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Chapter 4

GENERAL DISCUSSION, CONCLUSIONS
AND FUTURE PERSPECTIVES
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Chapter 4

SUMMARISING DISCUSSION

The aim of this thesis was to find clinical and radiological predictors for disease 
progression in patients with multiple sclerosis (MS). We explored the predictive 
value of currently clinical applicable measures and promising emerging predictors, 
needing future translation to be valuable for clinicians. In this chapter, we summarize 
and discuss our results to conclude with the main findings and future perspectives.

Clinical and radiological predictors of disability
Clinical symptoms and location of lesions as predictors of disability
Over the past decades, the scope of clinical and imaging research in MS has been 
changing, not at last attributable to the development of new and improved MRI 
techniques. In the early days, MS was solely a clinical diagnosis. The arrival and the 
broad availability of the MRI transformed the clinical and research field considerably 
and imaging gained an increasing prominent role in the diagnostic criteria over the 
past decades1-4 enabling an earlier diagnosis.5 Moreover, the MRI facilitated monitoring 
of disease progression and treatment efficacy and predicting disease outcome.6,7 
We extensively described the role of MRI in diagnosis and differential diagnosis in 
chapter 1.2. Clinicians mainly contemplate clinical symptoms as well as the number 
and location of existing and new lesions to obtain information on disease progression 
supporting treatment decisions. While many different MRI techniques are available, 
the best investigated and comparable imaging markers at the moment are T2-
hyperintense lesion burden, T1-gadolinium enhancing lesions and lesion location. 
The focus of research has been mainly on the presence of supratentorial brain lesions 
which are an important indicator of the current disease burden and predictors of 
future disability and clinical disease activity.8 As the presence of infratentorial and/or 
spinal cord lesions also seems to result in an increased risk of physical disability,9-15 the 
attention of research and diagnosis has been shifting from supratentorial only, towards 
inclusion of infratentorial and spinal cord lesions.2-4 The infratentorial and spinal cord 
regions have mostly been analysed separately and we hypothesized that having lesions 
in both locations would result in increased disability risk. Therefore, the presence of 
early infratentorial and spinal cord lesions and the risk of disability progression after a 
medium- to long-term follow-up(FU) were determined in chapter 2.1. Contrary to our 
expectations, patients with a combination of spinal cord and infratentorial lesions did 
not have a higher risk of disability progression than patients with only infratentorial 
or only spinal cord lesions. An increased risk of disability progression was found for 
patients with infratentorial or spinal cord lesions in two other studies considering both 
locations.11,14 However, whether a combination of lesions in these regions resulted in a 
higher risk of disability was not determined. In two other studies considering only the 
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infratentorial lesions, the presence of infratentorial lesions at baseline increased the 
risk to encounter a disability milestone of EDSS ≥ 3.0.12,15 Interestingly, they reported 
that patients with brainstem lesions were more prone to encounter early disability 
(EDSS ≥ 3.0) than patients with cerebellar lesions,15 while in our study we did not find 
a difference between these lesion locations, possibly, due to dissimilarities in outcome 
measures.

In our study, patients with newly developed infratentorial lesions in the first 2 years 
after baseline showed a higher risk of disability progression than patients with 
a combination of spinal cord and infratentorial lesions. At baseline there were no 
indications that infratentorial lesions result in an increased disability risk. Possible 
explanations that could elucidate that only new infratentorial lesions after two years 
increase the risk of disability progression and early (baseline) infratentorial lesions 
do not, could be that compensatory mechanisms in this region become overloaded 
with increasing disease burden.16 Another plausible clarification for the discrepancy 
with previously published studies could be the lack of spinal cord information in these 
studies,12,15 while early spinal cord lesions seem to be of dominant predictive value.

The results of chapter 2.1 indicated that early spinal cord lesions predict disability 
progression which is in line with results of previous studies.9,11,13,14 However, new spinal 
cord lesions after 2 years were not of predictive value in our study, probably because 
a large number of patients in the reference group had spinal cord lesions at baseline 
and therefore an increased risk of disability as well. The importance of spinal cord 
lesions for disability progression has been corroborated. However, not all patients 
with spinal cord lesions experience spinal cord symptoms and we studied patients 
with asymptomatic spinal cord lesions and their risk of encountering earlier disability 
or a relapse in chapter 2.2. Asymptomatic spinal cord lesions have been related to 
prognostic information such as the conversion from RIS or CIS to clinically definite 
MS13,17,18 and an increased risk of disability.9,10,14 However, the results of our study indicate 
that the time to disability was not different between patients with asymptomatic 
spinal cord lesions and patients with symptomatic spinal cord lesions or no spinal 
cord lesions. The focus of our study on the time until a disability milestone is reached 
during long-term follow-up captures the main difference with most other studies that 
focus primarily on if the milestone is reached at all. Furthermore, also CIS patients, 
especially with an optic neuritis are thought to have a lower risk of disability,14,19 and 
the lower percentage of patients reaching an EDSS milestone of at least 3.0 in the 
other studies could also be attributable to the high percentage of patients with a 
normal brain MRI. Imaginably, the presence of spinal cord symptoms could also be 
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related to the risk of disability.10 The group without spinal cord lesions in our study 
also included some patients with spinal cord symptoms and it is questionable if the 
spinal cord in these patients was not affected or that we were not able to detect this 
spinal cord damage with lesion count. Therefore, it would have possibly been better 
to exclude these patients from analyses because. Moreover, the distinction between 
lesions that are symptomatic or asymptomatic can be challenging. The revisions of 
the diagnostic criteria of 20103 only considered asymptomatic spinal cord lesions 
for the demonstration of dissemination in space but the most recent revisions of 
the diagnostic criteria of 20174 leave this criterion aside because whether a lesion is 
symptomatic or not does not change specificity but increases sensitivity.20,21 As has 
been concluded in an editorial letter about asymptomatic spinal cord lesions, the 
exact role of asymptomatic spinal cord lesions in predicting disability outcome needs 
further finalizing.22

Summary
The combination of infratentorial and spinal cord lesions did not result in a higher 
risk of disability progression compared to patients with lesions on these locations 
separately. Newly developed infratentorial lesions 2 years after baseline showed a 
tendency to a higher risk of disability. This could be due to failure of compensatory 
mechanisms or be a result of already present spinal cord lesions, since early spinal 
cord lesions are important indicators of a higher risk of disability progression after 
medium- to long-term. Whether spinal cord symptoms are present or not does not 
change the time to encounter disability milestones.

Clinical and radiological disease activity
Besides the presence of lesions, new relapses or the development of new lesions are 
important for disease and treatment monitoring. However, clinical symptoms and 
lesions are not always related, which is often referred to as the ‘clinico-radiological 
paradox’.23 In chapter 2.3, we determine the prevalence of patients with a dissociation 
in new clinical and radiological inflammatory disease activity in the first two years 
and explore the risk of disability progression on the medium- to long-term for these 
patients. In our early inception cohort, an early dissociation in new disease activity was 
seen in only 11.5% of the patients, 6.4% had a high clinical/low radiological disease 
activity, 5.1% low clinical/high radiological disease activity. Patients with a dissociated 
disease did not have an increased risk of disability progression compared to patients 
with a low clinical and radiological disease activity. This is surprising since clinical 
disease activity24,25 and radiological disease activity25,26 separately showed predictive 
value for future disability but this could be due to a lack of power in such small groups. 
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Another study with a different definition of dissociation, also found a low prevalence 
of this phenomenon but an increased risk of a progressive disease course for patients 
with high clinical and low radiological disease activity.27

Although a dissociation in clinical and radiological disease activity seems to be rather 
infrequent, the existence of lesions without symptoms or vice versa goes against 
our expectations. A major advantage of the present study is the inclusion of both 
brain and spinal cord disease activity which provides a more complete image of the 
radiological disease activity and possibly solves a part of the dissociation described in 
a recent study.27 Probably volume measurements or more advanced/quantitative MRI 
techniques could narrow or overcome the phenomenon by increasing the detection 
of disease burden. In addition, more precise outcome measures could assist in 
overcoming the feeling of a mismatch as well.

We expect that improved MRI techniques and outcome measures will lessen the gap 
between clinical and radiological disease activity. Also the increased availability and 
efficacy of treatment will alter the inflammatory and possibly also neurodegenerative 
components of the disease, thereby possibly closing the gap between clinical and 
radiological disease activity. Natalizumab is one of the DMTs prescribed to patients 
with high clinical and/or radiological disease activity and aims to reduce clinical and 
radiological disease activity to finally achieve a status of ‘no evidence of disease 
activity’ (NEDA)28 or ‘no evidence of progression or active disease’ (NEPAD).29 In chapter 
2.4 we determined the duration of NEDA and NEPAD as well as the time to disability 
progression and improvement in patients on natalizumab treatment. Additionally we 
aimed to distinguish predictors for these outcome measures. Compared to previous 
studies the percentage of patients with EDSS progression was higher and with EDSS 
improvement lower. We hypothesized that this could be an effect of excluding the 
active inflammatory period as a reference for disability changes. A recent study on 
natalizumab treated patients showed that rebaselining patients after the first year 
resulted in a higher percentage of patients maintaining NEDA than in the first year30 
and was shown more sensitive in detecting progression.31 Furthermore, patients in 
our study with a longer disease duration showed an increased risk of earlier EDSS 
progression and patients with a higher pre-baseline relapse rate lost their NEPAD status 
later, indicating that early treatment in clinically active patients is more beneficial.

 4
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Summary
A dissociation between the development of new lesions and relapses in the first two 
years was relatively infrequent in our cohort and did not result in a different risk of 
disability progression on the medium- to long-term.

Disability progression during natalizumab treatment was more frequent than 
expected, considering the initial phase of inflammatory disease activity in the early 
treatment period. Early treatment in clinically active patients was advantageous 
as longer disease duration resulted in earlier EDSS progression and a higher pre-
natalizumab relapse rate in longer NEPAD status.

Emerging predictors of disease progression
Although demyelinating lesions are very valuable in clinical practice and widely used 
to diagnose MS and to decide on treatment options, neurodegenerative processes 
seem to dominate in studies attempting to predict disease progression.32 Atrophy is 
already seen early in the disease course and related to the development of disability 
even in CIS patients.33 Some studies even show a higher clinical correlation for 
neurodegenerative than neuroinflammatory markers.33,34 The presence of atrophy 
early in the disease course has been shown to be a promising predictor of disability35-37 
and cognitive impairment,38,39 especially when affecting structures belonging to key 
hub networks such as the thalamus and motor cortex.40,41 In our work, we have added 
to this body of knowledge by among other things showing that this predictive power 
holds for very early MS, that cognitive decline goes in parallel to cortical atrophy rate 
and we explored the sequence of events using a probabilistic method.

From whole brain atrophy to regional atrophy
In chapter 3.1 we determined the role of atrophy and lesion volumes using clinical 
scans in our longitudinal cohort. We measured volume and early changes of whole 
brain atrophy and ventricular width, shortly after the first symptoms and their changes 
over the first 2 years. The results showed that early clinical and imaging predictors for 
disability progression and cognitive decline with a medium- to long-term FU mainly 
included neurodegenerative markers such as percentage brain volume change 
(PBVC) and T1-hypointense lesions. An additional predictor for disability progression 
and cognitive decline after 6 years was a baseline diagnosis of PPMS. The predictive 
value of PBVC for long-term disability outcome has not been conclusive in previous 
studies35,37,38 and long-term studies are restricted by lower field strengths at the time 
of baseline and (selective) loss to follow-up, which also hampered our study.
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Surprisingly, central atrophy, measured by percentage ventricular volume change 
(PVVC) did not predict disability and cognitive functioning although we expected that 
from previous studies.35,42-44 Moreover, 12-year disability and cognitive functioning 
were more difficult to predict than medium-term effects, i.e. after 6 years. The low 
predictive power for early atrophy measures on long-term disease progression may 
be explained by selective loss to FU and disease heterogeneity, but could also indicate 
the limitations of the MRI measures at baseline and the need for more advanced and 
regional MRI measures in future. Our cohort may still provide additional information in 
the future since higher resolution scans starting at the 6-year follow-up of this cohort 
opened the door for more powerful predictive and correlative studies in future, such 
as discussed in chapter 3.2, chapter 3.3 and chapter 3.4.

In chapter 3.2 we were interested in the longitudinal evolution of deep grey matter 
(dGM) atrophy and cortical GM atrophy and its relation to cognitive decline. This study 
showed that dGM atrophy rates were comparable between RRMS and progressive MS 
(including patients with SPMS and PPMS). Cortical atrophy rates seemed to accelerate 
over time, but only in progressive MS. Especially the cortical atrophy rates were related 
to an acceleration in cognitive decline over time. In fact cognitive decline was 3 times 
faster in progressive MS than in RRMS patients and was related to the faster atrophy 
rate in progressive MS patients. Previous studies have indicated that atrophy in MS 
seems to start in the deep GM and then moves towards cortical atrophy later in 
the disease, which our study confirms.45 A possible explanation for the early dGM 
involvement is the location close to the ventricles. Periventricular lesions could affect 
the dGM structures in the inflammatory phase of the disease and induce atrophy, 
perhaps by means of structural disconnection due to axonal damage and Wallerian 
degeneration.46,47 Although the cortical GM could also be affected by (juxta)cortical 
lesions in the inflammatory disease phase, cortical GM atrophy seems to commence 
later and was related to cognitive decline in progressive MS patients only. Apparently, 
cortical GM atrophy is more dominant in the progressive phase of the disease, possibly 
via direct histopathological mechanisms within the cortex itself,48 such as cortical 
lesions,49 a more cytotoxic environment,50 or a secondary network-driven process 
initiated by atrophy of the dGM structures to the connected cortical regions.51,52

Although cortical atrophy is not equal to whole brain volume, we could argue that 
the results on cortical GM atrophy are in line with the findings of chapter 3.1 where 
patients with higher PBVC and a progressive disease onset were more prone to have 
higher EDSS scores and lower cognitive performance after 6 years of follow-up. It is 
thought that thalamic atrophy closely reflects the PVVC,53 and thalamic atrophy was 
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related to disability and cognition in previous studies.40,54 Surprisingly, early PVVC did 
not predict medium- to long-term disability and cognition (chapter 3.1), while another 
study of our cohort showed that dGM volume predicted future cognitive decline in 
early RRMS.55 This discrepancy might be explained by the need for specialized software 
to delineate the dGM areas, which is not possible at lower field strengths as those 
used in chapter 3.1.

In chapter 3.3 we explored the correlates of regional cerebellar atrophy to disability 
and cognitive performance. We determined regional cerebellar volumes and explored 
the relation of these volumes to cross-sectional and longitudinal disability progression 
and cognitive decline. The contribution of the cerebellum to disability and cognitive 
functioning in MS patients has gained interest in recent years, however, segmentation 
of the individual lobules of the cerebellum has long been impossible and is only 
recently described in cross-sectional studies.56-59 In our study, the anterior and posterior 
lobe and individual nuclei showed significant volume loss in MS patients compared 
to healthy controls. Atrophy of lobule V and Crus I was most strongly related to cross-
sectional disability, and cognitive performance was most strongly related to atrophy of 
vermis VI and the interposed nucleus. Longitudinal change in cognitive performance 
was predicted by atrophy of lobule VI, but no predictors of disability progression during 
FU were found. Previous studies were inconclusive on the relation between (regional) 
cerebellar volumes and disability measures.57,58 Previously, cognitive performance, 
especially information processing speed (measured with the SDMT) has been related 
to cross-sectional volume of vermis VI59 and lobule VI.57 Interestingly, a previous study 
suggested that lobule VI is connected to higher order cognitive networks,60 and could 
therefore be related to specific cognitive deficits. The highly specialized nature of 
the cerebellar structure, with its thin cortical layers, generally impedes the analyses 
of this structure in separate lobules. We were able to distinguish the different lobules 
and relate it to disability and cognition cross-sectionally and predict future cognitive 
decline. Future studies are now required to look at the cause of this regional atrophy, 
i.e. whether this is due to primary demyelination within the cerebellum or secondary 
disconnection with the cerebrum, as well as to study the functional and structural 
network effects of damage.

From a radiological point of view, we focused mainly on demyelination and 
components of neurodegeneration. Also other imaging biomarkers of disease activity 
and function can be considered, such as changes in the functional hubness of key brain 
networks (measured by functional MRI)61,62 and microstructural changes in the white 
matter tracts (measured using diffusion tensor imaging, DTI).63
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Although in the chapters described before we have gained information on early and 
late events regarding lesions and atrophy, longitudinal data are needed to track down 
the order of these events. However, a method potentially overcoming this issue, is 
discriminative event-based modelling (dEBM). With this probabilistic method the event 
sequence can be explored using cross-sectional data.64 In chapter 3.4 we explored the 
sequence of a selection of biomarkers reflecting demyelination, neurodegeneration, 
microstructural changes of white matter tracts, functional hubness of key networks in 
the brain and cognitive domains. We adopted 3 models; 1. A model for event sequence 
in patients with a relapse-onset disease in general (i.e. what is the sequence in which 
these biomarkers become abnormal?); 2. A model for exploring the event sequence 
for different disability levels (i.e. in which sequence do these biomarkers seemingly 
lead to worse disability?) and 3. A model for different levels of cognitive functioning 
(i.e. in which sequence do these biomarkers lead to worse cognitive impairment?).

In general, GM volume changes, mostly of the deep GM structures were early events 
and before changes in cortex volume which is in line with chapter 3.1 and chapter 
3.2. The functional hubness of the DMN was an early event in both the disability and 
the cognition model and could be an early indicator of disease progression as was 
suggested before.62 The late positioning of microstructural changes in the WM tracts 
is probably due to the regional heterogeneity in local WM damage between patients 
which results in unequal effect on the individual tracts.63

Although a heterogeneous disease such as MS is difficult to capture in a single event 
sequence, the use of a probabilistic model such as dEBM could provide information 
on the order of biomarker abnormality and put other studies on a selection of these 
predictors for disease progression in context. In future, these results should be 
validated with actual longitudinal data.

Summary
Early signs of neurodegeneration, such as more severe whole-brain atrophy rate as 
is especially present in PPMS patients increases the risk of disability and cognitive 
dysfunction. From a regional volume perspective, dGM atrophy starts early in the 
disease and dGM atrophy rates are stable across disease courses. Interestingly, 
cortical GM atrophy rates accelerate with progressive disease and are related to 
accelerated cognitive decline rates in these patients. This apparent spreading of 
neurodegeneration from deep towards cortical GM areas was also suggested in the 
order of sequences using an dEBM.

 4
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Atrophy of specific cerebellar regions was related to disability and cognitive 
functioning.

Methodological considerations
Study design
In this thesis we analyzed patients from the Amsterdam MS cohort and a separate 
cohort of natalizumab treated patients. The Amsterdam MS cohort consists of MS 
patients that were included soon after disease onset (maximum of 18 months after 
first symptoms). Patients were followed-up for approximately 6, and a subset of 
patients for 12 years. An additional group with longer disease duration was analyzed 
at these last two follow-up moments. This resulted in a cohort with a wide range of 
disease types, age and available treatments at time of onset. The longitudinal follow-
up and diversity of the population regarding disease courses and disease duration 
created a good fundament to investigate prognostic factors in a (slowly) changing 
and heterogeneous disease such as MS. Furthermore, the inclusion of an extensive 
battery of measurements (e.g. different MRI modalities, MEG, blood testing, EDSS, 
MSFC, extensive neuropsychological testing, OCT, eye movements, questionnaires) 
makes this a comprehensive cohort. An observational, longitudinal cohort is also 
exposed to limitations that are probably good to address. Individual changes that are 
difficult to consider on a group level, such as comorbidities interfering with disability 
or cognition, different levels of physical and cognitive training between FU moments 
and the use, duration and effectiveness of disease modifying treatments hamper an 
easy correction and should be mentioned as confounders or considered when drawing 
conclusions. Furthermore, some patients did not take part in the last follow-up of this 
longitudinal study creating a possible selection bias if that group consists of patients 
with more severe disease progression.

Predictors and outcome measures
The heterogeneous character and multifactorial origin of MS impede the identification 
of straightforward and solitary predictors of disease progression. Innumerable MRI 
and clinical measures could be considered in this thesis but we have selected clinical 
and radiological predictors that are currently applicable (chapter 2) and emerging 
clinical applicable predictors that still need some translation to the clinical setting 
before implementation is possible (chapter 3).

Over the past decades better-quality and new imaging techniques were developed 
resulting in a more detailed and improved detection of disease processes. Early 
predictors in this longitudinally followed cohort were restricted to the imaging 
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possibilities and clinical insights at the moment of measurement. New techniques and 
increased imaging quality enabled us to improve the prediction of disease outcome in 
studies using emerging predictors on the follow-up of this cohort (chapter 3). Besides 
the predictors, also the quality of the outcome measures is an important factor in 
predicting disease progression but the current disability outcome measures are not 
immaculate. The most used outcome measure for disability, the EDSS65 is, despite its 
limitations on e.g. measuring upper limb function and cognitive functioning, the best 
comparable outcome measure in MS. In the longitudinal studies of this thesis, the time 
to reach certain disability milestones (EDSS ≥ 3.0 or EDSS ≥ 6.0) was measured and for 
disability progression we used the definition as is commonly used in clinical trials.66 
To improve the sensitivity of disability progression and incorporate arm function as 
well, we also included EDSS-plus progression, the EDSS with additional the 25-FWT 
and 9-HPT as an outcome measure.67

Disease activity and disability progression in patients on natalizumab treatment was 
additionally measured by a status of NEDA28 and NEPAD.29 These measures are quite 
recently introduced and comprise the goal of therapy, to achieve a status without 
evidence of disease activity or disease progression. To our knowledge, NEPAD as an 
outcome measure was not yet used in a study for patients on natalizumab.

To measure cognitive functioning we used an extensive neuropsychological testing 
including the expanded Brief Repeatable Battery of Neuropsychological tests.68 Test 
scores of patients were compared to the results of healthy controls per cognitive 
domain as described per study, resulting in a classification of cognitively preserved, 
mild cognitively impaired and cognitively impaired patients.68

Radiological predictors and outcome measures that need more time points, such as 
atrophy measurements are complicated by a lack of standardization, scanner upgrades 
or substitution in research and clinical setting. Standardization of quantitative 
radiological measures is needed to implement such predictors and outcome measures 
in a clinical setting.

Clinical implications
The results of chapter 2 are quite directly implementable in a clinical situation. The 
presence of spinal cord lesions early in the disease course predicted a disadvantageous 
effect on the medium-term and long-term disability and indicating an important role 
for early spinal cord imaging. The role of infratentorial lesions is somewhat unclear, 

 4
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but probably the infratentorial area needs special attention regarding new developing 
lesions in the first years of the disease.

A dissociation in radiological and clinical disease activity is rather occasional and did 
not result in a different risk on disability progression.

We determined predictors for long-term disability and disease activity in patients 
on natalizumab which yielded confirmative information on the advantage of early 
treatment initiation during active disease. Furthermore, EDSS progression during 
natalizumab treatment was more frequent than hypothesized beforehand, as a 
consequence, a need for effective and safe neuroprotective treatment remains an 
important topic, also when disease activity is completely extinguished.

For chapter 3 the main issue is the clinical implementation at the moment. Volumetric 
measurements and mainly longitudinal comparison of regional volumes could possibly 
aid in disease staging. In light of the increasing treatment options with a focus on 
modulating neuroinflammation but also neurodegeneration, volumetric outcome 
measures will be valuable for the evaluation of treatment efficacy.

CONCLUSIONS/MAIN RESULTS

Chapter 2 focussed on directly clinically implementable predictors of disability 
milestones and disability progression and chapter 3 focussed on emerging predictors, 
which are highly promising but still require translation to clinical implementation in 
future studies. The main conclusions of this thesis are:
 - Early spinal cord lesions are important predictors for disability progression on 

medium- and long-term, independent of spinal cord symptoms and co-existing 
infratentorial lesions (chapters 2.1 and 2.2).

 - A dissociation of clinical and radiological disease activity is rather infrequent with 
limited clinical implications (chapter 2.3).

 - Disability progression during natalizumab treatment was higher than expected, 
taking into account early clinical and radiological disease activity during the initial 
treatment phase (chapter 2.4).

 - Early atrophy and progressive disease onset predict medium-term disability and 
cognitive performance. Early change in EDSS predicted physical disability on the 
medium- and long-term. Patients of male sex and with a lower educational level 
were prone to suffer from cognitive dysfunction on the medium- and long-term 
(chapter 3.1).
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 - Different regions of cerebellar atrophy are related to cognitive and motor 
impairment (chapter 3.3).

 - Deep GM atrophy is affected already early in the disease (chapter 3.4), though, 
deep GM atrophy rates are stable across disease courses (chapter 3.2). Cortical GM 
atrophy seems to start late and accelerates with progressive disease, together with 
worsening of cognitive functioning (chapter 3.2).

FUTURE PERSPECTIVES
Predicting disease outcome in a heterogeneous disease like MS is challenging and 
will continue to be a topic of interest for future studies. The focus of this thesis was 
mainly on inflammatory, clinically implementable predictors and neurodegenera-
tive disease markers, such as volumetric measurements and longitudinal atrophy.

The difference in disease burden between patients knows a high variability and 
probably asks for a different treatment regime. However, why some patients are more 
vulnerable for certain pathological mechanisms within MS than other patients, remains 
a question to be answered.

The heterogeneous character of the disease is one of the factors that impedes the 
exploration of predictors for disease outcome but also the accuracy of predictors and 
outcome measures itself is an important factor in finding meticulous predictors. In 
this thesis we have focused on clinical and radiological predictors of mostly clinical 
disease outcome. However, measures of clinical and radiological disease burden could 
gain accuracy to be more representative of the actual disease burden. Importantly, 
promising, but new (imaging) predictors need standardization for clinical use before 
implementation is possible. This translation from research on a group level to individual 
implementation is challenging but essential. For example, atrophy could probably 
improve the prediction of disease outcome because atrophy has been shown to relate 
especially strongly to disability and cognitive outcome in MS patients,34,35,38,42,69,70 
but still needs standardization for optimal use in a clinical setting. In addition, more 
experimental biomarkers such as functional61,62 and structural connectivity63 seem 
to be promising predictors of disease progression and it would be interesting to 
implement these measures in an early cohort with longitudinal follow-up, which could 
potentially provide new insights and prognostic value from these measures.

In recent years, the spontaneous remyelination of lesions (full or partial repair of myelin 
after demyelination) has gained considerable attention from both researchers and 
industry. Hopefully, future treatment options will facilitate this remyelination process 

 4
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and determine the effects of remyelination on disease progression.71 Advanced 
imaging and body fluid biomarkers, specific to remyelination are needed, as we 
currently lack highly sensitive tools.

It would be interesting to include the individual level of physical activity before disease 
onset and during follow-up, because this could influence disease activity, disability and 
cognitive outcome.72,73 The activity level of MS patients is however, lower compared 
to the activity level in the healthy population74 and therefore a training component 
or a programme motivating physical activity could possibly aid in keeping patients 
more fit.

The influence of activity levels on disease outcome are interesting and in future follow-
up visits we could obtain information on activity levels within this cohort to explore 
the influence on disability and cognitive performance. Clinical measures of disability 
and cognitive functioning are evolving, however, an optimal clinical measure that is 
sensitive enough to detect subtle changes in disability and cognitive functioning in MS 
does not yet exist.66,75 To accomplish a comprehensive, sensitive and clinical feasible 
outcome measure is possibly changing with the introduction of new techniques, 
such as tracking activity and neurological impairment with wearables.76,77 These new 
techniques could possibly objectify clinical symptoms and reduce intra- and interrater 
variability.

Apart from (imaging) biomarkers and clinical measures, demographic and treatment-
related factors should not be forgotten in future studies. The participants of the 
described cohorts have been aging, and with older age the presence of (vascular) 
comorbidities has likely increased.78 Comorbidities could increase disability burden, 
and if unnoticed these could unintentionally be attributed to MS related disability. In 
addition, different diseases can express as white matter lesions in the brain as well 
and could be confused with MS-specific pathology.79 Therefore, it would be interesting 
to explore the existence of (vascular) comorbidities and study their potential and 
unintended influence on disability scoring and help to improve disability risk profiles.

Longitudinal studies in MS go together with changes in indication, timing and 
efficacy of DMTs over time, which influences disease outcome as well. The variability 
of treatment efficacy, treatment duration and individual treatment effects is difficult 
to capture in a single correction covering the influence of DMT on disease outcome. 
The diversity between and the increasing number of DMTs has resulted in strongly 
heterogeneous treatment regimens between patients. This difference in treatment 
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history between patients hampers the interpretation of data in treated cohorts and 
needs to be explored in more sophisticated ways with advanced statistical models 
and larger cohorts. Moreover, it would be relevant to determine which patient will 
benefit most of a certain DMT. Predictors of physical and cognitive disease outcome 
after treatment initiation are therefore very welcome in the daily clinical practice. In 
order to demonstrate a representative long-term disability outcome, we excluded 
the first period after treatment initiation as a reference for disability progression 
or improvement. This first period is driven by high inflammatory disease activity 
commenced before start of treatment.80 This approach could be used in future studies 
in addition to the more advanced biomarkers studied in this thesis.

To endeavour a true translation from research to the implementation of the mentioned 
predictors remains challenging but interesting for future research.
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