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Titre : Réorganisation des réseaux cérébraux dans les stades précoces de la 
sclérose en plaques 

 

Résumé : Les troubles cognitifs sont fréquents dans la sclérose en plaques (SEP) mais leurs 

mécanismes sous-jacents sont encore mal connus. Les techniques d’IRM ont été indispensables 

pour essayer de mieux comprendre les substrats biologiques des processus cognitifs. L’objectif de 

cette thèse est de mieux comprendre les mécanismes physiopathologiques du fonctionnement 

cognitif dans les stades précoces de la SEP. Pour cela, nous avons étudié une cohorte de patients 

atteints de syndrome cliniquement isolé (SCI) pendant un an, en réalisant une batterie de tests 

neuropsychologiques ainsi qu’un examen IRM. Nous avons tout d’abord démontré une atteinte 

précoce de la substance grise, en particulier au niveau de l’hippocampe, se propageant vers le 

cortex après un an d’évolution. L’atteinte microstructurale précoce de l’hippocampe était capable 

de prédire sa perte de volume. Ensuite, nous nous sommes intéressés à la réorganisation des 

réseaux cérébraux fonctionnels à ce stade précoce de la maladie. En utilisant l’IRM fonctionnelle 

de repos, nous avons démontré une réorganisation cérébrale fonctionnelle précoce impliquant 

plusieurs régions cérébrales. Cette réorganisation était encore plus prononcée après un an 

d’évolution. Au même moment, nos patients présentaient un fonctionnement cognitif normal qui 

était associé au niveau de réorganisation cérébrale présente. Ces résultats suggèrent un mécanisme 

de compensation aux stades précoces de la pathologie. La relation entre ces modifications 

fonctionnelles et l’anatomie sous-jacente est inconnue dans la SEP. Nous avons ainsi décidé de 

combiner l’IRM fonctionnelle de repos et l’imagerie par tenseurs de diffusion pour étudier à la 

fois la connectivité fonctionnelle et la connectivité structurelle. En utilisant le paramètre de 

couplage structurel-fonctionnel, nous avons démontré un découplage, un an après l’apparition de 

la maladie, au niveau de trois réseaux cérébraux du repos (salience, visuel et somato-moteur). Ce 

découplage était observé alors même que les performances cognitives de nos patients étaient 

préservées et que la réorganisation fonctionnelle était présente. Ces résultats suggèrent que cette 

réorganisation fonctionnelle à ce stade, agissant comme un mécanisme de compensation, se 

produit à travers des connections anatomiques indirectes. Afin de confirmer ces résultats et de 

suivre l’évolution des réseaux cérébraux et leur impact sur la cognition, nous avons recontacté nos 

patients SCI pour un suivi à 5 ans. 

 

Mots clés : Sclérose en plaques, IRM, syndrome cliniquement isolé, connectivité, IRM 

fonctionnelle, imagerie par tenseur de diffusion. 
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Title: The reorganization of human brain networks in the early stages of 
multiple sclerosis 

 

Abstract: Cognitive impairment is frequent in multiple sclerosis (MS) but its underlying 

mechanisms are still poorly understood. MRI techniques have been a valuable tool to investigate 

the biological substrates of cognitive processes. The objective of this thesis was to better 

understand the pathophysiological mechanisms of cognitive functioning at the early stage of MS. 

We followed clinically isolated syndrome (CIS) patients for one year, using neuropsychological 

tests, conventional and more advanced MRI techniques. We first demonstrated a differential gray 

matter vulnerability at the beginning of MS with a pathological spread from the hippocampus 

towards the cortex. We showed that the first microstructural alterations taking place within the 

hippocampus were able to predict its future volume loss. After that, we were interested in the 

potential brain functional reorganization at this stage of the disease. Using resting-state functional 

MRI, we were able to demonstrate very early regional brain functional reorganization starting from 

the disease onset and becoming more pronounced after one year of evolution. We also noticed a 

preservation of cognitive performances in CIS patients, which we found was associated to more 

functional reorganization. These results suggested then a compensation mechanism at the first year 

after a CIS. However, the relationship between these functional changes and the underlying 

anatomy was still missing. Thus, we combined resting-state functional MRI and diffusion tensor 

imaging to represent both functional and structural connectivity. Using the structural-functional 

coupling parameter, representing the association between structural and functional connections, 

we showed a decoupling one year after the disease onset in three major networks (salience, visual 

and somatomotor networks). This decoupling was noticed while cognitive performances were 

preserved and functional reorganization present. These last results led us to suggest that the 

functional reorganization at this stage, acting as a compensation mechanism, occurs along indirect 

anatomical pathways. In order to confirm these results and further follow-up brain networks 

topology and its impact on cognition, we are currently calling back our CIS patients for their 5-

year visit. 

Keywords: Multiple sclerosis, MRI, clinically isolated syndrome, connectivity, functional MRI, 

diffusion tensor imaging. 
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MS pathology 
 

Multiple sclerosis (MS) is an inflammatory, demyelinating and neurodegenerative disease of the 

central nervous system.1 It is one of the most common neurological disorders among young adults 

and women are more prone to develop the disease (2.3/1 female-to-male ratio).2 This chronic 

disease affects more than 2.3 million people worldwide with approximately 100000 patients in 

France.3 Although its exact etiology is currently unknown, the disease is thought to be 

multifactorial as some genetic and environmental risk factors have been identified, such as 

Epstein-Barr viral infection, HLA genotype, vitamin D levels (sun exposure), salty diet and 

smoking.1 

It is usually accepted that in MS, an autoimmune reaction is initiated in the periphery, where 

macrophages and leukocytes (e.g. T-cells, B-cells) migrate to the brain due to the leakage of the 

blood brain barrier. As these lymphocytes and macrophages accumulate, pro-inflammatory 

cytokines increase the immune response by recruiting microglia. Then, a part of infiltrating T-

lymphocytes recognizes myelin, leading to acute demyelination, notoriously known as lesions.1 

These lesions can be partly remyelinated by oligodendrocytes in the early stage of the disease, 

resulting in the preservation of axons and neurons to a certain degree.4 Axonal damage becomes 

more pronounced as the disease progresses, which is thought to be mediated by mitochondrial 

dysfunction with the production of reactive oxygen species.5 At this stage, both white and grey 

matter (cortex and deep grey matter structures) atrophy is observed.6 

 

Clinical phenotypes 
 

Multiple sclerosis in characterized by an unpredictable clinical course, as some patients progress 

rapidly, while others remain relatively stable over the course of the disease. The early phase of MS 

usually presents acute symptom worsening (also called attacks or exacerbations), followed by 

partial or complete recovery (relapsing-remitting MS, RRMS) due to demyelination and 

remyelination processes. With time, recovery from each episode is incomplete and persistent 

symptoms accumulate. In some patients, symptoms will progressively worsen without relapses or 

partial recovery, this phase is called secondary progressive MS (SPMS). In some other cases, 

patients may not present relapse-onset MS, as they show steady worsening of neurologic 

functioning without any distinct relapses or periods of remission (primary-progressive MS, PPMS) 

(Figure 1).1 
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Figure 1. Multiple sclerosis phenotypes 

 

Depending on the location of lesions, RRMS patients may present symptoms including acute 

unilateral optic neuritis, partial myelitis or a brainstem syndrome,7 while progressive-onset  

patients’ symptoms tend to progress slowly over the course of months or even years, and include 

symptoms such as paraparesis, hemiparesis or cerebellar ataxia.7 Other MS physical symptoms 

include tingling, body weakness, numbness, imbalance, spasms, gait impairment and vision loss.1 

According to the consensual McDonald criteria based on clinical and/or MRI criteria, MS is 

diagnosed by the dissemination in time and space of the demyelinating lesions.8 More recently, 

the presence of CSF-specific oligoclonal bands may now substitute for dissemination in time even 

if baseline MRI findings do not meet dissemination in time criteria, and the presence of cortical 

lesions may now fulfill MRI criteria for dissemination in space (in addition to juxtacortical 

lesions).9 

 

Clinically isolated syndrome 
 

Clinically isolated syndrome (CIS) describes the first monophasic episode of acute or sub-acute 

onset suggestive of MS.10 Patients presenting at first with a CIS, may be diagnosed with MS if 

fulfilling the dissemination in time criteria. Additionally, the long-term risk for clinically definite 

MS is 60–80% in CIS patients with demyelinating lesions on their first MRI scan.10 This very early 

stage of MS is then the perfect window to study the first brain alterations present in MS to obtain 

a better understanding of the evolving pathogenesis of CIS. This explains our choice to study the 

evolution of such population in the remainder of the manuscript. 
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Treatment 
 

During MS relapses, it is usual to treat the patient with high-dose methylprednisolone to 

immediately relieve the symptoms. However, these corticosteroid treatments have no significant 

impact on long-term disability and do not prevent future relapses. To this end, patients with RRMS 

are usually treated with disease modifying treatments with either immunomodulatory or 

immunosuppressive characteristics to prevent the occurrence of new inflammatory episodes and 

slow down disease progression. Distinction can be made between first-line therapy and second-

line therapy. First-line therapy aims to reduce the inflammatory response by adjusting the immune 

response (e.g. interferon beta, glatiramer acetate, dimethyl fumarate, teriflunomide). Second-line 

therapies are more effective, but usually have more potential severe side effects as they interfere 

more importantly with the immune system (e.g. natalizumab, fingolimod).11 These current 

available treatments for MS all target the inflammatory component of the disease. However, new 

potential therapies aiming at repairing the damaged axons using a remyelination approach are 

currently undergoing clinical trials.12 

 

Cognitive impairment in MS 
 

For many years, cognitive impairment in MS used to be neglected as research and clinical attention 

mainly focused on the physical problems. However, it is admitted now that it is frequent in MS 

and appears even early during the course of the disease, from the CIS stage.13,14 This stage is 

particularly interesting because it is the critical time when cognitive deficits occur and become 

detectable. In the years after the CIS, the frequency of these deficits increases notably (from 29% 

to 54% after 5 years),15 meaning that there is a strong opportunity to understand the substrate of 

these deficits and to set up therapeutic strategies. Increasing evidences have shown the pejorative 

impact of early cognitive impairment in MS affecting quality of life and daily living with 

vocational impact.16,17 Cognitive impairment associated with MS concerned several cognitive 

domains including episodic memory, attention, working memory and executive functions.13 

However, slowness of information processing speed (IPS) is the main cognitive dysfunction 

observed in MS even at the earlier stages and is associated with poor prognosis, significant 

consequences on employment status and decreased quality of life.17 Besides IPS, it is also accepted 

that episodic memory is frequently and early impaired. Recently an international group of MS 
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experts has suggested both IPS and episodic memory as the minimal cognitive assessment in 

patients with MS (Brief International Cognitive Assessment for MS, BICAMS).18 In addition to 

BICAMS, several other well-established neuropsychological test batteries are available to assess 

the performance on different cognitive domains in MS (e.g. the Brief Repeatable Battery of 

Neuropsychological tests (BRB-N),19 the Minimal Assessment of cognitive Function in MS 

(MACFIMS)20). 

 

Visualizing brain abnormalities in MS 
 

The advent of magnetic resonance imaging (MRI) has provided a further powerful tool for the in-

vivo investigation of diseases of the central nervous system. In MS, MRI has become an invaluable 

tool for diagnosing the disease as the diagnosis heavily relies on proof of disease dissemination in 

space and time.21 As such, MRI can support and substitute clinical information for MS diagnosis, 

enabling an early and accurate diagnosis and thus, early treatment. 

During the last two decades, MRI has been extensively used in the study of MS using a variety of 

MRI techniques. These MRI techniques used in MS research can vary from conventional MRI 

sequences visualizing brain lesions or atrophy, usually used in the clinical setting, to advanced 

sequences quantifying the microstructural integrity of brain tissue and network characteristics. In 

the following, we will first introduce several of these MRI sequences. Then, we will discuss how 

these techniques can provide insight into the neural correlates of cognitive impairment. 

 

White/gray matter lesions 
 

White matter lesions represent a typical characteristic of MS and can be visualized using 

conventional MRI sequences such as T2-weighted or fluid attenuated inverse recovery techniques 

(FLAIR) (Box 1). Both lesion load and lesion counts have been intensively investigated in MS. 

However, studies showed poor correlation between these parameters and the actual clinical 

disability of patients. This is called the clinico-radiological paradox of MS.22 Indeed, some patients 

showing a large number of white matter lesions can be mildly affected, while others with fewer 

white matter lesions show a more severe disability. This led MS researchers to investigate gray 

matter lesions as they may be more prone to play a role in cognitive functioning. In order to do 

that, the double inversion recovery (DIR) sequence was used as it was shown to improve the 

detection of intracortical lesions which was verified in post-mortem tissues as well.23,24 Even 
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though the DIR sequence still lacks some sensibility in detecting all cortical lesions, active research 

towards a consensus DIR sequence is currently ongoing.25 These gray matter lesions were stronger 

associated to cognitive deficits than white matter lesions, even though correlations were still 

moderate.26,27 

 

 

 

  

Box 1. Conventional MRI sequences 
 

Below, we will describe standard MRI sequences that have been mostly used in the 

diagnosis of MS and the patient’s follow-up. 

 

T1- and T2-weighted imaging 

With a T1-weighted sequence, we can easily visualize the anatomy of the brain with a 

good contrast between white and gray matter. A subset of MS lesions can be seen as focal 

hypointensities (black holes) (Figure 2), indicating axonal and myelin loss. Additionally, 

this sequence allows the inspection of acute inflammatory processes using a contrast agent 

(e.g. gadolinium), that can go through the blood brain barrier if disrupted. This results in 

hyperintense lesions in these images. On the other hand, using a T2-weighted sequence 

allows to detect MS lesions as focal hyperintensities (Figure 2). With that, we can 

calculate the count and volume of these lesions, which represents an important parameter 

to monitor the evolution of the disease. Both these sequences are usually included in 

routine clinical practice. They are also used in research, as T2-weighted images provides 

the patient’s lesion load, while T1-weighted images are mostly used to segment the brain 

(e.g. white matter, gray matter) and calculate the corresponding volumes. 

 

 

 

Figure 2. T1- and T2-weighted image of a patient with MS 
A T1-weighted image (left) in which black hole is indicated by a yellow circle, and a T2-weighted image 

(right) in which white matter lesion is indicated by a red circle. 
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Fluid attenuated inverse recovery sequence 

Using a fluid attenuated inverse recovery sequence (FLAIR), we can highlight MS lesions 

as focal hyperintensities, while suppressing the cerebrospinal fluid’s (CSF) signal (Figure 

3). In this case, lesions are better distinguished from CSF, such as in periventricular lesions 

for example. FLAIR images are therefore superior to T2-weighted images for detecting 

MS lesions, and are often used in research settings. 

 

 

 

 

Figure 3. FLAIR image of a patient with MS 
A FLAIR image in which white matter lesion is indicated by a blue circle. 
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Brain atrophy 
 

Brain atrophy in MS was first observed in the first half of the 19th century by Cruveilhier and 

Carswell when they described the presence of lesions accompanied by atrophy. Later on, with the 

advent of in-vivo brain imaging, ventricles enlargement was observed in  the late 1970s using 

computerized tomography (CT), indicating central atrophy.28 Then MRI replaced CT for 

volumetric measurements as it allows to better distinguish brain tissue types with greater 

resolution. MS patients usually present a higher yearly whole-brain atrophy (with 0.7% loss per 

year) compared to healthy controls (0.1% to 0.3% loss per year).29 This observed whole-brain 

atrophy is a combination of both white and gray matter volume loss, and it believed to reflect both 

inflammation-induced axonal loss followed by Wallerian degeneration and post-inflammatory 

neurodegeneration.30 As the disease progresses, gray matter volume loss is thought to increase 

with a higher rate and relates strongly to physical and cognitive deficits.26,31 

 

Advanced MRI techniques 
 

It currently well known that macroscopic features such as white/gray matter lesions and atrophy 

do not provide sufficient information about the extent of tissue, and thus, lack specificity about the 

more destructive aspects of MS pathology, including diffuse damage in the so-called normal 

appearing brain tissue (NABT). These more subtle brain alterations can be observed using 

diffusion tensor imaging (DTI) (Box 2). This technique reveals the integrity of white matter tracts 

which are responsible for inter-region communication, and therefore better relates to cognitive 

problems.32 

 

As the previous sequences allowed us to capture structural brain abnormalities in MS, they did 

not, however, inform us about brain function alterations in the disease. Functional MRI (fMRI) is 

therefore a powerful tool to explore activation of brain regions either during a specific task or at 

rest (Box 3), by mapping the change in the level of blood oxygenation.33 When performing a 

cognitive task, MS patients showed different levels of activation compared to healthy controls. 

Indeed, cognitively impaired patients displayed a pattern of decreased brain activation in some 

regions compared to healthy controls, while cognitively preserved patients showed increased brain 

activations compared to healthy controls.34,35 Available fMRI data suggest that cognitive 

impairment in MS might be a function not only of tissue loss, but also of the progressive failure of 
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the adaptive capacity of the brain with increasing tissue damage.36 However, whether these 

functional changes are beneficial or indicate a maladaptive response to injury is still a matter of 

debate.37–39 

 

Other techniques 
 

Other approaches to assess brain integrity during the course of MS have been used. We propose to 

briefly introduce some of them, as they have not been used in this thesis. 

A more direct approach to investigate myelination is magnetization transfer (MT) imaging. This 

technique is based on the MT phenomenon in which two or more environments (pools) with 

distinctly different magnetic resonance properties exchange magnetization. Let us consider two 

pools of protons with distinctly different MR properties; the liquid protons (i.e. protons associated 

with water, both intracellular and extracellular), and the macromolecular protons (protons 

associated with myelin, cell membranes and proteins). To detect the macromolecular protons, an 

off-resonance radio-frequency pulse (i.e. MT pulse) is used. This pulse preferentially excites the 

macromolecular protons and is added immediately prior to a conventional MRI sequence (usually 

a T1-weighted sequence). Adding this pulse induces the transfer of magnetization from the 

macromolecular protons to nearby liquid protons, resulting in an MRI with intensities that have 

been modulated by the presence of myelin. Thus, MT imaging is affected by myelin content in MS 

white matter and has been validated with post-mortem histopathology.40 

Additionally, positron emission tomography (PET) is an in-vivo imaging technique, allowing to 

quantitatively investigate the cellular and molecular processes of the disease. PET provides an 

image of the tissue of interest after the administration of a positron-emitting molecule, ideally 

binding a selective target.41 Due to the complexity of MS, different possible radioligands are 

provided, which can be used in PET imaging with high selectivity. As such, PET imaging is 

capable of assessing inflammation, demyelination, neuronal damage and astrocyte activation in 

MS.42 However, its high cost, its relatively low resolution and the lack of available standardized 

procedures currently limit its use. 

Electroencephalography (EEG) and Magnetoencephalography (MEG) are direct and non-invasive 

measures of brain function. EEG measures the small electrical currents resulting from postsynaptic 

potentials, while MEG measures the magnetic fields induced by these currents. They are an 

important tool to complement other imaging methods such as fMRI, as they have a high temporal 
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resolution in the range of milliseconds. However, these two techniques have very low spatial 

resolution and a lack of sensitivity to processes in deep brain areas. Using EEG and MEG 

acquisitions in MS, studies have shown changes in network topology and slowing of neuronal 

activity, affecting cognitive performances.43–46   

Box 2. Diffusion tensor imaging 
 

Diffusion tensor imaging (DTI) is a sequence used to determine the displacements of water 

molecules (protons) in the brain.  This sequence allows to quantify the integrity of both 

white and gray matter by calculating the water’s motion in several directions. When the 

water’s motion is random (i.e. Brownian motion) as in the CSF, the diffusion is called 

isotropic. However, when water motion is constrained in one direction by neurites, 

membranes or cell infiltrates, the diffusion is called anisotropic. Thus, water diffusion 

properties are modified when the microstructural integrity of the tissue is altered. We can 

express the diffusivity of water molecules using different parameters, such as: 

Fractional anisotropy (FA): a summary measure that quantifies the amount of anisotropy 

(i.e. directionality) in a voxel. 

Mean diffusivity (MD): average of diffusion. 

Axial diffusivity (AD): diffusivity along the axon. 

Radial diffusivity (RD): diffusivity perpendicular to the axon. 

 

 

Figure 4. The Principle of DTI and Contrast Generation 
From diffusion measurements along multiple axes (A), the shape and the orientation of a “diffusion 

ellipsoid” is estimated (B). An anisotropy map (D) can be created from the shape, in which dark regions are 

isotropic (spherical) and bright regions are anisotropic (elongated). From the estimated ellipsoid (B), the 

orientation of the longest axis can be found (C), which is assumed to represent the local fiber orientation. 

This orientation information is converted to a color (F) at each pixel. By combining the intensity of the 

anisotropy map (D) and color (F), a color-coded orientation map is created (E). (Adapted from Mori et al., 

Neuron, 2006) 

 

Mori S and Zhang J, Principles of diffusion tensor imaging and its applications to basic neuroscience 

research. Neuron. 2006 
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Box 3. Functional magnetic resonance imaging 
 

Functional magnetic resonance imaging (fMRI) is a sequence used to measure brain 

activation during a task or at rest. When a neurons population increase its activity, this 

region requires an increase in blood flow to deliver enough oxygen. Oxygen is bound in 

the blood to hemoglobin. Hemoglobin can be found in two forms: hemoglobin with bound 

oxygen molecules (i.e. oxygenated hemoglobin, with diamagnetic properties), and 

hemoglobin without bound oxygen molecules (i.e. deoxygenated hemoglobin, with 

paramagnetic properties). The oxygen brought-in to the specific brain region by the 

increased blood flow is usually more that the consumed oxygen. This causes a decrease in 

deoxygenated hemoglobin which can be picked up by the MRI scanner. These changes can 

be assessed during: 

Performance of a cognitive task (i.e. task fMRI), which depicts brain regions activated 

upon task demands. 

Resting-state (resting-state fMRI), which depicts spontaneous brain activity 

 

 
Figure 5. Functional MRI mechanism 
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Connectomics: Mapping the human brain 
 

For centuries, tracing the human brain’s connections has been an important scientific goal for 

neuroanatomists.47 Thanks to the advent of MRI, it is now possible to non-invasively capture the 

intrinsic characteristics of our brain and model connections between different brain regions. This 

effort to try to map the multiple connections in our brain is referred to as “connectomics”. For 

example, based on DTI data, we can capture the brain’s structural organization (i.e. white matter 

tratcs) using tractography to reveal the trajectories of white matter pathways in vivo.48 Then, in 

order to infer the underlying functional connectome of the human brain, we can use resting-state 

fMRI which identifies synchronization of activity between pairs of gray matter regions.49 Based 

on this functional connectome, patterns of simultaneous brain activity have been extracted using 

independent component analysis, leading to the identification of the so-called “resting-state 

networks”.50 Alterations to these networks have been shown to be involved in disability and 

cognitive impairment in patients with MS,51 especially the default mode network known to 

intervene across a wide range of cognitive manipulations.52,53 Both structural and functional 

networks can be investigated using a mathematical modelling called “graph theory”. This model 

suggests that the brain is represented as a graph with nodes representing brain regions and edges 

representing connections between them (Figure 6).54  
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Figure 6. Graph theoretical representation of the brain 

 

For functional networks, connections can be defined as the correlation coefficient between brain 

regions’ activity. Whereas in structural networks, these connections can represent the number of 

tracts connecting two gray matter regions. A variety of neurobiologically meaningful network 

measures can be computed to assess its characteristics, such as its efficiency, its centrality and its 

levels of segregation and integration.55 We briefly introduce some of the parameters used in this 

thesis in Box 4. Abnormalities in both functional and structural networks have been previously 

reported in MS patients, showing different topological characteristics compared to HC.56 Current 

data on network changes in MS in relation to cognition have led to the introduction of the “network 

collapse” hypothesis.57 This hypothesis suggests that as the structural damage progresses, the 

functional network’s efficiency becomes increasingly less efficient, until reaching a certain 

“threshold point” where the network collapses, leading to important cognitive deficits (Figure 

7).57 
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Figure 7. A hypothesis of network collapse as a cause for developing cognitive impairment in MS. 

In early stages of MS, structural damage is low, leaving network efficiency relatively high. As the structural damage 

accumulates over time, network efficiency levels drop, inducing a network collapse after a critical threshold 

(indicated by the dotted line) is exceeded. After this, the network is unable to function normally and cognitive 

impairment develops. (Adapted from Schoonheim et al., Front Neurol, 2015) 

 

Aims of the thesis 
 

The overall aim of this thesis was to tackle some neural substrates of cognitive functioning in the 

early phase of MS. This was achieved using advanced MRI techniques and a comprehensive 

neuropsychological battery in a homogeneous cohort of CIS patients, followed over 1-year after 

their first episode. First, we were interested in looking into the differential gray matter vulnerability 

at this early stage of the disease. Then, we investigated the evolution of topological network 

properties (both structural and functional) in our patients related to their cognitive performances. 
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  Box 4. Network measures of brain connectivity 
 

In the following, we will briefly introduce and describe some important network measures 

used in our analyses. First, let us recall that a node indicates a brain region, and an edge 

(i.e. link) indicates the connection between a pair of brain regions. 

 

Table 1. Network measures definition 

 
Measure Definition 

Degree Number of links connected to a node 

Global 

efficiency 

The average inverse shortest path length between all pairs of nodes. It 

estimates the ease with which brain regions communicate 

Local efficiency 

Represents the short-range connectivity and is related to the density of the 

short-distance connections of the network. It shows the information transfer 

in the immediate neighborhood of each node 

Betweenness 

centrality 

Represents a measure of hubness, and generally speaking corresponds to 

brain areas that have the highest connectivity and form the core of the brain 

network 

Clustering 

coefficient 

Represents the fraction of the node's neighbors that were also neighbors of 

each other 

Participation 

coefficient 

Represents the diversity of inter-modular connectivity for each node. It 

ranges from 0 to 1. Participation coefficient is close to 1 if a node had a 

homogeneous connection distribution with all the modules, and 0 if a node is 

exclusively linked to other nodes in its own module. 

Within-module 

degree z-score 

Represents the intra-modular connectivity of a node. Within-module degree 

is large for a node that has many intra-module connections relative to other 

nodes in the same module. 

 

 

Figure 8. Measures of network topology 
(Adapted from Rubinov and Sporns, NeuroImage, 2010) 

 
 

Rubinov M and Sporns O, Complex network measures of brain connectivity: Uses and interpretations. 

NeuroImage. 2010 
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Thesis outline 
 

In order to answer our previous objectives, we broke down our studies into multiple chapters. In 

chapter 2, we investigated whether some gray matter regions are differentially vulnerable at the 

early stage of MS. By quantifying deep gray matter and cortical volumes, along with their 

microstructural integrity using DTI metrics, we found that hippocampus was the first structure 

showing microstructural alterations since baseline. Then after 1-year, hippocampus volume was 

decreased along with damage spreading to the cortex. Hippocampus microstructural alterations at 

baseline were also predictive of its future volume loss. 

In chapter 3, we explored the evolution of functional brain networks reorganization at rest in 

patients with CIS. Based on fMRI data, and using graph theoretical measures, we observed brain 

reorganization from the onset of the disease, by depicting a combination of underconnected and 

overconnected brain regions. This reorganization was even more pronounced after 1-year of 

evolution. Importantly, these changes were present while global brain efficiency was normal 

compared to HC, and correlated with the preservation of cognitive performances, suggesting a 

compensatory mechanism at this stage. 

In chapter 4, we will analyze both structural and functional connectivity, and how they relate to 

each other in the early phase of MS. Structural connectivity was extracted from white matter 

tractography using DTI data, while functional connectivity was based on resting-state fMRI. By 

introducing a novel concept of structural-functional coupling in MS, we will look at brain regions 

directly connected and how the function evolves with the structure. Our analysis revealed that 

structural damage precedes functional reorganization during the first year following a clinically 

isolated syndrome along with normal cognitive performance, suggesting a compensatory 

mechanism at this stage of the disease. Importantly, structural–functional decoupling observed for 

the first time in MS suggests that functional reorganization occurs along indirect anatomical 

pathways. 

In chapter 5, we will finally summarize and discuss the main findings of this thesis, and we will 

state the limitations of this work as well as the perspectives we intend to further develop. 
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Summary page 

 

 

 
Rationale: Differential vulnerability of gray matter regions at the early stage of multiple sclerosis 

(MS) is still unknown. We aimed to investigate whether deep and cortical gray matter are 

differentially vulnerable after a clinically isolated syndrome (CIS) suggestive of MS. 

 

Summary of the methods: We measured volume and diffusion tensor imaging (DTI) metrics 

within deep gray matter structures and the cortex in patients with CIS (PwCIS) and healthy controls 

(HC) at both baseline and after 1-year of follow-up. 

 

Main results: Hippocampus was the only structure altered at baseline with microstructural 

abnormalities measured by DTI, while no gray matter atrophy was noticed at this stage. After 1-

year, gray matter damage was more widespread with putamen and hippocampus volumes 

decreasing in PwCIS, and cortical thinning in different parts of the cortex along with 

microstructural abnormalities. Furthermore, hippocampus volume loss could be predicted by its 

microstructural abnormalities at baseline. 

 

Comments: This study shows a differential gray matter vulnerability at the onset of MS spreading 

from hippocampus to the cortex. Additionally, we could detect early structural abnormalities in 

the hippocampus which were predictive of its subsequent volume loss. However, gray matter 

abnormalities in MS could also be studied by investigating the functional networks topology in 

patients. 
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Abstract 

 

Background and purpose: Whether some gray matter (GM) regions are differentially vulnerable 

at the early stages of MS is still unknown. The objective of this study is to investigate whether 

deep and cortical GM are differentially vulnerable after a clinically isolated syndrome (CIS) 

suggestive of multiple sclerosis (MS). 

Methods: Fifty-six patients with CIS (PwCIS) and 38 healthy controls (HC) had conventional and 

diffusion tensor imaging (DTI) at baseline and 46 PwCIS and 20 HC were rescanned after one 

year. Deep GM (DGM) volumes, cortical thickness (CTh) and DTI metrics (FA: fractional 

anisotropy; MD: mean diffusivity) within these structures were calculated for each participant at 

each time-point and compared between PwCIS and HC. Linear regression models were used to 

investigate whether baseline DTI parameters could predict GM volume loss over time. 

Results: At baseline, GM volumes did not differ between PwCIS and HC, but hippocampal MD 

was higher in PwCIS than HC (p<0.01). Over one year, GM alterations became more widespread 

with putamen and hippocampus volumes decreasing in PwCIS (p<0.01), and cortical thinning in 

different parts of the cortex along with a significant increase of MD. Hippocampus MD at baseline 

could predict its volume loss (R2=0.159; p<0.05) and cortical thinning was associated to 

microstructural damage (Spearman’s rho ranging from -0.424 to -0.603 with p<0.003). 

Conclusion: Along with MS being a diffuse inflammatory disease, GM showed a differential 

vulnerability at the early stage spreading from hippocampus to the cortex. Hippocampus volume 

loss could be predicted by its MD at baseline.  
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Introduction 

Multiple sclerosis (MS) is an inflammatory, demyelinating and neurodegenerative disease of the 

central nervous system, leading to physical deterioration and cognitive impairment. At the clinical 

onset of the disease, approximately 85% of patients experience a monophasic neurological 

episode, known as a clinically isolated syndrome (CIS).1 Gray matter (GM) atrophy has been found 

to occur in different phenotypes of MS associating deep GM (DGM) atrophy and cortical atrophy.2 

GM atrophy has been shown to progress in the first years after the CIS,3,4 but conflicting results 

have been reported at the initial time of CIS, which questions whether or not the disease induces 

tissue loss from this very early stage.2,5–7 Especially, DGM atrophy has been inconsistently found 

in CIS,8–10 while cortical atrophy seems to be absent.10 The dynamics of GM vulnerability at the 

early stages remain unclear, and the mechanisms leading to atrophy are not well understood.  

A relationship has been suggested between atrophy in some GM nuclei and lesions in the related 

white matter tracts through Wallerian degeneration as this has been shown for the thalamus.11 

However, a direct injury of the GM by inflammation is also possible,12 as suggested by recent 

studies using magnetic resonance-positron emission tomography.13 Either mechanism could lead 

to some differential vulnerability of the GM as some structures might be more connected than 

others, or some types of neurons might be more fragile than others. This selective vulnerability 

has been shown in Alzheimer’s disease particularly, as the pathology seems to spread from 

entorhinal cortex to hippocampus.14  

In order to study the selective vulnerability of GM, diffusion tensor imaging (DTI) allows to 

explore the microstructural integrity of the structures. A few studies used this technique in CIS, 

showing abnormal results in the thalamus,15 hippocampus16 and the cerebellum17 suggesting 

microstructural changes from the early stages of MS. In the other hand, cortex has been 

investigated in patients with MS with fractional anisotropy (FA) and mean diffusivity (MD).18–20 

Results of these studies presented some discrepancies, as FA in the normal appearing gray matter 

(NAGM) was found to be increased19 or decreased,18,20 while MD either increased18,20 or showed 

no difference compared to healthy volunteers.19 Also, the majority of these findings was cross-

sectional and could not infer about the dynamics of the microstructural damage spreading. Thus, 

gray matter microstructural damage that may be leading to irreversible atrophy is not well assessed 

in MS yet, and this even more for CIS patients. 

The objective of this 1-year longitudinal study is to investigate the differential vulnerability of GM 
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(both DGM and cortical GM) at the very early stages of MS. Both microstructural and 

macrostructural damage were assessed and we have investigated whether microstructural damage 

is able to predict future GM volume loss in PwCIS. 

Materials and Methods 

Standard protocol, approvals, registration and patient consent 

Each participant gave written informed consent. Patients were included in a prospective study 

analyzing cognition in PwCIS (SCI-COG, ClinicalTrials.gov Identifier: NCT01865357). This 

study was approved by the local ethics committee. 

Participants 

• Patients 

Fifty-Six PwCIS were recruited less than 6 months after a first neurological episode suggestive of 

MS as defined by Thompson et al. (2017),21 including optic neuritis, partial myelitis, supratentorial 

syndrome, brainstem or cerebellar syndrome. The presence of at least two asymptomatic cerebral 

lesions on fast fluid-attenuated inversion recovery (FLAIR) images was required to confirm central 

nervous system involvement. Data were collected from December 2012 through January 2017. 

Each participant underwent an MRI scan. Forty-Six PwCIS were rescanned 1 year after the first 

assessment. Others patients declined to be rescanned. Exclusion criteria were age under 18, history 

of other neurological or psychiatric disorders, MS attack or corticosteroid pulse therapy within 2 

months preceding screening, severe cognitive deficits (Mini-Mental State Examination < 27), and 

severe depressive symptoms (Beck Depression Inventory score (BDI) > 27). Clinical assessment 

and the Expanded Disability Status Scale (EDSS) scores were determined by expert neurologists. 

• Healthy controls 

Thirty-eight healthy controls (HC) matched for age, sex and educational level were also included 

and underwent an MRI scan. Twenty of these individuals were rescanned after one year. 

MRI acquisition 

MRI acquisition was performed on a 3T MRI system at our MS center (Achieva TX system, Philips 

Healthcare, Best, The Netherlands; Signa, GE Healthcare, Discovery MR 750w, Milwaukee, 

Wisconsin). Seventeen patients (out of 46, i.e., 37%) were not scanned on the same machine at 

baseline and after one year (Philips Achieva at baseline and GE Discovery after 1 year). The 

acquisition protocol was harmonized between magnets and consisted of a three-dimensional (3D) 
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T1-weighted sequence using magnetization prepared rapid gradient echo (MP-RAGE) imaging 

(TR=8.2 ms, TE=3.5 ms, TI=982 ms, =7, FOV=256 mm, voxel size=1 mm3, 180 slices), a two-

dimensional (2D) FLAIR sequence (TR=11000 ms, TE=140 ms, TI=2800 ms, FOV=230 mm, 45 

axial slices, 3-mm thick) and a diffusion tensor echo-planar-imaging (EPI) pulse sequence 

(TR=11676 ms, TE=60 ms, FOV=230 mm, an isotropic resolution of 1.6x1.6x1.6 mm3 and 

b=1000 s/mm2) in 21 non-colinear directions and one b=0 s/mm2. 

MRI analyses 

Lesions were segmented by the lesion growth algorithm as implemented in the Lesion 

Segmentation Tool (LST) version 2.0.15 (http://www.applied-statistics.de/lst.html) in Statistical 

Parametric Mapping (SPM12). It segments T1 images into 3 main tissue classes (cerebrospinal 

fluid (CSF), GM and WM). This information is then combined with the coregistered FLAIR to 

calculate lesion belief maps. An initial binary lesion map is first obtained by thresholding these 

maps with a prechosen initial threshold (kappa=0.3). This map is subsequently grown along voxels 

that appear hyperintense in the FLAIR image. This results in a lesion probability map that is 

thresholded to 50% to obtain a lesions binary map. Finally, these maps were manually corrected 

by two blinded experts. Using these maps, a lesion filling algorithm22 was applied to the T1-

weighted images to avoid lesions that affect brain tissue segmentations. 

For volumetric analyses of whole brain, total WM, total GM, total CSF and DGM structures, T1-

weighted images were processed using volBrain (http://volbrain.upv.es). The segmentation 

procedure is described in detail elsewhere.23 Briefly, after denoising and inhomogeneity 

correction, images were affine-registered into the Montreal Neurological Institute (MNI) space 

using Advanced Neuroimaging Tools (ANTs),24 and the total brain volume was estimated. The 

hippocampus, caudate, putamen, thalamus, amygdala, accumbens and globus pallidus were 

automatically segmented with a patch-based multi-templates method described in detail 

elsewhere25 that uses expert manual segmentations in MNI space as priors. Every mask was then 

blindly checked and manually corrected if needed. To control for variations in head size, each 

structure’s volume was assessed as a fraction of total intracranial volume (TIV). Cortical thickness 

(CTh) evaluation was performed with the Freesurfer 5.326,27 image analysis suite, which is 

documented and freely available online (http://surfer.nmr.mgh.harvard.edu). We performed the 

longitudinal stream28 using an unbiased within-subject template space and image obtained by 

robust, inverse consistent registration.29 To detect possible misclassification of white and gray 

http://surfer.nmr.mgh.harvard.edu)/
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matter, all images were visually inspected. Cortical ribbon masks of the different lobes (frontal, 

temporal, parietal, occipital, cingulate, insula) were also extracted. Diffusion data were processed 

using the Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library (FSL, version 

5.0.9, fsl.fmrib.ox.ac.uk/fsl). Eddy current distortions and motion artifacts were first corrected 

(using the eddy_correct function), and the diffusion tensor was calculated. Scalar maps of 

fractional anisotropy (FA) and mean diffusivity (MD) were then extracted. Since no preferential 

water molecular motion is expected to occur in the GM, fractional anisotropy was used as a 

secondary metrics that is expected to be less sensitive.  

To bring the GM masks and the scalar maps to the same space, we registered the T1-weighted 

images to the B0 image as a reference. This was done to keep the scalar maps in their native space, 

where the tensor was computed. To do that, we first used the FSL Brain Extraction Tool BET30 

(fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) to extract the brain from both the T1-weighted and the B0 

images. Then, we resampled our B0 to 1x1x1 mm3. After that, we used a rigid registration followed 

by a non-rigid registration of the T1-weighted image to the subject’s B0 space using ANTs.24 We 

then applied the transform obtained to our previous masks of GM (subcortical and cortical) and 

extracted DTI scalar parameters for each label. To avoid partial volume effect and the inclusion of 

cortical lesions, this cortical segmentation was masked by both the gray matter mask from volBrain 

and the segmented cortical lesions. 

Statistical analysis 

Statistical analysis was performed using SPSS software version 23.0 (IBM SPSS Statistics for 

Macintosh, Version 23.0. Armonk, NY: IBM Corp).  

All MRI measures analyses were statistically adjusted for the scanner. Normality of the 

distribution was assessed using the Shapiro-Wilk test. Parametric and non-parametric tests were 

used according to the distribution of the variables. Categorical variables were investigated with 2 

tests. At baseline, volumes, CTh and DTI scalars comparisons between PwCIS and HC were 

performed by general linear models (GLM) where gender, age and level of education were entered 

as covariates. For the longitudinal comparisons of baseline and 1-year characteristics of our 

subjects, paired t-tests or Wilcoxon tests were used as appropriate. Relationships between imaging 

variables were assessed using correlation coefficients (Pearson or Spearman according to statistical 

distribution). To investigate whether baseline DTI parameters could predict volume loss during 

one year in DGM, DGM volume loss (dependent variable) was predicted with hierarchical 
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regression models, including two hierarchical blocks. In the first block, age, gender, level of 

education and scanner also known as nuisance variables were systematically forced into the model. 

In the second block, the abnormal DTI metrics were added to the variables of the first block. 

Considering the issue of multiple comparisons, all the following results are Bonferroni corrected 

to reduce the risk of type I errors. A p-value <0.05 was considered significant. 

Results  

Demographic and clinical characteristics 

Clinical phenotypes of PwCIS were summarized in Table 1. PwCIS and HC groups were matched 

for age, gender and educational level at both time points. EDSS was not significantly different in 

the CIS group between the two time-points (Table 1). 

In this cohort of patients, after one year, 65.2% of PwCIS were diagnosed with MS according to 

the 2010 McDonald criteria. 

Conventional MRI 

T2-Lesion load (T2-LL) did not differ in the CIS group between the two time-points (Table 1). 

At baseline, there was no difference between the two groups in whole normalized brain volume, 

WM, GM and total CSF. However, over 1 year, PwCIS showed a global brain atrophy as the whole 

brain volume and WM decreased (p<0.05), (Table 1) and total CSF volume increased (p<0.05).  
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Table 1. Demographic, Clinical, and Conventional MR Imaging Characteristics 

 

 Baseline Year 1 

Clinical features HC (n=38) CIS (n=56) HC (n=20) CIS (n=46) 

Mean age, years (SD)a 38.1 (9.3) 36.5 (11.2) 37.9 (8.4) 38.1 (11.5) 

Sex ratio (F/M)b 26/12 46/10 14/6 36/10 

Education level 

(high/lowc)b 
27/11 39/17 11/9 30/16 

Symptoms at clinical 

onset: 

Brain 

Optic neuritis 

Brainstem/Cerebellar 

Spinal cord 

- 

 

5 (9%) 

12 (21%) 

11 (20%) 

28 (50%) 

- - 

Median EDSS score 

[range]d 
- 1.0 [0-4] - 1.0 [0-5] 

Median T2-Lesion volume 

(ml)d 
- 0.73 [0.23-63.12] - 1.09 [0.61-67.74] 

Normalized Brain fraction 

(%)d,e,f 
86.36  3.12 85.06  3.93 86.39  2.94 83.91  4.03*† 

Normalized WM fraction 

(%)g,e,f 
37.02  2.48 35.67  3.17 37.32  3.06 34.65  3.33† 

Normalized GM fraction 

(%)g,e,f 
49.34  2.64 49.40  2.70 49.07  2.26 49.26  2.91 

Normalized CSF fraction 

(%)d,e,f 
13.64  3.12 14.94  3.93 13.61  2.94 16.09  4.03*† 

Mean CTh (mm)d,e 2.55  0.10 2.54  0.12 2.54  0.10 2.49  0.12††† 
a Mann-Whitney test 

b 2 test 
c Education level was considered as high or low according to a French baccalaureate. 
d Wilcoxon test to compare PwCIS at baseline and year 1. 
e GLM comparing PwCIS to HC with age, sex and level of education as covariates. 
f Percentage: (structure’s volume/TIV)*100. 
g Paired t-test. 

Differences between PwCIS and HC: *: p<0.05; **: p<0.01; ***: p<0.001 

Differences in PwCIS between baseline and year 1: †: p<0.05; ††: p<0.01; †††: p<0.001 

TIV: Total Intracranial Volume; EDSS: Expanded Disability Status Scale; WM : White Matter ; GM : Gray Matter ; 

CSF : Cerebrospinal fluid (includes liquid in subarachnoid space and ventricular system); CTh: Cortical Thickness. 

 

Baseline findings 

We wanted to assess whether some GM regions are more vulnerable at the onset of the disease 

than others.  

• Volumetric measures 

We found no significant atrophy in DGM structures and no cortical thinning when comparing 
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PwCIS to HC. 

• DTI 

However, when looking at the microstructural integrity of the GM, hippocampus was the only 

structure altered at this stage as its MD was significantly higher in PwCIS compared to HC (Fig 

1), indicating a differential vulnerability of this structure compared to the rest of the GM. 

 

Figure 1. Hippocampus mean diffusivity at baseline 
PwCIS: patients with clinically isolated syndrome. p-values indicate significant differences after multiple 

comparisons correction. 

***: p<0.001 

 

Longitudinal findings  

To study the evolution of GM damage, we compared these structures between year 0 and year 1. 

• Volumetric measures 

No differences were noticed in HC. However, in PwCIS, lateral ventricles volumes increased 

(p<0.01) reflecting deep brain atrophy, whereas putamen and hippocampus volumes significantly 

decreased (Fig 2). 

The mean CTh significantly decreased in one year (p<0.001). Regionally, multiple brain areas of 

significant cortical thinning in both hemispheres were observed. This cortical thinning was noticed 
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in the bilateral frontal and temporal lobes, left insula and right parietal lobe (Table 2). 

• DTI 

Regarding microstructural changes, PwCIS showed significantly higher MD in the left frontal 

(p<0.006), left temporal (p<0.003), left cingulate (p<0.003) and bilateral parietal lobes (p<0.002) 

(Table 3). No changes were noticed for the FA.  

 

 
Figure 2. Longitudinal comparison of DGM structures volume fractions in PwCIS 

Volumes are percentages calculated as: (structure’s volume/TIV)*100. 

DGM: Subcortical deep gray matter; PwCIS: patients with clinically isolated syndrome. p-values indicate significant 

differences after multiple comparisons correction. 

**: p<0.01 
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Table 2. Cortical thinning in a longitudinal comparison of PwCIS between baseline and 1 

year of follow-up 

 

L: Left hemisphere; R: Right hemisphere. p-values indicate significant differences after multiple comparisons 

correction.  

**: p<0.01; ***: p<0.001; ****: p<0.0001 

 

Table 3. Cortical mean diffusivity changes over one year of follow-up in PwCIS 

 

Regions Baseline MD (10-3 mm2/s) 1-year MD (10-3 mm2/s) 

Frontal_L 1.05  0.13 1.11  0.16 ** 

Cingulate_L 0.93  0.10 0.98  0.11 ** 

Occipital_L 0.89  0.06 0.90  0.07 

Temporal_L 0.90  0.05 0.92  0.06 ** 

Parietal_L 0.95  0.11 1.01  0.12 *** 

Insula_L 1.03  0.08 1.04  0.10 

Frontal_R 1.05  0.12 1.11  0.14 

Cingulate_R 0.96  0.09 0.99  0.11 

Occipital_R 0.90  0.07 0.92  0.07 

Temporal_R 0.91  0.06 0.92  0.06 

Parietal_R 0.96  0.11 1.02  0.13 ** 

Insula_R 1.02  0.08 1.03  0.10 
MD: Mean diffusivity. L: Left hemisphere; R: Right hemisphere. p-values indicate significant differences after 

multiple comparisons correction.  

**: p<0.01; ***: p<0.001 

 

  

Regions Baseline thickness (mm) 1-year thickness (mm) 

Frontal_L 2.52  0.14 2.45  0.14 *** 

Cingulate_L 2.62  0.23 2.66  0.19 

Occipital_L 2.01  0.14 1.97  0.12 

Temporal_L 2.74  0.20 2.67  0.14 

Parietal_L 2.31  0.18 2.23  0.13 ** 

Insula_L 3.05  0.18 2.99  0.19 ** 

Frontal_R 2.48  0.15 2.37  0.14 **** 

Cingulate_R 2.57  0.21 2.55  0.17 

Occipital_R 2.03  0.17 1.99  0.13 

Temporal_R 2.79  0.19 2.75  0.13 ** 

Parietal_R 2.31  0.15 2.25  0.12 ** 

Insula_R 3.02  0.18 2.94  0.19 
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Relationship between volume loss and microstructural damage 

While trying to assess whether microstructural damage at baseline could predict volume loss, we 

found that baseline hippocampus MD was able to predict hippocampus volume loss after 1 year 

(adjusted R2=0.16, p<0.05) (Table 4). T2-LL was taken into account in this model and was not 

responsible for the volume loss. 

We then investigated whether the microstructural abnormalities appearing over 1 year in the 

cortical ribbon could be related to the cortical thinning over the same period of time. Therefore, 

we found that the mean diffusivity change from year 0 to year 1 was strongly correlated to the 

cortical thinning in the left frontal lobe (rho= -0.603; p<0.0001), the right parietal lobe (rho= -

0.424; p<0.003) and the left temporal lobe (rho= -0.427; p<0.003). 

We also investigated the relationship between EDSS and MRI (volumetric and DTI) abnormalities, 

but no correlation was found. These abnormalities were not able to predict the conversion to MS 

after 1-year. 

Table 4. Hierarchical regression model between hippocampus volume loss over 1 year and 

demographical and baseline MD 

 

Dependent 

variable 
 

Explanatory 

variables 

Univariate 

analysis (r) 

Multivariate 

analysis (ß) 

Adjusted 

multivariate 

model (R2) 

Hippocampus 

volume loss 

over 1 year 

Block 1 

Age 0.12 ns 

ns 

Educational 

level 
0.19 ns 

Gender 0.05 ns 

Scanner 0.05 ns 

Block 2 

Age 0.12 ns 

0.16* 

Educational 

level 
0.19 ns 

Gender 0.05 ns 

Scanner 0.05 ns 

Hippocampus 

MD at year 0 
-0.40** -0.45** 

MD: Mean diffusivity; ns: non significant. 

* : p<0.05 ; ** : p<0.01. 

 

Discussion 

The present study showed differential GM vulnerability as microstructural damage spread from 

the deep gray matter (hippocampus) to the cortex one year after the CIS. This microstructural 
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damage occurred before irreversible gray matter atrophy. At baseline, there was no sign of GM 

atrophy in PwCIS compared to HC. However, microstructural damage was already present and the 

hippocampus was the first and only GM structure altered. The hippocampus showed increased MD 

in PwCIS compared to controls, confirming preliminary findings in a previous paper16 that 

compared cross-sectionally a subgroup of this population with a group of MS patients. The damage 

occurring to the hippocampus was further confirmed by a significant volume loss after 1 year of 

follow-up. The putamen showed also a significant volume loss at follow-up. Since microstructural 

damage appears to precede volume loss, we investigated whether the former could predict the 

latter. We then showed that hippocampus MD was able to predict its volume loss independently 

of lesion volume. Microstructural abnormalities, as detected by DTI in the hippocampus, preceding 

volume loss and predicting it suggested that a primary tissue alteration within this structure is 

involved in the neurodegenerative process. Activation of microglia/macrophages, associated with 

demyelination and neuro degeneration, has been pathologically observed in DGM, including the 

hippocampus in MS.31–33 In experimental auto-immune encephalomyelitis, microglial activation 

within the hippocampus has been observed in association with neuronal dysfunction and memory 

impairment independently of demyelination.34 DTI was able to detect microstructural 

abnormalities in the hippocampus in this model. According to the pathological and experimental 

data discussed above, we hypothesized that neuro-inflammation that results in microglial 

activation, for example, could occur at the very early stages of the disease in the hippocampus. 

However, a role for lesions within the tracts connected to the hippocampus cannot be ruled out, 

but the persistence of the prediction after adjustment on lesion load suggests an independent 

mechanism. 

Brain atrophy measured on MRI is considered as a hallmark of long lasting MS. It reflects the net 

effect of the pathology on the brain; it is correlated with physical and cognitive disability and 

increasingly used as an end-point in clinical trials. It is well-established that GM atrophy, including 

cortical and DGM atrophy, is mainly responsible for the development of the whole brain atrophy.35 

The dynamics of GM atrophy remain, however, not well known and the mechanisms of GM 

alterations remain hypothetical. One possible mechanism is a consequence of distant lesions by 

dying back axonopathy, leading to atrophy of the cortical gray matter. However, it has also been 

suggested that meningeal inflammation and microglial activation could lead to direct pathology of 

the GM36,37 and some evidence of this mechanism has been observed in progressive MS.38 
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We hypothesized that early structural abnormalities could be detected in some nuclei of DGM in 

CIS and could predict the subsequent development of atrophy in the same structures.  

The different results between studies concerning the presence of DGM volume loss in CIS could 

be explained by different sample size, disease duration and selection bias toward CIS with higher 

or lower burden of the disease. The disease duration in our sample was less than 6 months, and 

PwCIS must have only at least two lesions on the brain MRI; in fact, their lesion load was very 

low (0.7 cm3). For example, in one study showing some level of DGM atrophy8, lesion volume 

was superior to 2 cm3. In another study, CIS patients with lesion load superior to 4.49 cm3 had 

lower DGM volumes than those with a median lesion load inferior to 4.49 cm3.10 This suggests 

that in the CIS samples with lower lesion load, the pre-clinical stage before CIS was shorter, 

explaining why atrophy was not developed. 

In our sample, we did not observe significant cortical thinning at baseline, in agreement with the 

absence of cortical atrophy in previous studies,9 but we observed some cortical thinning during the 

follow-up period in bilateral frontal lobes, bilateral temporal lobes and left insular and right parietal 

lobes. These results are in line with the study by Rocca et al4 showing GM atrophy of frontal, 

temporal and parietal lobes in CIS patients 1 year after the onset of the disease. Microstructural 

abnormalities in the cortex appeared only after 1 year of follow-up as opposed to hippocampus. 

MD of bilateral parietal lobes, left frontal, left temporal and left cingulate lobes was significantly 

increased after 1 year in PwCIS. This result did not only reflect atrophy because of CSF 

contamination. First, we found an altered MD in hippocampus before any atrophy. Second, if an 

increase of MD in cortical GM was due to partial volume, we would also find a decrease of FA 

which was not the case. Moreover, these microstructural abnormalities were found to correlate 

with the presence of cortical thinning in left frontal and temporal lobes, as well as in the right 

parietal lobe. A recent study using 7 Tesla MRI showed the existence of a gradient of pathology 

in the cortex of MS patients, suggesting that the pathological process was driven from the pial 

surface39 and supported the role of inflammation within the cortex in relation with meningeal 

inflammation. Cortical volume loss seems to parallel DGM volume loss at these very early stages 

of MS, however, microstructural damage starts within the hippocampus first.  

The present study is not without limitations. First, our patients did not have double inversion 

recovery sequences, thus some cortical lesions may have been missed in the FLAIR sequence and 

included in the cortical gray matter mask. Second, we are aware that the follow-up time (one year) 



 55 

is too short to observe more damage in our patients, thus we will follow them at a longer period of 

time. However, this short follow-up period was used to detect very early changes occurring at the 

onset of MS. 

Conclusion 

The current study allowed us to explore the whole GM integrity and to detect differential 

vulnerability of the hippocampus at the earliest stage of MS, showing a pathological spread 

towards the cortex after 1 year of the disease. 

Since the respective role of atrophy of cortical and DGM in clinical, physical and cognitive 

disability remains an important question, this cohort of CIS patients will be followed-up to explore 

this question.  

 

Abbreviations: CIS = clinically isolated syndrome; DGM = deep gray matter; PwCIS = patients 

with CIS; HC = healthy controls; FA = fractional anisotropy; MD = mean diffusivity; CTh = 

cortical thickness 
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Summary page 

 

 

 
Rationale: We have demonstrated structural gray matter alterations present from the early course 

of multiple sclerosis (MS) with a pathological spread from hippocampus to the cortex (Chapter 

2). However, the topological organization of functional brain networks at the early stage of MS 

and how it relates to cognitive performance needs to be characterized. This is why we intend to 

assess potential brain functional reorganization at rest in patients with clinically isolated syndrome 

(CIS) and to characterize the dynamics of functional brain networks at the early stage of the 

disease. 

 

Summary of the methods: Using resting-state functional MRI data and graph theory, we explored 

topological metrics for each brain region in patients with CIS (PwCIS) and healthy controls (HC) 

at baseline and after 1-year of follow-up. 

 

Main results: By using a novel graph metric called Hub disruption index, we demonstrated early 

brain networks reorganization with some overconnected and underconnected regions in PwCIS. 

This reorganization became even more pronounced after 1-year of follow-up. Importantly, PwCIS 

showed preserved global brain efficiency and cognitive performances compared to HC. We then 

showed that these cognitive performances were getting better as the brain networks reorganization 

was more pronounced. 

 

Comments: These results demonstrate dynamic changes in functional brain networks from the 

early stages of MS, which are associated with the maintenance of normal cognitive performances, 

suggesting a compensatory effect at this stage of the disease. However, it remains unknown how 

these functional changes are related to the underlying anatomy. 
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Abstract 

 

Background: There is a lack of longitudinal studies exploring the topological organization of 

functional brain networks at the early stages of multiple sclerosis (MS).  

Objectives: This study aims to assess potential brain functional reorganization at rest in patients 

with CIS (PwCIS) after one year of evolution and to characterize the dynamics of functional brain 

networks at the early stage of the disease.  

Methods: We prospectively included 41 PwCIS and 19 matched healthy controls (HC). They were 

scanned at baseline and after 1 year. Using graph theory, topological metrics were calculated for 

each region. Hub disruption index was computed for each metric.  

Results: Hub disruption indexes of degree and betweenness centrality were negative at baseline 

in patients (p<0.05), suggesting brain reorganization. After 1 year, hub disruption indexes for 

degree and betweenness centrality were still negative (p<0.00001), but such reorganization 

appeared more pronounced than at baseline. Different brain regions were driving these alterations. 

No global efficiency differences were observed between PwCIS and HC either at baseline or at 1 

year. 

Conclusion: Dynamic changes in functional brain networks appear at the early stages of MS and 

are associated with the maintenance of normal global efficiency in the brain, suggesting a 

compensatory effect. 
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Introduction 

Patients with a first neurological episode of the type seen in multiple sclerosis (MS), so-called 

clinically isolated syndrome (CIS) are at a high risk of progressing to MS.1 Multiple sclerosis 

pathology is characterized by inflammation, demyelination, axonal injury and axonal loss.2 This 

pathology induces disruptions in brain connectivity, which can lead to sensory 3, motor4 or 

cognitive5,6 dysfunction. Some studies have shown that functional compensatory mechanisms 

occurring at the early stages of the disease can limit these clinical manifestations.7–9 Resting-state 

functional imaging studies in MS have shown the potential to non-invasively map the intrinsic 

functional brain networks and to detect early functional brain changes.6,10–12 Furthermore, graph 

theory has proved to depict the topological organization of the brain by visualizing the overall 

connectivity patterns and by characterizing the brain’s global organization.13 Recent studies 

investigated brain network topology at the CIS stage. Liu et al. (2016)14 showed decreased nodal 

efficiency in the superior temporal gyrus, left rolandic operculum and left insula, while Shu et al. 

(2016)15 did not notice any local changes in the functional connectome of CIS patients. This lack 

of network changes was then thought to be due to subtle functional changes during this very early 

stage of the disease. To the best of our knowledge, these graph-based functional studies of CIS 

were only performed cross-sectionally; therefore, they did not provide answers regarding the 

dynamics of the functional brain networks at this stage.16 In MS, both increased and decreased 

centrality have been observed in different parts of the brain.6,11,17 Faivre et al. (2016)18 studied the 

evolution of network topology over 2 years of follow-ups in relapsing-remitting MS (RRMS) 

patients after on average 10 years of evolution of the disease. At baseline, the local and nodal 

efficiencies were higher in patients compared to controls, while after 2 years, these values were 

decreased and were no longer different from controls. Thus, the authors hypothesized that the 

compensatory mechanisms failed after reaching a maximal level. In this context, one may wonder 

whether such compensatory mechanisms (or failure of compensation) could be involved as early 

as at the stage of CIS. 

For such needs, we aimed to study resting-state functional brain network topology longitudinally, 

few months after CIS and one year after using both global and local graph-based measures to assess 

functional brain network reorganization. 
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Materials and methods 

Standard protocol, approvals, registration and patient consent 

Each participant gave written informed consent. The patients were included in a prospective study 

without intervention, analyzing early brain damage in patients with CIS (PwCIS) (SCI-COG, 

ClinicalTrials.gov Identifier: NCT01865357). This study was approved by the local ethics 

committee. 

Participants 

Fifty-two PwCIS were prospectively recruited less than 6 months after a first neurological episode 

of the type seen in MS and presented with at least two clinically silent cerebral lesions on fast 

fluid-attenuated inversion recovery (FLAIR) images characteristic of MS. All patients underwent 

an MRI scan at baseline, and forty-one PwCIS were rescanned 1 year after the first assessment. 

The exclusion criteria included under 18 years of age, the inability to perform the MRI, a history 

of other neurological or psychiatric disorders, an MS attack within the 2 months prior to the 

screening, corticosteroid pulse therapy within the 2 months prior to the screening and severe 

depression (Beck Depression Inventory score (BDI) > 27). Clinical assessments and the Expanded 

Disability Status Scale (EDSS) scores were determined by expert neurologists. 

Twenty healthy controls (HC) matched for age, sex and educational level were also included and 

underwent the same MRI protocol. Nineteen of these HC were rescanned within one year of the 

first assessment. Because our aim was to study the longitudinal evolution of brain network 

topology, only participants with longitudinal follow-ups were considered for the current analyses. 

Therefore, the 41 patients and the 19 HC followed over 1 year are referred to as PwCIS and HC, 

respectively. 

All participants were also evaluated using a large neuropsychological (NP) battery detailed in 

supplementary material. 

MRI acquisition 

The MRI acquisition was performed on a 3T MRI system (Achieva TX system, Philips Healthcare, 

Best, The Netherlands; Signa, GE Healthcare, Discovery MR 750w, Milwaukee, Wisconsin). The 

acquisition protocol was harmonized between the magnets and consisted of a three-dimensional 

(3D) T1-weighted sequence using magnetization prepared rapid gradient echo (MP-RAGE) 

imaging, a two-dimensional (2D) FLAIR sequence, and resting-state functional MRI was obtained 

with an echo-planar imaging (EPI) sequence. See supplementary material for technical details. 
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fMRI preprocessing 

Using Statistical Parametric Mapping (SPM12, www.fil.ion.ucl.ac.uk/spm), we followed the same 

fMRI preprocessing that was used in a previous study 19. Preprocessing steps are detailed in 

supplementary material. 

Structural preprocessing and regions of interest 

Briefly, lesions were segmented on FLAIR data and lesion filling was applied to T1-weighted 

images. Structural data were preprocessed with FreeSurfer (v5.3) leading to a custom-made atlas 

of 83 regions per hemisphere. Details are available in supplementary material. 

Network construction 

Interactions between brain regions can be described by graph theoretical methods 20. These 

methods represent interactions consisting of nodes (brain regions) and links/edges between the 

nodes (functional interaction). To construct functional connectivity networks, for each participant, 

the average BOLD time courses were extracted from each one of the 166 regions defined by our 

final atlas. Then, Pearson's linear correlation coefficients were computed between the signals from 

all pairs of regions. It led to an individual-level square 166x166 correlation matrix. We created an 

adjacency matrix with the same number of edges among participants. To do this, we performed 

proportional thresholding so that each correlation was retained and set to 1 if superior to that 

threshold or set to 0 otherwise. We assessed the networks over a wide range of density thresholds 

(5-20%). Our results were considered robust when they were identical across these different 

densities. To simplify, we only show the results for a 15% density threshold. This choice was based 

on priors relative to the known sparsity of the anatomical connections in the human nervous 

systems 18,20. The brain connectivity toolbox (brain-connectivity-toolbox.net) 21 was used to 

calculate the following connectivity measures: 

Degree (Deg) represents the number of links connected to a node 

𝑘𝑖 = ∑ 𝑎𝑖𝑗

𝑗∈𝑁

 

where aij is the connection status between i and j: aij = 1 when link (i, j) exists (when i and j are 

neighbors); aij = 0 otherwise. 

Local efficiency (Eloc) 22 represents the short-range connectivity and is related to the density of 

the short-distance connections of the network. Eloc shows the information transfer in the 

immediate neighborhood of each node 
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𝐸𝑙𝑜𝑐𝑖 =
1

𝑛
∑

∑ 𝑎𝑖𝑗𝑎𝑖ℎ[𝑑𝑗ℎ(𝑁𝑖)]
−1

𝑗,ℎ∈𝑁,𝑗≠𝑖

𝑘𝑖(𝑘𝑖 − 1)
𝑖∈𝑁

 

where Eloci is the local efficiency of node i, and djh(Ni) is the length of the shortest path between 

j and h that contains only neighbors of i. 

Global efficiency (Eglob) 22 of the network 

𝐸𝑔𝑙𝑜𝑏 =
1

𝑛
∑

∑ 𝑑𝑖𝑗
−1

𝑗∈𝑁,𝑗≠𝑖

𝑛 − 1
𝑖∈𝑁

 

where dij is the shortest path length between nodes i and j. 

Betweenness centrality (BCN) 23 represents a measure of ‘hubness’, and generally speaking 

corresponds to brain areas that have the highest connectivity and form the core of the brain network 

𝐵𝐶𝑁𝑖 =
1

(𝑛 − 1)(𝑛 − 2)
∑

𝜌ℎ𝑗(𝑖)

𝜌ℎ𝑗ℎ,𝑗∈𝑁,ℎ≠𝑗,ℎ≠𝑖,𝑗≠𝑖
 

where ρhj is the number of shortest paths between h and j, and ρhj(i) is the number of shortest paths 

between h and j that pass through i. 

We first assessed the global brain reorganization using the hub disruption indexes (𝜅) 24,25 for Deg, 

Eloc and BCN. The hub disruption indexes measured the way the network’s nodes were radically 

reorganized in comparison with healthy volunteers, with increased hubness in some regions and 

decreased hubness in others. To compute 𝜅, we first subtracted the HC group mean network metric 

of the same node from a patient before we plotted the difference against the HC group mean. 𝜅 is 

the gradient of a straight line fitted to these data. In other words, for each subject and each measure, 

this gradient was estimated as the slope of the following graph: 

(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑠𝑢𝑏𝑗𝑒𝑐𝑡 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝜇𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠) = 𝑓(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝜇𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠) 

where 𝜇𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠 is the mean value across the whole HC group. Figure 1 illustrates the hub 

disruption index calculation for both a representative patient and a healthy volunteer. In other 

words, this metric can be used to compare the behavior of the network of a single subject with 

respect to a referential network topology (the normative network topology of a healthy control 

group). 
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Figure 1. Hub disruption index calculation 
Hub disruption index calculation method (of degree) of an individual subject relative to the healthy control group 

mean for (A) a healthy control subject and (B) a CIS patient subject. To construct the hub disruption index (𝜅) for 

the degree, we subtracted the mean degree of the healthy control group for each node from the degree of the 

corresponding node in an individual subject before plotting this individual difference against the healthy group 

mean. Each point on this scatterplot represents a node. (𝜅) is the slope of the red fitted regression line computed on 

this scatterplot. 

 

Statistical analysis 

The statistical analyses were performed using SPSS software version 23.0 (SPSS, Chicago, IL, 

USA).  

Parametric and non-parametric tests were used according to the variables distribution. Normality 

of the distribution was assessed using the Shapiro-Wilk test. The categorical variables were 

investigated with 2 tests. Cross-sectional comparisons were performed using two sample t-tests 

(normally distributed data) and Mann-Whitney U tests (non-normal data), while longitudinal 

comparisons used paired t-tests (normally distributed data) or Wilcoxon tests (non-normal data).  
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The hub disruption indexes for each metric were investigated using one-sample t-tests. If it was 

significantly different from zero indicating a global reorganization, a region-wise comparison for 

the correspondent metric was used to look for the major regions driving this reorganization. This 

comparison was done using a Mann-Whitney U test and was corrected for multiple comparisons 

using the false discovery rate (FDR).  

The p-value < 0.05 was considered statistically significant. 

 

Results 

Clinical and conventional MRI characteristics 

The characteristics of PwCIS and HC at both time-points are reported in Table 1. 

The groups were matched for age, gender and educational level.  

In patients, EDSS scores did not change significantly between baseline (median EDSS = 1, range 

= 0-3) and year 1 (median EDSS = 1, range = 0-5), and T2 lesion volumes (T2 LV) did not differ 

significantly between baseline (median T2 LV = 0.98 ml, range = 0.02-63.12) and year 1 (median 

T2 LV = 1.32 ml, range = 0.07-67.74). 

Only a moderate cognitive impairment was noticed at baseline, as only the computerized speed 

cognitive test (CSCT) and the brief visual memory test revised (BVMTR) were altered (see Table 

S.1). This cognitive impairment was no longer observed after 1-year as PwCIS showed no 

significant differences compared to HC (see Table S.2). 

Brain network reorganization at baseline 

The PwCIS showed significant brain network reorganization, in that the hub disruption indexes 

for degree and betweenness centrality were significantly negative (p<0.001 and p<0.05, 

respectively) (Figure 2). However, their global efficiencies were not different compared to the HC 

(0.525 ± 0.013 vs 0.533 ± 0.012). The hub disruption index of the local efficiency was not 

significantly different from 0. 
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Table 1. Demographic, Clinical, and Conventional MR Imaging Characteristics 

 

 Baseline Year 1 

Clinical features HC (n=19) CIS (n=41) HC (n=19) CIS (n=41) 

Mean age, years (SD)a 37.8 (8.6) 38.3 (11.2) 
- 

Sex ratio (F/M)b 14/5 32/9 

Converters to clinically 

definite MS (%) 
- - - 27/41 (66%) 

Treatment 

Interferon 

Glatiramer acetate 

Dimethyl fumarate 

Fingolimod 

None 

- - - 

 

10 (24%) 

5 (12%) 

2 (5%) 

2 (5%) 

22 (54%) 

Education level (high/lowc)b 10/9 26/15 

- Mean disease duration (SD) 

in months 
- 4.12 (1.85) 

Median EDSS score [range]d - 1.0 [0-3] - 1.0 [0-5] 

Median T2 Lesion volume 

(ml)d 
- 0.98 [0.02-63.12] - 1.32 [0.07-67.74] 

a Mann-Whitney U test 

b 2 test 
c Education level was considered as high or low according to a French baccalaureate. 
d Wilcoxon test to compare PwCIS at baseline and year 1. 

 

Brain network reorganization at 1 year 

Functional brain reorganization was still present at the 1-year follow-up in PwCIS, as the hub 

disruption indexes for degree and betweenness centrality were still significantly negative 

(p<0.00001 for both comparisons) (Figure 3). Patients were still able to maintain their global 

efficiency, as it was not different compared to the controls (0.525 ± 0.017 vs 0.522 ± 0.025). As 

was the case at baseline, the hub disruption index for local efficiency was not significantly different 

from 0. When comparing these network parameters between converters to MS and CIS, no 

significant differences were noticed. 

To assess the longitudinal evolution of these hub disruption indexes, a paired t-test comparison 

was used for degree and betweenness centrality at both time-points. The hub disruption indexes of 

degree and betweenness centrality were both significantly lower at year 1 compared to baseline (-

0.30 ± 0.55 at baseline vs -0.65 ± 0.60 at year 1 for degree, p < 0.001; -0.00005 ± 0.00014 at 

baseline vs -0.0002 ± 0.00014 at year 1 for betweenness centrality, p < 0.00001, respectively). 
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Figure 2. Hub disruption index of PwCIS at baseline 
(A) Degree (B) Betweenness centrality 

Red denotes increased connectivity measures in the PwCIS compared to HC on average; blue denotes decreased 

connectivity measures in the PwCIS compared to HC on average. 
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Figure 3. Hub disruption index of PwCIS at 1-year follow-up 

(A) Degree (B) Betweenness centrality 

Red denotes increased connectivity measures in the PwCIS compared to HC on average; blue denotes decreased 

connectivity measures in the PwCIS compared to HC on average. 

 

Regional modifications 

Both the degree and betweenness centrality showed significantly negative hub disruption indexes 

at both time-points in PwCIS, indicating global brain reorganization. To assess the major regions 

driving this reorganization, region-wise comparisons were performed for these two metrics. 

To qualitatively assess the topography of the brain network reorganization in PwCIS for both the 

degree and betweenness centrality, we displayed on surface renderings the regions showing 



 76 

abnormal connectivity compared to the HC before multiple comparison correction (Figures 4, 5 

and Table 2). 

In regard to betweenness centrality, no region survived the multiple comparison correction at either 

time-points. 

In regard to degree, the right middle temporal gyrus showed significantly more connections in 

PwCIS compared to HC at baseline. One year after, the bilateral hippocampus and the post-ventral 

cingulate gyrus, as well as the left parieto-occipital sulcus, exhibited significantly higher degrees 

in PwCIS than in controls, while the right middle occipital gyrus and the left posterior segment of 

the lateral fissure had lower connections. 

 

 
Figure 4. Regional differences in the nodal degree between PwCIS and HC at baseline and 1 year 
Red denotes an increased degree in the PwCIS compared to HC; blue denotes a decreased degree in the PwCIS 

compared to HC. 
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Figure 5. Regional differences of betweenness centrality between the PwCIS and HC at baseline 

and 1 year 
Red denotes increased betweenness centrality in the PwCIS compared to HC; blue denotes decreased betweenness 

centrality in the PwCIS compared to HC. 

 

Hub disruption index and clinical outcomes 

To assess whether brain reorganization at this stage of the disease is related to disability (EDSS) 

or to the patient’s lesion load (LL), the hub disruption indexes of degree and betweenness centrality 

were correlated to EDSS scores and LL using the Spearman rank correlation coefficient. Both the 

EDSS scores and LL did not show any significant correlations with the altered hub disruption 

indexes, either at baseline or 1-year after. 

Then, Pearson correlation was used between altered cognitive tests and corresponding hub 

disruption indexes. Hub disruption index of betweenness centrality was observed to be correlated 

to delayed recall of the BVMTR (BVMTR-DR) as r = -0.32 and p<0.05 at 1-year. This indicates 

a more pronounced brain network reorganization as the cognitive performances are getting better. 
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Discussion 

In the current study, we investigated, for the first time, the longitudinal topological reorganization 

of functional brain networks in PwCIS. We found that brain network reorganization began at the 

onset of the disease and evolved over the first year. However, global brain function preservation 

and normal cognitive performances indicate here a compensatory mechanism that is effective over 

this one year follow-up.  

At baseline, we noticed the first hubness reorganization as the hub disruption indexes for both 

degree and betweenness centrality were significantly negative in PwCIS, which indicated a 

combination of underconnected and overconnected brain regions. This was mainly driven by an 

increased degree, which indicated the development of new connections, in the right middle 

temporal gyrus in PwCIS compared to HC. At this stage, the global efficiency of the brain in the 

PwCIS was still normal compared to HC, and PwCIS had only a moderate cognitive alteration at 

this stage. One year later, this brain network reorganization was even more pronounced. The hub 

disruption indexes for degree and betweenness centrality were significantly negative in the PwCIS 

but were also significantly lower than their baseline values, indicating an increased reorganization. 

Regionally, this reorganization was characterized by an increased degree in the bilateral 

hippocampus, the bilateral posterior cingulate gyrus and the left parieto-occipital sulcus. On the 

other hand, a decreased degree was observed in the right middle occipital gyrus and the left 

posterior segment of the lateral fissure. A preserved global efficiency with normal cognitive 

performances suggests a compensatory mechanism at this early stage, a hypothesis which was also 

sustained by the association of better visuo-spatial episodic memory performances with more 

pronounced brain network reorganization. 

A few cross-sectional studies have assessed functional brain reorganization in CIS. Using a 

relatively small population of 14 CIS with a median disease duration of 1.4 years, Roosendaal et 

al. (2010)27 observed increased functional synchronization in the posterior cingulate gyrus in CIS 

patients, as well as in other resting-state networks (the executive function network, attention 

system and sensorimotor function network). Recently, Liu et al. (2016)14 investigated a population 

of 34 CIS with shorter disease duration (median disease duration of 1 month) and found a decrease 

in the nodal efficiency of the left rolandic operculum in CIS, which was in line with our findings 

of a decrease in the degree in the left posterior part of the lateral fissure. They also showed a 
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decrease in the nodal efficiency of the insula and the superior temporal gyrus. These heterogeneous 

findings may be due to the inclusion of different sample sizes, disease durations or disability levels. 

In clinically definite MS after years of evolution, increased functional connectivity was detected 

as a possible compensatory mechanism,4,6,10,11,17,28 while, decreased functional connectivity as a 

probable consequence of maladaptive reorganization due to acute or chronic inflammation, was 

also detected.6,11,17 

All together, these results suggested network alterations predominantly in the sensorimotor cortex, 

cingulate and fronto-temporal regions, as well as in the thalamus.6,10,11,17 

Furthermore, most studies have been performed cross-sectionally, which limits the understanding 

of the dynamics of brain network reorganization in MS and, more specifically, at the first stages 

of the disease. In the only longitudinal study performed in RRMS patients, Faivre et al. (2016)18 

reported higher nodal and local efficiencies in patients than in controls at baseline. Two years later, 

these values decreased and were no longer different from controls, suggesting a primary 

compensatory mechanism followed by a brain functional connectivity depletion as the disease 

progresses. 

Functional connectivity changes can be associated with a compensatory mechanism, as well as 

with maladaptive network rearrangements due to the loss of different large-scale cortical dynamics 

or the expression of between-network vulnerability.29–31 A recent study showed the complex 

involvement of functional connectivity alterations, as they can be seen as compensatory but are 

not limited to that.32 For example, an attempt to compensate after an acute lesion was shown,33 

while increased functional connectivity in CIS without conventional brain lesions was also 

associated to a high risk to develop MS.34 In our case, the global efficiency preservation of our 

CIS population relative to HC and their normal cognitive performances, indicating normal brain 

functioning, suggest a compensatory mechanism at this early stage of the disease. This finding is 

in line with a task fMRI study in PwCIS, showing improvements in the patients’ PASAT scores 

depending on their ability to recruit more compensatory mechanisms involving the right lateral 

prefrontal cortices (LPFC) 35. 

This current study was not without limitations. The examination of network characteristics might 

have been influenced by the choice in the parcellation scheme.36 Even though the organizational 

principles of functional brain networks seem to be independent of the selected parcellation method, 

our quantitative measures might have been modulated. Also, nonstationarity of brain connections 
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is often disregarded as it is the case in our study, only the most robust effects in the steady state 

are captured. This leaves unknown transient states in network connectivity that may better explain 

how brain networks adapt to challenge and disruption.37  

In conclusion, the current study demonstrated, longitudinal brain network reorganization in 

patients with CIS. The pattern of functional connectivity reorganization remains the same during 

the first year after CIS but tends to be more pronounced at one year. In patients, regional 

reorganization of the connectivity was associated with the maintenance of normal global efficiency 

in the brain and normal cognitive and functional (EDSS) performances suggesting a compensatory 

effect. These findings provided new insights into the understanding of the underlying mechanisms 

and evolution of the disease. Further follow-ups with this cohort will be analyzed in order to 

generate a long-term model of brain network reorganization in MS. 
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Supplementary material 

Neuropsychological assessment 

We evaluated each cognitive domain with the following tests: 

• Attention: Test of Attentional Performance (TAP)1 consisting of subtests for reaction times 

(RT) of visual scanning, auditory attention and visual and auditory divided attention. For 

divided attention, reaction time ratios of the double task (auditory and visual divided 

attention) to the simple task (auditory or visual attention) was considered. 

• Working memory: Paced-Auditory Serial Addition Test-3 s (PASAT).2  

• Episodic memory: Selective Reminding Test (SRT),3 which tested verbal memory (three 

subscores: SRT-LTS=long-term storage; SRT-CLTR=consistent long-term retrieval; SRT-

DR=delay recall). Brief Visual Memory Test Revised (BVMTR)4 for episodic visuo-

spatial memory (two subscores: BVMTR=learning; BVMTR-DR=delay recall). 

• Executive functions: Stroop test3 (inhibition task scores) and Word List Generation test3 

(verbal fluency assessment). 

• Information processing speed (IPS): Computerised Speed Cognitive Test (CSCT)5 which 

is an IPS, a computerised digit-symbol substitution task 6 and alertness (with and without 

warning). 

Cognitive status was assessed by z-scores for each test and for both groups (PwCIS and HC) at 

each time-point to avoid test-retest effect. In order to have a more powerful approach, norms from 

two in-house studies involving large datasets of HC (N=404 and N=276) were used. Sixteen groups 

were established according to four age categories (18–34, 34–44, 45–54 and ≥ 55), gender and 

level of education (low education level (LEL) was below secondary education, which is usually 

12 years of schooling; high education level (HEL) was above secondary education, or graduated 

at least at a “baccalauréat” level of college degree). 

For the cognitive comparison, all of our patients (41 patients) were compared to the initial healthy 

control group (55 healthy controls) as they all had the neuropsychological assessment. 
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Table S1: Cognitive performances of clinically isolated syndrome patients and healthy 

controls at baseline 

 

 HC CIS P-value 

CSCT 0.25 (0.87) -0.25 (1.1) 0.04 

BVMTR 0.53 (0.8) 0.01 (0.97) 0.006 

BVMTR-DR 0.53 (0.53) -0.11 (1.04) 0.003 

PASAT 0.16 (0.94) 0.12 (1.05) 0.93 

SRT-LTS 0.42 (1.02) 0.29 (0.93) 0.48 

SRT-CLTR 0.34 (1.05) 0.23 (1.07) 0.59 

SRT-DR 0.32 (0.69) 0.20 (0.92) 0.95 

WLG -0.30 (0.73) -0.58 (0.76) 0.07 

Alertness 0.49 (0.69) 0.21 (2.55) 0.29 

RT_Simple_Visual_Attention 0.24 (0.97) -0.13 (1.21) 0.43 

RT_Simple_Auditory_Attention 0.15 (1.03) 0.16 (1.04) 0.52 

RT_Divided_Visual_Attention -0.51 (1.54) -0.15 (1.18) 0.28 

RT_Divided_Auditory_Attention -0.04 (1.26) -0.26 (1.23) 0.31 

Stroop 0.03 (0.88) 0.23 (0.84) 0.28 
HC: healthy controls; CIS: clinically isolated syndrome; CSCT: computerized speed cognitive test; BVMTR: brief 

visual memory test revised; DR: delay recall; PASAT: paced auditory serial addition test; SRT: selective reminding 

test; LTS: long-term storage; CLTR: consistent long-term retrieval; WLG: word list generation; RT: reaction time. 

 
Table S2: Cognitive performances of clinically isolated syndrome patients and healthy 

controls at 1-year 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

HC: healthy controls; CIS: clinically isolated syndrome; CSCT: computerized speed cognitive test; BVMTR: brief 

visual memory test revised; DR: delay recall; PASAT: paced auditory serial addition test; SRT: selective reminding 

test; LTS: long-term storage; CLTR: consistent long-term retrieval; WLG: word list generation; RT: reaction time. 

 

 

 HC CIS P-value 

CSCT 0.43 (1.18) 0.02 (1.04) 0.09 

BVMTR 0.44 (0.72) 0.39 (0.89) 0.91 

BVMTR-DR 0.22 (0.77) 0.15 (0.89) 0.69 

PASAT 0.39 (0.8) 0.36 (0.91) 0.94 

SRT-LTS 0.38 (0.75) 0.26 (1.16) 0.65 

SRT-CLTR 0.27 (0.98) 0.31 (1.1) 0.85 

SRT-DR 0.15 (0.88) -0.04 (1.06) 0.84 

WLG -0.24 (0.96) -0.19 (0.98) 0.81 

Alertness 0.68 (0.61) 0.25 (1.2) 0.17 

RT_Simple_Visual_Attention 0.27 (1.01) -0.05 (1.1) 0.16 

RT_Simple_Auditory_Attention 0.30 (0.91) -0.07 (1.16) 0.13 

RT_Divided_Visual_Attention 0.08 (1.22) -0.09 (1.27) 0.80 

RT_Divided_Auditory_Attention -0.11 (1.17) -0.003 (1.33) 0.96 

Stroop 0.19 (0.99) 0.35 (1.1) 0.46 
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MRI acquisition 

The MRI acquisition was performed on a 3T MRI system (Achieva TX system, Philips Healthcare, 

Best, The Netherlands; Signa, GE Healthcare, Discovery MR 750w, Milwaukee, Wisconsin). 

Resting-state fMRI has been shown to be a reliable imaging marker in multicenter imaging studies 

as it showed good inter-vendor reliabilities.7 The acquisition protocol was harmonized between 

the magnets and consisted of a three-dimensional (3D) T1-weighted sequence using magnetization 

prepared rapid gradient echo (MP-RAGE) imaging (TR=8.2 ms, TE=3.5 ms, TI=982 ms, =7, 

FOV=256 mm, voxel size=1 mm3, and 180 slices), a two-dimensional (2D) FLAIR sequence 

(TR=11000 ms, TE=140 ms, TI=2800 ms, FOV=230 mm, 45 axial slices, and 3-mm thick). 

Additionally, resting-state functional MRI was obtained with an echo-planar imaging (EPI) 

sequence (250 volumes, 40 axial slices, TR=2200 ms, TE=30 ms, 3x3-mm in-plane resolution, 

and slice thickness=3 mm). The first four volumes of the functional run were discarded to achieve 

steady-state magnetization.  

 

fMRI preprocessing 

Using Statistical Parametric Mapping (SPM12, www.fil.ion.ucl.ac.uk/spm), we followed the same 

fMRI preprocessing that was used in a previous study 8. Briefly, the constant offset and linear trend 

over each run were removed and a low-pass temporal filter with a 0.08 Hz cut-off was used, and 

data were slice time corrected. Sources of spurious variance, as well as their temporal derivatives, 

were removed through linear regression, including the following: 1) six parameters obtained via 

correction of rigid body head motion, 2) the signal averaged over the whole brain, 3) the signal 

averaged over the ventricles, and 4) the signal averaged over the deep cerebral white matter. This 

regression procedure contributes to the minimization of signal contributions of non-neuronal 

origin, including respiration-induced signal fluctuations 9. Registration between the fMRI and the 

3D T1 sequences was performed through the use of boundary-based registration and visually 

checked. 

 

Structural preprocessing and regions of interest 

Lesions were segmented on FLAIR data using the Lesion Segmentation Tool (LST) version 2.0.15 

(http://www.applied-statistics.de/lst.html) in SPM12. Then, they were manually corrected by two 

http://www.applied-statistics.de/lst.html)
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blinded experts (IK and CD). Using these maps, a lesion filling algorithm10 was applied to the T1-

weighted images in order to avoid that the lesions affect brain tissue segmentations. 

The structural data were preprocessed with the FreeSurfer (v5.3) image analysis suite, which is 

documented and freely available online (http://surfer.nmr.mgh.harvard.edu) 11. The brain was 

separated into regions of interest (ROIs) using a custom-made atlas. The cortical atlas was derived 

from the Destrieux cortical atlas 12, which is based on a parcellation scheme that first divides the 

cortex into gyral and sulcal regions, the limit between both being given by the curvature value of 

the surface. Deep gray matter (DGM) structures (i.e., the thalamus, hippocampus, pallidus, 

accumbens, putamen, caudate and amygdala), the cerebellar cortex and the ventral diencephalon 

(DC), as segmented by FreeSurfer, were also included as ROIs. The complete atlas was then 

coregistered to each participant’s fMRI scan with the inverted boundary-based registration matrix 

and nearest-neighbor interpolation. The final atlas then segmented the fMRI scan into 83 regions 

per hemisphere, of which the mean time series were derived.  
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Summary page 

 

 

 
Rationale: We have demonstrated in Chapter 3 early dynamic brain functional reorganization 

following a clinically isolated syndrome (CIS). These modifications were associated with the 

preservation of cognitive performances. However, little is known about how these functional 

alterations are related to structural connectivity. In this chapter, we aim to investigate the 

association between structural and functional connectivity to better understand the 

pathophysiological changes underlying cognitive functioning in early MS. 

 

Summary of the methods: Patients with CIS (PwCIS) and healthy controls (HC)were followed 

for 1 year and underwent both resting-state functional MRI and diffusion tensor imaging (DTI), 

along with an extensive neuropsychological battery. Graph theory measures were used to 

characterize both structural and functional networks, and structural-functional coupling was used 

to represent the association between these two modalities. This analysis was done at both the 

whole-brain and the modular level. 

 

Main results: We first showed structural reorganization at baseline with an increase in the 

clustering coefficient in PwCIS compared to HC, as well as modular-level alterations. After one 

year of follow-up, both structural and functional reorganization was present with abnormal 

modular-level connections and a global increase of the functional betweenness centrality in 

patients compared to controls. Moreover, structural–functional decoupling was observed in the 

salience, visual, and somatomotor networks. These alterations were present along with preserved 

cognitive performances at this stage. 

 

Comments: We demonstrated structural damage preceding functional reorganization at a global 

and modular level during the first year following CIS. Preserved cognitive performances were 

present along global brain functional reorganization (as it was also shown in Chapter 3) suggesting 
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a compensation mechanism at this stage of the disease. Importantly, the structural–functional 

decoupling observed for the first time in MS suggests that this functional reorganization occurs 

along indirect anatomical pathways. 
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Abstract 

Structural and functional connectivity abnormalities have been previously reported in multiple 

sclerosis. However, little is known about how each modality evolution relates to the other. Recent 

studies in other neurological disorders have suggested that structural–functional coupling may be 

more sensitive in detecting brain alterations than any single modality. Accordingly, this study 

aimed to investigate the longitudinal evolution of structural–functional coupling, both at the global 

and modular levels, in the first year following clinically isolated syndrome. We hypothesized that 

during the course of multiple sclerosis, patients exhibit a decoupling between functional and 

structural connectivity due to the disruptive nature of the disease. 

Forty-one consecutive patients with clinically isolated syndrome were prospectively enrolled in 

this study, along with 19 age-, sex- and educational level-matched healthy controls. These 

participants were followed for one year and underwent resting-state functional magnetic resonance 

imaging and diffusion tensor imaging at each time-point, along with an extensive 

neuropsychological assessment. 

Graph theory analysis revealed structural reorganization at baseline that appeared as an increase 

in the clustering coefficient in patients compared to controls (P < 0.05), as well as modular-specific 

alterations. After one year of follow-up, both structural and functional reorganization was depicted 

with abnormal modular-specific connectivity and an increase of the functional betweenness 

centrality in patients compared to controls (P < 0.01). More importantly, structural–functional 

decoupling was observed in the salience, visual, and somatomotor networks. These alterations 

were present along with preserved cognitive performance at this stage. 

These results depict structural damage preceding functional reorganization at a global and modular 

level during the first year following clinically isolated syndrome along with normal cognitive 

performance, suggesting a compensation mechanism at this stage of the disease. Principally, 

structural–functional decoupling observed for the first time in multiple sclerosis suggests that 

functional reorganization occurs along indirect anatomical pathways. 

 

Key words: multiple sclerosis, clinically isolated syndrome, functional MRI, diffusion tensor 

imaging, graph theory  
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Introduction 

Clinically isolated syndrome (CIS) is a single neurological episode that may be suggestive of 

multiple sclerosis (MS).1 Most patients with CIS (PwCIS) will further progress to definite MS.2 

The underlying pathology of MS is characterized by inflammation, demyelination, axonal injury, 

and axonal loss leading to a disruption of long- and short-range connections.3 However, the brain 

is a complex network of structurally and functionally interconnected regions; thus, it is essential 

to study its topology to better understand pathology.4 Diffusion tensor imaging (DTI) can map the 

structural connectivity (SC) between gray matter (GM) regions using white matter (WM) 

tractography, while functional connectivity (FC) examines synchronization in activity between 

different GM regions. Abnormalities in both modalities have been previously depicted in patients 

with both CIS and MS.5 However, the lack of multimodal studies using structural and functional 

imaging in early MS makes it challenging to understand the pathophysiological processes 

occurring at this stage of the disease. A combination of these modalities may help bridge the gap 

between pathophysiological changes and clinical symptoms. SC and FC networks provide a 

different perspective of brain functioning. However, there is still a poor understanding of how each 

connectivity evolution relates to the other. Hence, simultaneously assessing SC and FC may 

provide complementary views of the brain and enhance our understanding of the disease evolution. 

Most network studies in patients with MS focus only on a single modality to explore the 

connectivity, and most have a cross-sectional design that may be insufficient to describe the 

pathological changes due to the disease. To that end, studies must combine structural and FC 

networks in a longitudinal setting to better understand pathological mechanisms in the brain. FC 

has been shown to be shaped and constrained by the underlying anatomy6 and should provide 

information close to that obtained from SC. On the other hand, recent studies exploring 

neurological disorders other than MS have showed that the structural–functional (SC-FC) 

coupling, which represents the association between FC and SC, allows the detection of more subtle 

brain alterations than any single imaging modality.7–9 Whether the SC-FC coupling could also be 

altered early in the course of MS is currently unknown.  

The brain presents a modular structure with networks of densely interconnected regions, which are 

more sparsely connected with regions in other networks.10,11 Recent studies have observed 

modular-specific alterations in patients with CIS and MS in both structural and functional 

networks,12–16 suggesting that modular-related properties may be more sensitive than whole-brain 
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and nodal properties in reflecting brain abnormalities. We have previously reported functional 

reorganization, especially one year after CIS, by depicting a combination of underconnected and 

overconnected brain regions using the hub disruption index.17 This allowed us to demonstrate 

global brain functional reorganization at this stage of the disease. However, the current study 

moves beyond the previous one, and intends to investigate both structural and functional 

connectivity evolution during the 1-year after CIS, especially at the modular-level, and more 

importantly how these two modalities relate to each other. 

In this study, we combined FC and SC to investigate the longitudinal evolution of both global and 

modular-specific topology changes in the brain in the first year following CIS. We also 

hypothesized that due to the nature of MS, the disruption of connections may lead to SC-FC 

decoupling, which we investigated at both the modular and whole-brain levels. 

 

Materials and methods 

Standard protocol, approvals, registration, and patient consent 

Each patient provided written informed consent. Patients were included in the prospective study 

without intervention, analyzing early brain damage in patients with CIS (SCICOG, 

ClinicalTrials.gov Identifier: NCT01865357). This study was approved by the local ethics 

committee. 

Participants 

The population used in this study has been described in a previous paper.17 Briefly, we 

prospectively recruited 52 consecutive PwCIS less than 6 months after an initial neurological 

episode of the type seen in MS. They presented with at least two clinically silent cerebral lesions 

on fluid-attenuated inversion recovery (FLAIR) images that were characteristic of MS. These 

patients underwent MRI scan at baseline, and only 41 PwCIS were rescanned after one year of 

evolution, as 11 patients were lost to follow-up. The exclusion criteria included age below 18 

years, inability to undergo MRI, history of other neurological or psychiatric disorders, MS relapse 

within 2 months prior to screening, corticosteroid pulse therapy within 2 months prior to screening, 

and severe depression (Beck Depression Inventory > 27). The patients underwent neurological 

examination by expert neurologists and were scored on the Kurtzke’s Expanded Disability Status 

Scale (EDSS)18 and the MS Functional Composite (MSFC) measure.19 
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Twenty healthy controls (HC) matched for age, sex, and educational level were also included in 

this study and underwent the same MRI protocol. Nineteen of these were rescanned one year after 

the first assessment. 

To study the longitudinal evolution of structural and functional brain network topology, only 

participants with longitudinal follow-up were considered for the current analyses. 

All participants were also evaluated using a comprehensive neuropsychological battery described 

in the supplementary material (Supplementary Table 1). Detailed neuropsychological results can 

be found in a previous paper.17 

Information on the type of CIS can be found in Table 1. Additionally, in order to assess patients’ 

lesions topography, we have computed a lesion frequency map for our CIS patients 

(Supplementary Figure 1). As it can be seen from this frequency map and from Table 1, our 

patients’ lesion load is rather small, and the low lesion frequency indicates that lesion topography 

varies from one patient to another. In addition to that, since the number of patients per type of 

symptoms is small, it is not possible to interpret abnormalities in specific networks according to 

type of onsets. 

MRI acquisition 

MRI acquisition was performed on a 3T MRI system (Achieva TX system, Philips Healthcare, 

Best, The Netherlands; Sigma, GE Healthcare, Discovery MR 750w, Milwaukee, WI, USA). The 

acquisition protocol was harmonized between the magnets and consisted of a three-dimensional 

(3D) T1-weighted sequence using magnetization prepared rapid gradient echo imaging (repetition 

time [TR] = 8.2 ms, echo time [TE] = 3.5 ms, inversion time [TI] = 982 ms,  = 7, field of view 

[FOV] = 256 mm, voxel size = 1 mm3, 180 slices), a 2D FLAIR sequence (TR = 11,000 ms, TE = 

140 ms, TI = 2,800 ms, FOV = 230 mm, 45 axial slices, 3-mm slice thickness), a diffusion tensor 

echo-planar-imaging pulse sequence (TR = 11,676 ms, TE = 60 ms, FOV = 230 mm, an isotropic 

resolution of 1.6 × 1.6 × 1.6 mm3 and b = 1000 s/mm2) in 21 non-colinear directions, and one b = 

0 s/mm2. Resting-state functional MRI was obtained with an echo-planar-imaging sequence (250 

volumes, 40 axial slices, TR = 2,200 ms, TE = 30 ms, 3 × 3-mm in-plane resolution, and 3-mm 

slice thickness). 

Structural preprocessing and anatomical parcellation 

Lesions were segmented on FLAIR data using the Lesion Segmentation Tool version 2.0.15 

(http://www.applied-statistics.de/lst.html) in Statistical Parametric Mapping (SPM12; 

http://www.applied-statistics.de/lst.html)
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www.fil.ion.ucl.ac.uk/spm). Then, they were manually corrected by two blinded experts. Using 

these maps, a lesion-filling algorithm20 was applied to the T1-weighted images to avoid the lesions 

affecting brain tissue segmentation. Whole-brain, total-WM, GM, and CSF volumes were 

calculated using the volBrain system (http://volbrain.upv.es).21 

Structural data were preprocessed with the FreeSurfer (v5.3) image analysis suite, which was 

documented and freely available online (http://surfer.nmr.mgh.harvard.edu).22 The brain was 

separated into regions of interest using a custom-made atlas. The cortical atlas was derived from 

the Destrieux cortical atlas,23 which was based on a parcellation scheme that first divided the 

neocortex into gyral and sulcal regions, with the limit between both being given by the curvature 

value of the surface. Other GM structures (thalamus, pallidus, accumbens, putamen, caudate, and 

amygdala, hippocampus), the cerebellar cortex, and the ventral diencephalon, as segmented by 

FreeSurfer, were also included as regions of interest. Finally, our custom-made atlas included 83 

regions per hemisphere. 

T1-weighted images were registered to diffusion images (B0 image as a reference) by a rigid 

registration followed by a non-rigid registration of the T1-weighted image to the subject’s B0 

space using ANTs software.24 Registration between the functional MRI (fMRI) and the T1-

weighted sequences was performed using boundary-based registration. 

The complete atlas was then co-registered to each participant’s fMRI and diffusion scans, and all 

registrations were visually checked. 

DTI preprocessing 

Diffusion data were preprocessed using the Oxford Centre for Functional MRI of the Brain 

Software Library (version 5.0.9; fsl.fmrib.ox.ac.uk/fsl). Eddy current distortions and motion 

artifacts were corrected, and brain tissue was extracted. Subsequently, MRtrix3 software25 was 

used for diffusion-weighted tractography. First, a single-shell response function was estimated26 

to calculate the fiber orientation distributions using the constrained spherical-deconvolution 

algorithm.27 Five-tissue-type segmented T1 image and anatomically-constrained tractography25 

were used to generate 10 million whole-brain tracts. These tracts were cropped at the GM–WM 

interface. Finally, these streamlines were filtered to 2 million using the spherical-deconvolution 

informed filtering of tractograms28 to reduce reconstruction bias and improve biological 

plausibility. 

 

http://volbrain.upv.es/
http://surfer.nmr.mgh.harvard.edu)/
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Resting-state fMRI preprocessing 

Using SPM12, we followed the same fMRI preprocessing that was used in a previous study.17 

Briefly, the constant offset and linear trend over each run were removed, a low-pass temporal filter 

with a 0.08-Hz cutoff was applied, and the data were slice time-corrected. Sources of spurious 

variance, as well as their temporal derivatives, were removed through linear regression, including 

the following: 1) six parameters obtained via correction of rigid body head motion, 2) the signal 

averaged over the whole brain, 3) the signal averaged over the ventricles, and 4) the signal 

averaged over the deep cerebral WM. This regression procedure contributed to the minimization 

of signal contributions of non-neuronal origin, including respiration-induced signal fluctuations.29 

The first four volumes of the functional run were discarded to achieve steady-state magnetization. 

Brain network construction 

Structural connectome construction 

Streamlines previously obtained from tractography were mapped into the 166 atlas nodes to 

produce a 166 × 166 weighted SC matrix. Each element of the SC matrix represented the 

streamline counts normalized by the total number of tracts for each participant, to correct for seed 

region size. 

Functional connectome construction 

To construct the FC matrix, for each participant, the average BOLD (blood oxygen level-

dependent imaging) time courses were extracted from each of the 166 regions defined by our final 

atlas. Then, Pearson's linear correlation coefficients were computed between the signals from all 

pairs of regions. A Fisher’s Z-transformation was further applied to the correlation matrices to 

improve the normality of the correlation coefficient, leading to a 166 × 166-weighted FC 

matrix. Given the controversial nature of the physiological meaning of negative correlations,30,31 

the elements of significantly negative correlations were set to zero. 

Network characteristics 

We conducted graph theoretical network analysis to investigate the overall topological properties 

of whole-brain networks in PwCIS and HC. These analyses were carried out on the functional and 

SC networks of each participant using the Brain Connectivity Toolbox (http://www.brain-

connectivity-toolbox.net).32 We calculated segregation properties (clustering coefficient), 

centrality properties (degree, betweenness centrality), and integration properties (global 

efficiency). These measures were detailed in Rubinov and Sporns (2010). Briefly, the clustering 
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coefficient represented the fraction of the node's neighbors that were also neighbors of each other. 

The degree of a node was the sum of all connections between this node and other nodes. 

Betweenness centrality was defined as the fraction of all the shortest paths in the network that pass 

through a given node. Global efficiency was the average inverse shortest path length and could 

estimate the efficiency with which brain regions communicated. 

In order to verify the robustness of our brain parcellation to the network metrics, we have generated 

new parcellation schemes with approximately half the number of original regions by combining 

pairs of adjacent regions as in Fagerholm et al. (2015).33 Then, structural and functional 

connectivity matrices were computed again from these new parcellation and network measures 

were calculated. As a region may have more than one adjacent neighbor in the original parcellation, 

we randomly selected the neighboring region used to be combined. We repeated this process 30 

times with different randomly selected adjacent regions to ensure stability. 

Modularity 

To identify brain functional modules (i.e., a set of densely intra-connected networks), we 

conducted a modularity analysis on the FC network. Given that the module membership varied 

between participants, we performed the modularity analysis at the group level by averaging FC 

matrices of all participants at baseline. Modular analysis aimed to find a specific module partition 

that yielded a maximum modularity Qw.. Functional modules were detected using the Louvain 

modularity algorithm 34 combined with a fine-tuning algorithm.35 Furthermore, to improve the 

reliability of the modular structure, this algorithm was repeated 250 times. Finally, we derived a 

consensus partition using the method described by Lancichinetti et al. (2012).36 The final 

consensus partition had a modularity of Qw = 0.41 and contained five networks, including the 

fronto-parietal network (FPN), the salience network (SN), the default mode network (DMN), the 

visual network (VN), and the somatomotor network (SMN; Fig. 1). These networks were visually 

inspected and corresponded well with previously reported resting-state networks.37–39  



 103 

 

Figure 1. Identified resting-state functional networks 

 

Modular characteristics 

To characterize the modular-related topology at the nodal level, we calculated the participation 

coefficient (PC) that measured the inter-module connectivity of each node. For a node i, PC was 

calculated as: 

𝑃𝐶𝑖 = 1 − ∑ (
𝑘𝑖𝑠

𝑘𝑖
)

2
𝑁𝑀

𝑠=1

 

where NM is the total number of modules, kis is the number of links of node i to nodes in module s, 

and ki is the total degree of node i.  

We also computed the within-module degree z-score (WD) that measured the intra-module 

connectivity of a node. For a node i, WD was calculated as: 

𝑊𝐷𝑖 =  
𝑘𝑖 − 𝑘𝑠𝑖

𝜎𝑘𝑠𝑖

 

where ki is the number of links of the node i, 𝑘𝑠𝑖
 is the average of the degree over all nodes in si, 

and 𝜎𝑘𝑠𝑖
 is the standard deviation of the degree in si. 

PC ranged from 0 to 1, where PC was close to 1 if node i had a homogeneous connection 

distribution with all the modules, and 0 if node i was exclusively linked to other nodes in its own 

module. WD, on the other hand, was large for a node i that had many intra-module connections 
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relative to other nodes in the same module. These modular parameters were computed for both 

structural and functional networks. 

Structural–functional (SC-FC) coupling 

We assessed SC-FC coupling as the correlation coefficient between strengths of the structural and 

functional networks. For each participant, this correlation was constrained by edges of non-zero 

SC. Specifically, non-zero SC edges were extracted to form a vector of structural connectivity 

values, which was further rescaled into a Gaussian distribution.6 FC was then extracted to form a 

corresponding vector. Finally, SC-FC coupling was quantified by the Pearson’s coefficient of 

correlation between the two previous vectors. We evaluated SC-FC coupling both at the whole-

brain level and in each module.  

Statistical analysis 

Statistical analyses were performed using MATLAB 2016a (MathWorks, Natick, MA, USA) and 

SPSS 23.0 (SPSS, Chicago, IL, USA). 

Normality of distribution was assessed by the Shapiro–Wilk test. Categorical variables were 

investigated with 2 tests, while continuous variables were investigated with two-sample t-tests. To 

examine between-group differences in network properties, a general linear model analysis was 

performed with age, gender, education level, and scanner as covariates at each time-point. For 

those network metrics showing significant group differences, a region-wise comparison of the 

corresponding metric was used to search for the major regions driving this modification. Region-

wise comparison of global network metrics and modular metrics was performed using a 

randomized permutation testing (10,000 permutations) corrected for multiple comparisons40,41 on 

age-, sex-, education-, and scanner-standardized residuals. 

Finally, association between altered connectivity metrics and clinical/neuropsychological scores 

was analyzed using linear regression models where age, sex, and education level were considered 

as nuisance variables.  

Data availability 

The data that supported the findings of this study are available from the corresponding author upon 

reasonable request. 

 

 

 



 105 

Results 

Clinical, neuropsychological, and conventional MRI characteristics 

The characteristics of both PwCIS and HC are summarized in Table 1. The two groups were 

matched for age, sex, and level of education at each time-point. In PwCIS, the EDSS and MSFC 

scores did not change significantly between baseline (median EDSS = 1, range = 0–3; mean MSFC 

= 0.32, standard deviation [SD] = 0.41) and year one (median EDSS = 1, range = 0–5; mean MSFC 

= 0.31, SD = 0.60), and T2 lesion volumes (T2 LV) did not differ significantly between baseline 

(median T2 LV = 0.98 mL, range = 0.02–63.12 mL) and year one (median T2 LV = 1.32 mL, 

range = 0.07–67.74 mL). 

At baseline, PwCIS did not differ from HC in whole normalized brain, WM, GM, and total CSF 

volumes. However, after one year, PwCIS developed global brain atrophy with decreased whole-

brain and WM volumes (P < 0.05) and increased total CSF volume (P < 0.05) compared to HC 

(Table 1). 

Regarding cognition, PwCIS showed a moderate cognitive impairment at baseline with alterations 

on the Computerized Speed Cognitive Test (CSCT) and the Brief Visual Memory Test-Revised 

(BVMTR). At one year, this cognitive impairment was no longer observed. 
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Table 1. Demographic, Clinical, and Conventional MRI Characteristics 

 

 Baseline Year 1 

Clinical features HC (n = 19) CIS (n = 41) HC (n = 19) CIS (n = 41) 

Mean age, years (SD)a 37.8 (8.6) 38.3 (11.2) 
- 

Sex ratio (F/M)b 14/5 32/9 

Education level (high/lowc)b 10/9 26/15 

- 

Symptoms at clinical 

onset: 

Brain 

Optic neuritis 

Brainstem/Cerebellar 

Spinal cord 

 

 

4 (10%) 

7 (17%) 

11 (27%) 

19 (46%) 

Mean disease duration 

(SD) in months 
- 4.12 (1.85) 

Median EDSS score 

[range]d 
- 1.0 [0-3] - 1.0 [0–5] 

MSFC z-score (SD)d - 0.32 (0.41) - 0.31 (0.60) 

Median T2 Lesion volume 

(mL)d 
- 0.98 [0.02–63.12] - 1.32 [0.07–67.74] 

Normalized Brain fraction 

(%)e,f 
86.41  2.95 84.59  4.08 86.39  3.02 83.75  4.11* 

Normalized WM fraction 

(%)g,e,f 
36.59  2.42 35.52  3.13 37.28  3.14 34.51  3.27** 

Normalized GM fraction 

(%)e,f 
49.82  2.58 49.07  2.85 49.11  2.31 49.25  2.86 

Normalized CSF fraction 

(%)e,f 
13.59  2.95 15.41  4.08 13.61  3.02 16.25  4.11* 

a Mann–Whitney U test 

b 2 test 
c Education level was considered as high or low according to a French baccalaureate. 
d Wilcoxon test to compare PwCIS at baseline and year one. 
e GLM comparing PwCIS to HC with age, sex, level of education, and scanner as covariates. 
f Percentage: (structure’s volume/TIV) × 100. 

Differences between PwCIS and HC: *: p < 0.05; **: p < 0.01. 

SD, Standard Deviation; TIV, Total Intracranial Volume; EDSS, Expanded Disability Status Scale; MSFC, Multiple 

sclerosis functional composite score; WM, White Matter; GM, Grey Matter 

 

Structural connectivity network 

At baseline, the clustering coefficient was significantly increased in patients compared to HC (Fig. 

2A), while the degree, betweenness centrality, and global efficiency were unaffected. At the nodal 

level, we found that these alterations were in the occipital, parietal, temporal, frontal, and central 

regions and in the right pallidum (Fig. 2B, Supplementary Table 4). At the modular level, the 

participation coefficient was significantly increased in the posterior part of the cingulate and the 
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inferior parietal lobe and decreased in the left central sulcus (Fig. 2C, Supplementary Table 4), 

while the within-module degree was significantly increased in the superior occipital, postcentral, 

and middle frontal gyrus (Fig. 2D, Supplementary Table 4). 

At year one, there was no difference between PwCIS and HC in the overall network metrics 

(degree, betweenness centrality, clustering coefficient, and global efficiency). However, at the 

modular level, alterations were still present. The participation coefficient was significantly 

decreased in PwCIS compared to HC in the bilateral central sulcus and increased in the inferior 

parietal gyrus (Fig. 2E, Supplementary Table 4); on the other hand, the within-module degree 

was decreased in the cerebellum and inferior temporal sulcus and increased in the superior frontal 

sulcus (Fig. 2F, Supplementary Table 4). Using different parcellation schemes, clustering 

coefficient at baseline was still the only altered parameter as it was significantly increased in 

patients compared to controls in each case (Supplementary Table 6). 
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Figure 2. Structural connectivity alterations 

(A) Overall clustering coefficient comparison, (B) Region-wise clustering coefficient comparison, (C) PC 

comparison between PwCIS and HC, (D) WD comparison between PwCIS and HC, (E) PC comparison between 

PwCIS and HC, and (F) WD comparison between PwCIS and HC. 

PC, participation coefficient; WD, within-degree module z-score; PwCIS, patients with CIS; HC, healthy controls 
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FC network 

At baseline, no differences were noted in the overall network metrics between PwCIS and HC. 

This was the same for modular-related metrics (participation coefficient and within-module 

degree) (Fig. 3A, Fig. 3B). 

At year one, betweenness centrality was significantly increased in PwCIS compared to HC (0.023 

 0.002 vs 0.021  0.001; p = 0.006); however, no region survived after the multiple comparison 

correction for the nodal-level comparison. Regarding the modular-related metrics, the participation 

coefficient significantly increased in PwCIS compared to HC in the right anterior circular sulcus 

of the insula (Fig. 3C, Supplementary Table 5), while the within-module degree was increased 

in the right hippocampus and left post-ventral cingulate gyrus, and it was decreased in the bilateral 

frontomarginal gyrus and sulcus and left temporal pole (Fig. 3D, Supplementary Table 5). Using 

different parcellation schemes, betweenness centrality at 1-year was again the only altered 

parameter as it was significantly increased in patients compared to controls in each case 

(Supplementary Table 7). 

SC-FC coupling 

Both the PwCIS and HC groups showed significant correlations between regional SC and FC (all 

P < 10−95, correlation coefficient ranging from 0.15 to 0.32). These correlations were still present 

when looking at the modular level (all P < 10−4, ranging from 0.23 to 0.7). 

At baseline, SC-FC coupling was preserved in patients compared to HC at both the whole-brain 

and the modular levels. 

After one year of evolution, whole-brain coupling was still preserved; however, SC-FC decoupling 

was observed in three networks (SN, VN, and SMN) (Fig. 4). 
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Figure 3. Functional connectivity alterations 

(A) PC comparison between PwCIS and HC at baseline, (B) WD comparison between PwCIS and HC at baseline, 

(C) PC comparison between PwCIS and HC, and (D) WD comparison between PwCIS and HC. 

PC, participation coefficient; WD, within-degree module z-score; PwCIS, patients with CIS; HC, healthy controls 
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Figure 4. Structural–functional (SC-FC) decoupling at the network level at baseline and 1-year 
FPN, frontoparietal network; SN, salience network; DMN, default mode network; VN, visual network; SMN, 

somatomotor network 

 

Clinical and neuropsychological correlates 

No association was found between SC-FC coupling and clinical/neuropsychological variables 

either at baseline or after one year of follow-up. 

MSFC at baseline was associated with educational level ( = −0.29; p = 0.049) and DTI clustering 

coefficient at baseline ( = −0.36; p = 0.017) for a significant model (p = 0.005) explaining R2
adj 

= 25% of the variance. Conversely, CSCT at baseline was associated with age ( = −0.44; p = 

0.003) and DTI clustering coefficient at baseline ( = −0.28; p = 0.049) for a significant model (p 

= 0.002) explaining R2
adj = 29% of the variance. 

At year one, no clinical/neuropsychological variable was associated with altered network metrics 

at follow-up. 

 

Discussion 

In the present study, we investigated the longitudinal reorganization of both structural and 

functional brain networks in the first year following CIS. We showed that overall network 
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alterations were already present after the first clinical event, with structural damage as the 

clustering coefficient was increased in patients, and modular-related SC was altered. In particular, 

increased clustering coefficient was associated with clinical and cognitive deficit at baseline 

(MSFC and CSCT). After one year of evolution, both structural and functional reorganizations 

were observed with altered modular-related connectivity, and there was an increase of betweenness 

centrality in the functional network. At this stage, SC-FC decoupling in three modules was also 

noticed, together with the previous abnormalities. 

Modularity has been considered as one of the main properties of brain network organization, 

leading to the functional specialization and segregation of the brain.4 Specifically, we identified 

five densely intra-connected networks, which corresponded to the well-known functional modules 

frontoparietal, salience, default mode, visual, and motor/sensorimotor networks.37–39 

At the clinical onset, structural damage was already present in patients with CIS, as we observed 

an increased clustering coefficient. Clustering coefficient, which has recently been shown to be 

increased in patients with early relapsing-remitting MS,15 indicated the strengthening of short 

distance connections to preserve local information flow. This was also shown by the increased 

within-module degree inside FPN, VN, and SMN, which could be considered favorable for 

behaviors that required specialized processing.42 In addition, the participation coefficient was 

increased in regions of the SN and decreased in some other region of the SMN. Alterations in these 

modular parameters in one direction or the other could inform on the ability of a region to recruit 

alternative routes. Ultimately, it is suggested that the brain is seeking the best trade-off with lower 

metabolic connection costs at the expense of losing integrative capacity by rerouting and 

reweighting its connections.43 This type of reorganization has been observed in other neurological 

disorders such as Alzheimer’s disease44 or Parkinson’s disease45. 

Importantly, the overall functional network was still preserved at this stage of the disease, although 

structural abnormalities were observed, which was in line with the recent results from Liu and 

colleagues.16 

After one year of evolution, in addition to alterations within the structural network, functional 

reorganization appeared with an increased overall betweenness centrality and increased 

participation coefficient in the anterior insula sulcus, along with modifications of within-module 

degree within the DMN. These results supported the hypothesis that structural damage could 
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precede functional changes in MS and needed to achieve a certain threshold to cause these 

functional modifications.46 

Structurally-connected GM regions showed stronger FC than structurally-unconnected regions, 

which led us to believe that SC could predict the functional connections.6,47 However, FC was not 

constant, and it was continuously reconfigured around the underlying anatomy through plasticity.48 

Therefore, the SC-FC coupling could be informative and was found to be decreased in other 

neurological diseases, such as epilepsy,7 stroke8 or Alzheimer’s disease.9 Here, we investigated for 

the first time the SC-FC coupling in the early stages of MS. We observed a preserved coupling at 

the whole-brain level during follow-up; however, when looking at the modular level, SC-FC 

decoupling was noticed in the SN, VN, and SMN. These findings, along with the increased FC at 

year one, suggest that functional reorganization involves new functional connections, occurring 

across structurally-unconnected regions. 

Only a moderate cognitive impairment was noted at baseline, as the CSCT and BVMTR scores 

were the only scores to be significantly decreased in PwCIS compared to HC. MS attacks have 

been known to impact cognitive performances, this is known as the post-relapse effect. However, 

this effect is no longer observed between 1 to 3 months after the attack.49,50 Since our patients were 

included 2 to 6 months after their first episode, we postulate it is unlikely these early cognitive 

deficits depend on this effect. Additionally, worse CSCT performance and a lower MSFC score 

were associated with early structural damage (altered structural clustering coefficient). However, 

there was no more cognitive impairment at follow-up, and the global clinical state also did not 

worsen (MSFC and EDSS scores were not different from baseline).We have previously shown that 

functional reorganization occurring one year after CIS was associated to better cognitive 

performance.17 Thus, it could be suggested that functional reorganization at this stage was able to 

compensate for the first deficits through indirect structural connections, and this compensation 

could fail once the structural damage was too widespread and functional rerouting was less 

efficient. One other explanation for normal cognitive performance at one year could come from 

the preserved SC-FC coupling in the DMN because connectivity alterations in the DMN were 

strongly associated with cognitive deficits at different stages of MS in previous papers.51,52 

However, a longer follow-up will be needed to confirm these statements. 

The current study is not without limitations. First, SC-FC coupling is only computed for 

anatomically connected regions; however, FC can also result from indirect structural paths.6 More 
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sophisticated computational models are needed to consider these pathways and their effect on the 

functional connectome. Additionally, since structural connectivity investigates white matter 

bundles and functional connectivity investigates synchronization between two GM regions, there 

is no anatomical overlay between these two modalities, making it impossible to use a voxel-wise 

approach, which explains our choice (and previous studies) to use a Pearson correlation coefficient 

between vectors representing each connectivity. Second, our DTI data covers only 21 directions 

in the whole sphere as a trade-off to the good resolution obtained. This could have an effect on our 

tractography estimation. However, this effect would be present in CIS patients and in HC controls 

as well which could limit its influence. Also, our data was acquired on two different scanners. To 

the best of our ability, we harmonized the protocols between the two magnets. For DTI, we have 

applied exactly the same directions to cover the whole sphere and obtained the same resolution. 

This was also the case for fMRI as we used the same acquisition parameters as well as the same 

number of runs. Recently, An and colleagues53 tested the inter-vender reliability of the resting state 

fMRI and showed that this modality could be highly reliable among different scanners. In order to 

correct for this parameter even more, we have included the scanner variable as a covariable in all 

our analyses as we stated in the Statistical analysis part. Regarding the five modules we obtained 

in our analyses, they were detected using the Louvain algorithm which automatically detects 

regions synchronously connected to each other during the whole scan time and assigns them to the 

same network. Additionally, we repeated this algorithm 250 times and derived the consensus 

modules to improve our reliability. We have detailed this procedure in the Methods section. As a 

result, we do not control the number of modules, as well as the regions belonging to each one of 

them. We acknowledge the potential presence of more networks; however, we do not have the 

spatial or temporal resolution, nor a very high number of subjects to separate them from the 

obtained modules. Once our modules were obtained, we compared them with the literature and 

found a good correspondence.37–39 Other papers investigating different neurological disorders have 

found similar number of modules in their analysis.54–57 Finally, we only estimate FC as the mean 

of the entire recording. However, functional connectome has been shown to possess dynamic 

properties that may depend on the underlying anatomy.58 Even though this is not the scope of our 

study, this question remains important for future understanding of the pathology. 

In conclusion, the current study demonstrated structural damage preceding functional 

reorganization and possible compensation at both the whole-brain and network levels during the 
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first year following CIS. For the first time, we showed SC-FC decoupling in some brain networks 

in MS, suggesting that functional reorganization occurs along indirect anatomical pathways.  
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Supplementary material 
 

Neuropsychological assessment 

Here is a brief summary of the neuropsychological battery used in this study. For a more detailed 

description, please refer to Koubiyr et al. 2018. 

 

Table S1: Summary of the neuropsychological tests 

Domain Test Subtests 

Attention 
Test of attentional 

performance (TAP) 

RT of visual scanning 

RT of auditory attention 

RT of visual and auditory 

divided attention 

Working memory 
Paced-Auditory Serial 

Addition Test-3s (PASAT) 
- 

Episodic memory 

Selective reminding test 

(SRT) 

LTS 

CLTR 

SRT-DR 

Brief Visual Memory Test 

Revised (BVMTR) 

Learning 

Delay recall 

Executive functions 
Stroop test Inhibition task scores 

Word list generation (WLG) - 

Information processing 

speed 

Computerised Speed 

Cognitive Test (CSCT) 
- 

Alertness 
With warning 

Without warning 
RT: reaction time; LTS: long-term storage; CLTR: consistent long-term retrieval; DR: delay recall. 
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Table S2: Cognitive performances of clinically isolated syndrome patients and healthy 

controls at baseline 

 HC % of CI CIS 
% of 

CI 
P-value 

CSCT 0.25 (0.87) 1.8 % -0.25 (1.1) 9.8 % 0.04 

BVMTR 0.53 (0.8) 1.8 % 0.01 (0.97) 2.4 % 0.006 

BVMTR-DR 0.53 (0.53) 0 % -0.11 (1.04) 7.3 % 0.003 

PASAT 0.16 (0.94) 3.7 % 0.12 (1.05) 7.3 % 0.93 

SRT-LTS 0.42 (1.02) 3.7 % 0.29 (0.93) 4.9 % 0.48 

SRT-CLTR 0.34 (1.05) 5.6 % 0.23 (1.07) 4.9 % 0.59 

SRT-DR 0.32 (0.69) 1.8 % 0.20 (0.92) 7.3 % 0.95 

WLG -0.30 (0.73) 3.6 % -0.58 (0.76) 7.3 % 0.07 

Alertness 0.49 (0.69) 0 % 0.21 (2.55) 4.9 % 0.29 

RT_Simple_Visual_Attention 0.24 (0.97) 1.8 % -0.13 (1.21) 14.6 % 0.43 

RT_Simple_Auditory_Attention 0.15 (1.03) 0 % 0.16 (1.04) 5 % 0.52 

RT_Divided_Visual_Attention -0.51 (1.54) 14.5 % -0.15 (1.18) 7.5 % 0.28 

RT_Divided_Auditory_Attention -0.04 (1.26) 9.1 % -0.26 (1.23) 12.5 % 0.31 

Stroop 0.03 (0.88) 3.6 % 0.23 (0.84) 2.6 % 0.28 
Cognitive impairment at each test is determined at the 5th percentile (z-score < -1.64). 

HC: healthy controls; CIS: clinically isolated syndrome; CI: cognitive impairment; CT: computerized speed 

cognitive test; BVMTR: brief visual memory test revised; DR: delay recall; PASAT: paced auditory serial addition 

test; SRT: selective reminding test; LTS: long-term storage; CLTR: consistent long-term retrieval; WLG: word list 

generation; RT: reaction time. 

 

Table S3: Cognitive performances of clinically isolated syndrome patients and healthy 

controls at 1-year 

Cognitive impairment at each test is determined at the 5th percentile (z-score < -1.64). 

HC: healthy controls; CIS: clinically isolated syndrome; CI: cognitive impairment; CSCT: computerized speed 

cognitive test; BVMTR: brief visual memory test revised; DR: delay recall; PASAT: paced auditory serial addition 

 HC 
% of 

CI 
CIS 

% of 

CI 
P-value 

CSCT 0.43 (1.18) 1.9 % 0.02 (1.04) 7.3 % 0.09 

BVMTR 0.44 (0.72) 0 % 0.39 (0.89) 4.9 % 0.91 

BVMTR-DR 0.22 (0.77) 3.8 % 0.15 (0.89) 4.9 % 0.69 

PASAT 0.39 (0.8) 1.9 % 0.36 (0.91) 2.4 % 0.94 

SRT-LTS 0.38 (0.75) 1.9 % 0.26 (1.16) 7.3 % 0.65 

SRT-CLTR 0.27 (0.98) 1.9 % 0.31 (1.1) 4.9 % 0.85 

SRT-DR 0.15 (0.88) 7.5 % -0.04 (1.06) 9.8 % 0.84 

WLG -0.24 (0.96) 1.9 % -0.19 (0.98) 7.3 % 0.81 

Alertness 0.68 (0.61) 0 % 0.25 (1.2) 7.3 % 0.17 

RT_Simple_Visual_Attention 0.27 (1.01) 3.8 % -0.05 (1.1) 12.2 % 0.16 

RT_Simple_Auditory_Attention 0.30 (0.91) 1.9 % -0.07 (1.16) 9.8 % 0.13 

RT_Divided_Visual_Attention 0.08 (1.22) 1.9 % -0.09 (1.27) 7.3 % 0.80 

RT_Divided_Auditory_Attention -0.11 (1.17) 13.2 % 
-0.003 

(1.33) 
7.3 % 0.96 

Stroop 0.19 (0.99) 3.8 % 0.35 (1.1) 7.5 % 0.46 
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test; SRT: selective reminding test; LTS: long-term storage; CLTR: consistent long-term retrieval; WLG: word list 

generation; RT: reaction time. 

 

Figure S1: Lesion frequency map of CIS patients 
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Table S4: Location of regional alterations in structural network metrics 

Brain region Network 
Patients vs controls 

at baseline 

Patients vs controls 

at year 1 

Clustering coefficient 

Pallidum SN +(R)  

Paracentral G and S SMN +(L/R)  

Middle occipital G VN +(L)  

Superior occipital G VN +(L/R)  

Inferior angular parietal G DMN +(L/R)  

Inferior supramarginal 

parietal G 
SN +(L)  

Superior parietal G VN +(L/R)  

Postcentral G SMN +(L/R)  

Precentral G SMN +(L/R)  

Inferior temporal G DMN +(L)  

Superior frontal G DMN +(R)  

Precuneus G DMN +(R)  

Participation coefficient 

Mid-posterior cingulate G 

and S 
SN +(L)  

Central S SMN -(L) -(L/R) 

Inferior supramarginal 

parietal G 
SN +(R) +(L) 

Within-degree module z-score 

Superior occipital G VN +(L/R) +(L) 

Postcentral G SMN +(L)  

Middle frontal G FPN +(R)  

Cerebellum FPN  -(L/R) 

Superior frontal S DMN  +(R) 

Inferior temporal S DMN  -(R) 
G: gyrus; S: sulcus; L: left; R: right; +: increase in patients compared to controls; -: decrease in patients compared to 

controls; FPN: frontoparietal network; SN: salience network; DMN: default mode network; VN: visual network; 

SMN: somato-motor network. 
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Table S5: Location of regional alterations in functional network metrics 

Brain region Network 
Patients vs controls at 

baseline 

Patients vs controls at 

year 1 

Betweenness centrality 

- - - - 

Participation coefficient 

Insula anterior circular S FPN  +(R) 

Within-degree module z-score 

Hippocampus DMN  +(R) 

Frontomarginal G and S DMN  -(L/R) 

Post-ventral cingulate G DMN  +(L) 

Temporal pole DMN  -(L) 
G: gyrus; S: sulcus; L: left; R: right; +: increase in patients compared to controls; -: decrease in patients compared to 

controls; FPN: frontoparietal network; DMN: default mode network. 
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Table S6: Baseline DTI clustering coefficient differences between patients and controls for 

each parcellation scheme 

Parcellation scheme n° 
Patients Controls 

p-value 
Mean Std Mean Std 

1 0.00314 0.00133 0.00240 0.00134 0.049 

2 0.00316 0.00116 0.00249 0.00129 0.048 

3 0.00304 0.00102 0.00235 0.00105 0.018 

4 0.00302 0.00114 0.00232 0.00118 0.032 

5 0.00321 0.00134 0.00238 0.00118 0.023 

6 0.00289 0.00094 0.00224 0.00102 0.018 

7 0.00310 0.00114 0.00239 0.00118 0.030 

8 0.00316 0.00130 0.00242 0.00137 0.047 

9 0.00309 0.00113 0.00238 0.00118 0.029 

10 0.00313 0.00113 0.00243 0.00124 0.037 

11 0.00309 0.00115 0.00235 0.00122 0.026 

12 0.00298 0.00111 0.00231 0.00119 0.035 

13 0.00302 0.00114 0.00230 0.00116 0.026 

14 0.00315 0.00128 0.00237 0.00122 0.030 

15 0.00322 0.00134 0.00245 0.00137 0.044 

16 0.00316 0.00130 0.00236 0.00117 0.026 

17 0.00304 0.00114 0.00236 0.00127 0.041 

18 0.00310 0.00120 0.00239 0.00127 0.039 

19 0.00312 0.00119 0.00242 0.00128 0.041 

20 0.00293 0.00099 0.00221 0.00091 0.009 

21 0.00313 0.00119 0.00242 0.00139 0.048 

22 0.00303 0.00111 0.00235 0.00122 0.036 

23 0.00304 0.00112 0.00234 0.00121 0.034 

24 0.00312 0.00120 0.00233 0.00112 0.019 

25 0.00303 0.00127 0.00231 0.00132 0.048 

26 0.00298 0.00101 0.00231 0.00109 0.023 

27 0.00308 0.00115 0.00238 0.00125 0.038 

28 0.00314 0.00118 0.00239 0.00120 0.026 

29 0.00312 0.00126 0.00235 0.00121 0.028 

30 0.00319 0.00125 0.00243 0.00132 0.037 
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Table S7: 1-year fMRI betweenness centrality differences between patients and controls for 

each parcellation scheme 

Parcellation scheme n° 
Patients Controls 

p-value 
Mean Std Mean Std 

1 0.03196 0.00248 0.00872 0.01505 p < 0.0001 

2 0.03203 0.00221 0.00832 0.01435 p < 0.0001 

3 0.03180 0.00205 0.00848 0.01463 p < 0.0001 

4 0.03261 0.00227 0.00859 0.01482 p < 0.0001 

5 0.03262 0.00258 0.00845 0.01456 p < 0.0001 

6 0.03156 0.00184 0.00895 0.01547 p < 0.0001 

7 0.03189 0.00255 0.00848 0.01461 p < 0.0001 

8 0.03107 0.00227 0.00778 0.01340 p < 0.0001 

9 0.03224 0.00259 0.00828 0.01434 p < 0.0001 

10 0.03186 0.00233 0.00883 0.01519 p < 0.0001 

11 0.03250 0.00255 0.00850 0.01468 p < 0.0001 

12 0.03172 0.00233 0.00832 0.01438 p < 0.0001 

13 0.03251 0.00262 0.00868 0.01495 p < 0.0001 

14 0.03178 0.00234 0.00828 0.01426 p < 0.0001 

15 0.03115 0.00188 0.00821 0.01413 p < 0.0001 

16 0.03243 0.00266 0.00848 0.01462 p < 0.0001 

17 0.03248 0.00229 0.00844 0.01453 p < 0.0001 

18 0.03200 0.00247 0.00797 0.01374 p < 0.0001 

19 0.03165 0.00259 0.00806 0.01388 p < 0.0001 

20 0.03198 0.00270 0.00823 0.01417 p < 0.0001 

21 0.03258 0.00230 0.00841 0.01449 p < 0.0001 

22 0.03184 0.00253 0.00801 0.01380 p < 0.0001 

23 0.03201 0.00226 0.00794 0.01366 p < 0.0001 

24 0.03286 0.00248 0.00841 0.01450 p < 0.0001 

25 0.03315 0.00270 0.00905 0.01561 p < 0.0001 

26 0.03188 0.00241 0.00833 0.01445 p < 0.0001 

27 0.03297 0.00249 0.00893 0.01538 p < 0.0001 

28 0.03294 0.00255 0.00844 0.01451 p < 0.0001 

29 0.03166 0.00216 0.00825 0.01421 p < 0.0001 

30 0.03218 0.00259 0.00881 0.01522 p < 0.0001 
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In the present chapter, I will summarize the main findings of this thesis, then I will state the 

limitations of our study. I will also present our perspectives and introduce the future work we 

intend to do. 

 

Main findings 
 
In chapter 2, we showed that: 

Gray matter is differentially vulnerable at the beginning of MS as only hippocampus showed 

microstructural alterations at the CIS stage, while no deep gray matter or cortical atrophy was 

noticed. 

After one year of evolution, the pathology was spreading towards the cortex and gray matter 

volume loss was depicted in the hippocampus, the putamen and different parts of the cortex. 

Hippocampus mean diffusivity at baseline is independently able to predict its volume loss over 

one year. 

 

In chapter 3, we showed that: 

Regional functional brain reorganization starts from the beginning of the disease and becomes 

more pronounced after one year of evolution. 

There was no difference in the brain’s functional global efficiency between CIS patients and 

healthy controls, along with preserved cognitive performances in patients. 

Functional reorganization was correlated to the brief visuospatial memory test, indicating a more 

pronounced brain network reorganization as the cognitive performances are getting better. 

These results suggest a compensation mechanism at the first year after a CIS. 

 

In chapter 4, we showed that: 

Structural damage precedes functional reorganization at a global and modular level during the first 

year following a CIS. 

Structural-functional decoupling is only present after one year of the disease onset, specifically in 

the salience, visual and somatomotor networks, along with preserved cognitive performances. 

These results suggest that functional reorganization, that may be responsible for the preservation 

of cognitive performances, occurs along indirect anatomical pathways. 
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Mechanisms of cognitive impairment in MS 
 
Even though the exact mechanisms underlying the onset and progression of cognitive impairment 

in MS are still unclear, we have tried to shed some light into the neural correlates of cognitive 

functioning in the early stage of MS. 

Focal white matter lesions may play a key role in the interruption of neuronal pathways supporting 

physiological cognitive functioning.1 Previous MRI studies showed that cognitive performances 

correlate better with measures of diffuse brain damage than lesion load.2,3 This led to the 

hypothesis that MS-related cognitive deficits derive from a disconnection syndrome mainly 

affecting white matter.4 MRI surrogates of diffuse damage of apparently normal brain tissue, such 

as the mean magnetization transfer ratio (MTR), correlate well with cognitive deterioration 

overtime.5 Although many studies investigated the association between white matter lesion 

load/diffuse damage and cognitive performance in MS,1 the origin of cognitive impairment in MS 

seems to be more complex and multifactorial combining both white matter and gray matter 

pathology. GM pathology in key areas like the cerebellum, the thalami and the cerebral cortex 

could play a major role in these mechanisms particularly early on before diffuse damage. For 

example, cerebellum has been associated with cognitive processes both in healthy subjects and 

MS patients.6,7 Anatomically, the cortico-cerebellar loop connects cerebellar posterior 

hemispheres and dentate nuclei to prefrontal, superior temporal and lateral parietal cortices, via 

the thalamus and the pons. An association between cognitive impairment and atrophy in specific 

cerebellar lobules was shown in MS patients,8 while a decrease in cerebellar activation was 

considered to be a failure of the cerebellum in its role facilitating rapid cognitive performances. 

This failure of cerebellum facilitation on cognitive processes paralleled the activation of frontal 

compensatory mechanisms which is associated with the extent of diffuse brain damage.9 The loss 

of the facilitating role of the cerebellum on information processing speed (IPS) due to damage to 

the posterior cerebellar lobules could contribute significantly to the slowness of IPS.6 The thalamus 

is considered as a central node playing an important role in many cognitive functions such as IPS, 

episodic memory, working memory, and attention with its cortical, subcortical, and cerebellar 

connections.10 It could be considered as a central hub in several networks including those 

particularly involved in IPS through the cortico-cerebellar loops. Thalamic involvement in 

cognitive deficits in MS has been previously highlighted.11-13 Neuronal loss and demyelination 

were observed in thalamic tissue of MS patients and MRI revealed thalamic atrophy and abnormal 
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microstructural integrity using DTI metrics.14,15 It has been proposed that thalamic involvement in 

cognitive impairment in MS is related to GM rather than WM damage in thalamic nuclei.16 

Consequently, early GM or diffuse WM damage within the relevant WM tracts between these key 

eloquent GM areas could explain the emergence of cognitive deficits. Compensatory mechanisms 

have been found mainly at the early stage of MS and could explain the paradox of the 

heterogeneous cognitive performances with the same visible brain damage.9,17 In this context, we 

have investigated the differential vulnerability of gray matter involvement in the early stage of MS 

(Chapter 2). We showed that hippocampus was the first altered structure with microstructural 

abnormalities appearing from the onset of the disease and predicting its future volume loss, and 

that the pathology was spreading towards the cortex after one year of evolution. This result 

indicates the importance of early neurodegeneration, especially in the hippocampus. Using 

the experimental autoimmune encephalomyelitis (EAE) model (one of the most utilized models in 

MS research), it was recently shown that synaptic plasticity deficits in the dentate gyrus were 

associated with dendritic degeneration, neuronal apoptosis, microglial activation and diffusion 

tensor imaging abnormalities, causing early memory impairment.18 This reinforces the idea that 

synaptic failure may play an important role in the pathogenesis of MS-related cognitive 

impairment. 

Another important approach to use to better understand the neural correlates of cognitive 

performance in MS is the investigation of functional networks reorganization. In MS, increased 

functional connectivity was detected as a possible compensatory mechanism,19-24 while decreased 

functional connectivity as a probable consequence of maladaptive reorganization due to acute or 

chronic inflammation was also detected.20,22,23 These previous studies suggested network 

alterations predominantly in the sensorimotor cortex, cingulate, and fronto-temporal regions, as 

well as in the thalamus.20-23 These heterogeneous findings of connectivity may be due to the 

inclusion of different sample sizes, phenotypes, disease durations, or disability levels. Also, most 

studies have been performed cross-sectionally, which limits the understanding of the dynamics of 

brain network reorganization in MS and, thus cannot infer about the role of these connectivity 

changes. While at rest, the brain presents several large-scale cerebral networks called resting-state 

networks.24 These networks included the sensorimotor and visual networks, primarily involved in 

the processing of sensorimotor and visual information, respectively, as well as the frontoparietal 

network, which is involved in different types of cognitive processes.25,26 The most widely studied 
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resting state network is the default mode network (DMN), encompassing precuneus/posterior 

cingulate cortex (PCC), mesiofrontal/anterior cingulate cortex (ACC), and temporoparietal 

junction areas. This network has been associated to different cognitive functions, such as stimulus-

independent thoughts,27 mind-wandering,28 social cognition,29 introspection,30 monitoring of the 

mental self,31 and integration of cognitive processes.32 Importantly, functional changes were 

noticed in MS patients’ DMN with both increased21,33 and decreased34-36 connectivity both related 

to poorer cognitive performances. It was even shown that during the disease, cognitively impaired 

patients present a shift in the hierarchy of the entire brain network, where the DMN becomes more 

important.23 However, most of these studies considered functional connectivities as stationary by 

averaging the signal over the entire scan. More recent evidence points towards the nonstationarity 

of brain functional connections and how they alternate between periods of low and high functional 

coupling over time.37,38 The dynamics of these fluctuations have been shown to be reduced in 

cognitively impaired MS patients in default-mode, frontoparietal, and visual networks, in addition 

to a loss of the interplay between default-mode and visual networks.39 In order to detect the 

potential brain functional reorganization at the onset of the disease, (Chapter 3), we used a 

longitudinal cohort of CIS patients and showed that regional functional brain reorganization starts 

from the beginning of the disease and becomes more pronounced after one year of evolution, with 

a combination of overconnected and underconnected brain regions. This functional reorganization 

was present along with preserved cognitive performances, and more importantly, these cognitive 

performances were getting better as brain network reorganization was more pronounced, 

suggesting a compensation mechanism at this early stage of the disease. Currently, it is still a 

matter of debate whether functional reorganization is a maladaptive or compensative mechanism 

to the disease.40-42 However, using longitudinal studies combining neuropsychological 

assessments and MRI data, we can untangle these processes and better model the evolution of the 

pathology. 

Moreover, functional connectivity (FC) can be shaped and constrained by the structural 

connectivity (SC).43 Nevertheless, the consequences of structural brain damage on the change of 

connectivity are still poorly understood.20,40 It is then important to look at the evolution of both 

modalities and how they relate to each other to get a better sense of the underlying mechanisms of 

the disease. This was the aim of Chapter 4, where we investigated a novel parameter called the 

structural-functional coupling, representing the direct association between FC and SC. We then 
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noticed a structural-functional decoupling in some brain networks, along with functional 

reorganization and preserved cognitive performances, suggesting that the functional 

reorganization responsible for the early compensation mechanism occurs along indirect anatomical 

pathways. 

Finally, we highlight the importance of combining both structural and functional connectivity 

along with neuropsychological assessments in a longitudinal set-up to investigate the neural 

mechanisms of cognitive impairment in MS and move towards the confirmation of the network 

collapse hypothesis (discussed in Chapter 1).46 Hence, studying our cohort some years later (see 

Perspectives) may confirm this hypothesis and elucidate the process behind network collapse and 

cognitive impairment. 

 

Limitations 
 
We have to keep in mind that our work is not without limitations. First, when assessing gray matter 

integrity, our patients did not have double inversion recovery (DIR) sequences, thus we could have 

missed some cortical lesions and included them in the cortical gray matter mask. Second, we are 

aware that the follow-up time (one year) is too short to observe more brain damage or worst 

cognitive functioning in our patients, this is why we intend to follow them at a longer period of 

time (see Perspectives). However, this short follow-up period was used to detect very early 

changes occurring at the onset of MS. 

Also, regarding functional networks, we only considered the most robust effects in the steady state 

(i.e. averaging the whole scan). This leaves unknown transient states in network connectivity that 

may better explain how functional brain networks adapt to challenge and disruption, and how they 

relate to structural networks. 

Additionally, our DTI data covers only 21 directions in the whole sphere as a trade-off to the good 

resolution obtained at the time of the study set-up. This could have affected our tractography 

estimation. However, this effect would be present in CIS patients and in healthy controls as well 

which could limit its influence. We intend to perform a more sophisticated diffusion sequence in 

a future study investigating CIS (see Perspectives). This would allow us to confirm our current 

results. 
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Perspectives 

5-year follow-up of the CIS-COG study 

As previously stated, we intend to further follow-up this current cohort, and we are currently 

calling them back for their 5-year visit. After 5 years of follow-up, we expect a more global 

structural-functional decoupling in MS patients. Whether this decoupling could be a compensative 

or maladaptive mechanism in terms of cognition would be an interesting and innovative result to 

look at, especially with the potential extent of their cognitive deficits at that stage. Additionally, 

by combining both modalities along with an extensive neuropsychological battery, we will be able 

to address with sufficient information the proposed model for MS evolution from the onset of the 

disease. It will also allow us to better understand the network’s behavior during neurodegenerative 

and neuroinflammatory combined processes. Thus, these network measures will add reliable and 

quantifiable value in monitoring patients’ disease progression and could have an impact on 

treatment decisions and management. 

 

The GM-COG study 

The GM-COG study is a translational project aiming to identify the mechanisms that trigger grey 

matter alterations at the early stage of MS and their impact on cognition. Part of this project 

includes a clinical study enrolling patients after their first clinical attack (i.e. CIS patients) scanned 

with state-of-the-art MRI techniques and tested with neuropsychological tests. With this cohort, 

we intend to better investigate the microstructural integrity using multi-shell diffusion data. Then, 

we are interested in analyzing subfields of important gray matter regions (e.g. hippocampus, 

thalamus). Here is a more detailed description of our future work: 

 

Hippocampal subfields in the early stage of MS 

We have previously demonstrated a regional vulnerability within the hippocampus in CIS patients, 

as the hippocampal degeneration spread from the dentate gyrus to CA1 in terms of atrophy (see 

Annex).31 However, we did not yet investigate the microstructural integrity nor the functional 

changes within these subfields. By taking advantage of the multi-shell diffusion sequence included 

in the GM-COG study, we aim to have a better look at what is happening inside these subfields. 
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Neurite orientation dispersion and density imaging (NODDI) 

Quantitative measures can be extracted from DTI data reflecting microstructural integrity, cellular 

organization and anatomical connectivity.32 Multiple studies showed diffusion alterations in MS 

patients, whether in T2-lesions, normal appearing white matter or even gray matter.33 However in 

MS, demyelination, axonal loss and fiber orientation dispersion have similar impact on DTI 

measures, and thus cannot be differentiated.34 Advanced multi-shell diffusion-weighted imaging 

methods like the Neurite Orientation Dispersion and Density Imaging (NODDI) address some of 

these limitations by modeling the signal as the sum of three components: the cerebrospinal fluid 

(CSF) compartment with isotropic diffusion; the intra neurite compartment, which represents the 

space bounded by the membrane of neurites and is modeled as a set of cylinders of zero radius to 

capture the highly restricted nature of diffusion perpendicular to neurites and unhindered diffusion 

along them; and the extra neurite compartment, which refers to the space around the neurites 

occupied by cell bodies and glial cells (Figure 1).35 

 

 
Figure 1. Principle of NODDI 

NODDI is based on identification of 3 compartments at each voxel which account for the signal attenuation: 1) 

hindered reflecting the “extra-cellular” space and the glial environment, 2) restricted/intraneurites (axons and 

dendrites) that is described through the normalized parameter intra neurite volume fraction (also called “intra-

cellular” νic) and that reflects the neurite density (ND) and 3) isotropic for CSF water molecules. The dispersion of 

sticks (representing neurites) is represented by the orientation dispersion (OD) index. 
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In a pilot study investigating 5 MS patients, Schneider and colleagues demonstrated the viability 

of NODDI in MS as it improved sensitivity and specificity by distinguishing orientation dispersion 

and fiber density better than classical DTI measures (Figure 2).36 

 

 
Figure 2. Neurite orientation dispersion density imaging (NODDI) and diffusion tensor imaging 

(DTI) maps from one multiple sclerosis patient 
The blue arrow points the MS lesion within white matter associated to pronounced abnormalities in the axial 

diffusivity, mean diffusivity, radial diffusivity, and neurite density index (NDI) maps. The green arrow highlights 

the superiority of NDI compared to DTI metrics in periventricular lesion in particular in regions with cerebrospinal 

fluid partial volume and fiber crossings (Adapted from Schneider et al., 2017). 

 

Besides, some studies showed the importance of NODDI as it correlated with myelin density in 

the corpus callosum in both healthy mouse and human brains and was not affected by crossing, 

fanning or kissing fiber.37 In Parkinson’s disease where NODDI was able to reflect a decrease in 

the length of dendrites and loss of dendritic spines in the substantia nigra pars compacta.38 In that 

sense, our aim is to use this technique to assess the potential ability of NODDI to highlight early 

damage in MS, and to provide innovative and relevant information on the microstructural 

alterations in both white matter and gray matter regions. This will be the first study using NODDI 

technique to investigate microstructural damage in CIS patients. At this early stage of the disease, 

these results could represent an important and relevant tool for monitoring treatment (e.g. 

following neurites density in neuroprotective treatments). 

 

Thalamic subfields 

Recent works have highlighted the role of thalamus in cognition in MS.12,13 It is known that 

thalamic pathology is frequently present in MS patients. Neuronal loss and demyelination were 

observed in thalamic tissue of MS patients and MRI revealed thalamic atrophy and abnormal DTI 
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metrics.14,15 It has been proposed that thalamic involvement in cognitive impairment in MS is 

related to GM rather than WM damage in thalamic nuclei.16 By analogy with the hippocampus in 

which some subfields could be more relevant than others, it is important to depict the thalamic 

nuclei directly involved in the cognitive networks and most prominent to damage in MS. 

Our group in collaboration with Stanford University has pioneered the use of a particular regime 

of MR contrast with a sequence that we called white matter nulled MPRAGE (WMn-MPRAGE) 

and that generates a high contrast within the thalamus that it permits the delineation of its internal 

anatomy in close relation with the nuclei described in histological atlas (Figure 3).39 This sequence 

is now available and included in our GM-COG protocol. It offers the unique opportunity to 

pinpoint specific nucleus to look for its contribution to a particular cognitive domain. In 

collaboration with Stanford, our group has developed an automatic segmentation method called 

THOMAS (Thalamus Optimized Multi-Atlas Segmentation) to make such a delineation fully 

automatically with high reproducibility.40 We obtain higher resolution and better segmentation 

performance than current state of the art DTI and multi-modal techniques. We have therefore all 

the method to address the regional contribution of the thalamus (in terms of volume, microstructure 

or functional activity) in relation with cognitive performances at the early stage of MS. 
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Figure 3. Visualization of thalamic nuclei compared with histological plates 

Representative examples of MR scans in the 3 orthogonal orientations (each orientation shown in a different 

volunteer) and presented with the corresponding histological plates. Several nuclei can be identified thanks to 

enhanced intrinsic contrast between adjacent structures. Also, thin hypointense bands helped to isolate structures 

with otherwise close signal. For example, see the thin boundaries around the pulvinar anterior (PuA, green) in 

coronal (A), around the ventral anterior nucleus (VA, pink) in axial (B), and around the anterior ventral nucleus 

(AV, orange) in sagittal (C). Good correspondence between MR boundaries and the atlas can be observed. (Adapted 

from Tourdias et al., NeuroImage, 2013). 
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Abstract  

Background: Whether hippocampal subfields are differentially vulnerable at the earliest stages of 

multiple sclerosis (MS) and how this impacts memory performances is a current topic of debate.  

Methods: We prospectively included 56 persons with clinically isolated syndrome (CIS) 

suggestive of MS in a 1-year longitudinal study, together with 55 matched healthy controls at 

baseline. Participants were tested for memory performance and scanned with 3T MRI to assess the 

volume of 5 distinct hippocampal subfields using automatic segmentation techniques.  

Results: At baseline, CA4/dentate gyrus was the only hippocampal subfield with a volume 

significantly smaller than controls (p<0.01) compared to controls. After one year, CA4/dentate 

gyrus atrophy worsened (-6.4%, p<0.0001) and significant CA1 atrophy appeared (both in the 

stratum-pyramidale and the stratum radiatum-lacunosum-moleculare, -5.6%, p<0.001 and -6.2%, 

p<0.01) respectively. CA4/dentate gyrus volume at baseline predicted CA1 volume one year after 

CIS (R2=0.44 to 0.47, p<0.001, with age, T2 lesion-load and global brain atrophy as covariates). 

The volume of CA4/dentate gyrus at baseline was associated with MS diagnosis during follow-up, 

independently of T2-lesion load and demographic variables (p<0.05). Whereas CA4/dentate gyrus 

volume was not correlated with memory scores at baseline, CA1 atrophy was an independent 

correlate of episodic verbal memory performance one year after CIS (ß=0.87, p<0.05).  

Conclusion: The hippocampal degenerative process spread from dentate gyrus to CA1 at the 

earliest stage of MS. This dynamic vulnerability is associated with MS diagnosis after CIS and 

will ultimately impact hippocampal-dependant memory performances. 
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Introduction 

Patients with multiple sclerosis (MS) are often afflicted with episodic memory impairment and, 

over the past decade, a growing number of studies have investigated how hippocampal 

abnormalities might be related to this deficit.1-4 Post-mortem anatomopathological analyses of MS 

brains, together with studies on animal models of MS, have described early microglial activation, 

neuronal loss, synaptic dysfunction and demyelination within different regions of the 

hippocampus.2,5,6 However, the time course of these alterations and the inter-relations between the 

different types of cellular modifications during the evolution of the disease remain largely 

unknown. 

One way to isolate pathogenic mechanisms within the hippocampal circuit is to study its regional 

vulnerability.7 Indeed, the hippocampus is composed of distinct subfields whose morphological, 

cellular, molecular, functional and connectivity profiles are very different: the dentate gyrus, the 

cornu ammonis (CA, with subdivisions from CA1 to CA4) and the subiculum. Initially used to 

study Alzheimer’s disease and physiological aging,8 this approach of interrogating differentially 

the malfunctioning hippocampal circuit has been adapted more recently to investigate MS.1,9-11  

Regarding MRI studies, the differential vulnerability of one hippocampal subfield compared to the 

others during the course of MS remains controversial. Indeed, some authors have highlighted the 

differential vulnerability of CA11,10 and others the vulnerability of CA3/CA4/dentate gyrus.9,11 

The reasons for discrepancies between studies remain speculative but they might be explained by 

the heterogeneity of the measurement methods used (surface-based mesh modelling and 

volumetric analyses) and/or by the heterogeneity of the populations studied (relapsing MS with 

different disease durations and/or progressive MS). This latter point seems crucial if we postulate 

that the pattern of atrophy of hippocampal subfields changes according to disease progression. 

Previous studies have so far been unable to test such timing and the dynamics of differential 

hippocampal subfield damage because of cross-sectional design. It is also important to note that 

none of these works investigated clinically isolated syndrome (CIS), which is required to address 

the question of the differential vulnerability of hippocampal subfields to the earliest 

pathophysiological mechanisms in MS. Indeed, CIS is the first demyelinating event suggestive of 

a future relapsing-remitting MS, that will be formally defined later on by the dissemination in time 
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and space of demyelinating lesions.12,13 Thus, studying persons with CIS offers a unique 

opportunity to understand the “first steps” of the pathophysiological mechanisms leading to MS. 

By analogy with other neurodegenerative diseases,14,15 we hypothesize here that hippocampal 

degeneration in persons with CIS and early MS is not uniform and that pathological alterations 

will spread from one hippocampal subfield to the others in a process leading to diffuse 

hippocampal atrophy. To test this hypothesis, we measured the volumes of five distinct 

hippocampal subfields longitudinally, using advanced 3T MRI-based automatic segmentation 

techniques, and analysed the dynamics of atrophy of these subfields together with their clinical 

and neuropsychological correlates.  

Methods 

Participants 

Fifty-six persons with CIS (PwCIS) were prospectively enrolled between 2 to 6 months after an 

initial clinical event compatible with a demyelinating inflammatory syndrome: a monofocal and 

monophasic neurological symptom that can be related to an optic nerve, spinal cord, brainstem or 

cerebellum lesion.13 Patients were assessed by neuropsychological testing and MRI at baseline and 

at 1-year follow up. At baseline, at least two clinically silent lesions with a minimum diameter of 

3mm were required for inclusion. One of these lesions had to be cerebral (ovoid or periventricular), 

while the other could be located in the spine or brain. None of the patients were treated with 

disease-modifying therapy at inclusion. Contraindications to MRI, the presence of other 

neurological, psychiatric or systemic diseases, steroid treatment within one month, starting or 

stopping antidepressants or anxiolytic treatments within 2 months of MRI and neuropsychological 

examination, were considered as exclusion criteria. During the follow-up period of one year, the 

diagnosis of multiple sclerosis was confirmed (or not) by the treating physician according to the 

2010 McDonald criteria.12 

Fifty-five healthy controls (HC), free of neurological, psychiatric, or systemic diseases, and drug 

or alcohol abuse, were also included. They were tightly matched for age, gender and educational 

level to PwCIS, to calculate cognitive z-scores both at baseline and one year after (see below). 

Among these 55 controls, a subgroup of 38 HC (still matched with the CIS group, see Table 1) 

underwent MRI at baseline but they were not re-scanned at year 1.  
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All subjects were prospectively enrolled from 2012 to 2015 at our MS centre. Written informed 

consent was obtained prior to participation. This study was approved by the local institutional 

ethics review board and registered in Clinicaltrial.gov (NCT01865357). 

Neuropsychological testing 

In order to assess hippocampal functions, PwCIS and HC performed the Selective Reminding Test 

(SRT) for episodic verbal memory performances and the Brief Visuospatial Memory Test (BVMT-

R) to test episodic visuospatial memory performances. Each PwCIS was compared with the HC 

group at the appropriate time point to calculate a z-score for each test at each time point. To take 

into account practice effects, the scores of PwCIS at baseline were compared with the mean score 

of the HC group obtained at baseline, while the scores of PwCIS at 1 year were compared with the 

mean score of the HC group obtained during their second session of neuropsychological testing at 

1 year. The z-scores of each SRT and BVMT-R subtest were averaged in order to calculate one 

composite verbal memory score and one composite visuospatial memory score. Lower z-scores 

indicate lower performances. A patient was considered impaired in a given cognitive domain if 

his/her score was below the fifth percentile (i.e. z-score < -1.64). 

MRI acquisition and analyses 

Participants were scanned on a 3T MRI system at our MS centre (either Philips Achieva or GE 

Medical Systems Discovery MR 750w). The imaging protocol was harmonized between magnets 

and included the same 3D gradient-echo T1-weighted sequence (TR/TE/TI/flip 

angle=8.2ms/3.5ms/982ms/7°, resolution 1x1x1mm, 256mm FOV) and a 2D axial Fluid 

Attenuated Inversion Recovery (FLAIR) sequence (TR/TE/TI=11000ms/140ms/2800ms, 

resolution 1x1.1x3mm, 230mm FOV).  

Lesion load was determined by the lesion growth algorithm as implemented in the Lesion 

Segmentation Tool (LST) version 2.0.15 (http://www.applied-statistics.de/lst.html) in Statistical 

Parametric Mapping (SPM12).16 To do this, T1 images were co-registered with FLAIR images to 

calculate lesion belief maps thresholded with the same parameters for each patient (kappa=0.3). 

Binary maps of lesions were reviewed and corrected manually by two blinded experts (MR 

engineer and neurologist), using 3D Slicer 4.4.0 (www.slicer.org).  
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For the volumetric analyses of brain structures, T1-weighted images were processed using the 

volBrain system (http://volbrain.upv.es).17 After denoising with an adaptive non-local mean 

filter,18 images were affine-registered in the Montreal Neurological Institute (MNI) space using 

ANTS software,19 corrected for image inhomogeneities using N420 and finally intensity-

normalized.21 Then, the hippocampal subfields were segmented based on a multi-atlas framework 

combining nonlinear registration and patch-based label fusion.22,23 This method uses a training 

library composed of 5 high resolution T1-weighted images labelled manually according to the 

protocol proposed by Winterburn and colleagues24 which is one of the rare freely available atlases 

that specifically separate CA4/DG from CA2/3 on the one hand and CA1 neuritic and pyramidal 

layers on the other hand.25 The 3D-T1-weighted images of the subjects considered in this study 

(1x1x1mm3) were up-sampled to the image resolution of the training library (0.5x0.5x0.5mm3) 

using the local adaptive super-resolution (LASR) method.26 The method finally provided 

automatic segmentation of hippocampal subfields gathered into 5 labels: Subiculum, CA1-SP 

(stratum pyramidale), CA1-SRLM (stratum radiatum-lacunosum-moleculare), CA2/3 and 

CA4/dentate gyrus (Fig. 1), allowing us to test our a priori hypotheses regarding the selective 

vulnerability of the dentate gyrus or CA1, as suggested in the literature from animal, 

neuropsychological (using pattern separation tasks) and MRI studies.1,6,11,27  Every up-sampled 

image and every subfield label were quality-controlled and then blindly checked and manually 

corrected by a blinded neurologist if needed (in the case of inappropriate inclusion of para-

hippocampal T1-hypointense lesions (Suppl. Fig. 1), choroidal plexus and/or CSF “pockets”, 

using 3D Slicer 4.4.0 (www.slicer.org)). To control for variations in head size, the volumes of 

hippocampal subfields were normalized using the intracranial cavity volume of each subject.28 

Normalized brain volume (NBV) was also calculated as the sum of cerebral white and grey matters, 

divided by the intracranial cavity volume of each subject. 
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Figure 1: Segmentation of the five hippocampal subfields. 
Super-resolution T1-weighted images (0.5x0.5x0.5mm3) centred on the left hippocampus of a patient with clinically 

isolated syndrome (PwCIS) in the sagittal plane (A), in an oblique axial cut parallel to the plane of the hippocampus 

(B) and in the coronal plane (C). Five hippocampal subfields were automatically segmented (and manually corrected 

if needed) according to the atlas of Winterburn et al.: the subiculum, the stratum pyramidale of CA1 (CA1-SP), the 

stratum-lacunosum-moleculare of CA1 (CA1-SRLM), CA2/3 and CA/4dentate gyrus (CA4/DG). 

 

Statistical Analyses 

Statistical analyses were performed with Prism software 6 (Graphpad) and XLstats 19.4 

(Addinsoft). The distribution of all continuous data was tested with the Shapiro-Wilk normality 

test. We first compared clinical, neuropsychological and imaging characteristics between HC and 

PwCIS at baseline by using Fisher’s exact tests for categorical variables, and unpaired t-tests or 

Mann-Whitney tests for ordinal variables. The comparisons of baseline and 1-year characteristics 

of PwCIS were done with paired t-tests or Wilcoxon tests, as appropriate.  

To compare the volumes of the 5 hippocampal subfields between groups, we first performed an 

analysis of variance, followed by a Sidak multiple comparisons test. Cohen’s d was used to 

measure the effect size of atrophy between patients and HC whereas annualized rate of atrophy 

was used to compare PwCIS at year 1 and baseline.  
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Then, because the decreases in subfield volumes were consistent between right and left 

hippocampi, further statistical analyses were performed on the sum of right and left subfield 

volumes to avoid multiple comparisons. Relationships between neuropsychological scores, 

demographic, clinical and imaging variables were assessed using correlation coefficients (Pearson 

or Spearman according to statistical distribution). The associations were further tested in 

multivariate context. To this end, (i) hippocampal subfields volumes at year 1, (ii) conversion to 

MS and (iii) memory performances (dependent variables) were predicted with hierarchical 

regression models, including two hierarchical blocks. In the first block, relevant demographical, 

clinical and general MRI features known as nuisance variables were systematically forced into the 

model. In the second block, the volumes of hippocampal subfields were added to the variables of 

the first block. To evaluate the added prognostic value of CA4/DG baseline volume, the predictive 

power of the two blocks was compared by using the Akaike information criterion (AIC). A linear 

regression model was used whenever possible while logistic regression was seen as the appropriate 

alternative for categorical/binary outcome variables. All tests were two-tailed, with a global type 

I error set at α=0.05. 

Results 

Demographic, clinical and general MRI features of participants  

A total of 56 PwCIS and 55 HC were included. At baseline, all PwCIS and HC were tested with 

the neuropsychological battery while all PwCIS but only a subgroup 38 HCs were assessed with 

MRI. At year 1, because 10 patients were lost to follow-up, 46 PwCIS were re-tested with the same 

neuropsychological battery and re-scanned with the same imaging protocol. All the 55 HCs were 

re-tested with the same neuropsychological battery but they were not re-scanned at year 1.  

The CIS and HC groups were comparable for age, sex and educational level (Table 1). In this 

cohort of patients, after one year, 65.2% of PwCIS were diagnosed with MS according to the 2010 

McDonald criteria.  

In PwCIS, there was no significant difference between baseline and 1-year follow-up regarding 

disability (Expanded Disability Status Scale, EDSS) and T2-lesion load. Neuropsychological 

testing was also rather stable between baseline and 1-year follow-up, except for the episodic 

visuospatial memory score that had even slightly increased (p=0.02) (Table 1). Normalized brain 
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volume (NBV) significantly decreased during this period (-1.4%, p=0.012).  

Table 1: Clinical, neuropsychological and general MRI features of the studied populations 

 

Controls  

with MRI 

(n=38) 

CIS baseline 

(n=56) 

CIS 1-year 

(n=46) 
p-value 

Demographic and clinical features     

Mean age, years [SD] 
36.6 

[10.7] 
36.5 [11.2] - 0.94 

Sex ratio (F/M) 26/12 46/10 - 0.14 

Education level, (High/Low§) 27/11 39/17 - 0.88 

Median EDSS score [range] - 1.0  [1.0 to 6.0] 1.0  [1.0 to 6.0] 0.63 

Conversion to MS - - 30/46 (65.2%) - 

Neuropsychological features     

Median verbal memory z-score [range] 

{% impaired} 
 

0.10 [-4.9 to 

1.0] 

{7.4%} 

-0.13 [-3.7 to 

1.2] 

{10.7%} 

0.91 

Median visuospatial memory z-score 

[range] 

{% impaired} 

 

-0.20 [-5.2 to 

0.82] 

{17.9%} 

0.10 [-3.5 to 

1.0] 

{6.5%} 

0.02 

Imaging features     

Median T2 lesion volume, mL [range] - 
0.73 [0.02-

63.12] 

1.08 [0.06-

67.74] 
0.67 

Mean normalized brain volume, % [SD] 86.4 [3.2] 85.1 [3.9] 83.9 [4.1] 0.21#/0.012† 

CIS = Clinically Isolated Syndrome; EDSS = Expanded Disability Status Scale; MS: Multiple Sclerosis; SD = 

Standard Deviation. § Education level was considered as high or low according to French baccalaureate (equivalent 

to A-level).  # Controls vs CIS baseline. † CIS baseline vs CIS 1-year.  

 

Dynamics of regional hippocampal vulnerability 

At baseline, hippocampal volumes were significantly lower in PwCIS compared to controls only 

in the CA4/dentate gyrus subfield (Fig. 2). This was consistently true for the left (-6.5%, d=0.53, 

p<0.05) and for the right hippocampus (-7.7%, d=0.54, p<0.01) and when both sides were pooled 

together (-7.2%, d=0.58, p<0.01). In PwCIS, this atrophy of CA4/dentate gyrus was not correlated 

with age, disability or T2 lesion-load at baseline. 
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Follow-up data after one year compared to baseline measures showed that the normalized volumes 

of CA4/dentate gyrus (-6.4%, p<0.001), CA1-SP (-5,6%, p<0.01) and CA1-SRLM (-6,2%, 

p<0.05) significantly decreased in both sides. No significant atrophy was found in the subiculum 

or CA2/3 subfields (Fig. 3). 

 

Figure 2: Comparison of the normalized volumes of hippocampal subfields between healthy controls 

and persons with clinically isolated syndrome (CIS) at baseline (y0). 
Histograms represent the cumulative volumes of all the left hippocampal subfields (in red), of all the right 

hippocampal subfields (in blue) and of all right & left hippocampal subfields (in orange). The colour gradient 

represents individual hippocampal subfields. ns = non-significant, *p<0.05, **p<0.01 (corrected for multiple 

comparisons). 

 

As the atrophy of CA1 subfield chronologically succeeded the atrophy of CA4/dentate gyrus, this 

suggests that the same pathophysiological process spreads from CA4/dentate gyrus to CA1 in 

individual patients. To test this hypothesis, we designed a hierarchical linear regression model to 

test how CA1-SP, CA1–SRLM and whole hippocampus volumes at year 1 (dependent variables) 

can be predicted by the volume of CA4/dentate gyrus at baseline (while first taking into account 
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confounders such as age, T2 lesion-load and NBV in the model). We found that CA4/dentate gyrus 

at baseline improved the statistical prediction of CA1 volumes at year 1 from R2=0.19 (when 

considering usual factors such as age, T2 lesions and NBV) to R2=0.44 (AICblock2 < AICblock1). It 

also predicted the whole hippocampal volume one year afterwards independently of age, T2 

lesions or NBV (Table 2). CA4/DG remained a significant and independent correlate of CA1 and 

whole hippocampal volumes at year 1, although other hippocampal subfields (subiculum and 

CA2/3) were introduced in the model (ß=0.34, p=0.018 for CA1-SP and ß=0.39, p<0.001 for the 

whole hippocampus, respectively). Altogether, a smaller focal volume at baseline predicted 

smaller global volumes at year 1, which points to a pathological continuum starting within 

CA4/dentate gyrus and spreading progressively and more globally to CA1. 

 

Figure 3: Comparison of the normalized volumes of hippocampal subfields between persons with 

clinically isolated syndrome (CIS) at baseline (y0) and 1-year follow-up (y1). 
The histograms represent the cumulative volumes of all the left hippocampal subfields (in red), of all the right 

hippocampal subfields (in blue) and of all right&left hippocampal subfields (in orange). The colour gradient 

represents individual hippocampal subfields. ns = non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

(corrected for multiple comparisons). 
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Table 2: Univariate correlations and hierarchical linear regression models between volumes 

of CA1 subfields or whole hippocampal volume at year 1 (dependent variables) and volume of 

CA4/dentate gyrus at baseline 

1 year volume 

 Explanatory 

variables 

(at baseline) 

Univariate 

analysis (r) 

Multivriate 

analysis (ß) 

Adjusted 

multivariate 

model (R2) 

CA1-SP 

Block 1 

Age 

T2LL 

NBV 

-0.16 

-0.21 

0.44** 

ns 

ns 

0.47* 

0.19* 

Block 2 

Age 

T2LL 

NBV 

CA4/DG 

-0.16 

-0.21 

0.44** 

0.63*** 

ns 

ns 

ns 

0.40*** 

0.44***# 

CA1-SRLM 

Block 1 

Age 

T2LL 

NBV 

-0.06 

-0.16 

0.48*** 

ns 

ns 

0.64*** 

0.27** 

Block 2 

Age 

T2LL 

NBV 

CA4/DG 

-0.06 

-0.16 

0.48*** 

0.62*** 

ns 

ns 

0.40* 

0.47*** 

0.47***# 

Hippocampus 

Block 1 

Age 

T2LL 

NBV 

-0.16 

-0.26 

0.56*** 

ns 

ns 

0.65*** 

0.32** 

Block 2 

Age 

T2LL 

NBV 

CA4/DG 

-0.16 

-0.26 

0.56*** 

0.71*** 

ns 

ns 

0.37* 

0.58*** 

0.61***# 

Age, T2LL and NBV were entered into an initial model (block 1) as nuisance variables. CA1-SP = CA1-stratum 

pyramidale, CA1-SRLM = CA1-stratum radiatum-lacunosum-moleculare, CA4/DG = CA4/dentate gyrus, NBV = 

Normalized Brain Volume, T2LL = T2 Lesion-Load. ns = non-significant, *p<0.05, **p<0.01, ***p<0.001. # AICblock2 

< AICblock1. 

Relationship between the atrophy of hippocampal subfields and clinical outcomes  

In order to study the link between the early vulnerability of CA4/dentate gyrus and the 

pathophysiological process specific to MS, we first investigated whether CA4/dentate gyrus 

volume at baseline would be able to predict MS diagnosis at year 1. Using univariate analyses, we 

found that both T2-lesion load and CA4/dentate gyrus volume were significantly associated with 

conversion to MS (p=0.002 and p=0.014, respectively). A multiple logistic regression model 

showed that the volume of CA4/dentate gyrus at baseline was the only factor independently 

associated with conversion to MS (ß=0.57, p=0.025 and R2=0.28, p=0.016) while age, gender, 

EDSS, T2-lesion load and NBV were not predictive. 
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Finally, we investigated whether early hippocampal regional vulnerability had a clinical impact on 

episodic memory performances. The results of univariate correlations and regression models 

between memory scores and demographic, clinical and imaging data at baseline and year 1 are 

presented in Table 3. According to multivariate analyses, no model was able to explain memory 

performance at baseline. The volume of CA1-SP and the educational level of patients were 

independent predictors of the episodic verbal memory composite score at year 1 (ß=0.87, p=0.042 

and ß=0.51, p=0.031, respectively).  

Table 3: Univariate correlations and hierarchical regression models between memory composite 

scores at baseline or after 1-year follow-up (dependent variables) and demographical, clinical 

and MRI features 

  
Explanatory 

variables 

Univariate 

analysis (r) 

Multivriate 

analysis (ß) 

Adjusted 

multivariate 

model (R2) 

Baseline      

Episodic verbal memory 
Block 1 

Age 

T2LL 

NBV 

Education level 

-0.04 

-0.20 

0.12 

0.32* 

ns 

ns 

ns 

0.38* 

ns 

Block 2§ - - - - 

Episodic spatial memory 
Block 1 

Age 

T2LL 

NBV 

Education level 

-0.18 

-0.18 

0.17 

0.32* 

ns 

ns 

ns 

ns 

ns 

Block 2§ - - - - 

1 year      

Episodic verbal memory 

Block 1 

Age 

T2LL 

NBV 

Education level 

-0.15 

-0.14 

0.17 

0.24 

ns 

ns 

ns 

ns 

ns 

Block 2 

Age 

T2LL 

NBV 

Education level 

CA1-SP 

CA1-SRLM 

-0.15 

-0.14 

0.17 

0.24 

0.30* 

0.24 

ns 

ns 

ns 

0.51* 

0.87* 

ns 

0.26* 

Episodic spatial memory 
Block 1 

Age 

T2LL 

NBV 

Education level 

-0.35* 

-0.17 

-0.03 

0.14 

ns 

ns 

ns 

ns 

ns 

Block 2§ - - - - 

Age, T2LL, NBV and educational level were entered into an initial model (block 1) as nuisance variables. Covariables 

related to hippocampal subfields were added in a second model (block 2) according to univariate correlations (p-value 

<0.2) to predict memory scores. CA1-SP = CA1-stratum pyramidale, CA1-SRLM = CA1-stratum radiatum-

lacunosum-moleculare, T2LL = T2 Lesion-Load. NBV = Normalized Brain Volume. ns = non-significant, *p<0.05. 
§: Block 2 was equivalent to Block 1 because no correlation (p<0.2) was found between the volume of any hippocampal 

subfields and the memory score. 
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Discussion 

We demonstrated in this study that the CA4/dentate gyrus subfield of the hippocampus is the first 

subfield to be atrophied across the course of MS, at the stage of CIS. This pattern of regional 

hippocampal atrophy worsens during the first year of disease evolution and spreads within CA1 

(both in the cell bodies layer CA1-SP and the neuritic layers CA1-SRLM). CA4/dentate gyrus 

volume at baseline was associated with the diagnosis of MS one year afterwards. Whereas isolated 

CA4/dentate gyrus atrophy at the stage of CIS failed to correlate with memory scores, it predicted 

the extension of the pathological process within CA1 one year later, which was in turn correlated 

with episodic verbal memory performances, independently of usual confounders.  

Our main finding of a “natural history” of hippocampal subfield degeneration in MS, from dentate 

gyrus to CA1, is supported by anatomical and functional studies in both human and animal models 

of the disease. First, we previously reported that pattern separation performance - a cognitive task 

critically dependant on dentate gyrus function29 - was decreased in patients with CIS and early 

MS, when conventional visuospatial episodic memory tests (BVMT-R) were not yet altered, 

suggesting an early and isolated dentate gyrus dysfunction during the course of the disease.27 Such 

functional alterations suggested by the pattern separation task are therefore consolidated by the 

anatomical alterations observed in the present MRI study. Second, our findings are also supported 

by a previous work showing that dentate gyrus structure and function are selectively disrupted by 

microglial activation at the early stage of experimental autoimmune encephalomyelitis (EAE, the 

animal model of MS).6 The independent association we found here between CA4/dentate gyrus 

volume at the stage of CIS and the diagnosis of MS one year after CIS also suggests this link 

between dentate gyrus damage and the early diffuse pathophysiological process specific to MS. 

Third, the vulnerability of the dentate gyrus, prior to other hippocampal subfields at the early stage 

of MS, could be explained by its particular anatomical location. Indeed, it is adjacent to 

cerebrospinal fluid (CSF) spaces (third ventricle in rodents and choroidal fissure in humans) where 

cytokines and immune cells preferentially penetrate the hippocampus, as suggested experimentally 

in EAE.30 We postulate that the hierarchical vulnerability of hippocampal subfields in MS might 

be better explained by their anatomical contiguity rather than by a network-dependent disposition, 

as in Alzheimer’s disease for instance.31 A gradient of infiltrating immune cells and cytokines 

would diffuse progressively from the CSF to the dentate gyrus, then to CA1, and probably to the 
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whole medial temporal lobe. In this model, the progression of the disease from the dentate gyrus 

to CA1 might be slowed down by the presence of the vestigial intrahippocampal sulcus, potentially 

explaining the delay between dentate gyrus and CA1 atrophy reported in this study. Additional 

experiments will be needed to test these mechanistic hypotheses.  

From the anatomopathological point of view, our study also highlights the striking vulnerability 

of the hippocampus to neurodegeneration in the context of neuroinflammation. Indeed, the 

annualized rate of atrophy during the first year of the disease’s evolution ranged from -5.6% to -

6.4%, respectively for CA1 and CA4/dentate gyrus, whereas it was ‘only’ -1.4% for the whole-

brain parenchymal fraction in our population of PwCIS (which was in the upper range of what was 

usually observed in the literature on CIS and relapsing MS, i.e. from -0.5% to -1.35%).32,33 This 

selective and disproportionate hippocampal volume loss, in excess to global brain atrophy, has 

already been observed in a seminal cross-sectional study on patients with relapsing and progressive 

MS.1 The annualized rate of hippocampal atrophy we report here (-5.9%) is even in the upper 

range of what has been reported for patients with Alzheimer’s disease or mild cognitive 

impairment (-3.5% to -6%/year)34-36 and far beyond what has been reported for physiological aging 

(-0.8% to -2.3%/year).37 

Besides these anatomical considerations, we also questioned the link between the early regional 

vulnerability of the hippocampus and memory impairment in MS. On the one hand, the 

CA4/dentate gyrus atrophy observed at baseline was not correlated with episodic memory 

performance in our cohort. Although we have to take into account that the memory abilities of the 

PwCIS included in this study were not severely affected (regarding the median z-score and the 

percentage of impaired patients), we postulate that CA4/dentate gyrus atrophy at the stage of CIS 

is “not enough” to explain the memory decline observed in “global” episodic memory tests such 

as the SRT or the BVMT-R. Perhaps more specific tests such as the behavioural pattern separation 

task38 would have allowed us to pinpoint such a subtle memory decline related to CA4/dentate 

gyrus damage27 and future studies should address this point. On the other hand, we found that CA1 

atrophy explained part of the “global” episodic verbal memory decline one year after inclusion, 

when diagnosis of MS was finally observed in 65.2% of the patients. This suggests that CA1 

atrophy is the best anatomical correlate of memory performance in MS, as previously described in 

cross-sectional studies including patients with relapsing and progressive MS.1,10  
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A recent cross-sectional study found an “expansion” of the dentate gyrus during MS.11 The 

divergences between our findings and this previous work may be attributed to various points. 

Indeed, contrary to our work, this study investigated patients at a later stage of the disease, with 

relapsing and progressive MS, and it used a surface-based mesh modelling technique to study the 

shape of the hippocampus.39 Using this technique, the authors found an outward displacement of 

the supero-medial hippocampal surface and concluded on a larger radial distance of the dentate 

gyrus in patients with MS. However, it should be borne in mind that when using such a method, 

measuring external surface modifications does not enable the direct characterization of the inner 

alterations of a particular subfield. It is not clear how the atrophy of the deepest regions of the 

hippocampus (such as the dentate gyrus, which is curled inside the Cornu Ammonis) would impact 

the outer surface of the structure. For instance, the expansion of CSF pockets due to atrophy within 

the hippocampal fissure/sulcus might result in tissue “expansion” on the supero-medial side of the 

hippocampus despite there being no real dentate gyrus “hypertrophy”. We also hypothesized that 

a shift of rotation of the hippocampus due to atrophy would induce an outward displacement of 

part of the surface, introducing contradictory results. Thus, radial mapping provides valuable 

information on hippocampal surface change (i.e. CA1 and the subiculum) but should be interpreted 

with caution for inner structures such as the dentate gyrus.40 The limits of these surface-based 

modelling strategies to assess hippocampal subfield anatomy have been discussed extensively in 

the field of Alzheimer’s disease and aging,15,41 even by the authors who pioneered the method.39,42 

Therefore, proper volumetric analyses with manual or automatic segmentation are now considered 

more relevant than radial mapping to investigate hippocampal regional vulnerability, although they 

have their own limitations and require protocol harmonization to clearly define subfield 

boundaries.43 For instance, we acknowledge that the Winterburn protocol we used here mainly 

delineates CA2/3 in its dorsal portion to increase segmentation reliability, although it can lead to 

volume underestimations. Therefore, our results might have differed by using other definitions of 

the hippocampal subfields boundaries.  

The main limitation of our study is the lack of MRI follow-up for our healthy control group to 

clearly disentangle the contribution of time-dependant versus disease-dependant processes in our 

longitudinal measures of atrophy in the CIS group. However, our results on the dynamics of 

progressive hippocampal subfield atrophy are likely related to the disease process because they are 

specific (i.e. CA4/dentate gyrus and CA1 but not CA2/3 and the subiculum) and because the 
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annualized rate of hippocampal atrophy measured (-5.9%/year) is clearly above what can be 

observed on average in the healthy population (-0.4%/year in people less than 55 years old).44 

Another limitation is the short follow-up period (1-year), which was nonetheless long enough to 

capture the sequential progression of hippocampal subfield atrophy. We also acknowledge that we 

did not assess the potential microstructural damage that underlies or precedes hippocampal 

regional atrophy, with sequences such as diffusion-tensor imaging or magnetization transfer MRI, 

but these technics are difficult to implement at the spatial resolution required to study hippocampal 

subfields. The final limitation was that, although no area of T2-hypersignal or T1-black hole was 

clearly detected within the hippocampus on our conventional sequences, we did not assess 

potential subtle demyelinating hippocampal lesions with specific double inversion recovery 

sequences.  

Conclusion 

We demonstrated that CA4/dentate gyrus is the first subfield of the hippocampus to be atrophied 

during the course of MS, from the stage of CIS. This regional pattern of hippocampal atrophy 

rapidly spread to CA1. This dynamic vulnerability is associated with future diagnosis of MS and 

contributes to hippocampal-dependant memory performances.  
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