which was completely invisible to Gd+ MRI sequences (0.2% of T2 lesions). Interestingly, DPA-active lesions were largely represented in all forms of disease, including patients with progressive MS without any evidence of recent clinical or radiological activity of the disease. These results suggest that our original processing of One objective of this study was to explore whether individual profiles of activated microglia and macrophages identified in vivo using [18F]-DPA714 PET could reflect patient-specific clinical trajectories over 2 years. We found that a higher number of DPA-active lesions, and an increased percentage of DPA+ voxels in T1-se hypointense lesions and in the NAWM, were the three parameters significantly associated with a greater accumulation of clinical disability over 2 years preceding the study entry, regardless of the form of disease. These data indicate that a strong activation of the innate immune system inside WM lesions and in the NAWM, may represent a specific imaging correlate of an ongoing clinical trajectory characterized by a rapid and severe accumulation of clinical disability in all forms of disease.

To date, the contribution of innate immune cells activation inside lesions and in the NAWM to the pathogenesis of MS has been mostly investigated on post-mortem pathological samples [START_REF] Frischer | Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque[END_REF][START_REF] Luchetti | Progressive multiple sclerosis patients show substantial lesion activity that correlates with clinical disease severity and sex: a retrospective autopsy cohort analysis[END_REF][START_REF] Prineas | Immunopathology of secondary-progressive multiple sclerosis[END_REF]. Our results are in line with the recent finding of a substantial innate inflammatory activity within the lesion which has been described throughout the course of the disease, including the progressive phase [START_REF] Luchetti | Progressive multiple sclerosis patients show substantial lesion activity that correlates with clinical disease severity and sex: a retrospective autopsy cohort analysis[END_REF]. Interestingly, in their large post mortem study, Luchetti and colleagues found that a higher proportion of WM lesions with accumulation of HLA+ microglia/macrophages at the lesion border, suggestive of smoldering lesion, was the most relevant predictive marker of disability accrual, measured as the time taken to reach EDSS=6 from disease onset [START_REF] Luchetti | Progressive multiple sclerosis patients show substantial lesion activity that correlates with clinical disease severity and sex: a retrospective autopsy cohort analysis[END_REF].

Taken together, this post-mortem evidence and our imaging data converge towards the identification of highly activated innate immune cells inside white matter both in WM lesions and in the NAWM as a key pathophysiological component associated with a severe clinical trajectory in patients with MS, characterized by a rapid accumulation of clinical disability. Our data also raise the hypothesis that, over the course of the disease, a primary pathological and not resolving activation of innate immune cells inside WM lesions can result in a persistent inflammation that subsequently predominates at lesion borders, with or without the persistence of active cells inside the lesion [START_REF] Frischer | Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque[END_REF][START_REF] Prineas | Immunopathology of secondary-progressive multiple sclerosis[END_REF] . These subacute inflammatory processes, in turn, may be responsible of a centrifugal innate immune cell activation of the NAWM, which has recently been associated with an enlargement of T2-hyperintense lesion volumes and a progression of brain atrophy (Datta et al., 2017b). A cascade of neurotoxic mechanisms including oxidative stress, energy dysregulation, and exitotoxicity [START_REF] Mahad | Pathological mechanisms in progressive multiple sclerosis[END_REF] could therefore result from this centrifugal diffusion of pro-inflammatory innate immune cells and trigger the development of neuronal degeneration, spreading from lesions to normal-appearing tissues.

To test this hypothesis, and to investigate whether the chronology of pathological events linking microglial/macrophages activation with neurodegeneration is shared by all forms of disease, future longitudinal studies should be conducted on large cohorts of early relapsingremitting and progressive patients. These studies should employ a multimodal imaging approach including TSPO PET and susceptibility-based MRI sequences, that have been proposed for the identification of slowly expanding lesions (Absinta et al., 2016a;[START_REF] Dal-Bianco | Slow expansion of multiple sclerosis iron rim lesions: pathology and 7 T magnetic resonance imaging[END_REF].

Conclusion

In conclusion, generating for the first time in vivo individual maps of innate immune cell activation based on TSPO PET, we demonstrated that the activation of innate immune cells inside T2 and T1se lesions and in the NAWM, which is mostly invisible to conventional MRI sequences, is significantly associated with a more severe clinical trajectory in patients with MS. Our data suggest that TSPO PET has the potential to shed light on the complex role played by activated microglia in the cascade of events leading to neurodegeneration.

Whether TSPO PET could be used in clinical studies as a promising biomarker to identify patients likely to enter into a severe clinical trajectory will have to be confirmed through prospective studies.

Chapter and the white matter. The pathological hallmark of the disease consists in well-delimited demyelinated white matter lesions that generally surround post-capillary veins, a particular localization arguing for a primary invasion of peripheral auto-reactive immune cells towards the central nervous system through an impaired blood brain barrier (BBB). During the last decades, a growing amount of evidence has clearly showed that these peri-veinular white matter plaques only partly explained neurological disability, leading to the notion of a clinico-radiological paradox [START_REF] Barkhof | The clinico-radiological paradox in multiple sclerosis revisited[END_REF]. While inflammation is still considered the main pathogenic mechanism driving tissue injury, the pathology is nowadays viewed as a combination of focal lesions and more diffuse structural damage, both contributing to disability worsening [START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF][START_REF] Lassmann | Pathogenic Mechanisms Associated With Different Clinical Courses of Multiple Sclerosis[END_REF]. Of note, the passage of inflammatory cells through the more permeable blood to cerebrospinal fluid (CSF) barrier might be an early and sustained event in MS, potentially preceeding the crossing of the BBB [START_REF] Engelhardt | Vascular, glial, and lymphatic immune gateways of the central nervous system[END_REF][START_REF] Kooij | Disturbed function of the blood-cerebrospinal fluid barrier aggravates neuro-inflammation[END_REF]. Enriched in inflammatory cells and mediators, the CSF compartment could therefore participate to the pathological process, for instance by enhancing the parenchymal entrance of immune cells or by inducing a diffuse damage in tissue adjacent to the CSF, i.e. perventricular areas and subpial cortex. Recent pathological investigations have supported this hypothesis by showing that tissue damage, as revealed by cortical demyelination or neuronal loss is more extended in the outer cortical layer compared to the deeper layers close to the GM/WM interface [START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF][START_REF] Trapp | Cortical neuronal densities and cerebral white matter demyelination in multiple sclerosis: a retrospective study[END_REF]. This gradient of cortical damage has been subsequently linked to the concentration of pro-inflammatory cytokines in the CSF such as TNF, IFNγ and CXCL13 (Magliozzi et al., 2018b), together with the presence of B-cell follicle-like structures in the subarachnoid space [START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF].

In an attempt to translate post-mortem findings towards in vivo evidence, advanced imaging tools have recently been applied to explore whether regions facing the CSF were more prone to tissue damage. It was described that greater volume of WM lesions was localized in periventricular areas compared to peripheral WM (Jehna et al., 2015), an accumulation that correlates with cortical thinning (Jehna et al., 2015;[START_REF] Narayanan | Imaging of axonal damage in multiple sclerosis: Spatial distribution of magnetic resonance imaging lesions[END_REF]. Beyond periventricular lesions, an in-vivo gradient of diffuse tissue damage in regions surrounding the ventricular CSF has been described in the white matter and in the thalami (Brown et al., 2019a[START_REF] Brown | Periventricular magnetisation transfer ratio abnormalities in multiple sclerosis improve after alemtuzumab[END_REF][START_REF] Fadda | A surface-in gradient of thalamic damage evolves in pediatric multiple sclerosis[END_REF]. Such a periventricular gradient could be quantified using magnetization transfer imaging (MTI) (Brown et al., 2019a[START_REF] Brown | An abnormal periventricular magnetization transfer ratio gradient occurs early in multiple sclerosis[END_REF][START_REF] Liu | Magnetization transfer ratio measures in normal-appearing white matter show periventricular gradient abnormalities in multiple sclerosis[END_REF][START_REF] Pardini | Relationship of grey and white matter abnormalities with distance from the surface of the brain in multiple sclerosis[END_REF], and was described as soon as the earliest stage of the disease even preceding the conversion of a clinically isolated syndrome (CIS) into a defined MS [START_REF] Brown | An abnormal periventricular magnetization transfer ratio gradient occurs early in multiple sclerosis[END_REF]. Of particular interest the idea of a shared triggering mechanism underlying cortical and periventricular tissue injury, potentially linked to the CSF proximity [START_REF] Pardini | The relationship between cortical lesions and periventricular NAWM abnormalities suggests a shared mechanism of injury in primaryprogressive MS[END_REF]. In accordance with this hypothesis, the outer surface of the cortex facing the pial surface also displays lower MTR and T2* values compared to the inner part, these tissue abnormalities predominant in the sulci compared to the gyri [START_REF] Mainero | A gradient in cortical pathology in multiple sclerosis by in vivo quantitative 7T imaging[END_REF][START_REF] Samson | Sulcal and gyral crown cortical grey matter involvement in multiple sclerosis: A magnetisation transfer ratio study[END_REF][START_REF] Samson | Investigation of outer cortical magnetisation transfer ratio abnormalities in multiple sclerosis clinical subgroups[END_REF]. Finally in the thalami, a similar surface-in gradient of tissue injury exists, detected by measuring either regional atrophy or T2* signal change [START_REF] Fadda | A surface-in gradient of thalamic damage evolves in pediatric multiple sclerosis[END_REF][START_REF] Louapre | Heterogeneous pathological processes account for thalamic degeneration in multiple sclerosis: Insights from 7 T imaging[END_REF].

Overall, it clearly emerged from pathology and imaging studies that the parenchyma facing the CSF is more susceptible to a diffuse structural damage. However the biological mechanism driving the relationship between CSF proximity and CNS injury has not yet been elucidated in vivo. In the cortex a predominant involvement of activated microglial cells has been suggested [START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF], a cellular component that cannot be directly quantified by MRI. By contrast microglial activation can be visualized using positron emission tomography (PET) and radiotracers targeting the 18kDa translocator protein (TSPO), whose expression is upregulated in innate immune cells in inflammatory disorders like MS [START_REF] Airas | Evaluation of Microglial Activation in Multiple Sclerosis Patients Using Positron Emission Tomography[END_REF][START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis. Quantitative in vivo imaging of microglia as a measure of disease activity[END_REF][START_REF] Stankoff | Exploring the heterogeneity of MS lesions using positron emission tomography: a reappraisal of their contribution to disability[END_REF][START_REF] Venneti | The peripheral benzodiazepine receptor (Translocator protein 18kDa) in microglia: From pathology to imaging[END_REF].

TSPO PET using the second generation tracer [11C]-PBR28 recently allowed to demonstrate an increased uptake in the cortex of patients with MS, but the spatial resolution of the PET system applied (4-5mm) impeded the identification of any gradient between the outer and the inner part of the cortex [START_REF] Herranz | The neuroinflammatory component of gray matter pathology in multiple sclerosis[END_REF]. This limitation might be skirted by focusing on deep periventricular regions in the white matter and thalamus, and by using high resolution PET camera. In this study we used a high resolution research tomograph (HRRT, CPS Innovations, Knoxville, TN), a PET system enabling the highest spatial resolution for brain investigation (intra-slice spatial resolution of ~2.5 mm) and questioned whether periventricular areas were characterized by a gradient of innate immune cell activation, and whether this gradient could be related to disability trajectories of patients with MS. For this purpose we applied a fluorinated second-generation TSPO tracer, the [18F]-DPA714 [START_REF] James | DPA-714, a new translocator proteinspecific ligand: synthesis, radiofluorination, and pharmacologic characterization[END_REF][START_REF] Rizzo | Generalization of endothelial modelling of TSPO PET imaging: Considerations on tracer affinities[END_REF], which has been successfully employed in animal models of MS [START_REF] Abourbeh | Imaging Microglial/Macrophage Activation in Spinal Cords of Experimental Autoimmune Encephalomyelitis Rats by Positron Emission Tomography Using the Mitochondrial 18 kDa Translocator Protein Radioligand [18F]DPA-714[END_REF][START_REF] Chauveau | Comparative Evaluation of the Translocator Protein Radioligands 11C-DPA-713, 18F-DPA-714, and 11C-PK11195 in a Rat Model of Acute Neuroinflammation[END_REF], and has an excellent in-vivo biodistribution [START_REF] Arlicot | Initial evaluation in healthy humans of [18F]DPA-714, a potential PET biomarker for neuroinflammation[END_REF]. It showed a reliable noninvasive kinetic modelling in humans [START_REF] García-Lorenzo | Validation of an automatic reference region extraction for the quantification of [18F] DPA-714 in dynamic brain PET studies[END_REF][START_REF] Lavisse | Optimized Quantification of Translocator Protein Radioligand 18F-DPA-714 Uptake in the Brain of Genotyped Healthy Volunteers[END_REF][START_REF] Rizzo | Generalization of endothelial modelling of TSPO PET imaging: Considerations on tracer affinities[END_REF]. We investigated a group of 37 patients with relapsing or progressive MS along with a group of healthy controls with [ 18 F]-DPA714 PET and developed an original post-processing approach to obtain individual regional maps of innate immune cell activation at the voxel level.

Materials and methods

Subjects

We enrolled 41 patients with MS according to the revised McDonalds criteria (Polman et al., 2005b) (13 relapsing-remitting RRMS, 28 progressives PMS), and 20 age-and gendermatched healthy controls (HC). All subjects signed written informed consent to participate in a clinical and imaging protocol approved by the local ethics committee.

To define affinity pattern for TSPO binding sites [START_REF] Owen | Two binding sites for [3H]PBR28 in human brain: implications for TSPO PET imaging of neuroinflammation[END_REF][START_REF] Owen | Mixed-Affinity Binding in Humans with 18-kDa Translocator Protein Ligands[END_REF], genomic DNA from blood samples was used to genotype the rs6971 polymorphism of the TSPO gene revealing 25 HABs (15 MS, 10 healthy controls), 31 MABs (22 MS, 9 healthy controls), and 5 LABs (4 MS, 1 healthy control). This latter group was excluded from further analysis (Table 6.1). 

Clinical assessment

At study entry, all patients underwent a full neurological examination and were scored using the Expanded Disability Status Scale (EDSS; [START_REF] Kurtzke | Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (EDSS)[END_REF] before study entry was retrospectively collected through the careful revision of primary medical files, and checked for consistency using the EDMUS records. Disability worsening over 2 years was evaluated as changes in EDSS between the inclusion visit and 2 years before study entry, and converted into EDSS step change. The conversion is based on the half-step progression above EDSS step 5.5 [START_REF] Weinshenker | Meta-analysis of the placebo-treated groups in clinical trials of progressive MS[END_REF], if the initial EDSS is above or equal 5.5, each increase of 0.5 point is counted as 1 point of EDSS step change.

Thus, the EDSS step change was calculated for each patient with MS, and used to classify patients as clinically worsening (EDSS step change > 0.5) or stable over the 2 years preceding study entry.

According to the main treatment they received during the two years preceding the PET exam, patients were classified in untreated, treated with immuno-modulators, or treated with immuno-suppressors.

Imaging protocol

Within a maximum of one month from study entry, all subjects underwent an MRI protocol on a Siemens 3T PRISMA scanner, equipped with a 32 channels head coil, and a 90 minutes (1) 3D T1-weighted (T1-w) magnetization-prepared rapid gradient-echo (resolution:

1.0x1.0x1.1mm 3 ),

(2) T2-weighted imaging (T2-w, resolution: 0.9x0.9x3.0mm 3 ),

(3) 3D fluid-attenuated inversion recovery (FLAIR, resolution: 0.9x0.9x3.0mm 3 ), (4) 3D gradient-echo with (MTon) and without (MToff) magnetization transfer (resolution:

1.0x1.0x2.0mm 3 ). MTR maps were generated using the equation MTR=(MTon-MToff)/MToff). Among the 37 patients with MS and 19 healthy controls included, 9 subjects (4 patients, 5 healthy controls) were excluded from analyses involving MTR data, either MTR acquisition was not performed or MTR image suffers from strong artefacts.

PET acquisition and reconstruction

PET mages acquisition and reconstruction were performed as previously described [START_REF] García-Lorenzo | Validation of an automatic reference region extraction for the quantification of [18F] DPA-714 in dynamic brain PET studies[END_REF][START_REF] Lavisse | Optimized Quantification of Translocator Protein Radioligand 18F-DPA-714 Uptake in the Brain of Genotyped Healthy Volunteers[END_REF]. Briefly, the 90-minute emission scan was initiated with a 1-minute intravenous bolus injection of [18F]-DPA714 (mean 198.4±22.9MBq).

Images were reconstructed using the 3D ordinary Poisson ordered subset expectation maximization algorithm. An additional smoothing filter implementing the point spread function, which has been shown to be effective in reducing the effect of partial volume in PET data, was applied on the reconstructed images, achieving an intra-slice spatial resolution of ~2.5mm full width at half maximum. All the resulting dynamic PET images consisted of 27 time interval (time frames) images: six 1min frames for the initial 6 minutes (6x1), followed by 7x2-, and 14x5-minute frames, with a voxel size of 1.22x1.22x1.22mm3.

Image analysis

Tissue segmentation in native space

In patients, WM lesions were contoured by an expert investigator (G.B.) on T2-w scans with reference to FLAIR sequences using a semi-automated edge-finding tool (JIM v6.0, Xinapse systems, Essex, UK) and transformed into binary mask of the WM lesions. For each patient, T2-w images were registered onto the corresponding T1-w scans using a rigid transformation performed with FLIRT (Jenkinson et al., 2002;Jenkinson and Smith, 2001). Derived transforms were used to align lesion masks with the individual T1-w scans.

After performing a "lesion-filling" procedure in patients only [START_REF] Chard | Reducing the impact of white matter lesions on automated measures of brain gray and white matter volumes[END_REF], brain tissues were segmented using a multi-atlas segmentation method on T1-w scans [START_REF] Langkammer | Quantitative susceptibility mapping in multiple sclerosis[END_REF]. The following regions of interest (ROIs) were then defined for each subject: (i) cortex; (ii) WM; iii) ventricles, including lateral and third ventricles; and (iv) thalami (TH) (Figure 6.1). Manual correction was performed when necessary to ensure anatomical accuracy, in particular in the periventricular area.

PET quantification

Reconstructed dynamic PET data were realigned for motion correction according to the process of frame-to-reference image registration using SPM (v8, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). Voxel-wise [18F]DPA-714 distribution volume ratio (DVR) parametric maps, corresponding to the ratio of the total distribution volumes between the target and the reference region, were calculated using the Logan graphical method based on reference region, extracted using a supervised clustering algorithm [START_REF] Bodini | Dysregulation of energy metabolism in multiple sclerosis measured in vivo with diffusion-weighted spectroscopy[END_REF].

For all subjects, each DVR parametric map was registered to the corresponding T1-w using an affine transformation [START_REF] Smith | Accurate, robust, and automated longitudinal and cross-sectional brain change analysis[END_REF]Jenkinson and Smith, 2001).

Generation of distance maps in native space

For each subject, a set of three maps of distance to nearest nonzero voxels were generated on T1-w scans.

First, a distance map from ventricular CSF to surrounding tissues (WM and TH) was generated taking as the starting point the binary mask of the ventricular CSF up to the WM/cortical interface. In order to minimize the partial volume effect of the cortex onto the WM, a second distance map in the WM from the WM/cortical interface to the ventricular CSF was generated. Following the same idea, to minimize the partial volume effect of the WM onto the TH, a third distance map in the TH was generated from the TH/WM interface to the ventricular CSF.

Registration to standard space

For each patient, T1-w scans were registered onto a standard brain image [START_REF] Fonov | Unbiased nonlinear average age-appropriate brain templates from birth to adulthood[END_REF] using a non-linear transformation [START_REF] Avants | Symmetric diffeomorphic image registration with cross-correlation: evaluating automated labeling of elderly and neurodegenerative brain[END_REF]. The derived transforms were used to move previously generated ROIs, distance maps, DVR and MTR maps from native T1-w space to standard space.

Generation of 3mm ring map in standard space

After registration of the three previously generated maps of distance (periventricular, WM/cortical interface, and TH/WM interface) to the standard space, distance values were round down to the next lowest integer and merged to generate three-mm thick ring maps.

Then, using the WM and TH masks, periventricular ring map was separated in WM ring map and TH ring map (Figure 6.1). 

Generation of individual maps of activated innate immune cells in standard space

A voxel-wise non-parametric permutation-based two-sample t-test with threshold-free cluster enhancement was employed using RANDOMISE from FSL [START_REF] Winkler | Permutation inference for the general linear model[END_REF], to find WM regions of significant difference in DVR maps between patients and healthy controls. Age, gender and TSPO binding were included as covariates of no interest.

From these regions of significant difference, we extracted the mean DVR in patients and healthy controls. Two separate relative changes between groups (defined as mean DVR in patients minus mean DVR in healthy controls, divided by mean DVR in healthy controls)

were calculated, one for the HABs and one for the MABs. These relative changes were employed as thresholds to define each voxel as characterized or not by a significant activation of innate immune cells.

subgroups. Pearson's chi-squared tests were used to determine whether there were significant differences in the distribution of: (i) gender and TSPO genotype between healthy controls and MS subgroups; (ii) treatment among MS subgroups. Ordered logistic regression models were used to test differences in EDSS and EDSS step change among MS subgroups.

Bonferroni corrected pairwise post-hoc analysis was performed when differences between groups were statistically significant (significant level was set at p<0.05).

Data extraction

For each subject, the number of DPA+ voxels was extracted in each ring of the WM (ranging from 3 to 42) and TH (ranging from 3 to 6) to compute the percentage of activated microglia in each ring, as the ratio of the number of DPA+ voxels in a specific ring over the volume of this ring. For MTR analysis, MTR values within each WM and TH ring of each subject were averaged.

Group comparisons

Differences in the percentage of DPA+ voxels over group and ring in the white matter were tested by fitting linear mixed-effects (LME) models using the lmer function in the R package lme4. Models included by-subject random intercepts and slopes across distance. To limit the impact of outliers at a specific ring, a weight vector was introduced in the LME models, defined as the square proportion of the ring volume over the maximum ring volume (𝑤 𝑛 = √ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑟𝑖𝑛𝑔 𝑛 max (𝑣𝑜𝑙𝑢𝑚𝑒 𝑟𝑖𝑛𝑔)

). The extraction of the model coefficient allows the estimation of the intercept and the slope for each subject, defining the level of percentage of DPA+ voxels in the first ring, and the gradient of the percentage of DPA+ voxels, respectively. A post hoc analysis was then performed for pairwise comparisons of the intercepts and slopes between subgroups of MS patients and healthy subjects using the R package emmeans and a Bonferroni correction.

A similar model was used to evaluate differences in the mean MTR signal over group and ring in the white matter. Models included by-subject random intercepts and slopes across distance. As previously, to limit the impact of outliers at a given ring, a weight vector was introduced in the LME models, defined as the square proportion of the ring volume over the maximum ring volume. The extraction of the model coefficient allows the estimation of the intercept and the slope for each subject, defining the mean MTR signal in the first ring, and the gradient of mean MTR signal, respectively. A post hoc analysis was then performed for pairwise comparisons of the intercepts and slopes between subgroups of MS patients and healthy subjects using the R package emmeans and a Bonferroni correction.

For the thalamic region, a similar analysis was conducted to evaluate differences in the percentage of DPA+ voxels over group and ring (only two rings: 3 and 6), using the function aov including a within subjects error and a Bonferroni correction for the post hoc pairwise comparisons.

Differences in mean MTR signal over group and ring (only two rings: 3 and 6) was also performed using the function aov including a within subjects error and a Bonferroni correction for the post hoc pairwise comparisons.

All models were adjusted for the covariates gender, age, and type of disease modifying treatment.

Imaging correlations

Correlations between the percentage of microglial activation and the mean MTR signal were evaluated over the entire group of MS patients by partial Spearman correlation adjusted for age, gender and disease modifying treatment, using the pcor.test function in the R package ppcor.

Clinical correlations

The potential association of imaging data (individual slopes and intercepts) with clinical variable as measured by EDSS step change and EDSS at study entry were evaluated by partial Spearman correlation analysis with adjustments for gender, age, and disease modifying treatment, using the pcor.test function in the R package ppcor. In addition, linear regression, using lm function in the R package stats, was used to test differences between imaging data (individual slopes and intercepts) across groups of disability worsening over the two years preceding the study entry (clinically stable or clinically worsening patients).

Results

Demographics

Subject's demographics, TSPO genotype, clinical and radiological data are reported in A gradient of innate immune cell activation in the periventricular white matter The percentage of DPA+ voxels in the periventricular WM decreased with increasing distance from the ventricular surface, reflecting the presence of a gradient of DPA+ voxels.

Compared with controls, the gradient of innate immune cell activation was significantly steeper for the overall MS group (HC=-0.18±0.24%.mm -1 , MS=-0.60±0.48%.mm -1 , p=0.003) (Figure 6.3-C). No significant difference was found between subgroups of MS patients.

The gradient of activated innate immune cells was still detected when analyzing separately normal appearing WM rings and T2 lesion rings. The normal appearing WM of patients with MS presented a higher intercept than the WM of healthy controls (HC=17.0±10.0%, MS=35.6±15.7%, p = 2.9e-5), as well as a steeper slope (HC=-0.18±0.24%.mm -1 , MS=-0.53±0.44%.mm -1 , p = 6.8e-3). In T2 lesion rings, patients showed a higher percentage of DPA+ voxels in the first ring compared to the WM of healthy controls (HC=17.0±10.0%, MS=54.0±22.8%, p = 6.4e-8), as well as a steeper gradient (HC=-0.18±0.24%.mm -1 , MS=-0.87±0.71%.mm -1 , p = 2.4e-3).

Age, gender and the presence of a disease modifying treatment had no significant effects for both the intercept and the slope. 

A gradient of magnetization transfer ratio in the periventricular white matter

In MS patients, the mean MTR signal was significantly decreased in the first WM ring close to periventricular CSF in the patients group compared to controls (HC=0.47±0.01, MS=0.45±0.02, p=5.2e-4) (Figure 6.3-D,E). No differences were found between subgroups of MS patients.

In patients with MS, the mean MTR signal increased with increasing distance from the periventricular CSF, reflecting the presence of mean MTR gradient (Figure 6.3-D).

Inversely, a decreasing mean MTR signal was found in healthy controls with increasing distance from ventricles. As showed in Figure 6.3-F, the gradient was significantly different in patients with MS compared to controls (HC=-0.38e-3±0.15e-3mm -1 , MS=0.15e-3±0.22e-3mm -1 , p=4.2e-5). No differences were found between subgroups of MS patients.

Age, gender and the presence of a disease modifying treatment had no significant effects for both the intercept and the slope.

A gradient of innate immune cell activation in the thalami

In the first ring of the TH, MS patients had a significant higher percentage of DPA+ voxels than controls (HC=11.9±8.9%, MS=32.1±20.0%, p=2.0e-4) (Figure 6.4-A,B). No significant difference was found between the MS subgroups.

The percentage of DPA+ voxels decreased between the first and the second ring, reflecting the presence of a gradient of microglial activation (Figure 6.4-A). The gradient was more pronounced in the patients group compared to controls, despite not reaching significance (HC=-0.82±3.5%.mm -1 , MS=-3.7±6.4%.mm -1 , p=0.076) (Figure 6.4-C).

A gradient of magnetization transfer ratio in the thalami

Compared with controls, no significant difference in the mean MTR signal was found in the first ring of the TH in the whole MS group (HC=0.43±0.01, MS=0.44±0.02, p=0.19) (Figure 6.4-D,E).

In both patients with MS and controls, an increased mean MTR signal was detected between the first and the second ring in TH, reflecting the presence of a gradient of mean MTR signal (Figure 6.4-D). However, MS patients showed a steeper gradient than controls (HC=9.8e-3±2.4e-3mm -1 , MS=12.8e-3±5.6e-3 mm -1 , p=0.025) (Figure 6.4-F). No differences were found between MS subgroups. 

A relationship between innate immune cell activation and microstructural damage in periventricular tissues

In the overall MS patients group, a higher percentage of DPA+ voxels in the first ring of WM close to the ventricular CSF was associated with a higher reduction of MTR signal in the same first ring (rho=-0.40, p=3.7e-5) (Figure 6.5-A). In the periventricular WM of MS patients, the gradient of innate immune cell activation was inversely correlated with the gradient of MTR signal (rho=-0.51, p=8.2e-8) (Figure 6.5-B).

In the first ring of the TH, no correlation was found between the percentage of DPA+ voxels and the mean MTR signal (Figure 6.5-C). A steeper gradient of microglial activation was inversely associated with a steeper gradient of mean MTR signal in all MS patients (rho=-0.51, p=8.9e-8) (Figure 6.5-D).

The periventricular gradients of innate immune cells and microstructural damage influence disability

EDSS step change determination was used to classify patients as clinically worsening (EDSS step chang >0.5) or stable over the 2 years preceding study entry.

In the white matter

In the WM, a correlation was found between the EDSS step change and the percentage of DPA+ voxels in the first ring (rho=0.47, p=2.4e-7), and the slope of DPA+ voxels (rho=-0.24, p=0.01), respectively. When dividing patients as clinically stable or clinically worsening, the percentage of DPA+ voxels in the first ring was higher in clinically worsening patients (41.8±16.1%) compared to both healthy controls (17.0±10.0%, p<0.001) and stable patients (29.3±13.5%, p=0.006). In addition, clinically worsening patients showed a steeper gradient compared to controls (HC=-0.18±0.24, stable=-0.45±0.39, p=0.23, worsening=-0.68±0.51, p=6e-4). No differences between subgroups of disability worsening (stable vs worsening patients) did not reached significance for the slope (p=0.06).

No correlation was found between mean MTR signal and EDSS step change, either regarding the first ring or the slope. When dividing patients as clinically stable and clinically worsening, only clinically worsening patients showed a lower mean MTR signal in the first ring compared to healthy controls (HC=0.47±0.01, stable=0.45±0.01, p=0.18, worsening=0.45±0.02, p=0.048). The gradient of mean MTR signal was more pronounced in both clinically worsening and stable patients compared to controls (HC=-3.8e-4±1.5e-4, stable=1.1e-4±1.5e-4, p<0.001, worsening=1.8e-4±2.5e-4, p<0.001).

No correlation was found between EDSS at baseline and the percentage of DPA+ voxels in the first ring and the slope of innate immune cell activation, respectively. In addition, no correlation was found between the intercept or the slope of MTR signal, and EDSS scores at baseline.

In the thalami

A correlation was found between EDSS step change and the percentage of DPA+ voxels in the first ring of the TH (rho = 0.46, p = 4.5e-7). However, only clinically worsening patients (36.3±21.1%) showed a higher percentage of DPA+ voxels in the first ring compared to both healthy controls (11.9±8.9%, p=0.004) and stable patients (24.3±15.7%, p=0.04).

In patients with MS, correlations were found between the mean MTR signal and the EDSS step change, both in the first ring (rho = 0.31, p = 0.002) and in the gradient (rho = 0.21, p = 0.04). The mean MTR signal in the first ring was similar between groups (clinically worsening patients mean±sd=0.44±0.02; stable patients mean±sd=0.44±0.01; controls mean±sd=0.43±0.01).

EDSS at baseline correlated with the mean MTR signal in the first ring of the TH (rho = -0.21, p = 0.03).

Discussion

In this study, we generated individual maps of innate immune cell activation based on [18F]-DPA714 PET to explore the regionalization of activated innate immune cells as a function of the distance from ventricular surface in a group of patients with MS compared with a group of healthy controls. We demonstrated that the activation of innate immune cells, reflected by increased TSPO binding, was higher around the ventricles compared with the rest of the brain. We further found lower MTR values, reflecting a more severe tissue damage, in periventricular areas compared with other brain regions, the two gradients of innate immune cell activation and microstructural damage being correlated together. Finally the preferential localization of innate immune cells in periventricular areas partly explained individual trajectories of disability of patients.

We applied here high resolution TSPO PET, an approach that has been already used to investigate innate immune cell activation in patients with MS. In few previously performed studies a diffuse increased in TSPO binding in the WM and GM of patients with MS was described, that could be detected at all stages of the disease [START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis. Quantitative in vivo imaging of microglia as a measure of disease activity[END_REF]Datta et al., 2017a;[START_REF] Giannetti | Increased PK11195-PET binding in normal-appearing white matter in clinically isolated syndrome[END_REF][START_REF] Kaunzner | Reduction of PK11195 uptake observed in multiple sclerosis lesions after natalizumab initiation[END_REF][START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF][START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF][START_REF] Rissanen | Microglial activation, white matter tract damage, and disability in MS[END_REF][START_REF] Singhal | 18F-PBR06 Versus 11C-PBR28 PET for Assessing White Matter Translocator Protein Binding in Multiple Sclerosis[END_REF][START_REF] Singhal | Gray matter microglial activation in relapsing vs progressive MS: A [F-18] PBR06-PET study[END_REF][START_REF] Sucksdorff | Evaluation of the Effect of Fingolimod Treatment on Microglial Activation Using Serial PET Imaging in Multiple Sclerosis[END_REF][START_REF] Vowinckel | PK11195 binding to the peripheral benzodiazepine receptor as a marker of microglia activation in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF]. In white matter lesions this increased uptake was sometimes marked but showed great variation depending on subjects and lesions, pointing an heterogeneous inflammatory state of lesions that escape from current MRI evaluation (Datta et al., 2017a). Of note, none of these previous TSPO PET studies did investigate the relationship between CSF proximity and neuroinflammation.

In our study, we generated individual maps of innate immune cell activation, based on a voxel-wise comparison of [18F]-DPA714 between patients with MS and age-and gendermatched healthy controls, enabling to perform a powerful regional analysis. The methodology developed allowed a minimization of partial volume effect (PVE) as each brain voxel for each patient was compared with the voxels localized at the same coordinates in the control group, thus affected by the same partial volume effect. Further minimization of PVE was obtained by removing the first rings close to tissue interface (between CSF and tissue, and between white and grey matter), as considered affected by adjacent signal.

A previous study investigated the regionalization of tissue damage in the white matter and showed a gradient of MTR changes in WM according to the distance from ventricular CSF at all stages of the disease, as soon as the first clinical episode (Brown et al., 2019a[START_REF] Brown | Periventricular magnetisation transfer ratio abnormalities in multiple sclerosis improve after alemtuzumab[END_REF][START_REF] Brown | An abnormal periventricular magnetization transfer ratio gradient occurs early in multiple sclerosis[END_REF][START_REF] Liu | Magnetization transfer ratio measures in normal-appearing white matter show periventricular gradient abnormalities in multiple sclerosis[END_REF][START_REF] Pardini | Relationship of grey and white matter abnormalities with distance from the surface of the brain in multiple sclerosis[END_REF][START_REF] Pardini | The relationship between cortical lesions and periventricular NAWM abnormalities suggests a shared mechanism of injury in primaryprogressive MS[END_REF]. A similar finding has been described in the thalami, as reflected by the T2* relaxation that decreased with increasing distance from ventricular surface in SPMS subjects [START_REF] Louapre | Heterogeneous pathological processes account for thalamic degeneration in multiple sclerosis: Insights from 7 T imaging[END_REF], further confirmed by the surface-in gradient of thalamic atrophy described on the ventricular side in patients with pediatric MS [START_REF] Fadda | A surface-in gradient of thalamic damage evolves in pediatric multiple sclerosis[END_REF]. Interestingly, this latter gradient was already visible during the first year of clinical disease and subsequently worsened over time. However none of these MRI studies could identify the pathological substrate underlying this periventricular gradient of tissue damage, as the reduction in MTR may reflect demyelination, axonal loss (Schmierer et al., 2007a), as well as microglial activation [START_REF] Moll | Multiple sclerosis normal-appearing white matter: pathology-imaging correlations[END_REF], and T2* relaxation changes mayas well reflect demyelination and microglial activation through its sensitivity to iron content [START_REF] Stüber | Myelin and iron concentration in the human brain: a quantitative study of MRI contrast[END_REF].

We confirmed in our group of patients the presence of a periventricular gradient of tissue damage as reflected by MTR quantification, but for the first time we were able to characterize its pathological substrate, by showing a strong correlation between the gradient of MTR and the gradient of 18F-DPA 714 binding in the same regions. All together, these results are highly suggestive of a role played by innate immune cell activation in generating a regionally localized damage around the ventricles in MS. Following the subdivision of WM tissues in WM lesions and NAWM, we found the presence of a gradient of innate immune cell activation in both compartments that still associated to tissue damage. This finding reinforces the hypothesis that this is the CSF proximity that exerts a deleterious role on the pathology occurring in the WM near the inner surface of the brain, both in and outside lesions.

The biological mechanisms underlying the periventricular innate immune cell activation changes highlighted in this study remain to be disentangled. At the pathological level, such a regionalization of innate immune cell activation has been described in cortical region facing the inflamed CSF, and have been linked with enhanced demyelination and neuronal death in the outer cortical layers [START_REF] Bevan | Meningeal inflammation and cortical demyelination in acute multiple sclerosis[END_REF][START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF][START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF][START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF][START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF]Magliozzi et al., , 2018b;;[START_REF] Serafini | Detection of ectopic B-cell follicles with germinal centers in the meninges of patients with secondary progressive multiple sclerosis[END_REF]. A key role of inflammatory CSF profiles on cortical pathology was recently emphasized from a study combining in vivo and post mortem approaches (Magliozzi et al., 2018b). In particular, an increased level of pro-inflammatory cytokines (IFNγ, TNF, IL2, IL22, CXCL13, CXCL10, LTα, IL6, IL10) in the CSF of post-mortem MS cases correlated with high levels of meningeal inflammation and extended GM demyelination. In addition, CSF-derived soluble factors from subjects with MS have been shown to induce neuronal damage in vitro [START_REF] Alcázar | Axonal damage induced by cerebrospinal fluid from patients with relapsing-remitting multiple sclerosis[END_REF], with a few candidate molecules identified such as Ceramide [START_REF] Vidaurre | Cerebrospinal fluid ceramides from patients with multiple sclerosis impair neuronal bioenergetics[END_REF], semaphoring 4A [START_REF] Chiou | Semaphorin4A and H-ferritin utilize Tim-1 on human oligodendrocytes: A novel neuro-immune axis[END_REF] or HERV-W Env proteins [START_REF] Küry | Human Endogenous Retroviruses in Neurological Diseases[END_REF].

As the CSF is a highly dynamic compartment with large exchanges between the subarachnoid space and the ventricles it is tempting to speculate that similar pro-inflammatory conditions in the CSF could be involved in the induction of the periventricular gradient of innate immune cells activation and tissue damage, an hypothesis that would benefit of confirmatory pathological studies. If confirmed this could contribute to a revised conception of the disease, attributing a key role to the CSF-driven inflammation in neurodegeneration and disease progression. It would therefore become a burning question to unravel how inflammatory cells could cross the brain-CSF barrier, subsequently persist in this compartment and induce/enhance neurodegenerative processes. Imaging periventricular innate immune cells activation as described in this study may provide a promising novel imaging biomarker able to visualize a previously masked neuroinflammatory component.

Longitudinal prospective studies applying [18F]-DPA714 PET would be required in order to determine the predictive value of the periventricular gradient of innate immune cell activation on disease evolution and disability worsening.

Conclusion

In conclusion, we have confirmed the presence of a periventricular gradient of tissue damage reflected by MTR in patients with MS, and for the first time we were able to characterize its pathological substrate, showing a correlation with a gradient of innate immune cell activation in the same regions, reflected by [18F]-DPA714 binding. In combination with previous postmortem investigations, these results suggest that pathology in WM occurs preferentially at or near the inner surface of the brain, and is linked with the proximity of ventricular CSF.

The present study highlights the need for further work clarifying the potential role of factors such as CSF mediators, and intrathecal inflammation, in the pathogenesis of lesional and non-lesional abnormalities in multiple sclerosis. Cortical demyelination, which has been described exclusively in MS, is considered a specific neuropathological hallmark of this disease [START_REF] Kornek | Multiple sclerosis and chronic autoimmune encephalomyelitis: a comparative quantitative study of axonal injury in active, inactive, and remyelinated lesions[END_REF][START_REF] Moll | Cortical demyelination in PML and MS: Similarities and differences[END_REF]. Postmortem data have shown that the process of myelin repair is more efficient in cortical areas than in WM lesions, and that cortical remyelination occurs independently of age and disease duration [START_REF] Albert | Extensive cortical remyelination in patients with chronic multiple sclerosis[END_REF][START_REF] Strijbis | Cortical Remyelination Is Heterogeneous in Multiple Sclerosis[END_REF]. Therefore, cortical regions represent an excellent context for exploring endogenous myelin regenerative responses in MS, which are thought to ultimately play a key neuroprotective role on demyelinated axons [START_REF] Kornek | Multiple sclerosis and chronic autoimmune encephalomyelitis: a comparative quantitative study of axonal injury in active, inactive, and remyelinated lesions[END_REF][START_REF] Mei | Accelerated remyelination during inflammatory demyelination prevents axonal loss and improves functional recovery[END_REF].

Unlike conventional MRI, which provide limited information on GM pathology, magnetization transfer ratio (MTR) maps have been shown to be sensitive to myelin content changes in all brain tissues, including GM regions, and have been successfully employed to generate maps of cortical demyelination [START_REF] Chen | Clinically feasible MTR is sensitive to cortical demyelination in MS[END_REF][START_REF] Derakhshan | Surface-based analysis reveals regions of reduced cortical magnetization transfer ratio in patients with multiple sclerosis: a proposed method for imaging subpial demyelination[END_REF][START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF]. Other processes than myelin content changes, such as axonal loss, oedema and inflammation, are known to affect the MTR signal in MS [START_REF] Moll | Multiple sclerosis normal-appearing white matter: pathology-imaging correlations[END_REF][START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF]. However, their impact is less pronounced in the cortex compared to other brain areas [START_REF] Peterson | Transected neurites, apoptotic neurons, and reduced inflammation in cortical multiple sclerosis lesions[END_REF], which further supports the application of MTR to explore myelin loss and repair in cortical areas.

The objective of this study was to assess cortical myelin repair on MTR-based maps. We also investigated the relationship between cortical myelin repair and WM remyelination, measured with [11C]-PiB PET, and their clinical relevance. Finally, to explore the neuroprotective potential of cortical myelin repair, we investigated the relationship between cortical remyelination and brain volume.

Methods

Subjects and study design

Clinical and imaging data, including the Expanded Disability Status Scale (EDSS) [START_REF] Kurtzke | Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (EDSS)[END_REF] and the Multiple Sclerosis Severity Score (MSSS) [START_REF] Roxburgh | Multiple Sclerosis Severity Score: using disability and disease duration to rate disease severity[END_REF], were collected from 20 patients with relapsing-remitting MS according to the revised McDonald criteria (Polman et al., 2011) (13 women, age=32.31 ± 5.71 years) and from 11 healthy controls (9 women, age 30.5 ± 6.7 years), a subgroup of which underwent MRI and [11C]-

PiB PET, at study entry and after a mean time interval of 3 months (range=2-4 months) [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF]. Good quality MT imaging data at one or both time-points was not available for 5 patients of this original cohort, leaving suitable data for this specific study from a total of 15 patients and 11 healthy controls (Table 7.1). All participants provided written informed consent and the study was approved by the local ethics committee. 

Image acquisition

MRI was performed using a Siemens TRIO 3T MRI scanner, and included the following sequences: 3D-T1-weighted MP-RAGE (T1-w resolution: 1.0x1.0x1.1mm 3 ); T2-weighted (T2-w resolution: 0.9x0.9x3.0mm 3 ) and 3D gradient-echo with (MTon) and without (MToff) magnetization transfer (resolution: 1.0x1.0x2.0mm3). MTR maps were generated using the equation MTR=(MToff-MTon)/MToff).

[11C]-PiB PET images were acquired, quantified and employed to generate parametric maps of distribution volume ratio (DVR) as previously described [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF]. Briefly, PET examinations were performed on a high-resolution research tomograph (HRRT; CPS Innovations, Knoxville, TN), which achieves an intraslice spatial resolution of ∼2.5mm full width at half maximum, with 25cm axial and 31.2cm transaxial fields of view. The 90minute emission scan was initiated with a 1-minute intravenous bolus injection of [11C]-PiB (injected activity = 358±34MBq). Voxel wise DVR maps were obtained with Logan graphical analysis based on reference region, which was extracted using a supervised clustering algorithm, as previously described [START_REF] Veronese | Quantification of [(11)C]PIB PET for imaging myelin in the human brain: a test-retest reproducibility study in highresolution research tomography[END_REF].

Image post-processing

Native space: All images, including MTR and DVR maps, were rigidly aligned to the corresponding T1-w scans using FLIRT (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Derived transforms were used to align WM lesion masks, contoured on T2-w images, to T1-w scans.

After performing a "lesion-filling" procedure in patients [START_REF] Chard | Reducing the impact of white matter lesions on automated measures of brain gray and white matter volumes[END_REF], cortical GM and WM were segmented in all subjects on T1-w scans using Freesurfer (http://surfer.nmr.mgh.harvard.edu/). GM and WM volumes, normalised for subject head size, were estimated with SIENAX [START_REF] Smith | Accurate, robust, and automated longitudinal and cross-sectional brain change analysis[END_REF].

Standard space: For each patient, the T1-w images acquired at the two time-points were aligned to each other to create a "halfway space". The derived images, and the baseline T1w in healthy controls, were normalized to the MNI standard space using a non-linear registration with ANTs [START_REF] Fonov | Unbiased nonlinear average age-appropriate brain templates from birth to adulthood[END_REF]. Derived transformations were then combined to move all images (MTR and DVR maps, as well as segmented tissues) from native to standard space, passing through the halfway space for patients.

MTR-derived index of cortical remyelination

MTR maps of cortical regions in standard space were employed to generate patient-specific maps of cortical demyelination and remyelination, and to compute MTR-derived individual indices of cortical remyelination, through the following steps:

(i) regions of significant difference in cortical MTR between patients and healthy controls were identified using a voxel-wise permutation-based two-sample t-test adjusted for age, gender and cortical volume thresholded at p<0.05, after threshold-free cluster enhancement correction.

In these significant regions, we computed the MTR mean relative difference between patients and healthy controls, as follows: (mean MTR in healthy controls -mean MTR in patients)/mean MTR in healthy controls. This was employed as threshold to classify demyelinated cortical voxels in patients.

(ii) To account for partial volume effect, we generated individual distance maps from external cerebrospinal fluid (CSF). To classify a given voxel in patients, we first computed the average of all the MTR values of voxels localized at its same distance from the CSF in healthy controls. We then calculated the relative difference between this value and the MTR value in that given voxel. If their relative difference was greater than the previously calculated threshold, that cortical voxel was classified as demyelinated. The result was a patient-specific map of cortical demyelinated voxels, which was generated for each of the 2 time-points. In each patient, individual maps of cortical remyelinated voxels were computed subtracting the map of cortical demyelinated voxels of the follow-up from the one computed at the first time-point.

(iii) From these maps, we calculated the index of cortical demyelination as the percentage of cortical voxels classified as demyelinated over total cortical volume at baseline, and the index of cortical remyelination as the percentage of cortical voxels classified as demyelinated at baseline which recovered normal MTR values at the second time-point.

[11C]-PiB PET-derived index of white matter remyelination [11C]-PiB PET-derived DVR maps of WM regions in standard space were employed to generate patient-specific maps of demyelinated and remyelinated voxels inside WM lesions, and to compute [11C]-PiB PET-derived individual indices of WM remyelination, through the following steps:

(i) Each given voxel in WM lesions of patients with MS was classified as demyelinated if its DVR value was ≤1 SD below the mean DVR value of all the voxels in healthy controls that were localized at the same distance from the CSF as the given voxel, and were therefore potentially affected to the same extent by partial volume. This step returned individual maps of demyelinated voxels inside WM lesions in patients, which were generated for each of the 2 time-points. In each patient, individual maps of remyelinated voxels inside WM lesions were computed subtracting the map of demyelinated voxels inside WM lesion generated at follow-up from the one computed at the first time-point.

(ii) Based on the maps of remyelinated voxels inside WM lesions, a patient-specific index of WM remyelination was defined as the proportion of WM lesional voxels classified as demyelinated at baseline that reached a myelin level within normal limits at the second time point.

Statistical analysis

The association between the index of cortical remyelination and the index of WM remyelination was measured with Spearman correlation coefficient.

Hierarchical linear regression models were employed to assess the role of cortical remyelination, alone and together with the index of WM remyelination, in explaining the variance of EDSS and MSSS, included as separate dependent variables in two sets of statistical models. For each outcome three linear regression models were compared including the following covariates: gender and disease duration (level 1); the index of cortical remyelination, age, and disease duration (level 2); the index of cortical remyelination and WM remyelination, age, and disease duration (level 3). R2 and R2 change were calculated to compare the different models.

The relationship between the index of cortical remyelination and the normalized GM and WM volumes was measured using Spearman correlation coefficient.

Analyses were performed in Stata 13 (Stata Corporation, College Station, Texas, USA). Pvalues < 0.05 were considered statistically significant.

Results

The mean MTR value in cortical areas of significant group difference was 35.8±1.3 percent unit (pu) in patients, and 41.0±1.0pu in healthy controls, with a resulting percent difference of 13%.

Patients showed a high variability in cortical myelin loss and repair, with the index of cortical demyelination ranging from 13.2% to 24.6%, and that of cortical remyelination from 14.6% to 34.0% across the cohort (Figure 7.1). The index of WM remyelination ranged from 7.8% to 22.6%. The association between the index of cortical remyelination and the index of WM remyelination approached significance (rho=0.47, p=0.08).

With regard to the hierarchical regression, adding the index of cortical remyelination to the confounding factors significantly improved both models (EDSS: R2 change=0.19, p=0.02; MSSS: R2 change=0.23, p=0.04). The subsequent inclusion of the index of WM remyelination further increased the explained variance of clinical scores (EDSS: R2 change=0.10, p=0.03; MSSS: R2 change=0.3, p=0.002). Overall, the two models accounted for 82% of the variance of EDSS and for 80% of the variance of MSSS (Figure 7.1, Table 7.2).

A higher index of cortical remyelination was significantly associated with a greater normalized WM volume (rho=0.62; p=0.01). 

Discussion

The use of novel imaging metrics of cortical remyelination as primary outcome measures in clinical trials has been indicated as a means of dramatically increasing the chance to identify successful therapies for myelin repair in MS [START_REF] Chang | Cortical remyelination: a new target for repair therapies in multiple sclerosis[END_REF]. We show here a novel approach based on MTR maps to measure patient-specific extent of cortical remyelination.

Cortical myelin repair was heterogeneous in our patient cohort, which confirms for the first time in living patients the heterogeneous extent of cortical myelin repair demonstrated in post-mortem MS brains [START_REF] Strijbis | Cortical Remyelination Is Heterogeneous in Multiple Sclerosis[END_REF]. The trend towards a significant correlation we found between the index of cortical remyelination and the index of WM remyelination may support the notion of a patient-specific potential of myelin repair, which is common to all brain regions. Nevertheless, the limited strength of this association suggests that the two processes of myelin repair occurring in the cortex and in WM lesions might be complementary to each other, with their relative biological relevance possibly changing over the course of the disease. Our results indicate that clinical disability in MS is best explained by the combination of the indices of cortical and WM remyelination, and suggest that myelin repair of brain tissues might play a key role in the cascade of events leading to the accrual of clinical disability, at least in the relapsing-remitting phase of the disease.

The association we found between a lower index of cortical remyelination and a greater degree of WM volume loss is in line with recent evidence from experimental studies, indicating that myelin repair is critical to preserve axonal integrity and neuronal function after a demyelinating insult [START_REF] Mei | Accelerated remyelination during inflammatory demyelination prevents axonal loss and improves functional recovery[END_REF], possibly through physical and metabolic support to the damaged neuron [START_REF] Hirrlinger | Adapting brain metabolism to myelination and longrange signal transduction[END_REF][START_REF] Morrison | Oligodendroglia: metabolic supporters of axons[END_REF][START_REF] Saab | The role of myelin and oligodendrocytes in axonal energy metabolism[END_REF].

Although this study has been conducted on a limited number of patients and using MTR, a technique known to be sensitive but not completely specific to myelin content changes, our results demonstrate that the measure of individual profiles of cortical myelin repair is feasible and clinically relevant. Nevertheless, since the study design was limited to 2 timepoints, the interpretation of our results is challenged by the lack of information about the chronological age of lesions at study entry. As a result, some of the observed heterogeneity in the potential of cortical remyelination across-patients might be due to differences in the individual extent of acute demyelination at baseline, which is known to be associated with an effective process of myelin repair. Future studies on larger cohorts of patients followedup with multiple time-points combining multiple myelin-sensitive imaging approaches are needed to explore the extent and the clinical relevance of cortical remyelination in all forms of MS, and to investigate the impact of this process over time on the microstructural integrity of WM tracts.

Conclusion

Generating MTR-based individual maps of cortical remyelination, we have provided novel insights into the process of cortical myelin repair in patients with MS: the failure of this mechanism could play a key role in the accrual of clinical disability, while its efficacy may contribute to preventing brain atrophy in patients with MS. The indices of cortical and WM remyelination should be employed together as outcome measures in future clinical trials testing promyelinating therapies. Since the first description of MS, the MS diagnostic criteria has evolved, and are principally based on the demonstration of lesion dissemination in space and time [START_REF] Allison | Prevalence of disseminated sclerosis[END_REF][START_REF] Lublin | and National Multiple Sclerosis Society (USA) Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis*[END_REF][START_REF] Mcdonald | Recommended diagnostic criteria for multiple sclerosis: Guidelines from the international panel on the diagnosis of multiple sclerosis[END_REF]Polman et al., 2005a[START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald criteria[END_REF][START_REF] Poser | New diagnostic criteria for multiple sclerosis: Guidelines for research protocols[END_REF][START_REF] Schumacher | Problems of Experimental Trials of Therapy in Multiple Sclerosis: Report by the Panel on the Evaluation of Experimental Trials of Therapy in Multiple Sclerosis[END_REF][START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF]. While the recent 2017 revision to
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McDonald criteria does not address directly the role of ultra-high field imaging in MS diagnosis, the authors highlighted the need to further investigate its ability to detect lesions and to reveal their anatomical features, to determine whether 7T UHF imaging is useful and practical, particularly in non-academic settings. In this chapter, we will demonstrate benefits of 7T UHF pTx imaging for MS diagnostic, and in particular for MS GM lesion detection implementing for the first time on patients with MS plug-and-play Universal Pulse (UP) sequence suite. In this chapter, we will describe specific implementation of UHF protocol in dynamic RF-shimming parallel transmission (pTx), and we will disclose first results

including patients with MS. We will focus on whole brain MS lesion detection through a comparison of various 3D non-selective weighted sequences.

UHF imaging challenges

The use of 7T UHF MRI offer the advantage of increased SNR and CNR when compared with lower field MRI scanner. This can be used to improve specificity and sensitivity through higher spatial resolution of imaging and stronger contrasts. However, as suggested by Sati in a recent paper, the advantages in SNR and CNR provided by 7T UHF MRI are not without drawbacks [START_REF] Sati | Diagnosis of multiple sclerosis through the lens of ultra-high-field MRI[END_REF]. UHF imaging suffers from stronger image artefacts than 3T images, related to the inhomogeneities in the static magnetic field (B0), RF transmit field (B1+), and subject motion. It also raises safety concerns regarding RF energy deposition, as the specific absorption rate (SAR) limitations are set independently of B0. These disadvantages makes it more challenging to image routinely patients with MS in a clinical setting, at least without radical technological evolutions.

B0 heterogeneity

In areas where the difference between tissues susceptibility is large, such as the air-tissue interface, local variations are introduced into the static field, resulting in overall image degradation. This artefact can occur at all field strengths, but is particularly pronounced at high or ultrahigh fields. These undesired disparities in the main field not only result in signal loss due to intra-voxel dephasing, but also in geometrical distortions originating from the bias introduced in the frequency encoding.

B1+ heterogeneity

UHF MRI also suffers from the inhomogeneous propagation of the radiofrequency field in the human body. RF is emitted at a fix wavelength to match the Larmor frequency. High magnetic field tends to shorten the RF wavelength, as shown in air λ≈4.68m at 1.5T, λ≈2.34m at 3T, and λ≈1.00m at 7T. In tissue, the RF wavelength is even more shortened (λ≈52 cm at 1.5T, λ≈26 cm at 3T, and λ≈11 cm at 7T). When the wavelength comes close to, or is shorter than, the dimensions of the imaged organ, RF inhomogeneity artefacts can appear, resulting in regions of bright signal or zones of shade, loss of contrast, and sometimes signal void contrast throughout the brain. Large B1+ inhomogeneities lead to substantial variations of the flip angle across the field-of-view, resulting in variable SNR and image contrast.

Specific Absorption Rate (SAR)

The energy deposited by the RF field may induce tissue heating, with potential consequences ranging from heatstroke to irreversible damage. International standards propose guidelines for the maximum energy deposition in human subjects to provide sufficient safety with respect to the induced temperature. These recommendations are based on the measurement of the global SAR, induced in a volume of interest as the head, and on the local SAR estimation, induced in 10g of tissue. To fullfil the SAR constraints, sequences parameters have to be adapted.

Solutions to B1+ inhomogeneities

As previously discussed, UHF MRI encountered multiple artefacts, with a major challenge to application in clinical MRI on the inhomogeneity of the RF called the B1+ artefacts (Figure 8.1). Many technical approaches have been developed to address this artefact and to limit its impact on images, as the use of dielectric pads, or specific setting such as coils for parallel transmission. The B1+ artefact is visible as zones of shade, loss of contrast, mainly localized in the temporal lobes and the cerebellum (green areas).

Dielectric pads

One technique developed to overcome B1+ inhomogeneity is the dielectric pads. One way is to adapt the coil by adding pads, composed of a mixture of water and high permittivity materials. The dielectric pads are placed on the skin of the subject, near the temporal lobes or in front of the cerebellum (Teeuwisse et al., 2012b(Teeuwisse et al., , 2012a)). Quantitative measurements have shown that these high permittivity pads introduced into the coil do not increase global or local SAR (Teeuwisse et al., 2012b), while significantly increasing the image quality locally, in particular in the temporal lobes and the cerebellum. Unfortunately, dielectric pads are not entirely fulfilling the requirements to be used in UHF clinical routine. They represent an important bulk in the coil which makes them difficult to set reliably. In addition, they reduce the subject's comfort, and depending on the mixture they degrade rapidly. Adapted from [START_REF] Tomi-Tricot | Clinical applications of the kT-points method to homogenise spin excitation in 3T MRI[END_REF] In static RF-shimming, each channel transmits the same RF pulse waveform, with adjusted amplitude and phase. However, the technique needs a calibration, obtained with the acquisition of B1+ maps from each of the channels. This technology makes possible the correction of a large part of the problems encountered at 3T on large organs [START_REF] Tomi-Tricot | Clinical applications of the kT-points method to homogenise spin excitation in 3T MRI[END_REF]. At higher fields, this approach unfortunately only partially solves the problems encountered.

Another more complex solution is to determine individually the excitation that will be applied. Thus, in dynamic RF-shimming, the RF pulses do not share common pulse shape, with the disadvantage to be longer. Multiple techniques have been developed to design pulses that satisfy the need of specific excitation, and to further reduce the pulse duration.

More effective strategies have been developed as described by Padormo and colleagues [START_REF] Padormo | Parallel transmission for ultrahigh-field imaging[END_REF]) (Figure 8.3). However, the solutions proposed require additional acquisition of the B1+ and B0 maps for calibration purposes and computing time during the exam, for the pulse design. Altogether it can take up to 15min with 8 channel transmitter array. In the case of non-selective selection, simple hard pulses are often employed (which correspond to a point at k = 0, left). Low frequency k-space modulations can also be introduced in three dimensions as shown by the kT-points method, with the trajectory 'stopping' at discrete locations in k-space [START_REF] Cloos | kT -points: short three-dimensional tailored RF pulses for flip-angle homogenization over an extended volume[END_REF]. Alternatively, the 'spiral non-selective' (SPINS) method uses a continuously moving 3D spiral trajectory to cover a low-frequency 3D k-space at variable velocity [START_REF] Malik | Tailored excitation in 3D with spiral nonselective (SPINS) RF pulses[END_REF]. Adapted from [START_REF] Padormo | Parallel transmission for ultrahigh-field imaging[END_REF] Recently, to reduce and null this preparation phase, Gras and colleagues came up with a solution to optimize kT-points design, taking advantage of the relative homogeneity in shape and composition of the brain to provide a push-button solution, called "Universal Pulses" (Gras et al., 2017a). The concept of the universal pulses, illustrated by Therefore, given a coil and a sequence, this solution provides a pulse applicable to any subject in the scanner, avoiding the acquisition of additional B1+/B0 maps and time loss.

This technique makes possible the use of pTx imaging in clinical routine for the brain. In "Protected mode", the power from each transmit RF is measured by the TALES (Figure 8.5-3) and processed in the PALI (Figure 8.5-4), which estimates the mean power per channel and the sum of the power sent. Limit for these two variables has been set by the manufacturer to ensure safe SAR conditions for the volunteers. If global SAR is exceeded, the PALI will stop the transmission of RF by the RF power amplifier.

Beyond the "Protected mode", the user can performed the SAR management using the "Local SAR mode". This mode has been created to fit better to reality in term of RF deposition, and gives more freedom to the users to take advantages of pTx MRI.

In "Local SAR mode", the amplitude and the phase of the RF are sent to the imager to simulate local SAR on head models. So far, it is not possible to process realtime SAR calculation on several full head models, therefore calculations are only carried on Virtual Observation Points (VOPs) (Figure 8.5-5). The VOPs represents 'virtual locations' whose local SAR would be the highest in any configuration [START_REF] Eichfelder | Local specific absorption rate control for parallel transmission by virtual observation points[END_REF]. Local SAR is calculated as the worse local SAR corrected with an additional safety margin, which encountered for interindividual variability including the position in the coil, measurement errors, and simulation/experimentation misalignment, over the transmitting channel (Le [START_REF] Garrec | Probabilistic analysis of the specific absorption rate intersubject variability safety factor in parallel transmission MRI[END_REF]. As long as the SAR limits are not exceeded, the imager sends O.K.

signal to the PALI, allowing the sequence to be launched.

UHF 7T MRI to assess lesion dissemination in space

Since the first investigations at 7T in patients with MS [START_REF] Ge | Seven-Tesla Magnetic Resonance Imaging: New Vision of Microvascular Abnormalities in Multiple Sclerosis[END_REF][START_REF] Hammond | Quantitative in vivo magnetic resonance imaging of multiple sclerosis at 7 Tesla with sensitivity to iron[END_REF][START_REF] Tallantyre | Demonstrating the perivascular distribution of MS lesions in vivo with 7-Tesla MRI[END_REF], 7T MRI has brought new insights into lesion evolution and its associated pathology (Absinta et al., 2016b;[START_REF] Inglese | Clinical applications of ultra-high field magnetic resonance imaging in multiple sclerosis[END_REF]. A series of studies, presented in the Chapter 3, illustrated that 7T MRI can improve visualization of small brain structures and subtle pathologies due to the increased SNR, spatial resolution, and CNR. [START_REF] Abdel-Fahim | Improved detection of focal cortical lesions using 7T magnetisation transfer imaging in patients with multiple sclerosis[END_REF][START_REF] De Graaf | Clinical application of multi-contrast 7-T MR imaging in multiple sclerosis: increased lesion detection compared to 3 T confined to grey matter[END_REF][START_REF] Kilsdonk | Increased cortical grey matter lesion detection in multiple sclerosis with 7 T MRI: a post-mortem verification study[END_REF][START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF][START_REF] Tallantyre | 3 Tesla and 7 Tesla MRI of multiple sclerosis cortical lesions[END_REF], showing an increased sensitivity of the UHF 7T MRI. Post-mortem studies have allowed prospective and retrospective detection with histological a-priori. The post-mortem study performed by Kilsdonk and colleagues established that, prospectively, 7T sequences are more sensitive than 3T ones, independently of the sequence [START_REF] Kilsdonk | Increased cortical grey matter lesion detection in multiple sclerosis with 7 T MRI: a post-mortem verification study[END_REF]. Retrospectively to histological identification of cortical lesions, the sensitivity was higher for 7T sequences, compared to the same sequence at 3T, excepted for the T1-w sequence. Although DIR sequence has been identified as the gold standard for cortical lesion detection at 1.5T (Geurts et al., 2005b), the authors identified both FLAIR and T2*-w sequences as the most suitable sequences for cortical lesion detection at 7T. Similar results were found in vivo, by the identification of FLAIR or T2*-w sequences for cortical lesion detection [START_REF] Beck | Improved visualization of cortical lesions in multiple sclerosis using 7T MP2RAGE[END_REF][START_REF] Cohen-Adad | In vivo evidence of disseminated subpial T2* signal changes in multiple sclerosis at 7T: A surface-based analysis[END_REF][START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF][START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF][START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF][START_REF] Tallantyre | 3 Tesla and 7 Tesla MRI of multiple sclerosis cortical lesions[END_REF]. In the study performed by Tallantyre and colleagues, they concluded that DIR, FLAIR, and MPRAGE sequences provided complementary information for the detection of MS cortical lesions [START_REF] Tallantyre | 3 Tesla and 7 Tesla MRI of multiple sclerosis cortical lesions[END_REF]. Nielsen and colleagues highlighted the capacity of the T2*-w to differentiate subtypes of cortical lesions, by the detection of subpial lesions not visible on 3T DIR [START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF].

Beyond cortical lesions, periventricular and infratentorial lesions are part of the four area to prove the dissemination in space. However, in the majority of the studies performed at 7T to assess cortical did not always provided reliable information from infratentorial area, showing the need to perform whole-brain acquisition.

Solutions for whole-brain coverage

At 7T, T2-w or FLAIR images were mainly obtained from a turbo spin-echo sequence.

However, this sequence suffers from large RF power deposition, which might blocked the acquisition before sequence launching because of theoretical exceeding safety limits.

Consequently, T2-w or FLAIR sequences can be performed within the SAR limits by increasing the TR, leading to longer scan time, or by reducing the number/resolution of slices. Only few studies presented in the Chapter 3 section 3.3.1 performed a full brain coverage for T2-w or FLAIR acquisitions, probably due to B1+ inhomogeneities or very long scan time. Both De Graaf and colleagues, and Kilsdonk and colleagues were able to perform whole brain FLAIR acquisition at submillimetric resolution (0.8mm isotropic) with the cost of long time acquisition (~13min) [START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF][START_REF] De Graaf | Clinical application of multi-contrast 7-T MR imaging in multiple sclerosis: increased lesion detection compared to 3 T confined to grey matter[END_REF][START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF].

To assess whole brain coverage for T2-w or FLAIR acquisition, other teams increased the resolution to 1mm isotropic [START_REF] Harrison | Association of Cortical Lesion Burden on 7-T Magnetic Resonance Imaging With Cognition and Disability in Multiple Sclerosis[END_REF], or performed multi-slab acquisition with larger slice thickness to fulfil SAR constraints [START_REF] Kollia | First Clinical Study on Ultra-High-Field MR Imaging in Patients with Multiple Sclerosis: Comparison of 1.5T and 7T[END_REF][START_REF] Mainero | In vivo imaging of cortical pathology in multiple sclerosis using ultrahigh field MRI[END_REF].

Taking together, the results from presented studies demonstrate the utility of 7T UHF sequences, such as T1-w, T2-w, and FLAIR images, and T2*-w sequence, to assess the lesion dissemination in space, in particular the presence of cortical lesions. Despite promising results on the increased detection of cortical lesions in patients with MS, the presented principally infratentorial acquisition with possible B1+ artefact, and in majority long scan time to assess submillimetric resolution. As presented in the previous part, B1+

inhomogeneity can be overcome using pTx imaging associated to UP, which has already shown promising results on healthy brain imaging [START_REF] Gras | Signal-domain optimization metrics for MPRAGE RF pulse design in parallel transmission at 7 tesla[END_REF](Gras et al., , 2017a[START_REF] Gras | Design of universal parallel-transmit refocusing kT -point pulses and application to 3D T2 -weighted imaging at 7T[END_REF](Gras et al., , 2019a;;[START_REF] Massire | Parallel-transmission-enabled three-dimensional T2-weighted imaging of the human brain at 7 Tesla[END_REF], and might help to deploy 7T full power for whole brain acquisition of MS brain [START_REF] Gras | PASTeUR: Package of Anatomical Sequences using parallel Transmission UniveRsal kT-point pulses[END_REF].

Aims

In our study, we aimed to show the diagnostic benefits and robustness of UP pTx sequences at 7T for the first time in the context of clinical research on patients with MS, by the comparison of 7T sequences performed in both pTx mode and pseudo-CP mode, which mimics the CP mode under pTx configuration. pTx imaging is a powerful technique to overcome the principal limitation of UHF 7T MRI that is the B1+ inhomogeneity. Using pTx imaging, we achieved high resolution while preserving image quality. Then, we will also demonstrate the improvement in lesion detection at 7T compared to standard 3T protocol, introducing the idea that 7T could really enhance MS detection and follow-up could evolved in the future.

8.5 Methods

Subjects

During the first part of the study, consisting on the protocol set-up, 7 healthy volunteers have been recruited to perform the 7T pilots, first in CP mode (n=5), then in pTx mode (n=2).

Since the beginning of the clinical research protocol in May 2019, only one patient with RRMS have been included in the protocol. At study entry, the subject underwent a full neurological examination and clinical assessment.

All the healthy pilot volunteers and the patient signed written informed consent to participate in a clinical and imaging protocol approved by the local and national ethical committees.

Imaging protocols

The pilots underwent part of the 7T protocol with variable sequence parameters or mode.

The subjects recruited in the clinical research protocol underwent an MRI protocol on a Siemens 3T PRISMA scanner, equipped with a 32 receiver (Rx) head coil, an MRI protocol on a Siemens MAGNETOM 7T scanner, equipped with a 8Tx/32Rx head coil, and a 90 minutes dynamic [ 11 C]-FMZ PET exam on a high-resolution research tomograph (HRRT;

CPS Innovations, Knoxville, TN). Part of the MRI protocols and the PET acquisition have not been discussed in the follow because it is out of the scope of this study.

3T

The 3T protocol has been set based on previous research protocols performed in the team [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF][START_REF] Bodini | Dysregulation of energy metabolism in multiple sclerosis measured in vivo with diffusion-weighted spectroscopy[END_REF], and on literature recommendations by MAGNIMS consensus [START_REF] Rovira | Evidence-based guidelines: MAGNIMS consensus guidelines on the use of MRI in multiple sclerosis-clinical implementation in the diagnostic process[END_REF] or for cortical lesion detection [START_REF] Calabrese | Cortical Gray Matter MR Imaging in Multiple Sclerosis[END_REF]. 3T sequences were chosen in the context of a larger project, which aimed to explore the pathological basis of neurodegeneration. Set of anatomical sequences will be used for comparison with 7T sequences. This subpart of the 3T protocol included the following sequences (Table 8.1):

1) 3D Sagittal T1-w magnetization-prepared 2 rapid gradient-echo

2) 3D Sagittal T2-w space 3) 3D Sagittal double inversion recovery 4) 3D Sagittal FLAIR All sequences correspond to product sequences, provided by Siemens with a set of optimized parameters. We paid a particular attention on the DIR sequence parameters as the choice of the TIs couple drive the signal suppression [START_REF] Redpath | Imaging gray brain matter with a double-inversion pulse sequence to suppress CSF and white matter signals[END_REF], with the constraints of the shorter TI being fixed in the product sequence. Out of the context of this preliminary study, other sequences acquired will be used for lesions aging classification through T1-w GRE with and without gadolinium injection. Panel of diffusion-weighted imaging have been set-up with to objective to perform multicompartmental model such as NODDI and whole-brain tractography. Finally, GRE with and without magnetization transfer will be used to reconstruct MTR maps and investigate demyelination both in the WM and the GM, which will not be used for inter-field comparison.

7T

Anatomical 7T sequences have been chosen in line with the current literature about MS, presented in the chapter 3 and the previous part of this chapter, to improve cortical lesion detection, and based on current literature recommendations [START_REF] Marques | How to choose the right MR sequence for your research question at 7T and above?[END_REF]. The protocol has been prepared in parallel transmission mode under "Protected SAR mode" to overcome the B1+ artefact, performing the first pTx protocol in a group of patients with MS.

A package of anatomical sequences has been previously developed and validated for 7T pTx imaging on healthy volunteers [START_REF] Gras | PASTeUR: Package of Anatomical Sequences using parallel Transmission UniveRsal kT-point pulses[END_REF], including 3D T1 MPRAGE [START_REF] Gras | Signal-domain optimization metrics for MPRAGE RF pulse design in parallel transmission at 7 tesla[END_REF], 3D T2-w [START_REF] Gras | Design of universal parallel-transmit refocusing kT -point pulses and application to 3D T2 -weighted imaging at 7T[END_REF][START_REF] Massire | Parallel-transmission-enabled three-dimensional T2-weighted imaging of the human brain at 7 Tesla[END_REF], 3D FLAIR (Gras et al., 2019a) In the 7T protocol, the anatomical T1-w sequence correspond to a MPRAGE sequence, which will be compared to a MP2RAGE at 3T. This change is due to achieve the best standards at 3T while using the best T1-w sequence available at 7T in UP pTx mode.

DIR has been prepared also in pTx, driven in CP mode, to compare the UP pTx and pseudo-CP modes, with similar sequence parameters. For the sake of the acquisition duration, only one pseudo-CP weighted sequence was added to the pTx protocol.

Multi-echo T2*-w has been included in the protocol as some echo have shown improve cortical lesion detection rate, and it allows potentially to reconstruct T2* map and QSM, providing information about demyelination and microglial activation.

Lesion identification

Lesions involving or close to the cortical GM were identified in the axial plane by an experimented neurologist, with the option to confirm on sagittal and coronal images. They were classified as leukocortical and intracortical for GM lesions, and as juxtacortical when only the WM was involved. with results obtained by Gras and colleagues (Gras et al., 2017a[START_REF] Gras | PASTeUR: Package of Anatomical Sequences using parallel Transmission UniveRsal kT-point pulses[END_REF]. Following these results at 7T in pTx with UP, the clinical protocol was definitively set in this mode. 8.2).

8.6.2 3T MRI vs 7T UP MRI

Improve lesion detection

On the 7T DIR in pTx with UP, a hyperintense lesion is visible along the cortex (Figure 8.8).

On the same sagittal slice, this lesion was not visible on the 3T DIR, due to partial volume effect and probably better contrast.

The use of the other 7T sequences (FLAIR and T1-w) helps in the visualization of this lesion, in particular its position relative to the GM/WM interface. The combination of the three contrasts allowed to characterize this lesion as juxtacortical lesion, following the cortical ribbon without penetrating. FLAIR sequences acquired at 3T and 7T. The juxtacortical lesion visible on 7T DIR was also visible on 7T FLAIR as a hyperintense lesion. In addition, this lesion was hardly detectable on 3T FLAIR without apriori of 7T FLAIR. (Bottom) T1-w sequences at 3T (MP2RAGE) and 7T (MPRAGE). In both field strength, the lesion identified in the yellow circle was identified as a hypointensity.

Differentiate lesion types

In some case, hyperintense lesions detected on DIR were visible at both 3T and 7T, without the possibility to disentangle between subtypes of cortical lesions. The improve CNR and the higher resolution offered by the 7T images allowed to characterize cortical lesions. In the example shows below (Figure 8.9), two lesions have been highlighted by colored circle.

These two lesions appears hyperintense on DIR at 3T, with some difficulties to identify the upper one (yellow circle), which could easily be interpreted as an artefact. Although these lesions are also visible as hypersignal on FLAIR and hyposignal on T1-w images at 7T.

On 3T DIR, it is difficult to determine the type of cortical lesions. The more visible one (red circle) might be classified as leukocortical. The information provided by 7T sequences confirmed this result. Moreover, the lesion appeared bigger on 3T DIR compared to the same sequence at 7T, which might be due to partial volume from lesional signal spreading around the lesion.

Concerning the upper lesion (yellow circle), the combination of 7T sequence, in addition to allowing the visualization of this cortical, help in defining this lesion as leukocortical. 

Discussion

This study is the first application of dynamic RF-shimming pTx imaging at 7T on pathological conditions. Since the beginning of the clinical research protocol, only one relapsing-remitting patient has been included. However, the use of pTx imaging has already shown promising results.

First, it overcomes one of the main challenge at 7T, corresponding to the B1+ artefact, visible as a loss of signal in the temporal lobes as well as in the cerebellum. The same set of anatomical sequence was acquired in CP and UP pTx modes during pilots on healthy volunteers. All sequences showed a major improvement of the B1+ inhomogeneoties by the recovery of the signal in the temporal lobes and the cerebellum. In the only patients with MS already included in the clinical research protocol, the DIR sequence has been acquired for both pseudo-CP mode and pTx mode to evaluate the reduction of the B1+ artefact using pTx with UP. The DIR sequence acquired in UP pTx has shown major improvement in the quality of the sequence in temporal lobes and the cerebellum, compared to the same sequence in pseudo-CP mode. Other sequences acquired only on pTx mode have confirmed previous findings obtained on healthy controls for the FLAIR sequence (Gras et al., 2019a), and the T1-w MPRAGE [START_REF] Gras | Signal-domain optimization metrics for MPRAGE RF pulse design in parallel transmission at 7 tesla[END_REF]. In particular, they showed that the signal improvement allows robust application of segmentation pipeline (Gras et al., 2019a). In the context of MS, it is necessary to obtain robust tissue segmentation, as it allows region-specific comparisons between subjects or between groups in particular region of interest for specific data, such as MTR or PET images.

Second, the use of pTx imaging with UP has suggested interesting results on the improve detection of lesion, and on the characterization of subtypes of lesions. It has allowed to distinguish lesions close to the GM/WM interface that were not visible on 3T sequence. The results we obtained on the first patient with MS of our cohort are promising as they already

show an increased quality of the sequences, in terms of decreasing B1+ artefacts, increasing CNR, and increasing resolution. Moreover, the improve detection of cortical lesions seen is in line with similar studies focused on cortical lesions, comparing 3T and 7T both in vivo and post-mortem. The work of Kilsdonk and colleagues is an post-mortem example of the improvement of the detection rate allowed by the use of 7T MRI [START_REF] Kilsdonk | Increased cortical grey matter lesion detection in multiple sclerosis with 7 T MRI: a post-mortem verification study[END_REF]. The authors found the largest improvement for FLAIR sequence, with 225% more cortical lesions detected at 7T, compared to 3T [START_REF] Kilsdonk | Increased cortical grey matter lesion detection in multiple sclerosis with 7 T MRI: a post-mortem verification study[END_REF]. These results are in line with an earlier study performed in vivo [START_REF] De Graaf | Clinical application of multi-contrast 7-T MR imaging in multiple sclerosis: increased lesion detection compared to 3 T confined to grey matter[END_REF], showing an improvement of 238% with 7T FLAIR. These two promising sequences are part of our protocol. They already showed their capacities to improve the cortical lesion visualization. Once more patients with MS will be included, the statistical benefits provided by the use of 7T UHF MRI for cortical lesion detection will be assess by performing a Matched-pair Wilcoxon signed-rank tests.

These statistical analyses will be performed on cortical lesion segmentations blinded for the field and the subject by at least two expert neurologists.

Improved cortical lesion detection at 7T have also been reported using 2D single-echo T2*w sequences [START_REF] Ge | Seven-Tesla Magnetic Resonance Imaging: New Vision of Microvascular Abnormalities in Multiple Sclerosis[END_REF][START_REF] Granberg | In vivo characterization of cortical and white matter neuroaxonal pathology in early multiple sclerosis[END_REF][START_REF] Kollia | First Clinical Study on Ultra-High-Field MR Imaging in Patients with Multiple Sclerosis: Comparison of 1.5T and 7T[END_REF][START_REF] Louapre | Beyond focal cortical lesions in MS[END_REF][START_REF] Mainero | In vivo imaging of cortical pathology in multiple sclerosis using ultrahigh field MRI[END_REF][START_REF] Mainero | A gradient in cortical pathology in multiple sclerosis by in vivo quantitative 7T imaging[END_REF][START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF][START_REF] Nielsen | Contribution of cortical lesion subtypes at 7T MRI to physical and cognitive performance in MS[END_REF][START_REF] Treaba | Longitudinal Characterization of Cortical Lesion Development and Evolution in Multiple Sclerosis with 7.0-T MRI[END_REF]. In the literature, this sequence has been proposed as the new gold-standard for cortical lesion detection at 7T [START_REF] Nielsen | Focal cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2[END_REF], replacing the DIR sequence. Despite the availability of this sequence at 7T in pTx mode [START_REF] Gras | Homogeneous non-selective and slice-selective parallel-transmit excitations at 7 Tesla with universal pulses: A validation study on two commercial RF coils[END_REF], we have chosen to not include it in our protocol. This choice has been made following the need of whole brain acquisition in acceptable scan time.

Indeed, the actual sequence allows to perform 80mm coverage (40 slices at 2mm slices thickness) within 5min [START_REF] Gras | Homogeneous non-selective and slice-selective parallel-transmit excitations at 7 Tesla with universal pulses: A validation study on two commercial RF coils[END_REF]. To assess whole brain coverage with submillimetric resolution, the scan time will largely increase to overtake 30min. In addition, our protocol included the DIR, which might replace the 2D single-echo T2*-w sequence, as it has been shown that DIR at standard strength field improves lesion identification in many regions of the brain (Geurts et al., 2005a;[START_REF] Wattjes | Double inversion recovery brain imaging at 3T: diagnostic value in the detection of multiple sclerosis lesions[END_REF]. Until now, technical and safety limitations with the B1+ field and production of 180° pulses on high-field systems made the implementation of this pulse sequence challenging at 7T, which have limited its use at UHF [START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF][START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF]. We took advantages of recent technical development performed by Gras and colleagues to include the whole brain DIR sequence in our protocol [START_REF] Gras | PASTeUR: Package of Anatomical Sequences using parallel Transmission UniveRsal kT-point pulses[END_REF].

In the literature presented in the Chapter 3 section 3.3.1, only few studies have investigated cortical lesions using isotropic resolution, in particular submillimetric resolution, in our case at 0.8mm 3 isotropic (de [START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF]Graaf et al., , 2013;;[START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF]. Their isotropic protocol included a 3D T1-w, a 3D FLAIR, and for two of them a 3D DIR (anisotropic resolution) [START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF][START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF]. In our 7T protocol, we have proposed a similar set of sequence in a lower scan time (T1+FLAIR: reference=22min49s, pTx=17min38s), the major improvement being on the T1-w sequence. In addition, the authors proposed an anisotropic DIR at 1x1x0.8mm 3 for a scan time of 11min04s. They were the only ones proposing this sequence at 7T, despite its status of gold standard at 3T. In our protocol, we have set a DIR at 0.8mm 3 isotropic for 15min18s. During the optimization of the sequence parameter, we have chosen inversion times for an optimal WM and CSF signal suppression, as described by Redpath at 3T [START_REF] Redpath | Imaging gray brain matter with a double-inversion pulse sequence to suppress CSF and white matter signals[END_REF]. Compared to the 3T DIR sequence, we had the possibility to vary the long and the short TIs of the 7T DIR sequence to assess the most efficient WM and CSF signal suppression, the latter being fixed at 3T limiting the signal suppression. During the pilots performed at 7T on healthy volunteers, we tested several couple of TR and TIs to finally set the TIs at 550/3450ms. The final couple chosen showed a good contrast for the GM through the suppression of the WM and CSF signals. Moreover, the two values obtained were in line with the ones found in the two study using DIR at 7T (TIs=550/3150ms) (de [START_REF] De Graaf | Lesion detection at seven Tesla in multiple sclerosis using magnetisation prepared 3D-FLAIR and 3D-DIR[END_REF][START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF].

Thus, the optimization of the DIR parameters have allowed to get the best of the sequence, and the use of the pTx with UP have shown the benefits provided by 7T UHF MRI combined with UP pTx to overcome B1+ artefacts. This new conditions might put back in the race the DIR sequence as the gold-standard for cortical lesion detection especially if it is carried out with high spatial resolution at 7T.

One limitation of the pTx protocol we set up is the long scan time, approximatively 30min

to perform the 3 main anatomical sequences at 0.8mm 3 isotropic with whole brain coverage.

This scan time is longer than the 3T protocol for the same sequences with routine clinical parameters (<20min). To our knowledge, no literature at 3T reports higher DIR resolution than 1mm isotropic for 3D DIR with whole brain coverage. To assess the same resolution at

3T as what we proposed at 7T, 3T sequence parameters will have to be adapted to keep decent SNR by increasing the TR, which will drastically increase the scan time. However, pushing so far the resolution at 3T for the DIR to obtain 0.8mm 3 isotropic does not guarantee that the image quality is maintained due to low SNR and CNR. In addition, we have to keep in mind that only a half hour in the 3T protocol is available for the sequences that will be compared to 7T sequence. The second half hour of the protocol contained sequences to investigate WM damage such as MTI and a specific panel of DWI for DTI and multicompartmental modelling, as well as for WM lesion segmentation such as T1 hypointense and gadolinium enhancing lesions.

Our 7T protocol also included a multi-echo T2*-w sequence, not acquired for the first patient with MS due to technical issues. This sequence allows the reconstruction of T2* maps and QSM, which are sensitive to myelin and iron content. It opens perspective on the investigation of myelin content in the cortex, to characterize demyelination in both normal appearing GM and cortical lesions. Several studies have already showed interesting results on tissue damage in the cortex using multi-echo T2*-w acquisition [START_REF] Cohen-Adad | In vivo evidence of disseminated subpial T2* signal changes in multiple sclerosis at 7T: A surface-based analysis[END_REF][START_REF] Louapre | Beyond focal cortical lesions in MS[END_REF][START_REF] Mainero | A gradient in cortical pathology in multiple sclerosis by in vivo quantitative 7T imaging[END_REF]. They demonstrated a gradient of cortical pathology throughout cortical layer and around cortical lesions. Patients with MS showed increased T2* values, relative to healthy controls, consistent with cortical myelin and iron loss. Moreover, they found that T2* changes preferentially involved cortical sulci rather than cortical gyri, corroborating the hypothesis that subpial demyelination is a process likely facilitated by the adjacent meningeal inflammatory milieu [START_REF] Howell | Activated Microglia Mediate Axoglial Disruption That Contributes to Axonal Injury in Multiple Sclerosis[END_REF][START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF][START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF]. In addition, the use of susceptibility properties of tissue, visible on QSM or in phase imaging, might allowed us to distinguish WM lesions defined by rim of iron, as described by Absinta and colleagues [START_REF] Absinta | 7T PHASE IMAGING OF ACUTE MS LESIONS: A NEW WINDOW INTO THE INFLAMMATORY PROCESS[END_REF](Absinta et al., , 2016a)). The authors described early lesions with persistent phase rim, which became chronic T1 hypointense lesions over time, reflecting a failure of myelin repair and irreversible axonal damage. The protocol we set up offered perspective on the characterization of lesions presenting an iron rim. 7T susceptibility imaging will allow us to classify lesions as with rim (rim+) and without rim (rim-). Using quantitative imaging at both 3T and 7T, we might investigated pathological mechanisms of MS such as demyelination and inflammation, and determined the clinical impact of this type of lesions.

Conclusion

To conclude this chapter, we have set up a protocol at 7T taking advantages of the state-ofthe-art methodological optimizations. This study is the first application in pathological conditions of the dynamic shimming parallel-transmission developed at Neurospin by Vincent Gras, Nicolas Boulant and Franck Mauconduit. With this protocol, we aimed to provide a reliable set of sequences at 7T, which demonstrates the diagnostic benefits and robustness of UP pTx sequence in clinical research. In addition, the set of sequences chosen included anatomical sequences with optimized parameters to improve cortical lesion detection, to demonstrate that 7T scanner could offer new opportunities in clinical practice and the way MS diagnosis and follow-up could carried on in the future.

General Conclusions: The answer of the key questions

In this final Chapter, the conclusions drawn from all the studies presented in this thesis will be summarized, and the answer to the key questions will be discussed. There were two major objectives in this thesis. We first focused on the in vivo characterization of WM pathology at the individual level by the development of a new method evaluating the regional patterns of innate immune cell activation in patients with MS, and their relationship with the proximity of CSF. The second section investigated the GM pathology through the characterization of remyelination at the individual level as well as through an improved detection of cortical demyelinated lesion using an optimized ultra-high field acquisition protocol. Finally, future research perspectives that could originate from the results reported in this thesis will be presented.

In vivo characterization of WM pathology at the individual level

Since it has been described that microglial activation could play a key role in the pathogenesis of MS [START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF], an important requirement for a better understanding of this mechanism was the availability of accurate and specific techniques for its characterization. The first two studies presented in this thesis (Chapter 5 and Chapter 6) aimed to provide specific techniques for the identification of the innate immune cell activation in patients with MS compared to an age-and gender-matched group of healthy controls, and to investigate its impact on disability.

Individual maps of activated innate immune cells and lesion classification

In the literature, TSPO PET has been previously used to investigate innate immune cell activation in patients with MS. Several studies have demonstrated a global increased TSPO binding in the WM and GM of patients with MS, at all stages of the disease from early CIS to late progressive stages [START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis. Quantitative in vivo imaging of microglia as a measure of disease activity[END_REF]Datta et al., 2017a;[START_REF] Giannetti | Increased PK11195-PET binding in normal-appearing white matter in clinically isolated syndrome[END_REF][START_REF] Kaunzner | Reduction of PK11195 uptake observed in multiple sclerosis lesions after natalizumab initiation[END_REF][START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF][START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF][START_REF] Rissanen | Microglial activation, white matter tract damage, and disability in MS[END_REF][START_REF] Singhal | 18F-PBR06 Versus 11C-PBR28 PET for Assessing White Matter Translocator Protein Binding in Multiple Sclerosis[END_REF][START_REF] Sucksdorff | Evaluation of the Effect of Fingolimod Treatment on Microglial Activation Using Serial PET Imaging in Multiple Sclerosis[END_REF][START_REF] Vowinckel | PK11195 binding to the peripheral benzodiazepine receptor as a marker of microglia activation in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF]. In our first study, presented in Chapter 5, we proposed a new imaging tool to measure innate immune cell activation and to evaluate its impact on clinical scores. By combining [18F]-DPA714 PET to MRI, we have developed a new technique to quantify innate immune cell activation and generate subject-specific regional maps of activated innate immune cell. Based on this technique, a high between-Future studies including long-term longitudinal follow up will elucidate whether this means that patients with a relapsing MS and chronic active lesions are more prone to evolve towards a progressive stage.

The methodological approach developed in our work is innovative in multiple aspects. First, this study is the largest application of [18F]-DPA714 in a group of patients with MS. Among the tracers available to measure neuroinflammation, we have selected the [18F]-DPA714, as it has been successfully employed in animal models of MS [START_REF] Abourbeh | Imaging Microglial/Macrophage Activation in Spinal Cords of Experimental Autoimmune Encephalomyelitis Rats by Positron Emission Tomography Using the Mitochondrial 18 kDa Translocator Protein Radioligand [18F]DPA-714[END_REF], and has a good in vivo biodistribution [START_REF] Arlicot | Initial evaluation in healthy humans of [18F]DPA-714, a potential PET biomarker for neuroinflammation[END_REF]. This tracer has shown several advantages compared to the existing reference compound PK11195 in term of brain entrance and signal to noise ratio. Moreover, we have chosen a fluorinated, offering a longer half-life for acquisition. PET imaging uses short-lived radioactive isotopes bound to the ligands that interact with their specific targets, as an example 20min for an 11C-tracer or 110min for an 18F-tracer. The short half-life of carbon-11 imposes a production on-site of the labelled radiotracer.

Second, all PET images were acquired on a high-resolution research tomography (HRRT, Orsay, France) which has the highest sensitivities and spatial resolutions among currently available PET scanners (2.5 mm) and allows accurate localization of TSPO uptake within the brain.

Third, differences in second-generation TSPO ligand affinity can arise from the rs6971 polymorphism, and can be addressed by genetic stratification. To overcome this limitation, we included the TSPO affinity in the voxel-wise comparison, increasing the statistical power of the analysis. Two separate thresholds for HAB and MAB were then calculated to generate subject-specific maps of activated innate immune cells, unbiased for TSPO affinity.

Finally, for all TSPO radiotracers, there are challenges that relate to the quantification of binding parameters [START_REF] Turkheimer | The methodology of TSPO imaging with positron emission tomography[END_REF]. Compartmental modeling using the arterial input function is classically considered as the gold standard quantification method and was first employed for [11C]-PK11195 studies. However, arterial blood sampling is an invasive procedure, and therefore a number of alternatives to the standard quantification have been recently proposed. Reference region methods have been applied in several clinical studies, initially by selecting as input function the time-activity curve (TAC) of a brain reference region supposed to be devoided of specific TSPO binding. The cerebellum has initially been proposed as a reference region for TSPO ligands. However, the precise localization of microglial activation binding is usually unknown. Yet, this method cannot be used when inflammation could involve cerebellum. As an alternative, a pseudo reference region can be identified by modelling the TAC of the tracer in each voxel of the brain. We took advantages of the recent development of an automatic reference region extraction for the quantification of the [18F]-DPA714, based on a supervised cluster approach, introduced by Turkheimer and colleagues [START_REF] Turkheimer | Reference and target region modeling of [11C]-(R)-PK11195 brain studies[END_REF].

Of note TSPO tracers are known to bind mainly to activated microglia and macrophages, but also to astrocytes, and endothelial cells [START_REF] Lavisse | Reactive Astrocytes Overexpress TSPO and Are Detected by TSPO Positron Emission Tomography Imaging[END_REF][START_REF] Rizzo | Kinetic modeling without accounting for the vascular component impairs the quantification of [(11)C]PBR28 brain PET data[END_REF][START_REF] Wimberley | Impact of Endothelial 18-kDa Translocator Protein on the Quantification of 18F-DPA-714[END_REF]. This will require in the future to improve existing quantification models in order to differentiate endothelial from glial TSPO binding [START_REF] Rizzo | Generalization of endothelial modelling of TSPO PET imaging: Considerations on tracer affinities[END_REF][START_REF] Tonietto | A Unified Framework for Plasma Data Modeling in Dynamic Positron Emission Tomography Studies[END_REF][START_REF] Wimberley | Impact of Endothelial 18-kDa Translocator Protein on the Quantification of 18F-DPA-714[END_REF].

Regionalization of the activated innate immune cells together with tissue damage

In the study presented in the Chapter 6, based on the generation of individual maps of innate immune cell activation, we have investigated the regionalization of this activation as a function of the distance from ventricular CSF. We found for the first time in vivo a periventricular gradient of activated innate immune cells reflected by a higher level proximal to the CSF compared with more distant tissues. We also confirmed the presence of a periventricular gradient of tissue damage, measured by MTR.

Until now, several studies have described a gradient of tissue damage in vicinity to CSF, as reflected by a lower level of MTR close to the CSF, in both the WM and the cortical GM, at all stages of the disease (Brown et al., 2019a[START_REF] Brown | Periventricular magnetisation transfer ratio abnormalities in multiple sclerosis improve after alemtuzumab[END_REF][START_REF] Brown | An abnormal periventricular magnetization transfer ratio gradient occurs early in multiple sclerosis[END_REF][START_REF] Liu | Magnetization transfer ratio measures in normal-appearing white matter show periventricular gradient abnormalities in multiple sclerosis[END_REF][START_REF] Pardini | Relationship of grey and white matter abnormalities with distance from the surface of the brain in multiple sclerosis[END_REF][START_REF] Pardini | The relationship between cortical lesions and periventricular NAWM abnormalities suggests a shared mechanism of injury in primaryprogressive MS[END_REF][START_REF] Samson | Sulcal and gyral crown cortical grey matter involvement in multiple sclerosis: A magnetisation transfer ratio study[END_REF][START_REF] Samson | Investigation of outer cortical magnetisation transfer ratio abnormalities in multiple sclerosis clinical subgroups[END_REF]. The pathological substrates underlying this gradient of tissue damage around the ventricles remained unknown, as a reduction in MTR may reflect demyelination, axonal loss (Schmierer et al., 2007a), as well as microglial activation [START_REF] Moll | Multiple sclerosis normal-appearing white matter: pathology-imaging correlations[END_REF]. Some of these previous studies have focused on the periventricular WM and DGM regions as we did [START_REF] Brown | Periventricular magnetisation transfer ratio abnormalities in multiple sclerosis improve after alemtuzumab[END_REF][START_REF] Liu | Magnetization transfer ratio measures in normal-appearing white matter show periventricular gradient abnormalities in multiple sclerosis[END_REF][START_REF] Pardini | Relationship of grey and white matter abnormalities with distance from the surface of the brain in multiple sclerosis[END_REF]. Liu and colleagues who were the first to point a periventricular gradient of MTR signal in patients with MS, described that the gradient exists in both RRMS and SPMS patients, but is significantly more pronounced in SPMS patients [START_REF] Liu | Magnetization transfer ratio measures in normal-appearing white matter show periventricular gradient abnormalities in multiple sclerosis[END_REF]. In our study, a similar gradient was described in patients with MS compared to healthy controls but we were not able to find difference between patients with the relapsing-remitting form compared to the progressive ones. This contrast between our results and theirs might have three possible explanations. First this may be due to the limited power of the subgroup analysis: for the main analysis we chose to pool progressive patients all together, however, looking at PPMS and SPMS separately, the differences between subgroups of MS did not remain significant (data not shown). Second, Liu and colleagues have characterized the periventricular gradient among the first 5mm close to the CSF. In our study, we have considered the whole WM in our model, assuming that the gradient of tissue damage is linear. The latter assumption might bias our results, as it has been recently suggested that tissue damage in the thalami might be mediated by diffusion of one or more toxic factors from the CSF, with higher concentrations of such factors being associated with more extensive tissue damage [START_REF] Fadda | A surface-in gradient of thalamic damage evolves in pediatric multiple sclerosis[END_REF].

Therefore, a linear model my not be perfectly adapted as such a process would be expected to follow Fick's second law of diffusion [START_REF] Crank | The mathematics of diffusion[END_REF]. Third, the authors calculated the gradient of MTR signal between pairs of bands and divided it by the number of intervals spanned. In our study, the gradient was estimated from a linear mixed-effect model taking into account by-subject random intercepts and slopes across distance.

Following this first study, the UCL team completed their results by describing a relationship between the gradients of tissue damage in inner (ventricular and aqueductal) and outer (pial) surfaces of the brain [START_REF] Pardini | Relationship of grey and white matter abnormalities with distance from the surface of the brain in multiple sclerosis[END_REF], suggesting that they could be driven by a common factor coming from the CSF.

Our results showing for the first time a correlation between the periventricular MTR and

[18F]-DPA714 gradients in the same regions, are in accordance with this hypothesis and suggest that the gradient of structural tissue damage could be a consequence of chronic neuroinflammation. This finding also reminds the old hypothesis of a still unidentified soluble factor present in the cerebrospinal fluid of EAE animals and patients with MS that could induce demyelination and neurodegeneration in vitro (Bornstein andAppel, 1959, 1965).

We provide novel evidence suggesting that the regionalization of innate immune cell activation and tissue damage might be linked with an inflammatory milieu in the CSF and meninges , as it has been revisited in recent post-mortem studies [START_REF] Bevan | Meningeal inflammation and cortical demyelination in acute multiple sclerosis[END_REF][START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF][START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF][START_REF] Magliozzi | Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology[END_REF][START_REF] Magliozzi | A Gradient of neuronal loss and meningeal inflammation in multiple sclerosis[END_REF]Magliozzi et al., , 2018a;;[START_REF] Serafini | Detection of ectopic B-cell follicles with germinal centers in the meninges of patients with secondary progressive multiple sclerosis[END_REF].

In vivo characterization of the cortical pathology at the individual level

Despite MS has been traditionally regarded as a WM disease it has become increasingly clear that cortical GM is not free of damage (Bø et al., 2003b(Bø et al., , 2003a;;[START_REF] Lucchinetti | Inflammatory Cortical Demyelination in Early Multiple Sclerosis[END_REF], an extensive demyelination having been described within cortical lesions on postmortem samples. As in the WM lesions, spontaneous remyelination occurs in cortical lesions, with up to 75% of the cortical lesions showing signs of remyelination [START_REF] Strijbis | Cortical Remyelination Is Heterogeneous in Multiple Sclerosis[END_REF]. The lack of reliable and specific in vivo biomarkers of cortical myelin content changes therefore remains an obstacle to in vivo testing of potentially remyelinating drugs. Pioneer MRI investigations proposed longitudinal MTR assessment first as a method for tracking lesion demyelination/remyelination in WM lesions [START_REF] Chen | Voxel-based analysis of the evolution of magnetization transfer ratio to quantify remyelination and demyelination with histopathological validation in a multiple sclerosis lesion[END_REF][START_REF] Chen | Magnetization transfer ratio evolution with demyelination and remyelination in multiple sclerosis lesions[END_REF] et al., 2017). However, we are aware of potential limitations and remaining technical issues, due to possible registration errors, limited spatial resolution, partial volume effect and limited specificity. In the WM, MTR signal is known to be sensitive to myelin content, but also to water content, inflammation [START_REF] Vavasour | Is the magnetization transfer ratio a marker for myelin in multiple sclerosis?[END_REF], and axonal density [START_REF] Schmierer | Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain[END_REF][START_REF] Van Waesberghe | Axonal loss in multiple sclerosis lesions: Magnetic resonance imaging insights into substrates of disability[END_REF]. In the GM, the MTR signal could be less affected by other pathological mechanisms or cell populations [START_REF] Moccia | Pathological correlates of magnetization transfer ratio in multiple sclerosis[END_REF], offering opportunities to measure myelin content with higher specificity than in the WM, but this has still to be confirmed by well conducted studies combining MRI and pathology.

An alternative possibility could have been to use PET with [11C]-PiB to evaluate myelin dynamics in the cortex, as it has been successfully used in the WM to measure remyelination [START_REF] Bodini | Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis[END_REF] (Appendix 1). However, PET quantification is performed using a supervised cluster method selecting a reference region [START_REF] Ikoma | Reference region automatic extraction in dynamic[END_REF][START_REF] Turkheimer | Reference and target region modeling of [11C]-(R)-PK11195 brain studies[END_REF][START_REF] Veronese | Quantification of [(11)C]PIB PET for imaging myelin in the human brain: a test-retest reproducibility study in highresolution research tomography[END_REF]: as described in the validation study performed using healthy controls, three classes were defined: normal GM; high specific binding GM; and blood pool [START_REF] Ikoma | Reference region automatic extraction in dynamic[END_REF][START_REF] Veronese | Quantification of [(11)C]PIB PET for imaging myelin in the human brain: a test-retest reproducibility study in highresolution research tomography[END_REF]. The reference class of choice was normal GM, which excluded this tissue from further analyses.

Improve cortical lesion detection

The latest chapter has presented the preliminary results of a study aiming to investigate the cortical pathology at high spatial resolution, in particular by increasing the visualization of cortical lesions. This study is the first application of the parallel transmission with universal pulses at 7T in pathological conditions. Despite the low number of subjects included until now, 7T sequences have already shown promising results both on the improvement of UHF artefacts, such as B1+ inhomogeneity, and on the detection of cortical lesions.

With the first U.S. Food and Drug Administration approval (FDA) and 'Conformité Européenne' mark of a commercially available 7T scanner in 2017, UHF MRI is finally entering the MS clinic, with clinicians and scientists looking for the killing application that will rethink imaging research lines in MS for the investigation of MS pathology in vivo (Absinta et al., 2016c). Several studies previously proved the benefits of UHF MRI, especially for cortical lesions in MS, which has been a starting point for the FDA approval of 7T scanners. The introduction of parallel transmission imaging in MS clinical research will further increase the benefits of 7T UHF MRI by the removal of the principal disadvantage for efficient whole brain imaging. The study we are performing, should be able the pave the way to an acceptance of the pTx solution and to include this option in the certified tools for clinical practice at 7T. In addition, by the use of pTx imaging, we shown that the DIR sequence is now a reliable option at 7T for cortical lesion detection and might help to disentangle the clinico-radiological paradox by the visualization of the entire iceberg [START_REF] Seewann | Imaging the tip of the iceberg: visualization of cortical lesions in multiple sclerosis[END_REF]. One limitation of this approach is the reduced spatial resolution of PET imaging compared to MRI. Despite the use of the HRRT camera, the PET data have a resolution of 2.5mm 3 , which correspond to half of the cortical thickness. This relatively low resolution introduces a bias linked to partial volume effect coming from both the CSF and the WM, and confers a limit for the interpretation of the co-localization of PET and MRI signal at the voxel level.

Ongoing works and future directions

One promising alternative would be to combine TSPO PET and susceptibility imaging as markers of neuroinflammation. As it has been presented in the Chapter 3 section 3.2.1.3, susceptibility imaging reflects iron content in the brain, which can be retained by activated microglia/macrophages. Several studies combining post-mortem and in vivo imaging approaches have investigated iron content in MS brains and its relationship with microglial activation [START_REF] Absinta | 7T PHASE IMAGING OF ACUTE MS LESIONS: A NEW WINDOW INTO THE INFLAMMATORY PROCESS[END_REF](Absinta et al., , 2016a[START_REF] Absinta | IDENTIFICATION OF CHRONIC ACTIVE MULTIPLE SCLEROSIS LESIONS AT 3T MRI[END_REF][START_REF] Dal-Bianco | Slow expansion of multiple sclerosis iron rim lesions: pathology and 7 T magnetic resonance imaging[END_REF][START_REF] Kaunzner | Quantitative susceptibility mapping identifies inflammation in a subset of chronic multiple sclerosis lesions[END_REF][START_REF] Mehta | Iron Is a Sensitive Biomarker for Inflammation in Multiple Sclerosis Lesions[END_REF]. The study performed by Kaunzner and colleagues is of particular interest as the authors combined TSPO PET imaging, QSM and histology [START_REF] Kaunzner | Quantitative susceptibility mapping identifies inflammation in a subset of chronic multiple sclerosis lesions[END_REF].

A higher 11C-PK11195 binding was first quantified in vivo in WM lesions presenting a rim of iron with QSM (rim+). In a post-mortem validation analysis of TSPO signal, authors confirmed that the PK11195 PET uptake in QSM rim+ lesions was indeed related to a dense inflammatory infiltrate within the rim. They showed that the rim of iron was contained in activated microglia/macrophages cells and co-localized well with an extensive TSPO+ staining. These studies provide evidences suggesting that a hyperintense rim around WM lesions on QSM could be a correlate for persistent inflammatory activity, potentially corresponding to a pro-inflammatory state. Applying QSM could therefore help to identify chronic active lesions and predict disability worsening.

Longitudinal analyses investigating the link between microglial activation and lesions or brain volume changes at 1 year

It is well known that the number of new or enlarging T2 lesions together with annualized brain atrophy rate predict a large proportion of the variance in short term disability progression for RRMS [START_REF] Popescu | Brain atrophy and lesion load predict long term disability in multiple sclerosis[END_REF][START_REF] Sormani | Magnetic resonance imaging as surrogate for clinical endpoints in multiple sclerosis: data on novel oral drugs[END_REF][START_REF] Sormani | Treatment effect on brain atrophy correlates with treatment effect on disability in multiple sclerosis[END_REF]. Beyond lesions appearance or rapid growth, a subset of lesion, characterized by a very slow expansion, is currently being characterized and could reflect a more progressive stage of the disease [START_REF] Elliott | Slowly expanding/evolving lesions as a magnetic resonance imaging marker of chronic active multiple sclerosis lesions[END_REF]. Pathological studies have suggested that iron laden microglia cells may drive this slow expansion, but the relationship between microglial activation and lesion enlargement has been investigated in vivo only once (Datta et al., 2017b).

In preliminary work performed by Charline Benoit and presented at the ECTRIMS 2017 [START_REF] Benoit | Enlargement of white matter MS lesions is associated with lesional microglial activation measured in vivo[END_REF] (Appendix 3), we investigated the impact of innate immune cell activation in WM lesions at baseline onto the lesional expansion over the year (Figure). From the original project, a subset of 23 patients with MS underwent a longitudinal follow-up at 1 year, including MRI assessment only. Among the 1096 WM lesions identified at baseline, 10% were changing at 1 year, from which 7% enlarged over the year and 3% were shrinking. We found a relationship between the PET-derived classification of lesions at baseline and lesional volume change over time.

WM lesions that enlarge over the follow-up were mainly active lesions (45%). Interestingly, shrinking lesions were also principally WM lesions that have been classified as active at baseline (60%). Therefore active lesions were more likely to enlarge (odd ratio: 2.31) or to shrink (odd ratio: 5.7) over the follow-up compared to inactive lesions, which were mainly stable.

Other possible targets to image neuroinflammation

TSPO tracers are known to target activated microglia, infiltrating macrophages, but also astrocytes, and endothelial cells [START_REF] Lavisse | Reactive Astrocytes Overexpress TSPO and Are Detected by TSPO Positron Emission Tomography Imaging[END_REF][START_REF] Rizzo | Kinetic modeling without accounting for the vascular component impairs the quantification of [(11)C]PBR28 brain PET data[END_REF][START_REF] Wimberley | Impact of Endothelial 18-kDa Translocator Protein on the Quantification of 18F-DPA-714[END_REF]. In addition, oone of the major challenge encountered with TSPO targeting radioligands is the differentiation between pro-and anti-inflammatory phenotype of activated microglial cells. Since the initiation of our study presented in the Chapter 5 and Chapter 6, several alternative targets have emerged for the imaging of neuroinflammation [START_REF] Högel | Positron emission tomography imaging in evaluation of MS pathology in vivo[END_REF][START_REF] Janssen | Periventricular lesions correlate with cortical thinning in multiple sclerosis: Cortical Thinning and Periventricular Lesions in MS[END_REF], including purinergic receptors and cannabinoid receptor.

The adenosine A2A receptors (A2AR) [START_REF] Blackburn | Adenosine receptors and inflammation[END_REF] was shown to be upregulated on microglial cells after inflammatory stimuli. Thus, A2AR seems to be a potential alternative target molecule for in vivo imaging of microglial activation, but it is still unclear whether A2AR tracers bind to a subtype of microglial cells or to other cell types [START_REF] Vuorimaa | Vivo PET Imaging of Adenosine 2A Receptors in Neuroinflammatory and Neurodegenerative Disease[END_REF], and the receptor has a strong expression on astrocytes and neuronal subpopulations. A first in vivo study of the A2AR has been performed on a group of 10 SPMS and 9 healthy controls [START_REF] Rissanen | Adenosine A2A receptors in secondary progressive multiple sclerosis: a [(11)C]TMSX brain PET study[END_REF]. The authors found an increase of the PET tracer in the normal appearing WM of patients with MS compared to healthy controls WM.

Other purinergic targets are expressed by subsets of activated microglia, such as the P2X7

or the P2Y12 purinergic receptor. The expression of P2X7 in microglia has been associated

with a pro-inflammatory phenotype of these cells, offering opportunities to specifically study this phenotype [START_REF] Beaino | Purinergic receptors P2Y12R and P2X7R: potential targets for PET imaging of microglia phenotypes in multiple sclerosis[END_REF]. In contrast, the P2Y12 receptor may identify an antiinflammatory or a homeostatic phenotype [START_REF] Janssen | Periventricular lesions correlate with cortical thinning in multiple sclerosis: Cortical Thinning and Periventricular Lesions in MS[END_REF][START_REF] Zrzavy | Loss of "homeostatic" microglia and patterns of their activation in active multiple sclerosis[END_REF]. Beyond purinergic receptors, specific ligands for the cannabinoid receptor-2 (CB2) may hold promises to image neuroinflammation in the CNS, with several compounds ready for pilot clinical studies [START_REF] Ni | Positron emission tomography of type 2 cannabinoid receptors for detecting inflammation in the central nervous system[END_REF][START_REF] Spinelli | Radioligands for positron emission tomography imaging of cannabinoid type 2 receptor[END_REF]. However, the CB2 radiotracer is not characterized by an absolute specificity for microglial cells, as it is also expressed by lymphocyte populations. There are few other PET imaging targets which have been used

only in preclinical research or in other inflammatory diseases but are still missing the final proof of their usability. These tracers have been extensively reviewed by Högel and colleagues [START_REF] Högel | Positron emission tomography imaging in evaluation of MS pathology in vivo[END_REF].

Conclusion

Overall, this work highlights the potential of PET imaging and advanced MRI techniques to understand the physiopathology of MS, and might be used to identify new biomarkers of innate immune cell activation and myelin repair. The use of such techniques might lead to greater insights into the mechanisms driving neurodegeneration and disability worsening.

PET-derived metrics may also be of great interest for clinical trial to test pro-remyelinating therapies or targeting innate immune cell activation, opening the perspective for optimization cares and patient-specific therapies. This thesis aimed at developing imaging tools able to quantify and map innate immune cell activation and myelin dynamics though a combination of positron emission tomography (PET) and advanced high field magnetic resonance imaging (MRI) in patients with MS. For this purpose I have first developed a post processing methodology that allows the generation of individual and regional maps of tissue damage and repair, which was used for the quantification of innate immune cell activation as well as for the investigation of demyelination/remyelination in WM lesions and in the cortex.
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We have combined TSPO PET with [18F]-DPA714, targeting mainly activated innate immune cells, and multimodal 3T MRI, assessing structural damage, in a cohort of MS patients with either a relapsing or a progressive form of the disease. I showed that patients with MS were characterized by a very heterogeneous level of neuroinflammation, and that a large subset of WM lesions considered as inactive on MRI were actually very active on PET, a finding suggestive of chronic active lesions.

I further showed that this persisting inflammation correlated with individual trajectories of disability. Dans le but de quantifier la dynamique de la myéline dans le cortex, j'ai appliqué l'imagerie par transfert de magnétisation et généré des cartes individuelles de démyélinisation et de remyélinisation dans les tissus corticaux. J'ai ensuite montré que les profils individuels de remyélinisation de la substance blanche étaient hétérogènes selon les sujets et contribuaient au handicap des patients SEP. Enfin, j'ai appliqué pour la première fois la transmission parallèle utilisant la modulation RF dynamique sur un système IRM 7T afin de visualiser les lésions corticales au niveau du cerveau entier, ouvrant ainsi la voie à une meilleure détection de ces lésions dans les études futures. Les résultats acquis dans ce travail devraient permettre d'appliquer de nouveaux outils d'imagerie permettant de cartographier les mécanismes à l'origine de la neurodégénérescence dans la SEP dans les études futures, d'ouvrir la perspective de la stratification du patient, de concevoir de nouvelles méthodes d'essais de réparation et de neuroprotection et d'optimiser les soins.
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  to specifically measure the neuronal damage occurring within the grey matter of patients with MS, as well as the biological mechanisms triggering neurodegeneration would represent a cutting edge progress in the investigation of the pathophysiological mechanisms underlying disability worsening.

Figure 1

 1 Figure 1.1: Age-standardized multiple sclerosis prevalence per 100 000 populations in 2016 for both sexes, by location

Figure 1 . 3 :

 13 Figure 1.3: MS lesions visible as hyperintensities on T2-w and FLAIR sequences.

Figure 1 . 4 :

 14 Figure 1.4: Different types of MS lesions visible on T1-w images: Black holes (left) and gadolinium enhancing lesions (right)

Figure 1 . 5 :

 15 Figure 1.5: The 2017 McDonald criteria for diagnosis of multiple sclerosis in patients with an attack at onset DIS: Dissemination in space, DIT: Dissemination in time, CSF: Cerebro-spinal fluid, Gd+:

Figure

  Figure 1.6: The 1996 vs 2013 multiple sclerosis phenotype descriptions(Lublin et al., 2014)

  Figure 1.7: Graph representing the disease course of different types of multiple sclerosis.Relapsing-remitting MS (RRMS, top left) characterize by relapses with full recovery or with sequelae, upon recovery, period between relapses characterized by a lack of disease progression. A majority of RRMS patients evolved toward a secondary progressive form of the disease (SPMS, top right), characterized by clinical exacerbations. Primary progressive MS (PPMS, bottom) evolvedwith a linear course with or without periods of relative stability.
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 19 Figure 1.9: The clinico-radiological paradoxA large number of studies have been presented over the years looking at the correlation between T2 lesion number or volume and disability as measured by the EDSS, the most popular disability score in clinical practice. While it may be evident that patients with MS presenting new lesions are worse off than those without new lesions, the association between clinical findings and radiological extent are globally poor. In 2002, trying to solve the clinicradiological paradox, Barkhof has raised limitations leading to this dissociation(Barkhof, 

Figure 2 . 1 :

 21 Figure 2.1: Multiple sclerosis pathology This is a section from the forebrain of a patient who died with multiple sclerosis. The section is stained with luxol fast blue to reveal areas of myelination in the subcortical white matter. The green arrows indicate three areas from which the myelin stain is absent, representing three foci or plaques of chronic demyelination. The demyelinated axons in these lesions are vulnerable to atrophy. The red arrows indicate 'shadow plaques', in which the demyelinated axons have undergone remyelination. This section illustrates two important points: first, that remyelination can occur as a
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 22 Figure 2.2: Pathologic changes in different stages of active multiple sclerosis lesionsIn the normal-appearing white matter (NAWM) moderate microglia activation is seen, also reflected by the presence of microglia nodules. Massive microglia activation characterizes the initial stage of demyelination. In early active (EA) lesions myelin is already destroyed and macrophages contain myelin degradation products, reactive for all myelin proteins. In late active (LA) lesions minor myelin proteins are degraded in macrophages; the myelin debris still contains remnants of major myelin proteins. In this stage of the lesions new oligodendrocyte progenitor cells (OPC) appear and remyelination starts in a subset of lesions. In inactive lesion areas demyelinated axons are embedded in a dense astrocytic scar tissue. A subset of such inactive lesions may show profound remyelination (shadow plaques). From[START_REF] Kutzelnigg | Pathology of multiple sclerosis and related inflammatory demyelinating diseases[END_REF] 
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 23 Figure 2.3: Representative types of cortical demyelinated plaques in early multiple sclerosis on immunohistochemical staining for proteolipid protein (A) Leukocortical demyelination; (B) Subpial demyelination (arrows delineate an area of cortex with preserved myelin); (C) Intracortical demyelination (arrows), with neurons in the demyelinated lesion (inset); and (D) Subpial and leukocortical demyelination in the same tissue section From (Lucchinetti
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 2425 Figure 2.4: Follicle-like structures are variable in size and anatomical location Aggregates of B-cells in follicle-like structures can vary greatly in overall size and cell density from relatively modest (A and B) to large and extensive aggregates filling an entire cerebral sulcus (C). (D) Schematics represent the three coronal levels analyzed per F + SPMS case where whole coronal sections were available (nine cases) onto which the location of the 61 separate meningeal folliclelike aggregates identified were plotted (red dots). Our analysis demonstrates that follicle-like structures are frequently associated with the deep infoldings of the cerebral sulci and are widely distributed throughout the extent of the sampled forebrain. Scale bars: (A), (B) and inset in (C) = 20mm, (C) = 200 mm. From[START_REF] Howell | Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis[END_REF] 
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 31 Figure 3.1: Cross-sectional patterns of lesion enhancement (A) T2-w images showing multiple periventricular multiple sclerosis lesions. (B) Pre-Gadolinium (Gd) T1-w images showing hypointensity of some of the multiple sclerosis lesions. (C) Post-Gd T1w images show that several multiple sclerosis lesions enhance with Gd in focal and ring-like patterns. (D) Post-ultra-small superparamagnetic iron oxide particles (USPIO) T1-w images show different patterns of USPIO-enhancement. Arrowhead upper row: focal USPIO-enhancement; arrows upper row: ring-like USPIO-enhancement; arrow bottom row: change to isointensity of a previously

Figure 3 . 2 :

 32 Figure 3.2: Example of R2* map and quantitative susceptibility map (QSM)
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 33 Figure 3.3: Lesion development over time showing various MS lesion activities and their manifestations on MRI Early inflammatory activity causes blood brain barrier damage, which is captured as Gadoliniumenhancement on T1-w+contrast agent (T1-w+c); Demyelination and iron deposition involving activated microglia cause rapid increase in magnetic susceptibility, which can be measured on QSM during MS lesion formation and development (within the first 3 years (y)); Old lesions (approx. >3 y) start to lose iron, which cancels the susceptibility increase of residual demyelination as measured by QSM. This time course indicates that QSM might be complementary to T1w+c in detecting
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  Figure 3.4: 18kDa TSPO receptor and microglial cells (Left) The peripheral benzodiazepine receptor is expressed in astrocytes and microglia in the CNS.

Figure 3 . 5 :

 35 Figure 3.5: In vivo differentiation of chronic T1 lesions using TSPO PET with [11C]-PK11195 (Left) T1-w MRI image with two similar T1 hypointense lesions. (Right) TSPO PET shows that in

  1), including phenoxyarylacetamides derivatives labeled with carbon-11 ([11C]-PBR28, [11C]-DAA1106) or fluorine-18 ([18F]-FEPPA, [18F]-PBR06), and pyrazolopyrimidines ([18F]-DPA714). Until today, only few studies with second-generation tracers have been performed in patients with MS in vivo.

  Figure 3.6: Example of MToff (left) and MTon (middle) images used to compute MTR (right)

Figure 3

 3 Figure 3.8: DTI evolution over time (Left) Diffusion parameters over time in relation to gadolinium enhancement, all lesions included. Radial diffusivity, mean diffusivity, and fractional anisotropy become altered at time of maximum gadolinium enhancement (month 0). These diffusion tensor imaging parameters return to their month -1 baseline value within 2 months (overlapping confidence intervals). (Right) Radial diffusivity over time in relation to gadolinium (Gd) enhancement, depending on their evolution on T1 sequence.

  demyelination and remyelination were calculated for each patient. One of the main results of this study was the heterogeneity in individual remyelination potential among patients, which appeared to be inversely correlated with clinical disability. These findings support the usefulness of repurposed amyloid PET tracers in the evaluation of individual remyelination potential in MS subjects. However, given its short half-life,[11C]-PiB cannot be used in all clinical centers. One limitation of these tracers is their radio-labeling with carbon-11, which has a half-life of only 20min. This constraint reduces drastically the number of centers able to perform PiB PET. Recently, several fluorinated amyloid compounds have been assessed for their potential to image demyelination in vivo in baboons[START_REF] Auvity | Repurposing radiotracers for myelin imaging: a study comparing 18F-florbetaben, 18F-florbetapir, 18-flutemetamol, 11C-MeDAS, and with 11C-PiB[END_REF] Tonietto et al., 2018), and their longer half-life of 110min. The tracers from the stilbene and benzothiazole family have demonstrated their specificity for myelin, offering promising alternatives for myelin PET imaging. Among all tracers that have shown to bind to myelin, [18F]-florbetaben and [18F]-florbetapir compounds were the firsts applied in pilot clinical studies among patients with MS[START_REF] Matías-Guiu | Amyloid PET imaging in multiple sclerosis: an (18)F-florbetaben study[END_REF][START_REF] Pietroboni | Amyloid PET as a marker of normal-appearing white matter early damage in multiple sclerosis: correlation with CSF β-amyloid levels and brain volumes[END_REF][START_REF] Zeydan | Pittsburgh compound-B PET white matter imaging and cognitive function in late multiple sclerosis[END_REF].
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 39 Figure 3.9: Representative magnetic resonance imaging and positron emission tomography images from MS patients (A) T1-weighted MRI, (B) T2-weighted MRI, (C) Pittsburgh compound B, [11C]-PiB, standard uptake value (SUV) map, and (D) [11C]-PiB distribution volume ratio (DVR) parametric map of a single patient at study entry. SUV maps are semiquantitative measures of the tracer's uptake obtained by averaging the PET frames acquired between the minutes 30 and 70 of the examination and correcting the values for the tracer's injected dose and the patient's weight. DVR maps are quantitative parametric maps obtained with the automatic extraction of a reference region and the subsequent application of the Logan graphical method. Arrows indicate two typical multiple sclerosis white matter lesions appearing as areas of decreased uptake both on SUV and DVR images.
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 3 Figure 3.10: Different types of cortical lesions as detected with 7 T T2*-w MRI

Figure 3 .

 3 Figure 3.11: Axial 3D DIR, 3D FLAIR, 3D T1-w, and 2D T2-w at 7T MR imaging of a 37-year-old female patient with secondary-progressive MSArrows indicate an intracortical lesion that was scored on 3D-FLAIR and 2D-T2WI but not on 3D-DIR and 3D T1-w. From[START_REF] Kilsdonk | Multicontrast MR imaging at 7T in multiple sclerosis: highest lesion detection in cortical gray matter with 3D-FLAIR[END_REF] 
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  Figure on the left (Left) 3D T2-w images at 0.8 mm isotropic. Main sequence parameters: TE = 399 ms, TR = 8000 ms, R = 4 (GRAPPA), scan time = 6min20s. In addition to the image bias field coming from the receive B1-field, there are signal voids in the cerebellum on both contrasts due to poor homogeneity of the transmit B1+ field (yellow arrows). (Right) 3D T2-FLAIR at 0.8 mm isotropic. Main sequence parameters: TI = 2150 ms, TE = 399 ms, TR = 8000 ms, R = 4 (GRAPPA), scan time = 6min26s.

  , from which it is possible to extract the total amount of[11C]-FMZ binding sites, defined as the product of the[11C]-FMZ binding by the total volume of the structure. They found a reduction of[11C]-FMZ binding sites, in both RRMS and SPMS patients, compared with healthy controls. This reduction was associated with declined cognitive performances in patients with MS, as reflected by paced auditory serial addition test or mini mental state examination scores. Altogether these findings suggest the potential interest for this tracer in identifying neuronal damage, which occurs as early as the relapsing-remitting stage, and localizing the cortical regions where neuronal damage predominates.
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 313 Figure 3.13: Parametric images of [11C]-FMZ Bmax (A and B) Sample parametric images of [11C]-FMZ Bmax in a healthy control (A) and MS patient (B) with corresponding 3D T1-w MR images. The superimposition of the two modalities (bottom) shows the clear gray matter binding of [11C]-FMZ. FMZ=flumazenil; Bmax=benzodiazepine receptor concentration; MS=multiple sclerosis. From[START_REF] Freeman | The neuronal component of gray matter damage in multiple sclerosis: A [(11) C]flumazenil positron emission tomography study[END_REF] 

  Using a combination of PET with the second generation TSPO tracer [18F]-DPA714 and multimodal MRI, I first showed that patients with MS were characterized by a very heterogeneous level of neuroinflammation, and that a subset of white matter lesions considered as inactive on MRI were actually very active on PET, a finding suggestive of chronic active lesions. I further showed that this persisting inflammation correlated with individual trajectories of disability (Chapter 5). Then, inspired by post-mortem studies that have described a gradient of microglial activation in cortical areas facing the CSF, I have questioned whether the proximity to the CSF could influence innate immune cells in the deep white and grey matter. For this purposed I processed [18F]-DPA714 PET acquisitions and characterized a clear gradient of innate immune cells activation in vicinity to ventricular CSF (Chapter 6).Beyond white matter, I also aimed at imaging and quantifying the contribution of cortical demyelination to the neurodegenerative component of the disease. I applied MTR as an MRI sequence sensitive to myelin content, in a pilot study that combined myelin PET for the white matter and multimodal MRI. I first generated individual maps of demyelination and remyelination in cortical tissues, and showed that cortical and white matter remyelination were synergistically contributing to disability in MS (Chapter 7). Finally, as in the cortex demyelinated lesions are far smaller than WM lesions and hardly detectable using 3T MRI, I have applied for the first time the parallel transmission using dynamic RF-shimming at 7T on a research protocol, for sequences optimized for GM lesions visualization, and recently identified with high accuracy cortical lesions in patients with MS (Chapter 8).

  . Clinical data, including EDSS scores of patients with MS measured at regular intervals by neurologists' specialist in MS care, have been collected in the European Database for Multiple Sclerosis (EDMUS) since 1998 in the Neurology department of Pitié Salpêtriêre Hospital, and since 2008 in the Neurology department of Saint Antoine Hospital. For each patient, the EDSS score 2 yearsbefore study entry was retrospectively collected through the careful revision of primary medical files, and checked for consistency using the EDMUS records. Disability worsening over 2 years was evaluated as changes in EDSS between the inclusion visit and 2 years before study entry, and converted into EDSS step change. Based on the suggested use of half-step progression above EDSS step 5.5[START_REF] Weinshenker | Meta-analysis of the placebo-treated groups in clinical trials of progressive MS[END_REF], if the EDSS 2 years before study entry was above or equal 5.5, each increase of 0.5 point was counted as 1 point of EDSS step change.Patients were classified in untreated, treated with immuno-modulators, or treated with immuno-suppressors according to the main treatment they received in the two years preceding the PET exam (

  an MRI protocol on a Siemens 3T PRISMA scanner, equipped with a 32 channels head coil, and a 90 minutes dynamic [18F]-DPA714 PET exam on a highresolution research tomograph (HRRT; CPS Innovations, Knoxville, TN), within a maximum of one month from study entry. MRI protocol included the following sequences: (i) 3D T1-weighted (T1-w) magnetizationprepared rapid gradient-echo (resolution: 1.0x1.0x1.1mm 3 ); (ii) T2-weighted image (T2-w, resolution: 0.9x0.9x3.0mm 3 ); (iii) 3D fluid-attenuated inversion recovery (FLAIR, resolution: 0.9x0.9x3.0mm 3 ) and (iv) pre-and post-gadolinium T1 spin-echo sequences (resolution: 1.0x1.0x3.0mm 3 ).PET images acquisition and reconstruction were performed as previously described[START_REF] García-Lorenzo | Validation of an automatic reference region extraction for the quantification of [18F] DPA-714 in dynamic brain PET studies[END_REF][START_REF] Lavisse | Reactive Astrocytes Overexpress TSPO and Are Detected by TSPO Positron Emission Tomography Imaging[END_REF]. Briefly, the 90-minute emission scan was initiated with a 1-minute intravenous bolus injection of [18F]-DPA714 (mean 198.4±22.9MBq).Images were reconstructed using the 3D ordinary Poisson ordered subset expectation maximization algorithm. An additional smoothing filter implementing the point spread function, which has been shown to be effective in reducing the effect of partial volume in PET data, was applied on the reconstructed images, achieving an intra-slice spatial resolution of ~2.5mm full width at half maximum. All the resulting dynamic PET images consisted of 27 time interval (time frames) images: six 1min frames for the initial 6 minutes (6x1), followed by 7x2-, and 14x5-minute frames, with a voxel size of 1.22x1.22x1.22mm 3 .

Figure 5

 5 Figure 5.1: MRI appearance of MS lesions on T2-weighted (A) and T1 spin-echo (B) sequences Multiple sclerosis (MS) lesions appear hyperintense on T2-w images (A). Only a subset of T2-w hyperintensities are also visible on T1 spin-echo sequence (B) as areas of low signal intensity (red arrows), and most of the T2-w lesions are not hypointense on T1 spin-echo sequence (example pointed by a yellow arrowhead).
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 52 Figure 5.2: Individual maps of immune cell activation in patients Individual maps of innate immune cell activation generated from [18F]-DPA714 dynamic PET acquisitions, are heterogeneous across subjects. Lesional inactive voxels are represented in white, while voxels characterized by activated innate immune cells are displayed in light red inside lesions, in dark red in perilesional areas, and in yellow in the normal-appearing white matter and grey matter. (A) female, 30 year-old, Relapsing remitting MS, showing a minor activation of innate immune cells across all brain areas; (B) male, 31 year-old, Relapsing remitting MS, showing a moderate activation of innate immune cells in white and grey matter areas; (C) female, 55 year-old, Secondary progressive MS, characterized by a strong activation of innate immune cells throughout brain tissues.

  None of the MR/PET imaging parameters considered (T2 lesion load; T1-se lesion load; number of T2 lesions; percentage of DPA+ voxels in NAWM/perilesional area/T2 lesions/T1-se lesions; number of DPA-active/DPA-inactive lesions), was significantly associated with the EDSS level at study entry. A more severe trajectory of disability worsening, as measured by a greater 2-year EDSS step change, was significantly associated with each of the following parameters: percentage of DPA+ voxels in the NAWM (OR: 1.16, p=0.009); percentage of DPA+ voxels in T1-se lesions (OR: 1.06, p=0.036); and number of DPA-active lesions (OR: 1.13, p=0.009).
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 54 Figure 5.4: Classification of white matter lesions based on innate immune cell activation An illustrative map of innate immune cell activation based on [18F]-DPA714 PET in a single patient is shown in (A): the voxels classified as [18F]-DPA714 activated are displayed in yellow in the normal-appearing white matter, in dark red in perilesional areas, in light red inside lesions. In (B) and (C), two single T2 lesions classified as DPA-active showing extensive innate immune cell activation in lesions and in perilesional areas. In (D), a T2 lesion with an inactive center and an inactive perilesional area. In (E), a T2 lesion with activation in the perilesional area and not inside lesions. The boxplot diagrams displayed in (F) and (G) report the number of DPA-active (red boxplots) and DPA-inactive (light grey boxplots) lesions per patient in relapsing-remitting (RR), secondary progressive (SP), and primary-progressive (PP) patients with MS.

[

  18F]-DPA714 PET allows to detect sub-acute and chronic active lesions and further illustrate the transversal role of activated innate immune cells in the pathogenesis of the disease, regardless of the form of clinical evolution. While the quantification of brain lesion load and activity on conventional MRI has proven extremely useful in monitoring the response to treatment and in designing therapeutic trials in the relapsing-remitting form of the disease[START_REF] Simon | MRI outcomes in the diagnosis and disease course of multiple sclerosis[END_REF], WM lesion number and volume have a limited predictive value on disability worsening, especially in progressive MS. This has led to the general idea that disability progression mostly evolves independently of lesions. Offering the opportunity to move beyond lesion volume and to investigate the biological content of lesions, [18F]-DPA714 PET now allows to revisit the contribution of plaques to disability accrual in MS.

  dynamic [18F]-DPA714 PET exam on a high-resolution research tomograph (HRRT; CPS Innovations, Knoxville, TN), MRI acquisition MRI protocol included the following sequences:
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 61 Figure 6.1: Step to generate 3mm thick ring from CSF to adjacent WM and TH T1-weighted images were segmented using Malf obtaining WM and TH masks (red and blue respectively). Distance maps from the CSF were calculated in both masks and divided in 3mm wide rings.

Figure 6

 6 Figure 6.3 (left panel) shows the extent of innate immune cells activation according to the distance to the ventricular CSF surface in controls and MS patients. The percentage of DPA+ voxels in the first ring close to periventricular CSF was significantly increased in MS patients relative to controls (mean±sd; HC= 17.0±10.0%, MS=37.4±16.2%, p=9.85e-6) (Figure 6.3-B). No significant difference was found between subgroups of MS patients.

Figure 6 .

 6 Figure 6.3: A periventricular WM gradient of innate immune cell activation in MS patients (A,D) A periventricular gradient of innate immune cell activation was detected in the WM of patients with MS, as well as a periventricular gradient of MTR values. (B,E) The first ring close to CSF showed a higher level of innate immune cell activation and lower MTR values in patients with MS compared to healthy controls. (C) The level of innate immune cell activation decreased moving further from the ventricles, with a gradient that was significantly steeper in patients with MS compared to healthy controls. (D) Conversely, MTR values increased with the distance from CSF, generating a gradient which was significantly steeper in patients with MS compared to healthy controls. WM: white matter; DPA+: voxels characterized by a significant activation of innate immune cells (*: p=0.05, **: p=0.01, ***: p=0.001)
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 6465 Figure 6.4: Periventricular thalamic gradient of innate immune cell activation in MS patients (A,D) A periventricular gradient of innate immune cell activation was detected in the TH of patients with MS, as well as a periventricular gradient of MTR values. (B,E) The first ring close to CSF showed a higher level of innate immune cell activation in patients with MS compared to healthy controls but no difference for the MTR values. (C) The level of innate immune cell activation decreased moving further from the ventricles, with a gradient that not reached significance comparing patients with MS compared to healthy controls. (D) Conversely, MTR values increased with the distance from CSF, generating a gradient which was significantly steeper in patients with MS compared to healthy controls. TH: thalamus; DPA+: voxels characterized by a significant activation of innate immune cells (*: p=0.05, **: p=0.01, ***: p=0.001)
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 71 Figure 7.1: Cortical myelin loss and repair. In A and B, maps of cortical demyelination in 2 single patients at baseline (patient A: female, 37 year-old, disease duration=2 years, 13.2% of cortical voxels classified as demyelinated; patient B: female, 32 year-old, disease duration=7 years, 24.6% of cortical voxels classified as demyelinated) as measured by MTR, are represented in red. In C and D, maps of cortical remyelination measured with MTR at follow-up in 2 single patients with a very similar extent of cortical demyelination at baseline (patient C: male, 27 year-old, disease duration=12 years, 18.7% of cortical voxels classified as demyelinated at baseline, of which 14.6% classified as remyelinated at the second time point; patient D: female, 33 year-old, disease duration=9 years, 19.77% of cortical voxels classified as demyelinated at baseline, of which 34.0% classified as remyelinated at the second time point), where cortical demyelinated voxels at baseline are displayed in white, and remyelinated voxels measured at the second time point in blue. In E, bar chart diagram displaying the index of cortical remyelination as measured by MTR for each patient. In F and G, scatter plot diagrams and fitting lines representing the correlations between the index of cortical remyelination and EDSS and MSSS, respectively.
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 81 Figure 8.1: Brain areas affected by strong B1+ inhomogeneities

  Traditionally on UHF 7T MRI, local head coil birdcage are used in circular polarization (CP) for transmission and up to 32 phased array coils are used for reception. The transmit set-up is very sensitive to B1+ artefact. To address the origins of the problem, another solution adopted in the community is the use of parallel transmission, with either static RF-shimming or dynamic RF-shimming (Figure8.2).

Figure 8 . 2 :

 82 Figure 8.2: Schematic comparison between the traditional circular polarization (CP) transmit mode (left) and the transmit modes offered by parallel transmission (pTx) for both static RF-shimming (center) and dynamic RF-shimming (right)

Figure 8 . 3 :

 83 Figure 8.3: Example of k-space trajectories for non-selective pulse design in dynamic RF-shimming pTx

  Figure 8.4, is to bypass the subject-specific calibration steps (maps and pulse design) by incorporating pre-computed pulses into the different sequences in the protocol. Those pulses were designed offline, one for each desired sequence, on a database of previously-acquired calibration data. Thus, based on B1+ and ΔB0 maps from each transmitting channel in 6 subjects at 7T, forming a representative database, a 3D non-selective Universal Pulse was derived to robustly mitigate the RF field inhomogeneity problem over a population of 6 other subjects. The design was performed to generalize the flip angle homogenization simultaneously over multiple subjects, through an optimal pair of RF coefficients (x) and trajectories (k) minimizing the maximum root mean square error over 𝑁𝑠 subjects: 𝑥, 𝑘) -𝛼 𝑡 ‖ 2 )with 𝐴𝑖 a Bloch operator that returns the flip angle generated by the corresponding RF and trajec-tory pair (𝑥,𝑘), and 𝛼𝑡 the target flip angle.

Figure 8 . 4 :

 84 Figure 8.4: Universal Pulses concept B1+ and B0 maps have been acquired to build a dataset, including 20 healthy volunteers, on which the pulse design is performed off-line. From Vincent Gras

Figure 8 . 5 :

 85 Figure 8.5: Overview of the components involved in the SAR supervision (1) RF signals defined when sequence started; and (2) amplified in the RF power amplifier (RFPA); (3) the TALES measured the RF power from each transmit RF, and (4) sent to the PALI to estimate global SAR and ensure safe SAR conditions; (5) in"Local SAR mode", local SAR is calculated using Virtual Observation Points (VOPs), as the worse local SAR over the transmitting channel

8. 4 . 1

 41 Better sequences for lesions detection The use of UHF MRI has allowed a better visualization and characterization of cortical lesions, in particular it has facilitated anatomical localization of lesions in relation to cortical boundary. As presented in section 3.3.1.1, multiple studies have demonstrated improve cortical lesion detection at 7T compared with 3T (Abdel

  CP MRI vs 7T UP MRIPilots have been performed on multiple healthy volunteers at 7T in CP mode or in pTx mode with UP. The first set of pilots (n=5) aimed to optimize sequence parameters in CP mode, in particular the invrsiontimes of the DIR sequence. A strong B1+ artefact was visible in the cerebellum and in the occipital lobes, for all sequences in CP mode. Therefore, a second set of pilots (n=2) underwent the 7T protocol in pTx with UP to test the feasibility in nonpathologic context of the set of sequences chosen for the clinical protocol, with the optimal sequence parameters. As expected, a major improvement of the B1+ artefact was visible in the cerebellum and the occipital lobes of both the FLAIR and the DIR in pTx mode, in line

A

  30-years-old female with relapsing-remitting MS underwent the full research protocol from which we used only the 3T MRI, and the 7T pTx MRI. The 7T protocol has been performed 4 days following study entry and 3T protocol. Because of technical constraints, the multi-echo T2*-w sequence at 7T was not performed. The previous results obtained on healthy volunteers showing signal recovery in the temporal lobes and the cerebellum were reinforced by the quality of the acquisition obtained in the patient with MS (Figure 8.6).

Figure 8 . 7 :

 87 Figure 8.7: 7T DIR sequences presenting the improvement bring by the use of parallel transmission acquisition coupled with universal pulse The left column present the DIR sequence at 7T in CP mode, which correspond to the classical acquisition set-up. In conventional set-up, 7T imaging encountered major artefacts as transmission B1+ field inhomogeneity, highlighted by the yellow arrows, which correspond to a loss of signal in particular the temporal lobes and the cerebellum. Multiple techniques have been developed to overcome this artefact, from which the use of parallel transmission imaging coupled with universal pulse. The right column illustrates the 7T DIR sequence acquired using UP pTx, with the same sequence parameters used in CP mode (see Table8.2).

Figure

  Figure 8.8: Example of a juxtacortical lesion with improved detection at 7T compared to 3T sequencesFigure on the left (Top) DIR sequences acquired at 3T and 7T. On the 7T DIR, a juxtacortical lesion (yellow circle) is visible as a hypersignal, along the WM/GM boundary. This lesion was not detectable at 3T. (Middle)

Figure 8 . 9 :

 89 Figure 8.9: Example of leukocortical lesions with improved visualization and characterization at 7T

Figure on the left (

 left Figure on the left (Top) DIR sequences acquired at 3T and 7T. On both the 3T and the 7T DIR, two hyperintense lesions have been emphasized in coloured circle. The lesion in the red circle is easely detectable at both fields, and can be characterized as leukocortical. The lesion in the yellow circle can be identified only on the 7T, and classified as a leukocortical lesion. Both lesions are visible as hypersignal on FLAIR (Middle) and hyposignal on T1-w (Bottom) images at 7T.

  , and then in cortical areas. The second part of my thesis presented in the Chapter 7 and Chapter 8 aimed to provide specific techniques to assess demyelination and remyelination in the cortical ribbon of patients with MS. 2.1. Individual maps of cortical myelin repair In the study presented in Chapter 5, we have assessed cortical myelin repair based on MTR maps: we investigated the relationship between cortical remyelination as measured by MTR maps and WM remyelination as measured with [11C]-PiB PET, and explored their clinical relevance. We found a high variability in the capacity to remyelinate in the cortex, as well as in the WM, across patients with MS. The combination of these two indices was able to explain a high proportion (>80%) of the clinical disability scores. This suggests that the failure of cortical myelin repair may be one of the key mechanisms underlying the accrual of clinical disability in patients with MS. The indices of cortical and WM remyelination should therefore be employed in combination as outcome measures in clinical trials investigating repair in MS of testing promyelinating treatments. Our study, showing for the first time in vivo the heterogeneity of individual profiles of remyelination in the cortex, is in line with recent findings on post-mortem MS brains (Strijbis

3. 1 .

 1 Beyond signle mechanismDuring this thesis, we have developed technical tools allowing to measure innate immune cell activation and myelin repair, and we have explored the impact of these mechanisms on the clinical disability of patients with MS. The first results support the hypothesis that both microglial activation and a failure of remyelination play a key role in determining clinical disability in MS.Building on these important results, we can now address one additional question related to the pathogenesis of neurodegeneration in MS: What is the link between microglial activation, demyelination and irreversible neurodegeneration developing over time, as reflected by cortical atrophy?This key question might be addressed through complementary analyses conducted either on acquired data from the project presented in Chapter 5 and Chapter 6 or on data coming from a novel study combining PET acquisition of inflammation and myelin together with multimodal MRI.Relationship between activated microglia and demyelination at the cortical levelIn a preliminary work performed by Marine Boudot De La Motte and presented at the ECTRIMS 2018 (Boudot De La Motte et al., 2018) (Appendix 2), we have investigated the relationship between innate immune cell activation mapped using [18F]-DPA714 PET and cortical demyelination , mapped using MTR(Figure). From the original project, a subset of 23 patients with MS and 15 age-and gender-matched healthy controls underwent a 3T MRI including MT sequences and PET with [18F]-DPA714. The percentage of cortical DPA+ voxels ranged from 3.2% to 35.2% (mean±sd = 14.1±8.1%). The percentage of cortical demyelinated voxels ranged from 17.5% to 34% (23.6±4.2%) and was higher in progressive (24.2±4.7%) than in relapsing-remitting (22.5±2.9%) patients. The two mechanisms were only partially correlated in the whole cortex (DICE mean±sd = 13.6±6%), but their colocalization was associated with trajectories of disability worsening expressed as EDSS step change during the two years preceding imaging acquisitions (rho=0.39, p=0.049), illustrating their complementary role and their complex relationship.
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 1 Figure S.1: Individual map showing cortical voxels characterized by innate immune cell activation (blue), demyelination (red), and both (yellow)

Figure S. 2 :

 2 Figure S.2: Enlarging WM lesions visible over one year follow-up WM lesions are visible as hypersignal on T2-w image. Red mask represent a WM lesion identified at baseline that enlarged over the follow-up visible by the rim of hypersignal around the red mask.
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  Then, I have questioned whether the proximity to the cerebrospinal fluid (CSF) could influence innate immune cells in the deep white and grey matter. I demonstrated a clear gradient of innate immune cells activation in vicinity to ventricular CSF, which correlated with the periventricular gradient of microstructural damage, and could also explain part of clinical disability.Aiming to quantify myelin dynamics in the cortex I have applied Magnetization Transfer Imaging and generated individual maps of demyelination and remyelination in cortical tissues. I then showed that cortical and WM individual remyelination profiles were heterogeneous among subjects, and were synergistically contributing to disability in MS. Finally, I have applied for the first time the parallel transmission using dynamic RF-shimming on a 7T MRI system to visualize cortical lesions at the whole brain level, paving the way for an improved detection of these lesions in future studies.Results acquired in this work should allow to apply new imaging tools mapping the mechanisms that drive neurodegeneration in MS in future studies, opening the perspective of patient stratification, novel design for repair and neuroprotection trials, and optimization of care.Keywords: [Multiple sclerosis, PET, MRI, DPA, MTR, ultra-high field]Mécanismes biologiques à l'origine de la neurodégénérescence dans la Sclérose en Plaques: une approche in vivo associant tomographie par émission de positrons et imagerie par résonance magnétique à haut champ La sclérose en plaques (SEP) est une maladie inflammatoire démyélinisante du système nerveux central, qui représente la première cause de handicap non-traumatique du jeune adulte. Il a été démontré que le principal mécanisme impliqué dans la progression du handicap était une atteinte neuronale dégénérative. Les mécanismes à l'origine de la neurodégénérescence sont cependant peu connus in vivo. Des études post-mortem ont mis en évidence le rôle d'une inflammation persistante impliquant le système immunitaire innée, en association avec un échec de la remyélination dans la substance blanche ainsi que les lésions corticales. Cette thèse a pour objectif de développer des techniques d'imagerie permettant de quantifier et cartographier l'activation des cellules de l'immunité innée ainsi que les changements en myéline, en combinant la tomographie par émission de positons (TEP) et l'IRM à haut champ. À cette fin, j'ai tout d'abord mis au point une méthodologie de post-traitement permettant de générer des cartes individuelles et régionales de l'atteinte et de la réparation des tissus, utilisée pour la quantification de l'activation des cellules immunitaires innées ainsi que pour l'étude de la démyélinisation/remyélinisation dans les lésions de la substance blanche ainsi que dans le cortex. J'ai combiné la TEP au [18F]-DPA714, ciblant principalement les cellules immunitaires innées activées, et l'IRM multimodale à 3T évaluant les dommages structurels dans une cohorte de patients SEP présentant une forme rémittente ou progressive de la maladie. J'ai montré que les patients SEP étaient caractérisés par un niveau de neuroinflammation très hétérogène et qu'un grand sousensemble de lésions de la substance blanche considérées comme inactives en IRM étaient en réalité très actives en TEP, suggérant des lésions actives chroniques. J'ai montré que cette inflammation persistante était en lien avec les trajectoires individuelles du handicap. Ensuite, j'ai étudié si la proximité du liquide céphalo-rachidien (LCR) pouvait influencer les cellules immunitaires innées des substances blanche et grise profondes. J'ai démontré la présence d'un gradient d'activation des cellules immunitaires innées à proximité du LCR ventriculaire, corrélé au gradient périventriculaire d'atteintes microstructurales, pouvant également expliquer en partie du handicap clinique.
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  inflammation. Post-mortem studies have demonstrated the clinical relevance of these two mechanisms occurring both in the WM and the GM of patients with MS. It is crucial to further assess the relationship between demyelination/remyelination and acute or persisting inflammation. Development of pathology-specific imaging techniques, in particular techniques able to assess specifically demyelination/remyelination and innate immune cell activation, are necessary to push forward our understanding of mechanisms involved in the pathology of MS. They will also prove uniquely useful to monitor individual patients in the clinical setting or in the context of clinical trials focused on anti-inflammatory or repair therapies. Introduction ....................................................................................................
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  . Using T2*-w GRE sequence, they were able to detect cortical lesions at both time points and to differentiate intracortical lesions from leukocortical lesions. At baseline, they found more cortical lesions in SPMS group compared to RRMS either looking at intra-or leukocortical lesions. After one year, 81% of patients with MS developed at least one new cortical lesion, with a greater accrual in SPMS than RRMS. New lesions appeared preferentially in sulci, and the total cortical lesion load independently predicted neurological disability progression.

	References (Ge et al., 2008) (Tallantyre et al., 2008) (de Graaf et al., 2013)	Populations 2 RRMS 8 MS (4 RR, 4 SP) 37 MS (21 RR, 11 PP, 5 SP) 8 HC	Sequence 2D T2* GRE 3D T2* GRE 2D FLAIR 3D T1 2D T2 3D MP-FLAIR	Parameters TR/TE = 500/25ms TR/TE = 53/52ms TR/TE = 1060/120ms TI=2.8ms TR/TE = 7/2.9ms TI = 1129ms TR/TEs = 4969/21/80ms TR/TE = 8000/303ms TI = 2325ms	Resolution (mm) 0.23x0.23x2 0.67iso 0.6x0.6x2 0.8x0.8x0.8 0.7x1x2 0.8x0.8x0.8	Scan time ? 10min 6min 9 :43 8min07 13min06	Coverage ? 67 mm 72 mm 200 mm 89 mm 190 mm
	(Hammond et al., 2008) (Abdel-Fahim et al.,	19 MS + 13 HC 18 MS (16 RR, 1 SP, 1 PP)	2D GRE MPRAGE	TR/TE = 250/12ms TR/TE = 15/7ms TI = 1070ms	0.195x0.26x2 0.35x0.35x2 0.5x0.5x0.5	9min 6.5min ?	200mm 180mm 140 mm
	2014)	9 HC	(PD)/T2 TSE MT TFE	TR/TEs = 6000 :11/74ms TR/TE = 12/6.4ms	0.5x0.5x2 0.5x0.5x1	~ 30min* 8min50 *2	~ 120mm 80 mm
	(Kollia et al., 2009) (Mainero et al., 2015)	12 RRMS 29 MS (18 RR, 11 SP)	2D T2* GRE 3D FLASH-T2* GRE 3D MPRAGE 2D FLASH-T2* GRE 2D FLASH-T2* GRE	TR/TE = 750/25ms TR/TE = 150/20ms TR/TE = 2500/1.79ms TI=1100ms TR/TE = 2210/6.44ms TR/TE = 1700/21.8ms	0.5x0.5x2 0.5x0.5x0.5 0.5x0.6x0.6 0.33x0.33x1 0.33x0.33x1	~ 10min* 9min 7.43min ~ 20min* ~ 10min*	~ 120mm 85 mm 80 mm ? 80 mm
	(Louapre et al., 2015) (Mainero et al., 2009) (Tallantyre et al., 2010) (Harrison et al., 2015) (Beck et al., 2018)	16 MS (9 RR ,7 SP) 8 HC 17 HC 36 MS (30 RR, 6 SP) 15 HC 11 MS (9 RR, 1 SP, 1CIS) 8 HC 13 MS + 5 HC	2D FLASH-T2* GRE 3D MPRAGE T2 TSE 3D MPRAGE 3D MPRAGE 3D MP-FLAIR 3D MPRAGE 3D MP-FLAIR TSE 3D MP2RAGE 2D T2* GRE 3D T2* EPI	TR/TE = 1000/22ms TR/TE = 2600/3.26ms TI = 1100ms TR/TE = 6890/78ms TR/TE = 2600/3.26ms TI=1100ms TR/TE = 14/6.5ms TR/TE = 5.2/2.3ms delay = 4500ms TR/TE = 8107/293ms TI = 2175ms delay = 3000ms TI = 1048ms TR/TE = 8000/303ms TI = 2325ms TR/TE = 6000/5ms TIs= 800/2700ms TR/TE = 1300/32ms TR/TE = 52/23ms	0.33x0.33x1 0.6x0.6x1.5 0.33x0.33x1 0.6x0.6x1.5 0.5iso 1iso 0.5x0.5x0.5 0.8x0.8x0.8 0.5iso 0.215x0.215x1 0.5iso	~ 20min* 5.5min ~ 15min* 5min 13min12 8min14 11.5min 13min06 10min32 ~ 25min* ~ 7min*	~50mm ? ~50mm ? full full 50 mm 112 mm 50 mm 190mm ~ 80 mm
	(de Graaf et al., 2012) (Kilsdonk et al., 2013) (Granberg et al., 2017) (Treaba et al., 2019)	10 MS + 8 HC 37 MS + 7 HC 26 RRMS + 24 HC 10 HC 33 MS (20 RR + 13 SP)	3D MP-DIR 3D T1 2D T2* GRE	TR/TE = 8000/294ms TIs = 3150/550ms TR/TE = 7/2.9ms TI = 1129ms TR/TE = 1700/21.8 ms	1x1x0.8 0.8x0.8x0.8 0.33x0.33x1	11min04 9min43 15min14*	190mm 190mm 75 mm
			2D (PD)T2	TR/TEs = 4969/21/80ms	0.7x1x2	8min07	120 mm
	(Nielsen et al., 2012)						
	(Nielsen et al., 2013)						

Table 3 .3: Summary of the in vivo studies at 7T to improve detection or characterization of cortical lesion subtypes in patients with MS
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Bold coverages highlight studies performing whole-brain coverage acquisition. Scan times marked by * represent multi-block acquisition. RR: relapsingremitting MS; SP: secondary progressive MS; PP: primary progressive MS; HC: healthy control; CIS: clinically isolated syndrome; TR: relaxation time; TE: excitation time; TI: inversion time

Chapter 5 Individual mapping of innate immune cell activation is a candidate marker of patient-specific trajectories of disability worsening in MS

  Introduction .................................................................................................... 92 5.2 Material and methods .................................................................................... 94 5.3 Results.......................................................................................................... 101 5.4 Discussion .................................................................................................... 105 5.5 Conclusion ................................................................................................... 107 This chapter contains the paper submitted for publication. Bodini B., Poirion E., et al. « Heterogeneity in individual patterns of microglial activation in MS measured non-invasively with [18F]-DPA-714 PET ». ECCN 2017, Rome -talk and "Investigator Award"  Bodini B., Poirion E., et al. « Individual profiles of microglial activation drive the progression of clinical disability in MS ». ECTRIMS 2017, Berlin. 5.1 Introduction Multiple sclerosis (MS) is the most frequent acquired demyelinating disease and remains the first cause of not traumatic neurological disability among young adults
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 Bodini B.*, Poirion E.*, et al. « Individual mapping of innate immune cell activation is a candidate marker of patient-specific trajectories of disability worsening in MS ». Submitted Methods and results presented in the chapter were accepted as abstract in international conferences, and awarded during the 2017 ECCN conference and the 2017 ICM Poster Prize.  Poirion E., et al. « Heterogeneity in individual patterns of microglial activation in MS measured non-invasively with [18F]-DPA-714 PET ». ICM Poster Prize 2017, Paris -"PhD 1/2 Award". 

  Table 5.1).

	Demographic, clinical and radiological characteristics	Healthy controls	Patients (total)	Relapsing-remitting patients	Secondary-progressive patients	Primary-progressive patients
	Number	19	37	11	14	12
	Age (years) mean±SD	46.6 ± 14.3	47.7 ± 11.4	42.6 ± 13.3	52.4 ± 9.3	47.0 ± 10.3
	Gender, female/male	13/6	21/16	8/3	10/4	3/9
	Genotype (MAB/HAB)	10/9	15/ 22	4/7	5/9	6/6

Table 5
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	.1. No significant difference was found between healthy controls and MS subgroups for
	age (mean±sd; HC=46.6±14.3, MS=47.7±11.4, RRMS=42.6±13.3, SPMS=52.4±9.3,
	PPMS=47.0±10.3, p=0.27), gender (female/mal; HC=13/6, MS=21/16, RRMS=8/3,
	SPMS=10/4, PPMS=3/9, p=0.40) and TSPO genotype (MAB/HAB; HC=10/9, MS=15/22,
	RRMS=4/7, SPMS=5/9, PPMS=6/6, p=0.71). Disease duration was significantly different
	between MS subgroups (mean±sd; RRMS=6.7±4.4, SPMS=12.9±6.0, PPMS=6.7±2.9,
	p=0.0018), with SP patients having on average a disease duration 6.2±1.9 years longer than
	RR (p=0.007), and 6.3±1.8 years longer than PP patients (p=0.005). EDSS was significantly
	different between MS subgroups (median[range]; RRMS=3.5[2-6], SPMS=6[3.5-7.5],
	PPMS=6[3-7.5], p=0.001), with an increase of 2.6±0.9 (p=0.009) and 2.6±0.8 (p=0.003)
	points of EDSS in PP and SP patients compared to RR, respectively. EDSS step change were
	not statistically different between MS subgroups (median[range]; RRMS=1[0-2.5],
	SPMS=1[0-4.5], PPMS=1[0-2], p=0.84). Treatments type was significantly different
	between MS subgroups (p=0.002), with a greater number of untreated patients in PP and SP
	patients compared to RR. No statistical difference was found between MS subgroups for T2
	and T1-se lesion load (mean±sd; RRMS=11.1±7.3, SPMS=14.6±8.7, PPMS=16.0±16.4,
	p=0.58, and RRMS=1.0±1.2, SPMS=3.0±3.2, PPMS=2.8±5.5, p=0.39, respectively).
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* indicates a significant difference between the two subgroups of patients with MS

  . The EDSS was used to separate patients with EDSS ≤ 4 from those with EDSS > 4. Clinical data, including EDSS scores of patients with MS measured at regular intervals by neurologists' specialist in MS care, have been collected in the European Database for Multiple Sclerosis (EDMUS) since 1998 in the Neurology department of Pitié Salpêtriêre Hospital, and since 2008 in the Neurology department of Saint Antoine Hospital. For each patient, the EDSS score 2 years

Table 6
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	Chapter 6

.1. No significant difference was found between healthy controls and MS subgroups for age (mean±sd; HC=46.6±14.3, MS=47.7±11.4, RRMS=42.6±13.3, PMS=49.9±10.0, p=0.25), gender (female/male; HC=13/6, MS=21/16, RRMS=8/3, PMS=13/13, p=0.30),

Table 7 .1: Demographic, clinical and radiological characteristics of patients and healthy controls
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Table 7 .2: Hierarchical regression models to explain variance of clinical variables
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	Predictors	Explained clinical variables EDSS MSSS
	Gender, Disease duration (level 1)	R 2 =0.45 p=0.01	R 2 =0.19 p=0.18
	Index of cortical remyelination (level 2)	R 2 change=0.26 p=0.02	R 2 change=0.3 p=0.03
	Index of white matter remyelination (level 3)	R 2 change=0.10 p=0.04	R 2 change=0.31 p=0.002
	Overall hierarchical regression model	R 2 =0.82 p=0.001	R 2 =0.80 p=0.001
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Total scan time (min:s) = 23:40

  

	Sequence	3D T1-w MP2RAGE	3D T2-w	3D FLAIR	3D DIR
	Repetition time (ms)	5000	3200	5000	7500
	Echo time (ms)	2.98	394	393	300
	Inversion time (1/2) (ms)	700/2500	-	1800	3000/450
	Resolution (mm 3 )	1x1x1	1x1x1	1x1x1	1.3x1.3x1.3
	FOV (APxFHxRL)	232x256x176	256x256x176 256x256x176	256x256x160
	Acquisition time (min:s)	8:12	3:52	5:57	5:39

Table 8 .1: Sequence parameters for 3T sequences that will be compared with 7T sequences
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Total scan time (min:s) = 58:07

  

					, 3D
	DIR, and 3D multi-echo T2*-w for T2* mapping and potential QSM (de Rochefort et al.,
	2010).				
	UHF 7T MRI protocol included the following sequences (Table 8.2):	
	1) 3D T1-w MPRAGE UP			
	2) 3D Sagittal FLAIR UP			
	3) 3D Sagittal DIR UP			
	4) 3D Sagittal DIR CP			
	Sequence	3D T1-w MPRAGE UP 3D FLAIR UP 3D DIR UP	3D DIR CP
	Repetition time (ms)	2600	7000	8500	8500
	Echo time (ms)	3.43	300	304	304
	Inversion time (1/2) (ms)	1100	2100	3450/550	3450/550
	Resolution (mm 3 )	0.8x0.8x0.8	0.8x0.8x0.8	0.8x0.8x0.8	0.8x0.8x0.8
	FOV (APxFHxRL)	240x256x154	208x256x154 263x350x350 263x350x350
	Acquisition time (min:s)	5:02	12:36	15:18	15:18

Table 8 .2: Sequence parameters of the 7T protocol in pTx with UP
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MS (4 CIS, 13 RR, 9 SP) 34 MS (10 CIS, 8 RR, 9 SP) 2D FLASH-T2* GRE TR/TE = 1000/22ms 0.33x0.33x1 ~ 15min* ?
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Statistical analysis

Statistical analyses were performed using R version 3.5.0 (R Core Team, 2018) and RStudio as graphical interface. All values, except otherwise specified, are reported as mean ± standard deviation or median [min-max]. For all tests, the level of statistical significance was set at P < 0.05.

Linear regression models were used to assess unadjusted differences in: (i) age between healthy controls and MS subgroups (RR, PMS); and (ii) disease duration between MS DIR sequence at 0.8mm isotropic. Sequence paramaters available in Table 8.2

The DIR sequence was acquired in pTx using UP as well as pseudo-CP mode at 0.8mm isotropic (Figure 8.7). The pseudo-CP DIR exhibits a strong B1+ artefact mainly localized in the temporal lobes and the cerebellum. The pTx DIR shows a qualitative improvement of the signal in these two areas.

subject variability in activated microglia was found. This result reinforced the previously demonstrated evidences that patients with MS have an increase in innate immune cell activation in the WM compared with healthy controls, independently of the tracer affinity.

Our innovative technique allowed us to classify lesions as active or inactive, and therefore to reproduce in vivo a lesion classification that up to now was only possible on post-mortem tissues and has been attempted in vivo only once before (Datta et al., 2017a). Through this novel approach, we were able to demonstrate that chronic immune cell activation in the normal appearing WM and in lesions appearing as inactive on conventional MRI scans were highly correlated with the ongoing disability worsening in patients.

Datta and colleagues classified lesions in four categories based on the patterns of TSPO radioligand uptake relative to that in the surrounding NAWM (Datta et al., 2017a). The authors found a higher proportion of inactive lesions in patients with SPMS compared to those with RRMS. The authors also described that potentially active lesions could be found in subgroups of patients, receiving highly efficacious treatments. Our innovative methodology for lesion classification had the advantage to minimize partial volume effect by classifying each voxel by comparison to the voxel in the same position in a control, allowing a powerful analysis of lesions localized in all brain regions. This allowed to confirm the higher proportion of active and inactive lesions in SPMS. These in vivo finding is in line with a recent post-mortem study, showing that histopathologically defined inactive lesions are more common in SPMS [START_REF] Frischer | Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque[END_REF]. In this study, lesions characterized by a rim of microglia/macrophages activation corresponding to chronic active lesions were also described and were only found during the progressive form of the disease. We have shown an increased proportion of DPA active voxels in perilesional areas compared to NAWM, which could be driven by this type of chronic active lesions. Similarly, Datta and colleagues reported that in some WM lesions a perilesional increased TSPO expression could be detected (Datta et al., 2017a). However a direct translation of pathological data onto imaging findings remains challenging, due to the suboptimal resolution of PET (5mm in the study performed by Datta and colleagues, 2.5mm in our study) compared with histological data.

Whether the specific DPA activation found around lesions reflects the smoldering component described in post-mortem studies, or simply a gradient of neuroinflammation in the NAWM surrounding inactive lesions, therefore remains unclear. Another key finding from our study was the high number of active lesions detected in relapsing patients whereas chronic active lesions were only found in progressive patients at the post-mortem stage. 

Appendices