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The objective of this thesis was to better understand how the accumulation of different types of 

pathology during the course of multiple sclerosis ultimately drive cognitive decline. We aimed to find 

answers to the following questions: 

• How does the accumulation of grey matter atrophy relate to changes in brain function, 

protective capacity and, ultimately, cognitive decline during the course of multiple sclerosis? 

• Can the use of a network approach enable a further unravelling of the underlying mechanisms 

of cognitive decline in multiple sclerosis? 

• What are the main MR imaging predictors of future cognitive decline and do these predictors 

differ according to disease stage? 

In the current section, our main findings regarding these questions will be discussed and suggestions 

for future research will be provided. 

 

Frequency of cognitive impairment in multiple sclerosis 

As this thesis investigates determinants, mechanisms and predictors of cognitive decline in multiple 

sclerosis, a first step was to find ways to best characterize “impairment” and “decline”. Multiple 

sclerosis patients frequently suffer from cognitive deficits, which can have a severe impact on daily 

functioning.3, 4 Estimations in literature of the prevalence of cognitive impairment in multiple sclerosis 

range from 40-70%, depending on patient populations and types of neuropsychological tests as well 

as the choice of threshold for “impairment”.3 To measure cognitive function in the current thesis, all 

reported studies used the same extensive neuropsychological evaluation, based on an expanded Brief 

Repeatable Battery of Neuropsychological tests.8 Executive functioning was assessed using the concept 

shifting test,9 verbal memory using the selective reminding test,10 verbal fluency using the word list 

generation test,12 information processing speed using the symbol digit modalities test,14 visuospatial 

memory using the spatial recall test,12 attention using the Stroop colour-word test16 and working 

memory using the memory comparison test.17 Using these cognitive tests, the 332 patients that were 

part of the baseline measurement of our Amsterdam multiple sclerosis cohort showed a moderate 

global impairment in cognitive function of Z = -0.80 compared to a group of 96 matched healthy 

controls, at an average disease duration of 15 years. The most severely affected cognitive domain in 

the entire patient group was information processing speed (Z = -1.18 compared to the healthy control 

group), which is often reported to be one of the most common and worst affected cognitive domains 

in multiple sclerosis.18, 19 Other severely affected cognitive domains in our cohort were working 

memory (Z = -1.02 compared to the healthy control group) and executive function (Z = -1.18 compared 

to the healthy control group). 
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Nonetheless, there was considerable heterogeneity in cognitive performance in our patient 

sample, as is common in multiple sclerosis. Therefore, for part of the studies performed in this thesis, 

the patient group was subdivided into subgroups based on the severity of cognitive impairment, as 

was done previously.20, 21. Patients who scored one and a half standard deviations (i.e., Z ≤ -1.5) below 

the average of the healthy control group on at least two cognitive domains were classified as 

cognitively impaired, classifying 46% of our sample (N=152) as impaired. In chapter 3, we further 

subdivided this cognitively impaired patient group into a mildly cognitive impaired group (i.e., Z ≤ -1.5) 

and a more severely cognitively impaired group (i.e., Z ≤ -2.0) to be able to analyse underlying 

mechanisms in these groups separately. Using these criteria, 65 patients were labelled as mildly 

cognitively impaired and 87 patients as severely cognitively impaired, percentages comparable to 

previous literature.3, 22 While the neuropsychological tests used in the studies part of this thesis are 

commonly applied in multiple sclerosis, there are still cognitive domains that are underrepresented, 

like multi-tasking and theory of mind.19, 23 Another concern is that this battery is most likely too long 

for clinical implementation. Therefore, future studies could consider using either the long but 

potentially more sensitive Minimal Assessment of Cognitive Function In Multiple Sclerosis (MACFIMS)24 

or the shorter but extensively validated Brief International Cognitive Assessment for Multiple Sclerosis 

(BICAMS).25 

 

Acceleration of cognitive decline during the course of multiple sclerosis 

While cognitive impairment can already occur in early disease, the frequency tends to increase with 

disease progression.3, 4, 22, 26 This was also seen in our patient sample at baseline, where 39% of 

relapsing-remitting patients and 64% of progressive patients were cognitively impaired. Before the 

initiation of this research, however, it was unclear whether the rate of cognitive decline also differed 

between early and progressive stages of multiple sclerosis, or whether differences between these 

groups were simply due to a longer average disease duration in progressive patients with a steady rate 

of decline during the disease. For instance, the high prevalence of cognitive deficits that has been 

reported in some studies during the clinically isolated syndrome (i.e., the very first stage of multiple 

sclerosis) or around the time of clinically definite multiple sclerosis diagnosis has sometimes been 

interpreted as an indication that cognitive decline could demonstrate an initial drop, followed by a 

subsequent slowing of the rate of decline or even stabilization.22, 26-28 Since some of these (cross-

sectional) studies relied on relaxed cognitive impairment classification (e.g., one standard deviation on 

one test)28 and since the duration between disease onset and appearance of first symptoms is 

unclear,29, 30 these conclusions of an initial drop in cognitive function should be interpreted with 

caution until longitudinally confirmed. 



It is therefore essential that such research questions are addressed using longitudinal study 

designs that preferably also include longitudinal control samples. We therefore addressed this 

question in chapter 2.1 by looking at the longitudinal data of our aforementioned cohort, of whom 

230 patients and 59 healthy controls had returned after five years with identical cognitive evaluations. 

To assess cognitive decline in patients with multiple sclerosis during the follow-up period, one major 

challenge was how to deal with normal aging and learning effects. We decided to deal with these 

effects by computing the modified practice adjusted reliable change index31 for each cognitive domain 

separately. This method corrects for practice effects based on longitudinal changes observed in the 

healthy control group. Individual cognitive domain reliable change index scores were then divided by 

each individual subject’s time interval, to remove effects of variability in follow-up duration, and 

averaged across domains to obtain a yearly rate of cognitive decline. We observed that the yearly 

cognitive decline rate was around three times higher in progressive compared to relapsing-remitting 

patients, which indicates that cognitive impairment is not only more severe in progressive patients due 

to a longer average disease duration, but also due to a higher yearly rate of cognitive decline.  

The cognitive decline rates that we observed were highly similar between primary and 

secondary progressive patients as shown in chapter 4.2. While an early study reported more severe 

cognitive deficits in secondary compared to primary progressive patients,32 other studies have shown 

similar levels of cognitive impairment, which suggests that observed differences could be due to study-

specific heterogeneity regarding disease duration or overall disease burden.33, 34 The distinction 

between a primary and a secondary form of disease progression has become somewhat less relevant 

in recent years, as recent clinical guidelines moved towards a new model in which inflammation and 

progression are classified separately.35, 36 Pathologically, this seems supported by accumulating 

evidence that suggests at least partly similar underlying disease processes, such as the presence of 

activated microglia and oxidative stress.37, 38 Given these pathological similarities and clinical 

guidelines, we analysed the accelerated cognitive decline in primary and secondary progressive 

patients together as a single group in chapter 2.1 to enable more robust statistical testing. On the 

other side of the spectrum, however, we were unable to include patients with very early disease, i.e. 

around or even before diagnosis, as the earliest patients in our sample had a disease duration of 

around four years. We were therefore not able to assess the rate of cognitive decline at this earliest 

stage of the disease and we encourage future longitudinal studies to investigate early inception 

cohorts to address this remaining question.  

 

Longitudinal structural pathology assessment using MR imaging – effects of scanner upgrade 

What pathological process could be driving the continuous and even accelerated cognitive decline in 

progressive multiple sclerosis is still unclear. The fact that the rate of cognitive decline varies according 



Summary and general discussion 

to disease stage, may even suggest that these underlying pathological substrates may change over 

time.39-42 Several distinct cross-sectional pathological correlates of cognitive impairment have been 

discovered, such as the amount of white matter lesions, diffuse white matter integrity loss and 

especially the severity of grey matter atrophy.43-45 Using such cross-sectional study designs, it is, 

however, difficult to assess shifts in the pathological drivers of cognitive decline with disease 

progression since information on the ordering of pathology and accompanying changes in cognitive 

function is missing. To longitudinally study pathological correlates of cognitive decline at different 

stages of multiple sclerosis, we also obtained MR imaging in our cohort at both time points using a 

General Electric 3-Tesla system. This enabled us to evaluate the rates of grey matter atrophy and white 

matter lesion accumulation in relapsing and progressive patients separately as described in chapter 

2.1. However, between the initial and follow-up visit, a scanner upgrade took place which is known to 

have effects on volumetric measurements.46 To be able to correct for this effect, we employed a novel 

approach in which we modelled the upgrade effect based on the volumetric changes observed in the 

healthy control group. Normal aging-related atrophy was modelled using both the cross sectional 

volumes at each time point and volumetric changes during follow-up in the healthy controls assuming 

a non-linear and sex dependent relationship between age and volume.47-49 The differences between 

volumes at initial visit and corrected follow-up volumes were then used to derive annual atrophy rates 

in both the healthy control subjects and patients with multiple sclerosis. Although not without 

limitations, such as the use of a single correction factor, we think this innovative approach could 

provide a means of effectively dealing with scanner upgrade challenges and could also possibly enable 

the longitudinal study of additional existing datasets. 

 

Progression-related faster cortical atrophy associated with accelerated cognitive decline 

The obtained cortical and deep grey matter atrophy rates were then compared between relapsing-

remitting and progressive groups. This analysis showed that while deep grey matter regions 

demonstrated a stable (but high) atrophy rate in both relapsing-remitting and progressive groups, 

cortical atrophy rates showed a clear acceleration with an about 1.8 times faster atrophy rate in 

progressive compared to relapsing-remitting patients. What is causing this pattern of stable deep, but 

accelerating cortical atrophy is still unclear, but it has been hypothesized that the close proximity of 

the deep grey matter regions to the lesion-prone periventricular white matter could make them more 

vulnerable for the impact of white matter lesions through axonal damage and Wallerian or dying-back 

degeneration.50, 51 This would leave the deep grey matter regions vulnerable for the bouts of 

inflammation typical for the relapsing-remitting stage of the disease.37 The acceleration in cortical 

atrophy in the more neurodegenerative progressive phase of multiple sclerosis could then possibly be 

explained by pathological processes within the (cortical) grey matter itself such as local microglial 



activation,52 the presence of B cell follicles in the inner meningeal layers53 and the formation of cortical 

lesions.54 However, given the absence of an association between cortical lesions and neuroaxonal 

loss,55 an alternative explanation could be that initial white matter tract damage and neuroaxonal loss 

in deep grey matter regions could lead to a ‘second-order network-mediated effect’ on connected 

cortical regions.56, 57 To further investigate the impact of deep and cortical atrophy, as well as lesions 

on cognitive decline, we correlated longitudinal changes in these imaging measures to longitudinal 

rates of cognitive decline. Interestingly, longitudinal correlates of cognitive decline shifted from the 

rate of lesion volume increase in stable relapsing-remitting patients, to the rate of deep grey matter 

atrophy in converting relapsing-remitting patients to the rate of cortical atrophy in progressive 

patients. With the transition from a more inflammatory towards a more neurodegenerative disease,37, 

38 the substrate of cognitive decline, therefor, also seems to shift from white matter lesions and deep 

grey matter in earlier disease stages towards cortical atrophy in late stage disease. 

The aforementioned findings point towards an acceleration of cortical atrophy, with severe 

cognitive implications. It is now of the utmost importance to further investigate, which of the proposed 

or other underlying mechanisms primarily explains the accelerating cortical atrophy. These insights 

could potentially delineate new neuroprotective treatment targets, which are unfortunately largely 

lacking at the moment. Such neuroprotective strategies could include the stimulation of axonal 

remyelination, restoration of trophic support, reduction of oxidative stress and the prevention of 

sodium accumulation.58 In addition, future studies should aim to longitudinally acquire high quality 

conventional as well as advanced MR imaging data such as diffusion-weighted, magnetic-transfer 

weighted as well as double/phase-sensitive inversion recovery images to measure additional 

pathological substrates such as white matter integrity, myelin content and cortical lesions 

respectively.59 Finally, the inclusion of additional imaging time points (at least three) would enable a 

more sophisticated measurement and modelling of within subject acceleration and deceleration in the 

accumulation of different types of pathology, thereby reducing potential sources of bias and enabling 

a more in-depth study of pathological correlates. 

 

Depletion of cognitive reserve in patients with grey matter atrophy 

In chapter 2.2 we used a different approach to unravel underlying mechanisms of cognitive 

impairment in early and advanced stages of multiple sclerosis by using a radiological instead of a clinical 

classification. Using the cross-sectional measurements of the first time-point of our cohort of 332 

patients, we divided patients into either having atrophy or not within the deep and cortical grey matter 

separately. Within each subgroup we investigated the frequency and correlates of cognitive 

impairment. In patients without any type of grey matter atrophy (N=132) cognitive impairment was 

still common (32%) and best explained by a lower level of education. In patients with deep as well as 
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cortical grey matter atrophy (N=65), cognitive impairment (75%) was explained very differently, 

namely by the severity of accompanying white matter damage, such as white matter lesion volume 

and white matter integrity damage, but not by level of education. Interestingly, there were almost no 

patients with isolated cortical atrophy (N=6), and patients with isolated deep grey matter atrophy 

(N=125) showed a frequency of cognitive impairment that was in between those without any atrophy 

and those with wide-spread atrophy. These cross sectional findings further substantiate the hypothesis 

of an order of events, as was already indicated in chapter 2.1, where patients move from no atrophy 

towards deep grey matter atrophy, and then towards atrophy in both deep and cortical grey matter.  

The protective effect of higher level of education against cognitive impairment that we 

observed has been observed previously in multiple sclerosis,60 and a similar protective effect has been 

observed for intellectual enrichment. This effect has also been observed in other neurological 

disorders,61 and is commonly referred to as cognitive reserve, which seemingly serves to protect 

against cognitive decline in the face of accumulating disease-related pathology.62, 63 Our finding that 

this protective effect of cognitive reserve is primarily relevant in early stages of multiple sclerosis has 

been confirmed recently using a disease duration based classification.64 This depletion of cognitive 

reserve could perhaps, in conjunction with the acceleration in cortical atrophy described in chapter 

2.1, at least partly explain the acceleration in cognitive decline observed in progressive multiple 

sclerosis, where this buffer is seemingly lost. This protective effect of cognitive reserve and how it 

could relate to the accumulation of different types of pathology during different disease stages is 

illustrated in Figure 1. 

 

Regional disturbance in brain function as an imaging marker of cognitive impairment 

In addition to examining how structural pathology and protective mechanisms such as cognitive 

reserve could determine cognitive decline at different disease stages, we also explored disturbances 

in brain function in chapter 2.2, which will be more thoroughly discussed in chapter 3. By comparing 

cognitively impaired and preserved patients in the groups without and with atrophy separately, we 

showed that a disturbance in the connectedness of the posterior cingulate cortex characterized both 

cognitively impaired patient groups. The presence of this functional disturbance in cognitively impaired 

patients without grey matter atrophy was an interesting findings since white matter damage (i.e. 

lesions, integrity damage) was also still limited in this group and did not differ between cognitively 

impaired and preserved patients. Based on these findings we hypothesized that individuals with a low 

cognitive reserve might be more vulnerable to develop such a functional disturbance in the presence 

of only limited structural pathology. In this theoretical model, the accumulating pathology is buffered 

by cognitive reserve and when this pathology exceeds an individual’s cognitive reserve buffer, both 

functional network disturbances and cognitive decline could set in. Future research should now further 



investigate whether such functional measures are indeed more closely related to clinical dysfunction 

compared to structural measures (which are to a variable extent buffered by cognitive reserve) and 

could serve as more specific imaging markers of cognitive impairment. 

 

 
Figure 1. Theoretical model of the evolution of imaging measures of pathology and cognitive decline.  

Patients with low cognitive reserve (red) and high cognitive reserve (green) have different trajectories, but in both cognitive 

decline is driven by the accumulation of different types of pathology; white matter lesions (orange), deep grey matter atrophy 

(light blue) and cortical grey matter atrophy (dark blue). Note: atrophy measures are expressed as the inverse of deep and 

cortical grey matter volumes and indicate atrophy severity. Abbreviations: GM = grey matter, WM = white matter, IS = 

clinically isolated syndrome, RRMS = relapsing-remitting multiple sclerosis, SPMS = secondary progressive multiple sclerosis, 

PPMS = primary progressive multiple sclerosis. 

 

Disrupted deep - cortical functional connectivity balance with disease progression 

In chapter 2.1 and chapter 2.2 we identified cross-sectional and longitudinal atrophy patterns related 

to cognitive impairment and decline. These studies seem to indicate a transition from deep towards 

cortical grey matter atrophy. Still unclear, however, is how this progressively accumulating volume loss 

disturbs normal brain function (or vice versa), and whether these functional disturbances could shed 

additional light on the rapid clinical deterioration during the progressive phase of multiple sclerosis. In 

Chapter 2.2 we already briefly investigated disturbances in brain function, while in Chapter 2.3 these 
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concepts were explored further, by studying patterns of functional connectivity changes within and 

between the deep and cortical grey matter structures in early and late relapsing-remitting, as well as 

secondary progressive multiple sclerosis. The main findings were that in early relapsing-remitting 

multiple sclerosis, functional changes were not yet seen, despite mild atrophy in the deep grey matter. 

However, in late relapsing-remitting patients there was an increase in deep grey matter connectivity 

(both between individual deep grey matter regions as well as between deep and cortical grey matter 

regions), while within cortex connectivity remained normal. In progressive patients there was a further 

increase in deep grey matter connectivity, but now also accompanied by a decrease in connectivity 

between cortical regions. This shift in the subcortical – cortical communication therefore appears to 

follow the same pattern previously observed for atrophy with deep grey matter functional 

abnormalities already present in late relapsing-remitting patients and cortical functional abnormalities 

becoming most apparent in progressive multiple sclerosis.  

Only few studies have investigated functional connectivity abnormalities across multiple 

sclerosis disease stages, suggesting primarily increases in functional connectivity in early multiple 

sclerosis and a broad decrease in connectivity in late stage disease.21, 65-70 Our results extend these 

findings by showing that the pattern of functional disturbances not only follows an initial increase > 

late decrease pattern, but also seems to spread from the deep grey matter towards the cortical grey 

matter. Longitudinal studies should now further assess what could be driving these shifting patterns 

of functional connectivity and investigate the temporal ordering within individual patients to 

determine whether the atrophy shift indeed precedes the functional connectivity shift. A recent 

modelling study already showed that white matter lesions in thalamocortical connections (modelled 

by removal of connections) resulted in an initial increase in connectivity, followed by a global 

decrease.71 How these patterns of atrophy accumulation and disturbed functional connectivity relate 

to clinical functioning is also still poorly understood. Early interpretations that increases in functional 

connectivity likely reflected compensatory changes seem to be overly simplistic, especially since such 

changes were often related to worse cognitive functioning, as was also found in this study.20, 66, 67, 72, 73 

However, such correlations are also difficult to interpret, since patients with a more severe cognitive 

dysfunction, could theoretically also simply require more compensation. To further unravel these, 

sometimes confusing, functional connectivity patterns and to elucidate how these patterns relate to 

clinical and especially cognitive functioning, a move towards a more sophisticated network approach 

was needed. 

 

Shifts in the functional importance of brain regions  

In chapter 3 we, therefore, entirely focused on functional mechanisms that could explain cognitive 

dysfunction in multiple sclerosis. Our previous results indicated that there is a spread of functional 



abnormalities, but that we may need to more holistically study brain function. Therefore, we adopted 

a more in-depth connectomics approach that allowed us to study how regions are embedded within 

the entire functional brain network.74 

 

  

Previous studies in multiple sclerosis already reported changes in global network organization such as 

a lower global efficiency and a more modular architecture, both related to lower cognitive 

functioning.75, 76 While studies performed in other neurological disorders have shown a common 

pattern of disturbances to be located within the highly central hub regions, such hub-related regional 

changes have not been extensively studied in multiple sclerosis.15, 77, 78 In chapter 3 we therefore 

investigated changes in the functional connectedness or ‘hubness’ of regions within the functional 

brain network.15 To specifically investigate changes related to cognitive status, our cohort of 332 

Box A. Connectomics  

In recent decades, it has become increasingly clear that if we want to better understand 

complex systems, such as the cognitive functions performed by the human brain, only 

studying individual brain regions or individual connections in isolation provides an 

incomplete picture. This realization that the behaviour of complex systems is shaped by 

the interactions among their constituent elements has led to the ascendance of network 

neuroscience.5 This research field studies the brain as a network and such brain networks 

can be constructed using functional MR imaging data, by computing functional connectivity 

strengths between all pairs of brain regions.5 This functional network can then be analysed using 

graph theoretical approaches to reveal global and regional network properties.1 One of the key 

global (i.e., whole-brain) network properties is the presence of a small-world network type of 

organization.11 This organization is characterized by the combination of a high local clustering of 

connections between brain regions (likely facilitating local processing) and a short path length 

between brain regions (likely facilitating the efficient global integration of information).11 The 

amount of segregation of the brain network into smaller clusters of brain regions or modules is 

captured by the network measure modularity.1, 13 In addition to investigating such global 

(summary) measures of network organization, a large body of research is dedicated to unravelling 

the role that individual brain regions play within this network. One group of brain regions in 

particular, the so-called hub-regions, is receiving a lot of attention.15 These highly central (i.e., 

highly connected) brain regions are thought to be important for the neural integration of 

information and to play a vital role in a diverse set of cognitive functions.15  
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patients with multiple sclerosis was divided into a group of patients without cognitive impairment 

(N=180), a group with mild cognitive impairment (N=65) and a group with severe cognitive impairment 

(N=87). In chapter 3.1, we evaluated differences in functional network architecture between 

cognitively impaired and preserved patients on a voxel-wise level using the network measure 

‘eigenvector centrality’, which denotes regional functional importance or ‘hubness’.79 This analysis 

featured a statistical comparison of each individual voxel between groups, which (after multiple 

comparison correction) showed a shift towards a higher centrality (i.e., a higher functional importance) 

of brain regions that are commonly seen as part of the default-mode network and fronto-parietal 

networks (as also shown in chapter 3.3) in cognitively impaired compared to preserved patients 

during the resting state.  

The default-mode network was originally discovered as a group of brain regions exhibiting 

suppressed activity during goal-directed behaviour, which led to the term “default-mode”, as this was 

interpreted as a sort of baseline activity of the brain.80 This network was initially thought to be mainly 

involved in introspective and self-referential thought,81 but recent studies have also pointed out its 

role as a structural core network of brain hubs facilitating cognitive processing.82 A previous task-

related functional MR imaging study in multiple sclerosis already demonstrated a reduction in the 

normal deactivation of the default-mode network in cognitively impaired compared to preserved 

patients during a working memory task, indicating a loss of the normal dynamic behavior.83 Based on 

these as well as our findings we hypothesized that the abnormally strong connectedness of the default-

mode network (detectable during rest) could interfere with adequate deactivation during cognitive 

processing.84, 85 A possible mechanisms explaining the importance of inadequate default-mode 

suppression is postulated by the default-mode interference hypothesis which states that impaired 

default-mode network attenuation may result in lapses of attention due to the intrusion of 

introspective thought, thereby reducing cognitive task performance.86 This may also relate to the 

trouble focusing on specific cognitive tasks as commonly described by patients with multiple sclerosis, 

although such anecdotal reports still need to be verified in future studies. In addition to a network-

mediated explanation for inadequate default-mode suppression, it could also be explained by local 

pathological processes. A recent study, for example, used a combined MR spectroscopy and functional 

MR imaging approach to show that healthy individuals with a higher glutamate/GABA ratio in the 

posterior cingulate cortex (the central core hub of the default-mode network) had a lower task-

induced deactivation of this same region.87 It could therefore be hypothesized that a selective loss of 

GABAergic (inhibitory) interneurons, for example due to higher sensitivity to multiple sclerosis 

pathology, could result in such reduced task-induced deactivation, which now needs further 

investigation. 



The analyses performed in this thesis mostly focussed on ‘general’ cognitive impairment, but did not 

take into account that underlying mechanisms could differ depending on the affected cognitive 

domain. We, therefore, already briefly explored functional network changes in patients with isolated 

cognitive deficits. To study isolated deficits, we classified patients in our cohort as having an isolated 

cognitive deficit when scoring Z<-2 compared to the healthy controls on the most affected cognitive 

domain, while all other domains scored at least 25% higher. Using this classification, a total of 80 

patients (24%) displayed isolated cognitive deficits, including a visuospatial memory deficit for 18 

patients (5%, visuospatial memory Z = -3.80), an executive functioning deficit for 16 patients (5%, 

executive functioning Z = -4.93), an information processing speed deficit for 13 patients (4%, 

information processing speed Z = -2.96), and a working memory deficit for 18 patients (5%, working 

memory Z = -3.31). Other isolated cognitive domain deficit groups included less than 10 patients with 

multiple sclerosis and were not considered for subsequent analyses. The functional network 

comparison on eigenvector centrality differences between these isolated cognitive deficit groups and 

healthy controls showed some remarkable heterogeneity between isolated deficit groups (Fig. 2). 

While the information processing speed impaired and working memory impaired groups showed the 

familiar pattern with increased posterior cingulate centrality (Fig. 2A-B), the executive function group 

showed a cluster of decreased centrality in the frontal lobe (Fig. 2C) and the visuospatial memory 

impaired group showed a cluster of decreased centrality in the sensorimotor cortex (Fig. 2D). The 

pattern of decreased visual lobe centrality why, however, shared by all groups. These results highlight 

that underlying mechanisms indeed appear to differ as expected and future studies should more 

precisely delineate such patterns. 

 

Increased connectivity of network hubs  

In chapter 3.2 we explored hub-connectivity further, by exploring what could be driving the observed 

shift in hub-connectivity towards more central (i.e., highly connected) default-mode and frontoparietal 

network regions. In contrast to chapter 3.1, we now used a top-down approach, by initially defining 

brain hubs as regions belonging to the default-mode and frontoparietal networks,88, 89 and we then 

studied alterations in their connectivity patterns in cognitively impaired patients. We evaluated 

connections between hub-regions within these networks, connections between hub-regions across 

these networks and between hubs and the rest of the brain. This analysis showed that the higher 

connectedness was not driven by stronger connections within or between these networks, but by a 

stronger connectivity between these hub-networks and the rest of the brain. Regionally, we observed 

that these connectivity increases were driven mostly by the inferior parietal, angular and posterior 

cingulate cortices, but not the frontal components of these networks. Interestingly this latter region, 

the posterior cingulate, is one of the most strongly connected hubs in the brain and forms the core of 
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the default-mode network.90 The results presented in chapter 2.2 also pointed towards a functional 

disturbance in this posterior cingulate cortex in cognitively impaired patients and this region has been 

implicated in a range of neurological diseases characterized by cognitive dysfunction.90  

 

 
Figure 2. Centrality changes in isolated cognitive groups compared to healthy controls.  

A. Clusters with significantly altered centrality in patients with isolated information processing speed deficits compared to 

healthy controls. B. Clusters with significantly altered centrality in patients with isolated working memory deficits compared 

to healthy controls. C. Clusters with significantly altered centrality in patients with isolated executive functioning deficits 

compared to healthy controls.  D. Clusters with significantly altered centrality in patients with isolated visuospatial memory 

deficits compared to healthy controls. Red/yellow: voxels with significantly higher centrality. Blue/light blue: voxels with 

significantly lower centrality. Significant clusters are projected on Freesurfer’s fsaverage standard brain for display purposes. 

 

This finding across neurological disorders has led to the theory that there may be a generic hub-specific 

vulnerability within the brain.77, 78 It is, however, still unclear what could be driving such high 

connectivity of hub regions, i.e., whether it could result from a dysfunction originating within these 

hub regions themselves or reflect an increased information load directed towards hub regions.77, 78 

Such a hub-specific vulnerability has been postulated as a final common pathway in a range of 

disorders in which nodes in a hierarchically organized network start to fail, leading to a rewiring of 

information to nodes higher up in the hierarchy.77 While the aforementioned transferral of information 

to higher order hubs could represent an active process that initially serves to preserve information 

flow in the system, these hubs could eventually become overloaded which could result in hub failure 

and structural damage due to excitotoxicity.77 This could also possibly explain how a network-guided 



process with increased processing demands placed upon brain hubs could lead to a regional 

acceleration of neurodegeneration as hypothesized in chapter 2.1. More work needs to be done, 

however, to confirm whether such a mechanism is at play in multiple sclerosis, but several recent 

studies have demonstrated the early occurrence of atrophy in the posterior cingulate cortex and its 

relevance for cognitive dysfunction.56, 91 In future studies, it would be highly interesting to 

longitudinally study such changes in brain function and regional atrophy simultaneously, perhaps even 

in combination with other local measures of regional (metabolic) changes, such as arterial spin labelling 

and MR spectroscopy. Such studies might be able to distil the order of events and unravel whether the 

high posterior cingulate centrality indeed precedes neurodegeneration in individual patients, which 

could be an indication of hub failure. 

 

 

Increased network rigidity in cognitively impaired patients with multiple sclerosis 

In the previous chapters we assessed changes in functional connectivity between brain regions based 

on average signal coherence, whereas recent evidence indicates the non-stationary nature of 

functional connectivity between brain regions over time (Box B).1, 2 Given the likelihood of missing 

relevant information by only studying average connectivity strength between rain regions and the 

possible relevance of disturbances in connectivity dynamics in explaining cognitive deficits in multiple 

sclerosis, we shifted to a dynamic network approach in chapter 3.3.6 These dynamic functional 

Box B. Moving from connectomics to chronnectomics 

Most studies investigating the functional connectome so far have looked at the average functional 

brain network organization, by computing T2*-based blood-oxygen-level-dependent (BOLD) signal 

coherence between brain regions across the duration of an entire functional scan, also referred to 

as stationary functional connectivity. However, accumulating evidence indicates that functional 

connectivity between brain regions is non-stationary and alternates between periods of low and 

high functional coupling over time.1, 2 These fluctuating coupling strengths could reflect ongoing 

changes in processing requirements to enable a multitude of cognitive functions.2 To better 

understand cognitive impairment, it is therefore essential to not only study the average functional 

connectivity strengths between brain regions, but also incorporate the time-varying nature of 

these coupling strengths. Or, in network terms, it is essential to not only study the average network 

organization or average functional connectome, but also asses functional connectome dynamics 

or the functional ‘chronnectome’.6 An early study in patients with schizophrenia already indicated 

the potential utility of such approach by reporting shorter dwell times and abnormal functional 

connectivity in some, but not all, dynamic brain states.7 
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connectivity and dynamic network analyses, however, also comes with some methodological concerns, 

one of which is the strong need for applying effective motion reduction strategies.92, 93 The field has 

progressed considerably on the topic of motion regression strategies, with clarity on the effectiveness 

of different procedures provided by recent papers.93-95 Before performing the dynamic analyses, an 

independent component analysis based strategy for Automatic Removal of Motion Artefacts (ICA-

AROMA)96 was, therefore, added to our pre-processing pipeline. In this pipeline, part of the 

independent components in an individual functional dataset are classified as motion and specifically 

these components are regressed out, leaving a denoised functional MR imaging dataset. Using this 

corrected dataset, we started by repeating the stationary centrality comparison between cognitively 

impaired and preserved patients presented in chapter 3.1. This repeated analyses confirmed our 

previous findings but even expanded upon them, as now an even clearer shift in the functional balance 

between brain networks could be seen, with an additional decreased centrality in the primary sensory 

and visual networks and increased centrality in the default-mode and frontoparietal networks (chapter 

3.3) as well as thalamus, which suggests that applying motion correction strategies could reduce type 

I but also type II errors. After this methodological improvement, we proceeded with the investigation 

of functional network dynamics. 

To assess functional network dynamics, we adopted a dynamic read-out of the eigenvector 

centrality metric used in chapter 3.1, by separating the individual functional images into 181 smaller 

20 time point sliding windows and computing the functional network topology for each window 

separately. This enabled the investigation of dynamically changing patterns in the functional 

importance of brain regions. In the healthy control group, highest regional dynamics were observed in 

the default-mode and frontoparietal networks, extending recent insights from dynamic functional 

connectivity studies that showed higher variability in coupling strength between nodes of higher order 

cognitive network.97, 98 It has been hypothesized that this could enable a broader set of connectivity 

configurations required for more complex cognitive functions.97, 98 The comparison between 

cognitively impaired and preserved patients on regional centrality dynamics showed a marked 

reduction of dynamics in regions part of the default-mode network (i.e., posterior cingulate cortex and 

right angular gyrus), frontoparietal network (i.e., middle frontal gyrus and superior parietal gyrus), 

visual network and thalamus. While the interpretation of this increased resting-state network rigidity 

is still unclear, we hypothesized that these networks could have become ‘stuck’ in their respective high 

and low centrality states, possibly interfering with their normally alternating behaviour. 

 

Altered between-network coherence in cognitively impaired patients with multiple sclerosis 

To be able to assess whether this loss of dynamics of specific networks also impacted their normally 

alternating behaviour, we first used an independent component analysis on the dynamic centrality 



maps to show that fluctuations in the functional importance of brain regions over time indeed occurred 

in such functional network patterns. Given the normally strong anti-correlated behaviour of networks 

such as the default-mode network with other networks99, 100 we next investigated whether the 

aforementioned network rigidity could have affected this aspect of normal network dynamics. Before 

investigating such disturbances, we first used a correlation and hierarchical clustering analysis to show 

that individual resting-state network fluctuations in functional importance are organized into two main 

multi-network clusters; a cluster that included default-mode and frontoparietal networks and a cluster 

that included sensorimotor and visual networks. Networks within the same cluster mostly showed 

positively correlated fluctuations over time, whereas networks in opposing clusters mostly 

demonstrated anti-correlated behaviour. A similar hierarchical organization has been previously 

shown based on activity fluctuation patterns99, 101 and a widely held view is that these anti-correlated 

groups of networks process opposing functions and compete for processing resources.102, 103 

The investigation of how the observed network rigidity could have affected normal network 

dynamics in multiple sclerosis showed a loss in the normal anti-correlation between the default-mode 

and visual networks in cognitively impaired compared to preserved patients with multiple sclerosis. 

While previous studies in healthy controls already demonstrated the cognitive relevance of a stronger 

anti-correlation between the default-mode and the dorsal attention networks101 this was not yet 

known for the anti-correlation between the default-mode and visual networks. While still unclear, it 

could be hypothesized that this loss of anti-correlation, combined with the more central default-mode 

at rest (chapter 3.1) and less suppressed default-mode during cognitive processing,83 could represents 

a disruption in the intrinsic wiring between internally and externally focused systems, ultimately 

resulting in cognitive disturbances. While several studies have already shown reduced co-fluctuations 

after lesional damage due to stroke104 and traumatic brain injury,105 future studies now need to further 

investigate whether lesional disconnection or other pathological processes could result in such a 

reduced anti-correlation in multiple sclerosis.  

 

Functional network dynamics during cognitive task states 

The functional MR imaging studies described in this thesis were all performed on functional data 

acquired during the resting state, a situation in which no particular cognitive task is presented. This 

state is thought to mimic conditions in which subjects are required to engage in internally directed 

mental operations.106, 107 While it could be argued that this state represents just another cognitive 

state,107 explicit cognitive task paradigms perhaps better mimic the daily difficulties experienced by 

patients with multiple sclerosis. In addition, the simultaneous acquisition of performance metrics such 

as reaction times and error rates during task-based functional MR imaging enables the coupling 

between measures of network functioning and desired performance outcomes. To better understand 
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cognitive functioning and its disturbances under pressure of disease, it is therefore important to also 

investigate the functional network (dynamics) during explicit cognitive task conditions. Since our 

multiple sclerosis cohort dataset did not feature functional MR imaging during cognitive task 

conditions, we started by exploring functional network dynamics during cognitive task states in a group 

of 100 healthy controls part of the Washington University–Minnesota Consortium Human Connectome 

Project.108 In this freely available dataset, 3-Tesla MR imaging was acquired during rest as well as six 

different cognitive task paradigms.109-112 We adopted the same pipeline as the one applied in chapter 

3.3 and computed average centrality and centrality dynamics within resting-state networks during rest 

and six cognitive task states.  

After ordering the resting-state networks based on their respective centrality and dynamics 

during rest (Fig. 3, top panels), we zoomed in on the default-mode network and compared its centrality 

and dynamics during the cognitive task states to the resting condition. During cognitive task states, the 

default-mode network became less central (significant for all tasks), but more dynamic (significant for 

three out of six tasks, Fig. 3, bottom panels).  
 

 

 
Figure 3. Default-mode network centrality changes during cognitive tasks compared to the resting state.  

Using data from the Human Connectome Project,108 average centrality and centrality dynamics were computed within 

resting-state network masks during the resting state (top panels). In addition, default-mode network centrality/dynamics 

were computed during six different cognitive task states and then compared to default-mode network centrality/dynamics 

during the resting state, expressed as Z-scores compared to the resting-state. Bars reflect group means and whiskers reflect 

standard error of the mean. Abbreviations: vs = versus, DMN = default-mode network. 

 

This indicates that the default-mode network is less important during active cognitive processing, as 

was expected, but the higher dynamics could indicate that this default-mode suppression is not a 



constant, but a highly dynamic process. It is now essential to further investigate whether the more 

central but rigid default-mode network in cognitively impaired patients with multiple sclerosis during 

rest hampers its dynamic attenuation when switching to externally oriented cognitive processing. In 

addition, there still is an ongoing debate regarding to what extent functional connectivity dynamics 

represent changes in cognitive content in contrast to processes concerned with maintenance of the 

stability of the brain’s functional organization and this also needs further clarification.113, 114 Finally, a 

large number of methodological approaches to analyse and model dynamic functional connectivity 

data is currently being used and developed.113, 114 The challenge in the years to come will be to 

integrate findings from all these different approaches to derive an overarching understanding of how 

functional network dynamics contribute to the elucidation of cognitive decline in multiple sclerosis.  

 

MR imaging predictors of physical disability progression and cognitive decline  

The previous chapters largely focused on increasing our mechanistic understanding of how 

accumulating pathology, counterbalanced by protective mechanisms such as cognitive reserve, could 

result in disturbed brain function and cognitive decline. In chapter 4, we shifted to a more clinically 

oriented purpose by assessing whether we could use MR imaging measures to predict future cognitive 

decline. There is an urgent clinical need to be able to accurately predict such future decline in order to 

optimize disease management and treatment strategies. In chapter 4.1 we, therefore, assessed 

whether MR imaging measures acquired around the time of diagnose, as well as changes on MR 

imaging in the first two years after diagnose, were able to predict physical disability and cognitive 

functioning six and twelve years later. For this study, we included a cohort of 115 patients with multiple 

sclerosis, part of our larger sample of 332 patients of whom MR imaging was obtained around the time 

of diagnose and two years later. This study showed that patients with higher T1-hypointense lesion 

volumes at baseline and early whole-brain atrophy were more likely to suffer from both disability 

progression and cognitive dysfunction. While previous studies already indicated the predictive value 

of lesions115 and atrophy116, 117 in smaller samples and using shorter follow-up durations, we showed 

that especially the volume of the more severe T1-hypointense lesions around diagnose is predictive 

for long-term clinical outcome. 

In addition to MR imaging measures, the predictive value of demographic factors was also 

assessed and this analysis showed that cognitive dysfunction, but not physical disability progression, 

was also predicted by male sex and lower level of education. The effect of level of education likely 

reflects the protective effect of the aforementioned cognitive reserve against the accumulation of 

disease-related pathology.62, 63 While its value as a predictor of future cognitive decline was to our 

knowledge not previously shown in multiple sclerosis, the finding was highly expected considering that 

level of education is commonly reported as a cross sectional correlate of cognitive impairment as we 
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also observed in chapter 2.2.60, 118, 119 Similarly, previous cross sectional studies have already shown 

that male patients tend to be more severely affected by multiple sclerosis and the current study also 

showed the predictive value of male sex on future cognitive dysfunction.40, 120, 121  

 

Advanced structural MR imaging predictors of cognitive decline  

Our study described in chapter 4.1 and other studies that assessed cognitive decline predictors,115-117 

provided a useful set of MR imaging-based and demographic predictors of future cognitive decline that 

can be assessed at the time or in the first years after the diagnose of multiple sclerosis is established. 

However, these studies only included relatively early multiple sclerosis cohorts, MR imaging measures 

acquired at relatively low field strength (1.0 or 1.5 Tesla) and did not include regional MR imaging 

measures.115-117, 122 In addition, our previous paper described in chapter 2.1 indicated that there may 

be a change in the primary drivers of cognitive decline in different stages of the disease. The MR 

imaging measures that are primarily predictive at time of diagnose therefore do not need to be the 

same as predictors in late relapsing-remitting and progressive stages of multiple sclerosis.  

In chapter 4.2 we, therefore, investigated MR imaging predictors of subsequent cognitive 

decline in our heterogeneous longitudinal cohort of 234 patients with relapsing-remitting, secondary 

progressive as well as primary progressive multiple sclerosis described in chapter 2.1. In this study, 

advanced 3-Tesla MR imaging and identical neuropsychological evaluations were acquired at two time 

points with a five year interval. Since neuropsychological data was available for both time points, we 

were able to investigate predictors of cognitive change over five years. Changes in cognitive function 

were assessed by computing the aforementioned practice adjusted reliable change index for each 

cognitive domain, which also enabled us to correct for learning effects based on changes in the healthy 

control group.31 By then dividing these individual reliable change index scores by the interval duration, 

we obtained yearly cognitive decline rates for each individual patient. To evaluate MR imaging 

predictors of cognitive decline, we first separated patients into cognitively stable and cognitively 

declining groups. To enable this classification, a new approach was developed, which showed optimal 

sensitivity and specificity for the criterion of a yearly rate of cognitive decline < -0.25 on two or more 

cognitive domains. 

Based on this criterion, approximately 28% of patients demonstrated cognitive decline over a 

period of five years, which was more prevalent in progressive patients (54%) than relapsing-remitting 

patients (21%). To determine whether patients that demonstrated cognitive decline during follow-up 

already differed from patients that remained stable at the time of initial visit, we compared MR 

imaging measures between these groups at time of initial visit. This comparison showed that patients 

that demonstrated cognitive decline during follow-up already showed more severe structural 

pathology at initial visit, including higher white matter lesion volume, lower white matter integrity, 



lower deep and cortical grey matter volumes. We then evaluated which of the MR imaging measures 

at initial visit best predicted subsequent cognitive decline at different disease stages separately; early 

relapsing-remitting multiple sclerosis (<10 years symptom duration), late relapsing-remitting (>10 

years symptom duration) and progressive multiple sclerosis. This analysis showed that white matter 

integrity damage and deep grey matter atrophy were the main MR imaging predictors of future 

cognitive decline (general and information processing speed decline respectively) in early relapsing-

remitting multiple sclerosis, whereas cortical atrophy was the main MR imaging predictor of future 

cognitive decline in both late relapsing-remitting as well as progressive multiple sclerosis (Fig. 4).  

 

 
Figure 4. Predictors of cognitive decline at different disease stages. 

 In early relapsing-remitting multiple sclerosis, general cognitive decline was predicted by the severity of white matter 

integrity damage and information processing speed decline by deep grey matter atrophy. In both late relapsing-remitting and 

progressive multiple sclerosis, cognitive decline and information processing speed decline were predicted by cortical grey 

matter atrophy. Abbreviations: MS = multiple sclerosis, RRMS = relapsing-remitting multiple sclerosis, WM = white matter, 

GM = grey matter. 

 

These results indicate that the most relevant MR imaging predictors of cognitive decline indeed 

depend on the disease stage. When trying to determine the likelihood of cognitive decline in patients 

with early relapsing-remitting multiple sclerosis, assessing the severity of white matter integrity 

damage and deep grey matter atrophy seems most relevant, whereas in later disease stages assessing 

cortical atrophy appears most relevant. This shift in relevant predictors for future cognitive decline is 

in line with the longitudinal MR imaging substrates of cognitive decline presented in chapter 2.1. In 

this previous chapter we showed a progressive shift in the underlying pathology of cognitive decline, 

which seemed to move from white matter lesions in the relapsing-remitting stage towards deep grey 

matter atrophy around the time of conversion to a progressive phenotype and towards cortical 

atrophy in the more progressive stage of the disease.37, 38 With initial disease mainly characterized by 

an increase in inflammatory lesions and deep grey matter atrophy,37, 123 it seems logical that 

quantifying inter individual differences in the severity of these process is most predictive of future 

clinical functioning, since cortical atrophy is yet to start during this early disease stage. After conversion 
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to progressive phenotype, the rate of cortical atrophy, on average, increases, possibly accompanied 

by an acceleration of cognitive decline (chapter 2.1). At this stage assessment of the presence and/or 

severity of this cortical atrophy becomes the most relevant predictor of future cognitive decline in 

patients with multiple sclerosis.  

An ongoing topic of debate in the field of cognition research in multiple sclerosis is whether 

focusing on aggregate levels of tissue damage or regional damage better explains the severity of 

cognitive impairment, with several studies highlighting the relevance of damage to the thalamus,124 

hippocampus125 and cortical regions such as the posterior cingulate cortex in particular.56 We therefore 

also investigated such regional damage measures as possible predictors for future cognitive decline in 

chapter 4.2. This regional analysis showed that the combination of integrity damage of the anterior 

thalamic radiation, the percentage of lesions in the superior longitudinal fasciculus and atrophy of the 

temporal lobe best predicted future cognitive decline. This regional analysis explained a substantially 

larger proportion of variance compared to the model that included whole-brain (i.e., aggregate) MR 

imaging measures only, which suggests that the assessment of regional damage patterns could further 

increase the accuracy of predicting future cognitive deterioration. 

 

Functional MR imaging predictors of cognitive decline  

After evaluating the predictive value of structural MR imaging measures for cognitive decline in 

chapter 4.1 and chapter 4.2, the predictive value of functional MR imaging measures also needs 

further evaluation, especially since these could potentially precede certain structural processes as 

hypothesized above. While functional MR imaging was not acquired at baseline in the cohort studied 

in chapter 4.1, it was obtained at the initial visit of the cohort studied in chapter 4.2. We, therefore, 

already briefly explored whether we could detect differences in brain function at initial visit between 

patients that would demonstrate cognitive decline during subsequent follow-up compared to patients 

that would remain cognitively stable. We compared these groups using the network measure 

eigenvector centrality, which we also used in chapter 3, and observed that patients that showed 

cognitive decline during follow-up already demonstrated a higher centrality in both the left and right 

putamen at initial visit (fig. 5). The predictive value and potential mechanistic insights that such 

functional MR imaging predictors of future cognitive decline could provide should now be further 

investigated in future studies. 



 
Figure 5. The prediction of future cognitive decline using baseline functional MRI characteristics. 

Functional network differences at initial visit between patients that demonstrated cognitive decline (N=66) and patients that 

remained cognitively stable (N=168) in the following five year. A. When cognitively declining patients were compared to 

cognitively stable patients, a significantly increased centrality in both the left and right putamen was observed in patients 

that would demonstrate cognitively decline in the following five years. B. Patients were split into four groups based on the 

centrality in the left putamen at initial visit and the average yearly cognitive decline rate during the following five years was 

then computed for each group. C. Patients were split into four groups based on the centrality in the right putamen at initial 

visit and the average yearly cognitive decline rate during the following five years was then computed for each group. Bars 

reflect group means and whiskers reflect standard error of the mean. Abbreviations: L = left, R = right, RCI = reliable change 

index. 
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Conclusions 

 

 

1. How does the accumulation of grey matter atrophy relate to changes in brain function, 

reserve capacity and, ultimately, cognitive decline during the course of multiple sclerosis? 

o Cognitive decline is not constant, but seems to accelerate in progressive multiple 

sclerosis, as does cortical atrophy. 

o The underlying correlate of cognitive decline shifts from white matter lesions and deep 

grey matter atrophy in relapsing-remitting multiple sclerosis towards cortical atrophy 

in progressive multiple sclerosis. 

o Similarly, functional connectivity disturbances seem to transition from deep towards 

cortical grey matter areas. 

o Cognitive reserve is important, but seems to buffer against cognitive decline mainly 

before the manifestation of widespread grey matter atrophy. 

 

2. Can the use of a network approach enable a further unravelling of the underlying 

mechanisms of cognitive decline in multiple sclerosis? 

o Cognitive decline characterized by a disturbed functional network balance, with more 

strongly connected default-mode and frontoparietal networks. 

o Especially an increased connectedness of the posterior cingulate hub, which was 

already detectable in the presence of limited structural pathology in patients with low 

cognitive reserve, signalled cognitive impairment. 

o Dynamically, cognitive impairment was characterized by an increased rigidity of core 

resting-state networks. 

 

3. What are the main MR imaging predictors of future cognitive decline at different stages 

during the course of multiple sclerosis? 

o The presence of the more severe T1-hypointense lesions around diagnose and early 

atrophy are predictive for worse clinical outcomes after up to twelve years. 

o MR imaging predictors of cognitive decline are not constant during the disease course, 

but shift from white matter integrity damage and deep grey matter atrophy in early 

relapsing-remitting multiple sclerosis towards cortical atrophy in later disease stages. 

 

 



 

Future studies are now needed to further investigate 

 

 

1. Pathological processes underlying cognitive decline 

o Is the acceleration of cortical atrophy primarily driven by a network-guided process 

that spreads between (cortical) brain regions or by local pathological processes 

occurring within the cortex? 

o Can we detect novel neuroprotective treatment targets that slow the progression of 

cortical atrophy and thereby preserve cognitive function? 

o Can we delineate additional relevant pathological processes of cognitive decline by 

longitudinally acquiring more advanced MR imaging measures? 

o Can we further elucidate the neural mechanisms that protect patients with a high 

cognitive reserve from cognitive decline in early, but not late, multiple sclerosis? 

 

2. The relation between functional network disturbances and cognitive decline 

o Can we unravel whether the ‘stuck’ default-mode network in a more central position 

during rest and its impaired attenuation during task, are primarily due to a local or 

network-mediated process? 

o Can we delineate whether the functional network disturbances in the posterior 

cingulate cortex indeed precede the strong atrophy in this region, possibly suggesting 

hub failure? 

o Can we more precisely unravel the mechanisms underlying specific cognitive deficits 

by studying functional network dynamics during these cognitive task states? 

 

3. MR imaging predictors of future cognitive decline  

o Can we further improve the prediction of future cognitive decline by incorporating 

functional network disturbances in addition to structural pathology? 

o Can we integrate information provided by independent predictors of future cognitive 

decline in multiple sclerosis and their interactions to predict an individual patient’s 

cognitive trajectory? 
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