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MULTIPLE SCLEROSIS

Multiple Sclerosis (MS) is an incapacitating, progressive disease of the central 
nervous system, with a usual onset in young adulthood. Females are aff ected 
approximately twice as oft en as males, and the prevalence of MS in Europe is 83 
per 100,000. Th e strong geographical variation, infl uenced by where individuals 
have lived early in life, indicates infl uences of yet to be elucidated environmental 
factors. [1] Genetic components have also been suggested, as 15% of patients 
report a family history of the disease, which is more than is to be expected 
from mere chance. Indeed, several alleles, most of them located within the 
major histocompatibility complex (MHC) region, have been associated with 
susceptibility to the disease. [2]
 MS can macroscopically be identifi ed by multiple sclerotic plaques in 
the white matter (WM), resulting from a combination of blood-brain-barrier 
leakage, infl ammation, demyelination, axonal loss, and gliosis. Th e exact order 
in which these events occur remains to be elucidated. Based on the absence 
or presence of active demyelinating immune cells, WM lesions can be divided 
into diff erent stages: preactive, active with or without demyelination, chronic 
active and chronic inactive. WM lesions typically extend from the ventricles 
(‘Dawson’s fi ngers’), and can be easily detected on T2-weighted MR images 
(Figure 1A).
 Clinically, the disease manifests with a wide range of symptoms, which 
include motor and sensory problems, ataxia, incontinence and fatigue. 
Cognitive impairment is reported in up to 35-65% of MS patients, depending on 
the neuropsychological tests and defi nitions used. Th e most frequently aff ected 
cognitive domains are processing speed and visual learning and memory. [3,4]
 In line with the diversity of symptoms, the disease course also varies 
to a large extent between patients. Nevertheless, diff erent clinical phenotypes 
are distinguishable. [5] MS oft en starts with an acute clinical attack aff ecting a 
specifi c part of the CNS. Th is has been defi ned as a clinically isolated syndrome 
(CIS). Most of the CIS patients will develop subsequent relapsing-remitting 
(RR) MS, in which periodical relapses are followed by full or partial remissions. 
Th is disease type is succeeded in around two-third of patients by a gradual 
worsening without recovery, which is then termed secondary progressive 
(SP) MS. A relatively small proportion of patients (10 to 15%) experiences 
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progressive decline from onset; this disease type has been labeled primary 
progressive (PP) MS.

Figure 1 | A: T2-weighted image of an MS patient, showing an ovoid white matter lesion, 
depicted by the arrowhead. Other white matter lesions are also visible. Also note a mixed 
white matter-grey matter lesion depicted by the thin arrow. B: Double inversion-recovery 
(DIR) image of the same patient, in which signal from CSF and white matter is suppressed, 
showing the same lesions.

 Th e diagnosis of MS is based on the principle that demyelination 
occurs in more than one part of the CNS and on more than one occasion (i.e., 
dissemination in space and time). Th e introduction of MRI into the clinical 
setting has substantially anticipated the diagnosis, as new MRI abnormalities 
are already apparent before the second clinical attack develops. MRI criteria for 
dissemination in space and time of WM lesions have now been incorporated 
in international diagnostic criteria, and are used world-wide. Because of their 
high specifi city for MS, the presence of MRI spinal cord lesions has also recently 
been included in these diagnostic criteria. [6] And fi nally, guidelines have 
been developed for MS diff erential diagnosis, that include red fl ags suggesting 
alternative diagnoses. [7]
 During a relapse, corticosteroids are frequently given to limit the duration 
of the attack. Immune modulating drugs, such as interferons and glatimer 
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BOX 1 | 3D-DIR
In MRI, the contrast between tissues is dependent on a number of physical 
properties, most notably T1 and T2 relaxation times, and the number 
of available hydrogen nuclei, generally called proton density, or PD. By 
appropriately choosing the imaging parameters, the eff ect of one tissue 
property on the image contrast can be optimized, while minimizing the eff ect 
of other tissue properties. In clinical neuroimaging, the most frequently 
used qualitative MR contrasts are PD-, T2- and T1-weighted images. In 
double inversion-recovery (DIR) imaging, the imaging parameters are 
set to selectively null the signals from WM and cerebrospinal fl uid (CSF), 
thereby leaving only GM visible. Th ree-dimensional (3D) MRI allows for 
the acquisition of smaller voxels while maintaining a good signal-to-noise 
ratio (SNR). 

Figure 2 | A mixed white-matter-grey-matter lesion is visible on a brain slice stained 
for myelin (left ), defi ned by a red line. Th e MR image on the right shows that especially 
the white matter part of the same lesion is hyperintense, although the intracortical 
extension of this lesion is also visible.

3D-DIR was previously shown to improve detection of intracortical lesions 
and to enable a more accurate defi nition of juxtacortical, intracortical and 
mixed WM-GM lesions (Figure 2). Th us, 3D-DIR off ered the best solution 
for a direct in vivo evaluation of the eff ect of GM lesions on physical and 
cognitive defi cits in MS. A recently developed single-slab version of 3D-DIR, 
with reduced acquisition time and improved image quality, was used in a 
number of studies in this thesis.
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acetate, limit the number of clinical relapses, but they do not substantially delay 
disease progression, which can be explained by the hypothesis that progressive 
clinical decline is not caused by infl ammatory demyelination, but that this is 
rather dependent on damage to neuroaxonal elements. In acknowledgment of 
this interesting hypothesis, (pharmaceutical) research is now being conducted 
aiming at strategies for neuroprotection. More recently, mitoxantrone and 
natalizumab were brought into the market, therapies which may be more 
eff ective than traditional immunomodulatory drugs. [8] On the downside, these 
therapies have more serious side-eff ects and are therefore only prescribed to 
MS patients with severe disease courses or to patients who are non-responsive 
to fi rst-line therapy. 

GM damage in MS
At the end of the 90s of the previous century, more and more studies reported 
that MRI measures of WM lesions insuffi  ciently explained the full range of 
clinical symptoms in MS. Part of this so-called clinico-radiological dissociation 
was bridged by adding information about spinal cord damage [9,10] and by the 
use of more balanced clinical scales. [11] Even though an important role for 
GM damage seemed counterintuitive in a disorder that had been classically 
regarded as a ‘WM disease’, with increasing attention focused on the GM in MS 
the gap may be closed even further.
 Interestingly, involvement of the GM in MS was already suggested 
more than a century ago, [12] and its potential clinical relevance was equally 
recognized. [13] However, visualization of demyelination in the thinly 
myelinated cortical GM structures appeared diffi  cult, and it was not until the 
introduction of more advanced myelin protein immunohistochemistry, that 
the issue of GM demyelination in MS was actively revived. [14,15]
 We now know that GM demyelination is frequent and extensive, 
especially in chronic MS. It already starts in the earliest stages of the disease, 
and becomes much more prominent in the progressive phase. [14] Cortical 
demyelination has been shown to be more prevalent in frontal and temporal 
areas. [16] In line with this histopathological fi nding, MRI studies reported a 
predilection of GM atrophy and cortical thinning for the same areas. [17] In 
terms of pathogenesis, GM damage may be secondary to degeneration of WM 
axons, which would explain why heavily connected areas in the brain seem to 
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be more frequently aff ected. On the other hand, the hypothesis of a primary GM 
disease process in MS can be motivated by reports of a discrepancy between 
extensive subpial cortical demyelination and a relative lack of WM lesions, [18] 
and the fact that in the chronic phase of the disease, the rate of GM atrophy 
increases independently of WM disease. [19,20]
 GM demyelination is not solely observed in the cortical GM, but has 
also been found in the thalamus and basal ganglia, [21] spinal cord, [22] and 
hypothalamus. [23] Neocortical and non-neocortical GM pathology may have 
signifi cant clinical impact, since patients with a (neo)cortical presentation 
of MS were shown to exhibit cognitive disturbances, [24] and hypothalamic 
demyelination was associated with a more aggressive disease course. [25] Beside 
these reports, only little was known concerning the eff ects of GM damage on 
cognition and physical disability in MS until recently.
 Th e poor detection of cortical GM lesions when using standard 
MRI techniques was partly responsible for this gap of knowledge. Besides 
demyelination and neuronal loss, cortical lesions do not display any 
distinguishing pathological features. Cortical lesions are not infl ammatory, [26] 
no complement deposition or gliosis is found, [27] and the blood-brain barrier 
stays intact. [28] Th is, in combination with an intrinsically low myelin density 
in the cortical layers (especially the upper ones), causes cortical GM lesions 
to create little contrast and remain relatively inconspicuous on MRI. With the 
introduction of double inversion-recovery (DIR) MRI, which selectively nulls 
the signals from WM and CSF, leaving only GM visible (Figure 1B), a fi ve-
fold increase of detected intracortical lesion was reported in comparison with 
conventional MRI techniques. [29] Furthermore, a more accurate anatomical 
defi nition of juxtacortical, intracortical and mixed WM-GM lesions was 
achieved using this new technique (see Box 1). 
 Functional MRI (fMRI) allows measuring activity of the brain, and 
connectivity between brain regions. Diff erences found in brain activation 
between MS patients and controls when performing tasks have been interpreted 
as refl ecting brain adaptation to damage. [30] FMRI thus has the potential to 
further explain the relation between measures of structural (cortical) damage 
and clinical function. Recent research has indicated that imaging of the brain 
“at rest” may provide clinically relevant information (see Box 2). [31]
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BOX 2 | FUNCTIONAL MRI
In response to local increases of brain metabolism, regional cerebral blood 
fl ow (rCBF) and cerebral blood volume (rCBV) both increase. However, 
the increase in total oxygen delivery exceeds the increase in extracted 
oxygen, which results in a counter-intuitive local increase in the relative 
proportion of oxygenated haemoglobin. Functional MRI is able to make 
use of this overshoot because deoxyhaemoglobine is paramagnetic, while 
oxyhaemoglobine is diamagnetic. Th us, when the oxyhaemoglobine 
concentration in a voxel is increased, the local magnetic fi eld will be less 
disturbed and the voxel will generate a higher signal. By choosing the 
right imaging parameters, the contribution of this eff ect to the generated 
image can be maximized, which is then called a blood-oxygenation-level 
dependent (BOLD) image, fi rst created in the early nineties. [1] Currently, a 
volume of brain images can be collected every two or three seconds through 
a technique called echo-planar imaging (EPI).
In this thesis, functional MR images were acquired in absence of a task. 
Th is so-called resting state activity of the brain has become subject of 
investigation recently, aft er it was found that certain areas of the brain 
consistently show higher metabolism during rest than during performance 
of a task. Together, these areas have been labelled the default mode network 
(DMN; Figure 3); since its discovery various other resting state networks 
have been found. 
A method to analyze fMRI data is by calculating statistical associations, or 
functional connectivity, between signal fl uctuations of diff erent brain regions 
“at rest”. Frequently, a spatial statistical map of functional connectivity is 
obtained by extracting a signal over time from a defi ned region-of-interest 
and modelling it against signal fl uctuations of other regions of the brain. 
Alternatively, model-free or data-driven analyses are possible, based on 
independent component analysis (ICA). Both of these methods have been 
applied in this thesis.
1. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging with contrast dependent on 
blood oxygenation. Proc Natl Acad Sci U S A 1990; 87(24):9868-9872.
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Figure 3 | Brain areas participating in the default mode network (DMN) are shown 
on axial, coronal and sagittal brain slices. Th e DMN consist of the precuneus, lateral 
and inferior parietal cortex, the anterior and posterior cingulate gyrus, medial temporal 
lobes and the medial prefrontal cortex.

Aims and outline of this thesis
Th e realization of recent years that GM pathology is so abundant in MS, and 
the availability of new MRI techniques that enable in vivo detection, led to a 
series of new research questions. For example, could the new, more advanced 
MRI techniques (among which DIR and fMRI) be used to create more insight 
in the development and clinical impact of cortical GM lesions? And, would 
it be possible to study the relationship between WM and GM abnormalities 
and potentially the timeframe in which they occur? Th e latter would be of 
importance in terms of understanding more about the pathogenetic ‘direction’, 
i.e., whether GM damage occurs fi rst and separately from WM disease, or 
whether the two processes are intricately related, both spatially and in time.
 Based on these questions, the studies that are represented in this thesis 
were conducted. Th ey are described in chapters 2-5, and the results are jointly 
discussed in chapter 6. 
 In chapter 2.1, the ability to detect cortical lesions in vivo is compared 
between a new single-slab version of DIR, with a substantially reduced 
acquisition time, and other imaging sequences. Chapter 2.2 presents our 
research on cortical lesions and cognition, as well as on the longitudinal 
behavior of cortical lesions. In chapter 3 the role of the hippocampus in MS is 
studied. Chapter 3.1 shows histopathological changes in the hippocampus of 
MS patients, the existence of which was suspected because memory impairment 
is especially prominent within the spectrum of cognitive decline in MS. Th is 
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result motivated new in vivo studies to be performed, on clinical eff ects of 
hippocampal damage in MS. In chapter 3.2 and chapter 3.3, the imaging of 
structural hippocampal abnormalities in vivo and the functional eff ects of 
hippocampal damage are presented. In chapter 4.1, a diff erent perspective 
on GM damage is provided by using a quantitative MR measure (see Box 3). 
Th e relation between WM atrophy and WM lesions on the one hand, and GM 
atrophy on the other, and the relative eff ect of these measures on disability is 
investigated and discussed. Because it is unlikely that cognitive impairment 
can be explained only by GM abnormalities, a study into potential cognitive 
correlates of WM abnormalities was performed using diff usion tensor imaging 
(DTI), which is described in chapter 4.2. To examine the reaction of the brain 
on damage in order to preserve function, reorganization of functional networks 
in early MS patients was studied using resting state functional MRI, as described 
in chapter 5.1. 

BOX 3 | QUANTITATIVE MEASURES OF STRUCTURAL 
DAMAGE

MRI measures of atrophy
A study in which callosal area was measured highlighted the high 
prevalence of atrophy in MS patients. [1] Manual tracing of callosal 
area, ventricular width or brain width has since been largely replaced by 
automated methods. In this thesis, a soft ware tool called Structural Image 
Evaluation using Normalization of Atrophy X-sectional (SIENAX) is used, 
which automatically segments brain from non-brain matter, subsequently 
estimates brain volume and applies a normalization factor to correct for 
head size. Additionally, this tool is able to estimate GM and WM volumes 
separately.
Various studies have shown that brain atrophy can be found early in the 
disease, and that brain atrophy progresses with a rate of approximately 
threefold that of healthy controls. What exactly is measured with atrophy 
using MRI is partly unclear, as well as what factors drive the tissue loss in 
MS. Atrophy probably refl ects destructive pathological processes that occur 
in MS patients: axonal loss, demyelination and gliosis. It is not a perfect 
marker of the end result of irreversible damage, however, because it can 
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be infl uenced by presence of infl ammation-related oedema, and also by 
so-called pseudo-atrophy, which is caused by resolvement of oedema aft er 
initiation of immunomodulatory treatment. [2] Nevertheless, atrophy is 
increasingly used as a outcome measure in clinical trials, [3] and it was 
shown to have a strong relation with disability.

Figure 4 | Axial, coronal and sagittal slices through the brain are shown from left  to right, 
depicting fractional anisotropy (FA), which ranges from values close to zero (black) to 
values close to one (white). Th e highest FA values can be found in the corpus callosum.

Diff usion tensor imaging (DTI)
Diff usion is the random motion of molecules. To measure diff usion of 
water molecules in the brain with MRI, a sequence developed by Stejskal 
and Tanner is used, consisting of two symmetrical gradient pulses centered 
around a 180º refocusing pulse. Spins that moved will experience diff erent 
phase shift s by the two gradient pulses, and will consequently lose signal. 
Th e distance travelled by molecules depends on the time interval, the 
strength of the gradient pulses and on the diff usion coeffi  cient or diff usivity 
of the media. Furthermore, in the brain molecular displacement is restricted 
by axons and myelin, and will be larger in a direction parallel to the fi ber 
than perpendicular to it. Diff usion can be mathematically characterized by 
a 3x3 tensor, or visually represented by an ellipsoid. To estimate this 3x3 
diff usion tensor, at least six measurements (from diff erent directions) are 
required in addition to a non-diff usion weighted image. Intrinsic measures 
called eigenvalues can be calculated from the diff usion tensor, and from 
them the frequently used measure ranging from zero to one called fractional 
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anisotropy (FA; Figure 4). FA values are closer to one in highly anisotropic 
voxels such as in the corpus callosum, and closer to zero in more isotropic 
voxels, for example in the grey matter. Results from animal studies have 
suggested that the eigenvalues may have more specifi city for axonal loss or 
demyelination. 
Previous DTI studies in MS, using region-of-interest based techniques or 
whole-brain histogram analyses, stressed the heterogeneity of MS lesions. 
Novel image processing tools allow a voxelwise comparison between 
patient and control groups, and thereby the localization of damage. A tool 
specifi cally designed for the voxelwise analysis of DTI data, called tract-
based spatial statistics (TBSS) is used in two of the studies described in this 
thesis.
1. Simon JH, Schiff er RB, Rudick RA, Herndon RM. Quantitative determination of MS-induced corpus 
callosum atrophy in vivo using MR imaging. AJNR Am J Neuroradiol 1987; 8(4):599-604.
2. Zivadinov R, Reder AT, Filippi M, Minagar A, Stuve O, Lassmann H et al. Mechanisms of action of 
disease-modifying agents and brain volume changes in multiple sclerosis. Neurology 2008; 71(2):136-
144. 
3. Barkhof F, Calabresi PA, Miller DH, Reingold SC. Imaging outcomes for neuroprotection and repair 
in multiple sclerosis trials. Nat Rev Neurol 2009; 5(5):256-266.
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