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Preface

Throughout this thesis, several concepts are used of which the specific definitions depend 
on one’s particular academic field of expertise. For the sake of clarity, the definitions of each 
concept used throughout this thesis are listed below.

Heterogeneous

“diverse in character or content.”
From: oxforddictionaries.com

Stratification

To arrange or classify: “stratifying patients into well-defined risk groups”
From: oxforddictionaries.com

Phenotypes

“The physical characteristics of something living, especially those characteristics which 
can be seen.”

From: oxforddictionaries.com

Endophenotypes

“Endophenotypes, measurable components unseen by the unaided eye along the 
pathway between disease and distal genotype, have emerged as an important con-
cept in the study of complex (neuropsychiatric) diseases. An endophenotype may be 
neurophysiological, chemical, endocrinological, neuroanatomical, cognitive, or neuro-
psychological (including configured self-report data) in nature.”

From: Gottesman II and Gould TD. Am J Psychiatry 2003; 160: 636-45.

While the concepts of “phenotype” and “endophenotype” are closely related, they are used 
in distinct senses in this thesis. The definition of “phenotype” used here also encompasses 
characteristics that can be seen by imaging modalities such as MRI especially, or can be 
made visible by immunohistopathological techniques such as antibody stainings. The term 
“endophenotype” is reserved for usage regarding genotype-phenotypes (assocation) stud-
ies.
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Box 1 The case of Augustus d’Este (1794-1848)

1822 The death of Strowan. Effect upon my Eyes. In the month of December 1822 I travelled 
from Ramsgate to the Highlands of Scotland for the purpose of passing some days with a 
Relation for whom I had the affection of a Son. On my arrival I found him dead. I attended his 
funeral: - there being many persons present I struggled violently not to weep, I was however 
unable to prevent myself from so doing: - Shortly after the funeral I was obliged to have my 
letters read to me, and their answers written for me as my eyes were so attacked that when 
fixed upon minute objects indistinctness of vision was the consequence. Until I attempted 
to read, or to cut my pen, I was not aware of my Eyes being in the least attacked. Soon after, 
I went to Ireland, and without anything having been done to my Eyes, they completely 
recovered their strength and distinctness of vision.

17 October 1827 To my surprise (in Venice) I one day found a torpor or indistinctness of feeling about the 
Temple of my left Eye. At Florence I began to suffer from a confusion of sight: - about the 6th 
of November the malady increased to the extent of my seeing all objects double. Each eye 
had its separate visions. Dr. Kissock supposed bile to be the cause: I was twice blooded…. 
The malady in my Eyes abated, I again saw all objects naturally in their single state. I was able 
to go out and walk.

Now a new disease began to show itself: every day I found gradually (by slow degrees) my 
strength leaving me. A torpor or numbness and want of sensation became apparent about 
the end of my Backbone and the Perinaeum. At length about the 4th of December my 
strength of legs had quite left me… I remained in this extreme state of weakness for about 
21 days… the problem with my eyes receded, and I recovered the vision of each object in 
its single state in the normal manner. I was once more able to go out and take a walk…”

1848 Augustus d’Este dies at the age of 54, 26 years after the first presentation of symptoms.

Adapted from: Firth D. The case of Augustus d’Este (1794-1848): the first account of disseminated sclerosis. Proc R Soc Med. 
1941; 34: 381-384, and: Landtblom AM, Fazio P, Fredrikson S, Granieri E. The first case history of multiple sclerosis: Augustus 
d`Esté (1794-1848). Neurol Sci. 2010; 1: 29-33.
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General introduction

From Augustus d’Este1 and the first pathological description of Multiple Sclerosis (MS) by 
Jean-Martin Charcot in 1868,2 almost two centuries have passed to this day where we still 
face MS as a disease with unknown cause and no definitive cure. Successful research in 
recent years has led to a more accurate and faster way of diagnosing MS. Unfortunately, 
there is still no possibility of giving patients a reliable prognosis of their physical abilities in 
the future. A portion of patients with MS become wheelchair bound, while also a portion 
of patients remain able to continue their normal daily activities.3 Ultimately, the wide spec-
trum in clinical severity leads to insecure future perspectives for patients that are usually 
diagnosed with MS in the prime of their lives.
To gain more insight in how MS evolves in individual patients, it is important to understand 
how MS is generally “seen” by the different specialists involved: neurologists, neuropa-
thologists and neuroradiologists. Even though these three disciplines are concerned with 
the same disease, the insights that come forth from their perspectives are based on and 
oriented towards the areas that these disciplines themselves foreground and prioritize. Ac-
cordingly, a greater understandig in MS is only possible if one combines these disciplinary 
views. Below I will briefly outline the central concerns in each perspective, in order to show 
where the possible connections and areas of overlap lie.

Key pathological features: the neuropathologist’s perspective

The field of neuropathology is especially well equipped for identifying biological mecha-
nisms behind MS. The key pathological features of MS are “lesions”: areas of demyelination, 
inflammation, axonal loss and gliosis throughout the white (WM) and gray matter (GM) 
in the brain and spinal cord.4,5 Acute WM lesions are characterised by demyelinated areas 
with massive infiltration of T- and B cells, macrophages and microglia (active lesions). As the 
inflammatory process continues, the inflammation in the center of the plaque fades, leav-
ing a rim of activated microglia surrounding a demyelinated center (chronic active lesion).6 
GM lesions are also abundantly present in MS but generally lack the classic pathological 
hallmarks that are seen in WM demyelination. They show almost no inflammation, virtually 
no gliosis, no blood-brainbarrier (BBB) -disruption and no complement activation.7-9

After an initial demyelinating event, lesions can either be invaded by activated astrocytes 
that cause a gliotic lesion devoid of oligodendrocytes (OGDs) and myelinated axons (inac-
tive lesions),6 but they can also become (fully or partially) remyelinated (shadow plaques).10-12 
For successful remyelination, the presence of sufficient and functioning OGDs is crucial. 
OGDs are among the most vulnerable cell types in the CNS. Easily affected by hypoxia, 
inflammatory mediators and glutamate excitotoxicity, the oligodendrocyte pool is quickly 
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reduced during an inflammatory event.13,14 For adequate remyelination the OGD pool must 
become repopulated by oligodendrocyte precursor cells (OPCs) that migrate from the 
subventricular zone and dorsal column towards any damaged area. After repopulation of a 
demyelinated area and maturation of OPCs, OGDs finally need to connect with demyelin-
ated axons. 15

Degeneration of neurons and axonal bodies can also be widespread. In chronic MS lesions, 
axonal density can be seen to be reduced to 20-30% compared to control WM.16 The mecha-
nisms that contribute to the neurodegeneration in MS can be manifold and are most likely 
to involve a combination of factors. Axons are vulnerable cell types that depend on intact 
metabolic organisation. Due to their ever continuing function, axons require more than 
sufficient oxygenation and metabolites that are necessary for neuronal and axonal integ-
rity. Especially after demyelination, disrupted mitochondrial function, disturbed glutamate 
homeostasis, and disturbed trophic support from growth factors can all lead to increased 
energy demand, disturbed calcium homeostasis and eventually axonal degeneration.17-19 
Also, anterograde and retrograde degeneration can affect axonal numbers by distant 
transection of axons due to inflammation.20 It is currently unknown if neurodegenerative 
mechanisms are a cause or a consequence of inflammation.21-23

MS and MRI: the neuroradiologist’s perspective

While neuropathology is primarily concerned with identifying mechanisms and processes, 
the field of neuroradiology is concerned particularly with visualizing them. A substantial 
part of the abovementioned MS pathology can be visualised in vivo using Magnetic 
Resonance Imaging (MRI). WM lesions (active, chronic active and inactive) can be visualised 
using T2-weighted, Proton Density (PD) and Fluid Attenuated Inversion Recovery (FLAIR) 
scans and are seen as hyperintense (white) areas in either the brain or spinal cord. The 
total T2 lesion load (T2LL) is generally regarded as the total of lesions up until the time 
of scanning, as no distinction can be made between the different lesion phases or even 
between demyelination and remyelination.11, 24 Approximately 40% of all T2 lesions are also 
seen on T1-weighted scans without administration of intravenous contrast agents. These 
“black-holes” reflect two pathological processes. In a newly formed lesion (active lesion), T1 
hypointensity suggests the presence of edema (acute black-hole), but when the hypoin-
tensity persists, more definite and extensive tissue destruction with axonal loss and without 
remyelination is present (chronic black-hole).25-27 The pattern of evolution from “acute black-
hole” to “chronic black-hole” seems to be uniform within a given patient but differs between 
patients.28 In individual patients, the percentage of T1-lesions can also be calculated by the 
ratio between T1LL and T2LL (T1T2-ratio), which is an indication of the extent of definite 
tissue destruction and lack of repair (i.e., remyelination). Newly forming (acute) lesions can 
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be visualised by the intravenous administration of contrast agents such as Gadolinium. 
During acute inflammation Gadolinium passes the disrupted blood-brain barrier (BBB) and 
leaks into the brain tissue which shows up as hyperintensities on T1 post-contrast images.
GM lesions are less easy to visualise, especially when using conventional imaging tech-
niques. Therefore, a large proportion of cortical pathology remains “unseen” during the 
course of MS 29. With the introduction of newer imaging sequences (such as double inver-
sion recovery (DIR)) the sensitivity to detect cortical pathology has improved30.

Besides lesion measurements, brain volume measurements have become an important 
feature in imaging MS pathology as a measure of brain atrophy. Normalized brain volume 
(NBV), normalized white matter volume (NWMV), normalized gray matter volume (NGMV) 
and the percentage brain volume change (PBVC) can be measured using SIENA(X)31. Com-
pared to healthy controls, WM volume loss is 3 times greater in MS patients. GM volume 
loss is even more pronounced being 3.4 times greater in CIS patients and increasing up 
to 14 times the rate of healthy controls in secondary progressive patients. Although the 
pathological substrate is not well understood, brain atrophy is likely a reflection of tissue 
shrinkage following lesion formation and most importantly of gradual neuro-axonal loss in 
the GM and WM.32

Key clinical features; the neurologist’s perspective

The neurologist is concerned with three distinct but related issues concerning patients with 
MS: analytically focusing on differentiation into clinically relevant subtypes on the one hand, 
and determining disease progression on the other, all for a targeted and effective treatment 
of the disease. The clinical characteristics that are a result of the ongoing neuroinflamma-
tion and degeneration in MS can be heterogeneous and are thus characterized by a broad 
spectrum of neurological syndromes. The most common symptoms of MS include visual 

Box 2 Facts about MS

• The average age at onset of MS is 30 years.

• There is a female predominance with a female-male ratio of 2:1 which increases over time.

• The incidence and prevalence of MS varies geographically with the highest numbers present in countries 
most distant from the equator. In Northern-American in West-European countries the incidence is ap-
proximately 7 per 100,000 with a prevalence of 120 per 100,000.

Compston & Coles 2002, Alonso & Hernan 2008, Mayr et al 2003, Orton et al 2006, Simpson S Jr et al 2011.
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disturbances, motor problems and sensory deficits, but incontinence, and cerebellar and 
cognitive problems are also frequently present. A number of MS subtypes are distinguished 
clinically.33 The most prevalent subtype is relapsing-remitting MS (RRMS) which occurs in 
80% of all MS patients and is clinically characterized by episodes of acute neurological 
worsening (“relapses”) followed by a phase of (in)complete recovery (the remitting phase). 
A residual neurological deficit can remain after each relapse, but there is generally no slow 
progression of disability in between episodes. In most patients with an initial RR onset of 
MS, relapses eventually become less frequent but slow progression of neurological dis-
ability becomes the predominant characteristic. This secondary progressive MS (SPMS) is 
often said to be the most debilitating phase of the disease since usually a gradual decline 
in mobility occurs due to muscle weakness, sensory and cerebellar disturbances. A third 
subtype, primary progressive MS (PPMS), is characterized by initial and ongoing progressive 
neurological disability without (or with minor) relapses. Lastly, benign MS (BMS) is a sub-
diagnosis that is made retrospectively, when patients experience no to mild disability 15 
years after the initial onset of MS.
In the clinical and research setting, progression of MS is usually monitored by a combina-
tion of clinical measures. The most widely used measures are the Expanded Disability Status 
Scale (EDSS)34 and Multiple Sclerosis Functional Composite (MSFC).35 The EDSS is a standard-
ized neurological examination that combines abnormalities found in the neurological exam 
as well as patient reported problems. Higher scores on the EDSS are mainly determined 
by walking abilities and by the types of daily activities that a patient is capable of. The 
MSFC combines three quantitative measures that are considered an important dimension 
of the physical abilities of MS patients: timed hand function, walking speed and a test that 
assesses part of the cognitive functions. Taken together with the number of relapses that 
a patient experiences over a certain period, these tests inform clinicians about the inflam-
matory activity as well as measuring slow progression of neurological disabilities over time.
To date, treatment is available for RRMS only. Treatment options are broadening at a 
rapid pace. Currently, the group of interferons (Interferon-alpha and beta) and glatiramer 
acetate are available as first-line treatment. Natalizumab, fingolimod, dimethyl fumarate, 
teriflunomide and alemtuzumab are (about to be) registered as second line treatment. 
The therapeutic action, for all these treatments generally, is suppression of inflammatory 
activity (with suppression of the number of relapses and new T2-lesions) thereby aiming 
at preventing new (and lasting) neurological disability. There are currently no therapeutic 
options to prevent neurodegeneration with neuroprotective compounds. It is also currently 
not possible to induce neurorepair in damaged areas with farmacoactive compounds.
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The problems on which this thesis was built

Clinical, radiological and pathological features of MS all show great heterogeneity, result-
ing in an unpredictable disease course. The main question is which factors determine 
this heterogeneity? And how can we use these fields for translational research into this 
heterogeneity?
The disconnect between the aetiology of MS in general and the prediction of disease 
course in individual cases is an issue where the need for a better understanding of the 
heterogeneity of the disease is most apparent. The precise aetiology of MS is unclear, but 
most likely involves a combination of environmental and genetic factors. The characteristic 
latitudinal gradient in the prevalence of MS with distinct patterns in migration influences 
have indicated a strong role for environmental factors which might be partially influenced 
by UV-exposure and vitamin-D formation .36 The precise mechanisms, however, have yet to 
be elucidated. Genetics also play a strong role in MS aetiology. Twin-studies have provided 
substantial and robust evidence of a significant excess of concordance in monozygotic 
twins compared to dizygotic twins.37, 38 Also, studies have shown a decrease in risk of acquir-
ing MS when genetic relatedness to family members with MS decreases and an absence of 
effect on risk of development in stepsiblings of an affected family member.39, 40 Discovered 
in the 70s, allelic variation in the human leukocyte antigen (HLA) gene cluster on chromo-
some 6p21.3 is the most prominent genetic determinant.41 Now known as the DRB1*1501 
allele, this variant is the strongest susceptibility allele to date.42,  43 With the introduction 
of large scale genetic sequencing methods and genome-wide association studies (GWAS) 
in the past decade, new associations have emerged from outside the MHC-region includ-
ing interleukin 7 and interleukin 2 receptors, CD58, CLEC16A.44-48 Also, with the increase of 
included sample sizes in these studies, the list of these “susceptibility” genes is increasing.49

Interestingly, the factors that are associated with susceptibility to MS are –if at all pres-
ent- only modestly associated with the disease course. In an attempt to identify whether 
variation in biological pathways could alter the disease course, genetic studies have sought 
associations between genetic variants and several clinical and MRI-based phenotypes. The 
majority of these studies have led to contradictory results. Firstly, regarding the DRB1*1501 
allele, some studies have found modest associations between HLA-DRB1*1501 and lesion 
burden on MRI50, the spinal cord51 and MS disease subtype,52 whilst other –usually better 
powered- studies have failed to identify statistically significant associations.53,  54 Also, in 
histopathological studies the search for differences in pathological mechanisms between 
clinical subtypes has been largely disappointing. Only minor differences between subtypes 
have been found, but these are insufficient to identify causative mechanisms behind the 
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differences between prominently inflammatory and progressive MS.55,  56 With regards to 
imaging studies, similar observations can be made as in pathological studies. T2LL and 
T1LL are only modestly associated with clinical disability57, whereas atrophy and especially 
GM atrophy appear to be better prognostic markers for long-term disability in progressive 
MS.58, 59 However, prediction of prognosis based on imaging characteristics alone is still not 
possible.

Generally, in studies that attempt to identify factors contributing to disease heterogeneity, 
patient stratification is based on the clinically diagnosed subtypes. To date, in searching 
for substantial differences that can explain the clinical heterogeneity, imaging and patho-
logical studies based on this stratification have failed (figure A). Consequently, a satisfactory 
explanation can best be sought by taking a different approach (figure B): by changing 
the view on MS and adopting a different research strategy, namely stratification based on 
radiological or pathological phenotypes.

Figure 1 The current way of thinking in identification of pathological factors that might contrib-
ute to MS heterogeneity
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Towards (endo)phenotyping multiple sclerosis:  
Aims & Outline of this thesis

Taken together, the arguments presented above justify the question whether focusing on 
a stratification based on the known clinical phenotypes is the best way of investigating 
clinical heterogeneity in MS (see figure 1). Different disease phenotypes, may be warranted 
, based not on clinical presentation but on more specific pathological disease mechanisms. 
To improve the understanding of disease heterogeneity and to improve the identification 
of its causative factors, there is a need to bring into view a combination of different phe-
notypes indicative of neuroinflammation and degeneration. This might produce a better 
understanding of how genetic variation can drive different biological mechanisms and an 
altered disease course in MS. Also, new insights into the prediction of disease course in indi-
vidual patients might emerge. Crucial to this is the integration and combination of multiple 
features that embody and visualise the complete triangle of MS: pathology, imaging and 
clinical measures (see figure 1) .

This thesis describes a combination of studies that includes and connects the three corners 
of the triangle in search of a way towards endophenotyping multiple sclerosis. The general 
questions are `how can combining pathological measures contribute to a better predic-
tion and-or understanding of the heterogeneous disease MS” and “can we incorporate 
phenotypic measures to search for genetic associations with disease expression?”. Chapter 
2, identifies clinically informative phenotypes of MS. It describes a study that incorporates 
a combination of MRI-phenotypes derived from the two key pathological features: inflam-
mation and degeneration. The main focus is the question if combining pathology and 
stratifying patients into phenotype-groups also reveals differences on a clinical level that 
are not seen with the currently prevalent point of view that generalizes MS as a single en-
tity. Chapters 3 and 4 describe two pathological studies that focus on deeper phenotypic 
stratification. Chapter 3 describes a study of heterogeneity in remyelination capacity in gray 
and white matter, and possible differences and clinical implications in MS. It also describes 
a preliminary study of how oligodendrocyte biology contributes to the found differences. 
Chapter 4 then studies innate immunity in MS gray matter and how the presence of rims 
of activated microglia influences the severity of MS in clinical terms. Also, correlations of ‘ac-
tive’ cortical lesions with other pathological characteristics are investigated in this chapter. 
Subsequently, chapters 5 & 6 describe two endophenotyping studies that identify genetic 
variants that alter the expression of MS phenotypes as captured by MRI. More specifically, 
these studies focused on a new way of endophenotyping MS by including genes that are 
involved in two key biological mechanisms known to play a role in MS pathology and ana-
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lyzing them with a new statistical method that incorporates multiple phenotype measures. 
Chapter 5 focuses on glutamate related genes, as glutamate is known to be important to 
both neurodegeneration and inflammation in MS. Chapter 6 focuses on genes involved in 

Figure 2 The clinico-radio-pathological triangle of MS



Introduction     |   19

Chapter

1
epigenetic mitochondrial mechanisms, as more evidence now also points towards involve-
ment of epigenetic regulation in neurodegenerative and neuroreperative mechanisms.

The clinico-radio-pathological triangle shows the 3 cornerstones MS research. It is only by 
combining the clinical characteristics, the evolution of MS as seen by the neuroradiologist, 
and the pathological mechanisms as seen by pathologists, that an attempt at identifying 
causative mechanisms behind the clinical heterogeneity can become more fruitful.

Abbreviations: EDSS; Expanded Disability Status Scale, MSFC; Multiple Sclerosis Functional 
Composite, MSSS: Multiple Sclerosis Severity Scale, NBV: normalized Brain Volume, NGMV: 
normalized gray matter volume, PBVC: percentage brain volume change, NWMV: normal-
ized white matter volume, GM: gray matter, WM: white matter, RRMS: relapsing remitting 
MS, SPMS: secondary progressive MS, CIS: clinically isolated syndrome, 25F-TWT: 25-foot 
timed walk test, PPMS: primary progressive MS, 9-HPT: 9-hole peg test.
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Abstract

Introduction: The clinical severity of MS is heterogeneous and is 
currently difficult to predict. To better understand what drives this 
heterogeneity, identification of MRI-phenotypes that combine the 
two key pathological features of MS (inflammation and degeneration) 
might be a useful method for patient stratification. This study looked 
at whether stratification into such phenotypes is clinically informative 
across a large, well-defined cohort of patients, as well as a sub-cohort of 
patients with short disease duration.
Methods: 429 patients were stratified into phenotype-groups based on 
accepted MRI-measurements of inflammation (T2 lesion load (T2LL); “I”) 
and degeneration (normalized gray matter volume (NGMV); “D”). Based 
on a median split of logarithmic transformed T2LL data and NGMV data, 
four groups were created; 1) Ilow-Dlow, 2) Ihigh-Dlow, 3) Ilow-Dhigh, 4) Ihigh-Dhigh. 
All analyses were performed in the total cohort (N=429) as well as in a 
subcohort of patients with ”short” (<10 years, N=210) and “long” (>= 10 
years, N=219) disease duration. Subsequently, associations between the 
4 phenotype-groups and clinical measures (Expanded Disability Status 
Scale (EDSS) scores, 9-Hole Peg Test (9-HPT) and Timed 25-foot Walk Test 
(25F-TWT)) were analysed in all three cohorts separately using a linear 
regression method with correction for disease duration and gender.
Results: In the total cohort, patients in group Ihigh-Dhigh performed signifi-
cantly worse compared to group Ilow-Dlow on the EDSS score (median 4 
vs 2.5; p>10^-5), the 9-HPT (31.6 vs 18.9 sec; p>10^-5), and the 25F-TWT 
(18.6 vs 7.0 sec; p>0.001). A similar effect was present for group Ilow-Dhigh 
compared to group Ilow-Dlow and group Ihigh-Dhigh compared to group 
Ihigh-Dlow. In the short cohort, group Ihigh-Dhigh also performed significantly 
worse on all clinical measures compared to groups Ilow-Dlow and Ihigh-Dlow. 
Within the long cohort the differences were less prominent. Here, group 
Ihigh-Dhigh performed only significantly worse on the 9-HPT compared to 
group Ilow-Dlow.
Discussion: Stratification based on MRI features creates clinically 
informative phenotype-groups. Patients with higher inflammation and 
degeneration perform significantly worse on clinical measures of dis-
ability, even after short disease duration. Interestingly, patients that 
are stratified into a profile with higher degeneration perform clinically 
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worse than patients with low degeneration and the same extent of inflammation. Ultimate-
ly, stratification of patients into a predominantly inflammatory, degenerative or combined 
disease profile might serve as a basis for the identification of neurobiological markers that 
drive the heterogeneous expression of MS.

Introduction

The clinical severity of multiple sclerosis (MS) is heterogeneous and is currently difficult to 
predict. The key pathological features that drive this heterogeneity are inflammation, and 
neurodegeneration. Both inflammation and degeneration are present at the earliest stages 
of the disease, but where inflammation diminishes over time, degeneration accelerates 
in more advanced disease stages1, 2. The general assumption is that in contrast to earlier 
disease stages where lesion development in specific anatomical areas in the brain or spinal 
cord determines a patients physical performance, neurodegeneration is the main contribu-
tor to disability in later disease stages2, 3.

Given the pathological variety that is present within lesions4, the varying lesion burden 
and general neuro-axonal degeneration in patients5-7 and their association with disability7-9, 
it is likely that a combination of both ultimately leads to a more severe disease course, 
rather than either inflammation or degeneration alone. Therefore, the aim of this study was 
assessing whether identification of MRI-phenotypes that combine these two key pathologi-
cal features of MS might be a useful method for patient stratification, to ultimately better 
understand what can account for the clinical heterogeneity. To determine whether this 
phenotypic stratification is also relevant after a short disease duration we also performed 
our analysis in a subset of the total cohort by then analysing the patients with a “short” (< 
10 years) and “long”(>= 10 years) disease duration separately. Stratification was performed 
based on the extent of inflammation and neurodedegeneration, defined by the two most 
commonly used and widely accepted MRI measures for inflammation (T2 lesion volume 
(T2LL)) and neurodegeneration (normalized gray matter volume (NGMV)).

Methods

Cases

Patients were recruited from two specialized referral centres participating in the GeneMSA 
consortium10: the University Hospital in Basel and the VU University Medical Centre in Am-
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sterdam. The study protocol was approved by the institutional ethics review boards of the 
clinical centres and all patients gave written informed consent prior to participation. All in-
cluded patients had a diagnosis of clinically isolated syndrome (CIS), relapsing-remitting MS 
(RRMS), secondary-progressive MS (SPMS), or primary-progressive MS (PPMS). In all subjects, 
disability was assessed with the Expanded Disability Status Scale11 (EDSS) and the motoric 
scores of the Multiple Sclerosis Function Composite12 (MSFC): the 25-foot timed walk test 
(25F-TWT), the 9-hole peg test in both the dominant (9-HPT-DH) and non-dominant hand 
(9-HPT-NDH) and the mean 9-HPT scores for both hands (9-HPT-BH).12

Image acquisition and measurements

MR-imaging was performed at on two 1.5T MR-systems (Amsterdam: Siemens Vision; Basel: 
Siemens Avanto). Dual echo proton density (PD)-T2-weighted images (TR:2000-4000ms;TE 
14-20/80-108ms), with interleaved axial 3.0 mm-thick slices and an in-plane resolution of 
1.0x1.0 mm2, were acquired. Additionally, post-contrast T1-weighted spin-echo images 
(TR:467-650 ms; TE 8-17ms;axial 3.0 mm-thick slices with an in-plane resolution of 1.0x1.0 
mm2) were obtained. For brain volume measurements, 3D-T1 images were acquired (TR: 
7-20.8 ms; TE 2-4 ms; TI 300-400 ms), consisting of isotropic 1x1x1 mm3 voxels.
Marking and measurement of focal white matter lesions was performed at the University 
Hospital Basel, using commercial semi-automatic software (AMIRA 3.1.1; Mercury Computer 
Systems Inc). T2-hyperintense lesions and T1-hypointense lesions were manually outlined 
on PD-images. Subsequently, baseline T1 and T2 lesion loads (T1LL and T2LL respectively) 
in microliters (mcL) were calculated.
Brain volume analyses were performed at the Imaging Analysis Centre Amsterdam. Normal-
ized brain volume (NBV), normalized white matter volume (NWMV) and NGMV (all in mcL) 
were estimated using SIENAX (version 2.2) available from the FMRIB software Library13. To 
correct GM and WM volumes for head size, SIENAX registers each individual scan to MNI-152 
standard space, using the skull as a scaling constraint. The volumetric scaling factor is then 
used for normalisation to NBV, NWMV and NGMV. Scans of all subjects and the resulting 
segmentation maps were visually inspected for scan quality and segmentation quality 
respectively before and after segmentation.

Phenotype stratification

Patients were stratified into phenotype-groups based on accepted MRI-measurements of 
inflammation (T2LL; “I”) and degeneration (NGMV; “D”). A number of steps were taken for 
stratification into phenotype-groups. Firstly cases were stratified based on a median split 
of T2LL data , which was log-transformed to attain a normal distribution. Then, cases were 
stratified based on a median split of NGMV data based on the median NGMV of the com-
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Figure 1A-C stratification scheme of phenotype groups

4 phenotype groups were created based on a median split of normalized gray matter volume (NGMV, degeneration) 
and log T2 lesion load (log T2LL, inflammation); 1) Ilow-Dlow; low inflammation, low degeneration (i.e. NGMV > median 
and log T2LL < median) 2) Ihigh-Dlow; high inflammation, low degeneration (NGMV > median, log T2LL >= median), 3) 
Ilow-Dhigh; low inflammation, high degeneration (NGMV <= median, log T2LL < median), and 4) Ihigh-Dhigh; high inflam-
mation, high degeneration (NGMV <= median, log T2LL >= median).
The scatterplots show the association between log T2LL and NGMV for A) the total cohort and B) the sub-cohort of 
patients with “short” (<10 years) and C) “long” (>= 10 years) disease duration. For each of the groups its corresponding 
median NGMV and log T2LL is depicted with the dotted line. Also, the 4 phenotype groups that are created by the 
stratification based on these medians are depicted with different shades of gray (see also table 2).
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plete group. In total, four phenotype-groups were created; 1) Ilow-Dlow; low inflammation and 
low degeneration, i.e. low T2LL volume and high NGMV, 2) Ihigh-Dlow; high inflammation and 
low degeneration, i.e. high T2LL volume and high NGMV, 3) Ilow-Dhigh; low inflammation and 
high degeneration, i.e. low T2LL volume and low NGMV, 4) Ihigh-Dhigh; high inflammation and 
high degeneration, i.e. high T2LL volume and low NGMV. See also figure 1.

Table 1 Clinical Descriptives

Clinical characteristics N Mean SD Min Max

Total Age (yrs) 429 45.1 10.7 19.1 67.5

  Disease duration symptoms (yrs) 429 12.0 8.6 0 47.0

  Disease duration diagnosis (yrs) 425 8.3 6.8 0 40.2

  EDSS (median/IQR) 429 3.0 2.5 0 7.5

  9-HPT-DH (sec) 427 25.6 31.5 12.9 300

  9-HPT-NDH (sec) 427 26.4 25.1 13.6 300

  9-HPT-BH (sec) 427 26.0 23.5 13.8 300

  25F-TWT (sec) 426 12.5 31.1 2.1 180

Short Age (yrs) 210 40.9 10.4 19.1 65.7

  Disease duration symptoms (yrs) 210 5.1 2.4 0 9.0

  Disease duration diagnosis (yrs) 207 3.7 2.3 0 9.5

  EDSS (median/IQR) 210 2.5 1.5 0 7.5

  9-HPT-DH (sec) 208 21.8 21.0 12.9 300

  9-HPT-NDH (sec) 208 25.2 27.3 13.6 300

  9-HPT-BH (sec) 208 23.5 18.8 13.8 180

  25F-TWT (sec) 209 9.3 27.0 2.1 180

Long Age (yrs) 219 49.2 9.4 21.5 67.5

  Disease duration symptoms (yrs) 219 18.6 7.1 10.0 47.0

  Disease duration diagnosis (yrs) 218 12.7 6.8 0.7 40.2

  EDSS (median/IQR) 219 4.0 3.5 0 7.5

  9-HPT-DH (sec) 219 29.2 38.6 13.3 300

  9-HPT-NDH (sec) 219 27.5 22.8 13.7 300

  9-HPT-BH (sec) 219 28.3 27.0 13.8 300

  25F-TWT (sec) 217 15.6 34.4 3.0 180

Clinical descriptives of the complete cohort and “short”(< 10 years) and “long”(>= 10 years) cohorts separately.
Abbreviations: EDSS; expanded disability status scale, 9-HPT-DH; 9-hole peg test Dominant Hand, 9-HPT-NDH; 9-hole 
peg test non-dominant hand, 9-HPT-BH; mean score of the 9-hole peg test of both hands, 25F-TWT; 25-foot timed 
walk test.
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To determine if possible differences in performance on clinical measures between pheno-
type-groups were also present after a short disease duration, all analyses were performed in 
the “total cohort” as well as a subcohorts of patients with “short” (“short cohort”; <10 years) 
and “long” (>= 10 years, N=219) disease duration. In both subcohorts cases were stratified 
based on the median values of logT2LL and NGMV in the specific cohort.

Statistical analysis

To attain a normal distribution of the data, log-transformation was used for T2LL measure-
ments and the clinical outcome measures 25F-TWT and 9-HPT. Subsequently and in both 
cohorts separately, associations between the four phenotype groups and the EDSS, 25F-
TWT, 9-HPT-DH, 9-HPT-NDH and 9-HPT-BH were analysed using a linear regression method 
adjusting for disease duration and gender. For all p-values, the uncorrected values are listed. 
All analyses were performed using SPSS software version 15 (SPSS Inc., Chicago, IL, USA).

Results

The “total cohort” consisted of 429 patients; 285 females and 144 males. The majority of 
patients were diagnosed with RRMS (N = 298), but CIS (N = 13), SPMS (N = 82) and PPMS ( N 
= 36) subtypes were also present. The mean age was 45.1 years (SD 10.7) and the mean dis-
ease duration from symptom onset was 12.0 years (SD 8.6). In this total group, the median 
EDSS was 3.0 (inter quartile range (IQR) 2.5), mean 9-HPT-DH was 25.6 sec (SD 31.5), mean 
9-HPT-NDH was 26.4 (SD 25.1), mean 9-HPT-BH was 26.0 sec (SD 23.5) and mean 25F-TWT 
was 12.5 sec (SD 31.1). In summary, the mean values of each of the imaging measurements 
were; T2LL 6161 mcL (SD 8197), T1LL 2176 mcL (SD 3620), NGMV 768752 mcL (SD 67261) 
and NWMV 780597 mcL (SD 56068). The complete clinical and imaging descriptives are 
listed in tables 1 and 2 respectively. Furthermore, the full descriptives for the “short” and 
“long”cohorts are also listed in these tables.

In all three cohorts, the median values for NGMV and T2LL were calculated to serve as 
basis for stratification into phenotype-groups, see table 2. Subsequently, based in on these 
median values, patients were stratified into the phenotype-groups. In the “total cohort” 143 
patients were stratified into group 1, 72 into group 2, 72 into group 3 and 142 into group 4. 
In the “short cohort”, 64, 41, 41 and 64 patients were stratified into phenotype groups 1, 2, 
3, and 4 respectively. Lastly, the long cohort had 70 patients in group 1, 40 in group 2, 39 in 
group 3 and 70 in group 4.



30   |    Chapter 2

In the “total” cohort, the differences between phenotype groups and clinical measures were 
most prominent. After correction for disease duration and gender, phenotype group 4 
(Ihigh-Dhigh) had a significant worse performance compared to group 1 (Ilow-Dlow) on the EDSS 
score (median 4 (IQR 3) vs 2,5 (IQR 2); P-value < 0.00001) , the 9-HPT-DH (mean 31.6 sec (SD 
40.9) vs 18.9 (4.4); P-value <0.00001), the 9-HPT-NDH (mean 29.5 sec (SD 15.0) vs 19.9 (4.5); 
P-value <0.00001), the 9-HPT-BH (mean 30.6 sec (SD 23.6) vs 19.4 (SD 4.1); P-value <0.00001) 
and the 25F-TWT (mean 18.6 sec (SD 40.7) vs 7.0 (SD 16.1); P-value < 0.001). A similar worse 
performance was observed for group 4 (Ihigh-Dhigh) compared to group 2 (Ihigh-Dlow) and for 
group 3 (Ilow-Dhigh) compared to group 1 (Ilow-Dlow). Tables 3 and 4 depict the median values of 
the EDSS scores, mean values of the 9-HPT-DH, 9-HPT-NDH, 9-HPT-BH and 25F-TWT for each 
of the phenotype groups and the corresponding significance levels for between-group 
differences.

Table 2 Imaging Descriptives

Imaging characteristics N Mean SD Min Max Median

Total NGMV 429 768752 67261 542086 923763 767924

  NWMV 429 780597 56068 627371 986880  

  T2LL 429 6161 8197 14 81317  

  T1LL 426 2176 3620 0 31749  

  T1T2 ratio 426 0.28 0.18 0 0.84  

  log T2LL 429 3.43 0.64 1.15 4.91 3.45

Short NGMV 210 791641 62418 601971 923763 788058

  NWMV 210 788215 53202 670264 929411  

  T2LL 210 4481 6357 14 43010  

  T1LL 208 1467 2684 0 22011  

  T1T2 ratio 208 0.24 0.18 0 0.79  

  log T2LL 210 3.26 0.66 1.15 4.63 3.31

Long NGMV 219 746804 64485 542086 901390 748162

  NWMV 219 773292 57868 627371 986880  

  T2LL 219 7771 9373 91 81317  

  T1LL 218 2852 4226 0 31749  

  T1T2 ratio 218 0.33 0.18 0 0.84  

  log T2LL 219 3.60 0.56 1.96 4.91 3.66

Imaging descriptives of the complete cohort and “short”(< 10 years) and “long”(>= 10 years) cohorts separately.
Abbreviations: NGMV; normalized gray matter volume. NWMV. normalized white matter volume. T2LL; T2 lesion load. 
T1LL; T1-lesion load. T1T2-ratio; the ratio between T1LL and T2LL. log T2LL; the log transformed T2LL.
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Table 3 Mean performance on clinical outcome measures for each phenotype group across the 
different disease duration groups

    Group 1 Group 2 Group 3 Group 4

Total No. of patients 143   72   72   142  

  EDSS (median (IQR)) 2.5 2.0 3.0 1.5 3.5 3.0 4.0 3.0

  Age (yrs) 39.7 9.7 40.7 10.0 51.7 8.5 49.5 9.2

  Disease duration symptoms 
(yrs) 8.2 6.5 9.9 6.3 13.6 10.2 16.1 8.6

  Mean 9-HPT-DH in sec (SD) 18.9 4.4 24.1 33.4 28.4 36.1 31.6 40.9

  Mean 9-HPT-NDH in sec (SD) 19.9 4.5 22.8 14.2 36.5 53.7 29.5 15.0

  Mean 9-HPT-BH in sec (SD) 19.4 4.1 23.5 19.3 32.4 40.3 30.6 23.6

  Mean 25F-TWT in sec (SD) 7.0 16.1 8.9 24.5 15.1 35.8 18.6 40.7

Short No. of patients 64   41   41   64  

  EDSS (median (IQR)) 2.0 1.5 2.5 2.0 3.0 2.0 3.0 2.0

  Age (yrs) 35.9 9.4 35.7 8.9 47.1 9.6 45.3 8.7

  Disease duration symptoms 
(yrs) 4.6 2.5 5.4 2.2 4.8 2.1 5.8 2.3

  Mean 9-HPT-DH in sec (SD) 17.9 3.6 19.9 4.5 22.8 15.0 26.3 35.9

  Mean 9-HPT-NDH in sec (SD) 18.5 2.7 24.1 18.4 35.5 56.0 26.0 11.5

  Mean 9-HPT-BH in sec (SD) 18.2 2.8 22.0 10.5 29.1 30.5 26.2 21.3

  Mean 25F-TWT in sec (SD) 4.2 1.1 8.9 27.5 6.5 6.3 16.7 43.0

Long No. of patients 70 40 39 70

EDSS (median (IQR)) 3.5 3.125 3.75 3.875 4.5 3 4 2.625

Age (yrs) 47.0 8.9 45.5 9.5 54.3 6.2 50.5 9.7

Disease duration symptoms 
(yrs) 16.7 6.3 17.5 5.9 20.7 8.5 19.9 7.0

Mean 9-HPT-DH in sec (SD) 24.2 33.8 35.9 61.6 26.9 16.0 31.6 34.7

Mean 9-HPT-NDH in sec (SD) 27.1 34.9 22.9 6.6 26.3 11.9 31.3 17.4

Mean 9-HPT-BH in sec (SD) 25.7 34.1 29.4 32.8 26.6 12.0 31.4 20.9

  Mean 25F-TWT in sec (SD) 12.6 30.4 10.3 18.8 22.9 47.4 17.6 36.7

Mean performance on clinical outcome measures for each phenotype group across the different disease duration 
groups: the complete cohort and “short”(< 10 years) and “long”(>= 10 years) cohorts separately.
Abbreviations: No.; number of patients, EDSS; Expanded Disability Status Scale, IQR; inter-quartile range, yrs; years, 
9-HPT-DH; 9 hole peg test dominant hand, 9-HPT-NDH; 9 hole peg test non dominant hand, 9-HPT-BH; mean of the 9 
hole peg test for both hands, 25F-TWT; timed 25-foot walk test, SD; standard deviation
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In the short cohort similar significant differences were present. Groups 4 (high-I, high-D: 
median EDSS 3.0 (IQR 2.0) p-value <0.001, mean 9-HPT-DH 26.3 sec (SD 35.9) p-value <0.001, 
mean 25F-TWT 16.7 sec (SD 43.0) p-value <0.001) and 3 (low-I, high-D: median EDSS 3.0 (IQR 

Table 4 p-values for the effect of phenotype group differences on clinical outcome measures 
after adjustment for disease duration and gender

  Phenotype group comparison 9-HPT-DH TWT EDSS

Total D-low vs D-high <0.0001 <0.001 <0.00001

I-low vs I-high 0.002 NS 0.020

 

Ihigh-Dhigh (4) vs Ilow-Dlow (1) <0.00001 <0.001 <0.00001

Ihigh-Dhigh (4) vs Ihigh-Dlow (2) 0.016 0.002 <0.001

Ilow-Dhigh (3) vs Ilow-Dlow (1) 0.016 0.047 <0.001

Ilow-Dhigh (3) vs Ihigh-Dlow (2) NS * 0.026

Ihigh-Dhigh (4) vs Ilow-Dhigh (3) NS NS NS

Ihigh-Dlow (2) vs Ilow-Dlow (1) * NS NS

Short D-low vs D-high 0.002 <0.001 <0.001

I-low vs I-high 0.045 0.037 *

 

Ihigh-Dhigh (4) vs Ilow-Dlow (1) <0.001 <0.001 <0.001

Ihigh-Dhigh (4) vs Ihigh-Dlow (2) * 0.024 0.015

Ilow-Dhigh (3) vs Ilow-Dlow (1) 0.020 0.026 0.013

Ilow-Dhigh (3) vs Ihigh-Dlow (2) NS NS NS

Ihigh-Dhigh (4) vs Ilow-Dhigh (3) NS NS NS

  Ihigh-Dlow (2) vs Ilow-Dlow (1) NS NS NS

Long D-low vs D-high NS * *

  I-low vs I-high * NS NS

 

  Ihigh-Dhigh (4) vs Ilow-Dlow (1) 0.024 NS NS

  Ihigh-Dhigh (4) vs Ihigh-Dlow (2) NS NS NS

  Ilow-Dhigh (3) vs Ilow-Dlow (1) NS NS NS

Ilow-Dhigh (3) vs Ihigh-Dlow (2) NS NS NS

Ihigh-Dhigh (4) vs Ilow-Dhigh (3) NS NS NS

Ihigh-Dlow (2) vs Ilow-Dlow (1) NS NS NS

Listed are the p-values for group differences in performance on the clinical measures (EDSS; Expanded Disability 
Status Scale, 9-HPT-DH; 25F-TWT; timed 25-foot walk test) after linear regression for each of the 4 phenotype groups 
with correction for disease duration and gender. All analyses were performed in the total and short cohort. NS = p-
value > 0.1, * = p-value =< 0.1 but > 0.05. All p-values are uncorrected for multiple comparisons.
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2.0) p-value 0.013, mean 9-HPT-DH 22.8 sec (SD 15.9) p-value 0.026, mean 25F-TWT 6.5 sec 
(SD 6.3) p-value 0.02) both performed significantly worse on all clinical measures compared 
to group 1 (low-I, low-D: median EDSS 2.0 (IQR 1.5), mean 9-HPT-DH 17.9 sec (SD 3.6), mean 
25F-TWT 4.2 sec (SD 1.1)). Less prominent were the differences within the long cohort. 
Here, group 4 (high-I, high-D) performed only significantly worse on all 9-HPT measures 
compared to group 1 (low-I, low-D). See figure 2 for an example of the performance on 
clinical measures for each of the phenotype-groups in the “total cohort”.

Discussion

In summary, this study shows that stratification based on MRI features creates clinically 
informative phenotype-groups. Firstly, patients that were stratified into phenotype group 
4 (Ihigh-Dhigh) showed a significant higher EDSS score and a worse performance on the 25F-
TWT and all 9-HPT scores compared to group 1 (Ilow-Dlow). Secondly, this effect was also 
observed in the cohort of patients with a “short” disease duration. Thirdly, not only patients 
in group 4 (Ihigh-Dhigh), but also patients in group 3 (Ilow-Dhigh) performed significantly worse 
on clinical measures than patients in group 1 (Ilow-Dlow ).

The present study investigated a large, well-characterized cohort of MS patients to deter-
mine whether patient stratification based on the key pathological features, inflammation 
and degeneration, would account for the clinical heterogeneity that characterizes MS. 
Inflammation and degeneration are related to a certain extent. Axonal loss is present in all 
WM lesions and is correlated with the presence of lymphocytic infiltrates14. In GM, lesions 
usually show fewer signs of inflammation, with apoptotic neurons en reduced synaptic 
density characterizing these demyelinated areas instead15-17. Interestingly, neuro-axonal loss 
is not restricted to demyelinated areas: a reduced number of axons is also seen in normal 
appearing white matter18 (NAWM). Also, although cortical lesions are far less inflammatory, 
neuronal loss can be widespread in GM lesions, as wel as in normal appearing gray mat-
ter (NAGM)19-21. This observation provides clear ground that while there may be a partial 
correlation between inflammation and degeneration, this correlation does not point to a 
unidirectional causal mechanism. Translating this to an in vivo setting, recent imaging stud-
ies have pointed towards the same necessity for distinguishing between the two: regional 
white matter lesions are related to regional gray matter atrophy to a certain extent22, but 
can also show a more diffuse pattern regardless of WM lesions23, 24.
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Inflammation and degeneration are both associated with clinical performance. GM atrophy 
is associated with cognitive and physical disability and disease progression1,  3,  25-28. GM 
atrophy rates increase substantially during progressive phases of MS3,  29 but GM atrophy 
can also be observed during early MS and CIS patients who later progress to clinically-
definite MS1,  30,  31. Generally associations between GM atrophy and clinical measures are 
stronger than WM involvement2, 32. However, disability is usually predicted by linear models 
that overlook combined effects and studies that combine such measurements for patient 
stratification are scarce33-35.

In line with the study by Bielekova et al, this study combined pathological features (logT2LL 
and NGMV as measures for inflammation and degeneration) to stratify patients into phe-
notype groups. In general, the correlation between both is assumed to be linear. However, 
as shown by figure 1, there is a distinct difference in association between logT2Ll and 
NGMV in the different groups, and only for higher T2LLs a significant correlation with lower 
NGMV can be observed. As such, stratification into groups, overcomes this non-linearity 
and allows for the incorporation of both into one regression analysis. Subsequently, we in-
vestigated whether stratification into phenotype-groups shows an association with worse 
performance on clinical outcome measures. The EDSS and multiple sclerosis functional 
composite (MFSC) are widely accepted and used measures for clinical performance11,12. The 
MFSC combines the 25F-TWT, 9-HPT and the paced auditory serial addition test (PASAT). 
Since the latter measures cognitive performance and is known for its learning effects over 
time we here included only the motoric components of the MSFC. Secondly, to account 
for effects of age and disease duration, we performed our analysis in different cohorts of 
patients with different disease durations to overcome these effects. We also corrected for 
effects of disease duration within these cohorts.

In the “long”cohort” significant associations were present for the 9-HPT measures between 
group 4 (Ihigh-Dhigh) compared to group 1 (Ilow-Dlow). The lack of effect for 25F-TWT and 
EDSS may lie in the fact that clinical outcome measures are more likely to show greater 
variety after longer disease. Also and more importantly, clinical outcome measures such 
as the 25F-TWT and EDSS are less sensitive to variation when patients are more severly 
affected. Especially the 25F-TWT and 9-HPT are known for these “ceiling-effects” whereas 
the EDSS score is known for its lower sensitivity to measure variation within higher scores. 
Nevertheless, the phenotypic stratification not only revealed a clinical association in the 
“total cohort”, significant effects were present across the different disease duration cohorts 
suggesting that a combined effect of inflammation and degeneration is also present in de 
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earliest phases of MS and that stratification into phenotypes that take both into account is 
clinically informative across all disease stages.

Although a correlation between inflammation and degeneration can be observed, there 
also seem to be patient-groups that show a relative overexpression of one of both (i.e. 
group 2; Ihigh-Dlow and group 3; Ilow-Dhigh). Identification of patient groups, with either more 
pronounced degeneration, inflammation or both during the disease course is important for 
a number of reasons. Firstly, clinical disability might be better explained by a combination of 
pathology rather than inflammation or degeneration alone. Stratification into well-chosen 
phenotypes that combine these key pathological features of MS, might better identify clini-
cal differences between patient groups. Secondly, patient stratification based on well cho-
sen phenotypes might ultimately lead to a better identification of patients with a distinct 
expression of different pathology. This might serve as a crucial basis for future studies into 
different pathogenic and genetic mechanisms and even therapeutic responses. Although 
future longitudinal studies are necessary, this study shows that phenotype stratification is 
clinically informative, which provides a basis for future phenotype driven research stratigies 
to ultimately better understand the variety that is seen during the course of MS.
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Abstract

Background: Cortical lesions (CLs) can be extensive in multiple scle-
rosis (MS). Clinically, CLs correlate better with physical disability and 
cognitive disturbances than white matter lesions (WMLs). Previous work 
has shown that there is also extensive remyelination in CLs. This study 
aimed to confirm and expand these previous findings by quantifying re-
myelination in grey matter (GM) and white matter (WM) and addressing 
oligodendrocyte morphology and clinical relevance of remyelination.
Methods: Serial sections of 124 paraffin-embedded tissue blocks from 
21 chronic MS patients were immunohistochemically stained for PLP, 
Olig2 (strongly expressed in oligodendrocyte precursor cells (OPCs; 
Olig2-strong), but weakly expressed in mature oligodendrocytes (OGDs; 
Olig2-weak)) and Nogo-A (OGDs). All sections were scored for: A) the 
presence of normal-appearing WM and GM, and B) de- and remyelin-
ation. Lastly, blinded Olig2 and Nogo-A cell-counts were performed in 
these areas.
Results: Remyelination was significantly more extensive in CLs than 
in WMLs (75.4% vs 54.4%; P = 0.042) with a trend towards more GM 
remyelination in primary-progressive MS (PPMS) compared to relapse-
onset MS (93.5% vs 69.9%, P = 0.078). Furthermore, significantly more 
Olig2-strong cells were found in remyelinated (20 cells/mm2 (IQR 19)) 
and non-remyelinated CLs (23 cells/mm2 (IQR 13)) compared to remy-
elinated WMLs (4 cells/mm2 (IQR 16), P = 0.004)) and non-remyelinated 
WMLs (12 cells/mm2 (IQR 15), P = 0.002)).
Conclusion: There is more remyelination in the GM than in the WM 
in MS, with a trend towards more remyelination in PPMS. Furthermore, 
there does not seem to be a significant OPC recruitment failure in the 
GM, which casts new light on the process of (failure of ) remyelination.
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Introduction

Traditionally regarded as a typical white matter disease, multiple sclerosis (MS) has faced 
a paradigm shift over the last decade with rapidly accumulating evidence of widespread 
GM involvement. Cortical lesions (CLs) generally lack the classic pathological hallmarks that 
are seen in WM demyelination, showing little inflammation, virtually no gliosis and no BBB-
disruption or complement activation.5,25,33 CLs can be present in all MS subtypes but are 
most prominent in progressive MS and after longer disease duration.1,5,8,14,40 Furthermore 
and importantly, CLs correlate more strongly with clinical and cognitive disability than 
WMLs.1,5,9,13,23,30,40

Remyelination is also frequently observed in MS.7,32,35-37 Animal studies have shown that dur-
ing a demyelinating event, oligodendrocytes (OGDs) face lethal attacks through glutamate 
excitotoxicity,38 inflammatory cytokines19 and extracellular ATP,26 ultimately leading to OGD 
loss. For successful remyelination, oligodendrocyte precursor cells (OPCs) need to be re-
cruited from the OPC pool that is distributed throughout the central nervous system. Then, 
these cells must migrate and differentiate into mature myelinating OGDs.17 Despite this 
complexity, signs of remyelination are found in ~40% of WMLs and are even more abundant 
in CLs. In 2007, Albert et al. estimated that approximately 75% of CLs show signs of remyelin-
ation, based on a semi-quantitative scoring that rated “no” (0% of lesion area remyelinated), 
“little” (up to 20% remyelinated), “substantial” (either confluent or patches of remyelination, 
21%-60% of lesion area remyelinated) and ”near complete” remyelination (61%-99% remy-
elinated).1 In 2012, Chang confirmed and extended these findings by showing a great extent 
of endogenous cortical remyelination and also an abundance of OPCs in non-remyelinated 
CLs, suggesting a potential therapeutic target for cortical demyelination.12

Following this work, the aim of the present study was to confirm these findings in a large, 
high/quality post-mortem MS sample, and to score remyelination in CLs in a different large 
post-mortem sample of MS cases, using the aforementioned semi-quantitative scoring 
method (Albert et al). Secondly, we explored possible clinical associations of the degree of 
cortical remyelination. Lastly, we investigated whether differences in numbers of OPCs and 
mature OGDs in multiple areas in GM and WM might account for the differences between 
GM and WM remyelination, using immunohistochemical stainings for the OPC and OGD 
markers Olig-2 and Nogo-A.20,21,32,37 Specifically, our hypothesis was that lower degrees of 
remyelination could be explained by a smaller pool of available OPCs or OGDs.
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Materials and methods

Human post-mortem brain material

For this study, post-mortem brain material was obtained from the Netherlands Brain Bank, 
Amsterdam, The Netherlands. For assessment of the presence of WMLs and CLs, a total of 
124 paraffin-embedded tissue blocks from 21 MS cases were included (13 males and 8 
females). The average age of MS cases at time of death ranged from 40 to 81 years (mean 
57 years ± SD 13 years) and mean post-mortem delay was 7h:52min (± SD 1h:40min). Clini-
cal course was determined by retrospective chart review blinded to pathology. Detailed 
patient demographics are provided in Table 1. The study was approved by the institutional 
ethics review board, and all donors or their next of kin provided written informed consent 
for brain autopsy and use of material and clinical information for research purposes.

Immunohistochemistry

Sections of all available tissue blocks were stained for anti-proteolipid protein (PLP),
anti-HLA-DR, Olig-2 and Nogo-A.

Five μm-thick paraffin sections were collected on Superfrost Plus glass slides (VWR Inter-
national; Leuven, Belgium) and dried overnight at 37ºC. Sections were deparaffinized in 
a series of xylene (3 x 5 min), 100% ethanol, 96% ethanol, 70% ethanol and water. Endog-
enous peroxidase activity was blocked by incubating the sections in methanol with 0.3% 
hydrogen peroxide.

In case of primary immunostaining for anti-proteolipid protein (PLP), tissue sections were 
rinsed for 3 x 10 min with 0.01 mol/L phosphate buffered saline (PBS; pH 7.4) followed by 
incubation with primary PLP antibodies (PLP; Clone: Plpc1; mouse IgG2a; 1:3000; Serotec, 
Oxford, UK) diluted in PBS containing 1% bovine serum albumin (BSA) (Roche Diagnos-
tics; Mannheim, Germany) for 1h. Sections stained for the transcription factor Olig-2 were 
pretreated with Tris-EDTA buffer (pH 9.0) and microwave antigen retrieval (10 min at 900W 
and 10 min at 360W). After pretreatment, sections were cooled to room temperature and 
rinsed 3 x 10 min with phosphate buffered saline, pH 7.4 (PBS). Subsequently, sections were 
incubated with primary Olig-2 antibodies (rabbit, poly 1:750; Millipore, USA) diluted in PBS 
containing 1% BSA, at room temperature for 1h. Sections stained for Nogo-A (mouse, Clone 
11C7, kindly provided by Prof Dr M.E. Schwab University of Zurich, Switzerland) were pre-
treated with Tris-EDTA buffer (pH 9.0) and microwave antigen retrieval (3 min at 900W and 
10 min at 180W). After pretreatment, sections were cooled to room temperature and rinsed 
in water. After cooling, sections were incubated with 3%BSA and 1% Triton X-100 in PBS for 
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1h. After this, sections were rinsed again 3 x 10 min with PBS. Subsequently, sections were 
incubated with primary antibodies against Nogo-A diluted in antibody diluent (1:50.000) at 
room temperature for 1h. Sections stained for anti-HLA-DR were pretreated with microwave 
antigen retrieval (3 minutes at 900 W and 30 minutes at 180 W). After pretreatment, sections 
were cooled to room temperature, rinsed with PBS (3x10minutes) and incubated with anti-
HLA-DR (mouse IgG2b; 1:50, generous gift from Dr. Hilgers, VUmc, Amsterdam) diluted in 
PBS containing 1% BSA for 1h.
Then, all sections were rinsed again (3 x 10 min) and incubated with EnVision horseradish 
peroxidase (HRP) complex (DAKO; Glostrup, Denmark) and finally with 3,3’diaminobenzi-
dine-tetrahydrochloride dihydrate (DAB; DAKO; Glostrup, Denmark) as a chromogen. After 
a short rinse in tap water, sections were counterstained with hematoxylin for 1 min and 
intensely washed with tap water for 5 min.

Double stainings

To verify that Olig2-weak staining serves as a suitable marker for OGDs, we performed an 
immunohistochemical double staining for Nogo-A and Olig2. For this, sections were also 
pretreated with Tris-EDTA buffer (pH 9.0), microwave antigen retrieval (3 min at 900W and 30 
min at 180W), cooled to room temperature and rinsed in water. After cooling, sections were 
incubated with 3% BSA and 0.1% Triton X-100 in PBS for 1 hour and subsequently rinsed in 
PBS. Then, the rinsed sections were incubated with anti-Nogo-A diluted in antibody diluent 
(1:100000) and anti-Olig2 (1:250) for 1 hour. The sections were then rinsed again (3 x 10 
minutes) and incubated with Swine-anti-Rabbit-Bio (1:300) diluted in EnVision mouse HRP 
(DAKO; Glostrup, Denmark), for 30 minutes. After rinsing, sections were incubated for 1 hour 
with streptavidin-AF (1:100, diluted in PBS + 1% BSA), rinsed and incubated EnVision DAB 
(DAKO; Glostrup, Denmark) for 10 minutes. Finally, Olig2 was stained with liquid permanent 
red, shortly rinsed in tap water and finally sections were counterstained with hemotoxylin. 
To verify Olig2-strong staining as a marker for OPCs, a fluorescent double staining was done 
for Olig2 and PDGFR-alpha (goat IgG, 1:200; R&D systems, USA). Sections were pretreated 
with Tris-EDTA buffer (pH 9.0) and microwave antigen retrieval (3 min at 900W and 30 min 
at 180W). After pretreatment, sections were cooled to room temperature and rinsed in 
water. After cooling, sections were incubated with 3% BSA and 0.1% Triton X-100 in TBS for 
1 hour and then incubated with Olig2 (1:750, diluted in TBS + 1% BSA + triton X-100 0.1%) 
and PDGFR-alpha (1:200, diluted in TBS + 1% BSA + triton X-100 0.1%) for 1 hour at room 
temperature. After rinsing, Goat-anti-rabbit-Alexa594 (1:400;Invitrogen, Carlsbad, USA) and 
Rabbit-anti-goat-bio (1:300,) was applied for 1 hour. Again sections were rinsed and finally 
incubated with Avidine-Alexa488 (1:400; Invitrogen, Carlsbad, USA) for 1 hour.
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Classification and quantification of demyelination

For all available tissue blocks, the presence and extent of normal-appearing white matter 
(NAWM), normal-appearing grey matter (NAGM), WMLs, CLs and remyelination was scored 
on PLP immunostained sections. For GM, the total length (in cm) of cortex present in a 
tissue block was measured on the GM/WM-border (see also figure 1). According to Bo et 
al.,5 lesions were classified in four types: type I lesions that extended across both WM and 
GM (leucocortical lesions), type II lesions within the cerebral cortex that did not extend to 
the surface of the brain or to the subcortical WM, type III lesions consisted of all subpial le-
sions and type IV lesions extended throughout the full width of the cerebral cortex, without 
reaching into the subcortical WM. CLs were measured in a similar fashion as total GM length: 
by measuring the length (in cm) of the widest point of affected GM tissue on the GM/
WM-border (figure 1). WMLs were classified according to the criteria for the diagnosis of 
MS.2,24 In order to compare GM and WM demyelination, the extent of WM demyelination was 
determined by measuring the length of the WML (in centimeters, cm) of the WML border.

Figure 1 Measurements of GM and WM demyelination and semi-quantitative remyelination 
scores in CLs in MS

Example of tissue quantification on a section stained for PLP. NAGM (black line) and CLs (dotted red line) were mea-
sured (in cm) along the GM/WM-border (continuous line). WML length (in cm) was measured along the WML border 
(dashed line). Abbreviations: CL = cortical lesion, NAGM = normal appearing grey matter, WML = white matter lesion.
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Figure 2 Examples of remyelination scores

Remyelination was scored based on the extent and localisation of remyelination scored on sections immunohis-
tochemically stained for PLP (2.5x magnification figure A & C & E and 20x magnification figure B & D & E). When 
remyelination was absent, lesion areas were scored as 0 (A & B). Remyelination score 1 consisted of areas with only 
few irregularly arranged myelin sheaths found at the rim of the lesion border (C & D) and remyelination score 2 was 
scored when patchy remyelinated areas where present (E & F). The arrows show PLP-positive oligodendrocytes (see 
also inlays in D & F). The line indicates the CL border.
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Classification and quantification of remyelination

Lesion areas were scored as remyelination when thin, irregularly formed myelin sheaths 
were observed preferably within the presence of PLP positive OGDs. For both WMLs and 
CLs, remyelination was scored based on a semiquantitative score published previously by 
Albert et al1: (0) no remyelination (0% of lesion area remyelinated), (1) subtle remyelination 
restricted to the lesion border (up to 20% of lesion are remyelinated), (2) substantial remy-
elination, either confluent or patches of remyelination (21-60% of lesion area remyelinated). 
A score of (3), meaning nearly complete remyelination (61-99% of lesion area remyelinated), 
was not scored. Figure 2 shows examples the remyelination scores. Again, the length of CLs 
showing signs of remyelination was measured identical to the measurements of demyelin-
ation, i.e. on the GM/WM-border. Semiquantitative scoring was performed in consensus 
(ES&EJK). All measurements on the digital images were morphometrically measured using 
ImageJ software (freely downloadable from: U.S. National Institutes of Health, Bethesda, MD, 
http://rsb.info.nih.gov/ij/index.html).

Quantification of OPCs and mature OGDs

Quantification of OPCs was performed in the center of lesions, remyelinated areas and normal 
appearing tissue. For this, sections immunohistochemically stained for Nogo-A and Olig2 
were used, as published previously.23 The number of Nogo-A, Olig2-strong and Olig2-weak 
positive cells was measured per mm2 using an ocular morphometric grid. Cell-counts were 
performed blinded to tissue, lesion and remyelination classification and were performed 
two-fold and in consensus by two independent raters. Firstly, a tissue area (either lesion 
or normal appearing tissue in WM or GM) was chosen and subsequently cell-counts were 
performed blindedly (ES&EJK, intra-class correlation coefficient 0.92) in the corresponding 
area of sections stained for Nogo-A and Olig2. As Nogo-A also stains subsets of neurons, 
special care was taken to distinguish neurons from OGDs based on their morphology.

Statistical analyses

Data was statistically analyzed using SPSS software (SPSS Inc., Chicago, IL, USA). In case 
of normal distribution of data, analysis of variance (ANOVA) with Bonferroni correction for 
multiple comparisons was used to compare differences among groups. When normality 
was not found, the non-parametric Mann-Whitney U test was used. Possible correlations 
were investigated with the non-parametric Spearman’s rank correlation (when data was 
not normally distributed) or Pearson’s correlation test (when data was normally distributed). 
Results were considered significant when P<0.05.
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Results

Mean disease duration of the MS cases studied, ranged from 5–51 years (mean 23 years ±SD 
13 years). 13 cases had a relapsing onset of MS (12 secondary progressive MS (SPMS), and 1 
relapsing remitting MS (RRMS) cases) and 6 cases a primary progressive onset (PPMS). The 
clinical subtype could not be determined for two cases.

GM and WM descriptives and remyelination

A mean number of 6 (SD 2) tissue blocks were analysed for each patient. In the total number 
of 124 tissue blocks of all cases, a total of 248 CLs were present in 432 cm of inspected 
cortex. The mean length of cortex available for each case was 20.6 cm (min 4.7 cm, max 39.1 
cm, SD 9.7 cm) (Table 1). 18/21 patients harboured CLs with on average 36.6% (min 0%, max 
99%, SD 35.7%) of total cortex length demyelinated. In the CLs in these cases, on average 
75.3% (min 0%, max 100%, SD 30.1%) of the total length of CLs showed subtle or
substantial signs of remyelination (remyelination scores 1 and 2 combined, see figure 1). 
77 WMLs were present in the available tissue (in 20/21 cases) with a mean circumference 
of 4.5 cm (SD 5.2cm) and a total length of the lesion circumferences of 93.4 cm. In WMLs, 
remyelination was significantly less pronounced compared to CLs with a mean of 54.4% of 
the lesion border length showing signs of remyelination (Z -2.033, P=0.042).

Table 2 GM and WM remyelination quantification

Grey Matter (GM) N Min. Max. Mean (SD)

Total Cortex length (cm) 21 4.74 38.12 20.57 (9.75)

length NAGM (cm) 21 0.05 33.11 12.82 (8.60)

length cortical demyelination (cm) 21 0 27.78 7.75 (8.29)

length remyelination score 0 (cm) 18 0 19.45 2.65 (4.83)

length remyelination score 1 (cm) 18 0 8.54 3.00 (3.10)

length remyelination score 2 (cm) 18 0 12.62 3.39 (3.61)

% total GM remyelination 19 0 100 75.26 (30.10)

White matter (WM)

Total length WML border (cm) 21 0 18.72 4.45 (5.20)

length remyelination score 0 (cm) 20 0 10.26 2.21 (2.98)

length remyelination score 1 (cm) 20 0 10.05 1.44 (2.44)

length remyelination score 2 (cm) 20 0 4.54 1.02 (1.35)

% total WM remyelination 21 0 100 54.4 (38.5)
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Remyelination and gender, disease types and disease duration

A trend towards a higher percentage of GM remyelination was seen for PPMS cases (mean 
93.5%, SD 6.1) compared to relapsing onset (RRMS and SPMS) MS (mean 69.9%, SD 27.5, P 
= 0.078). There was no association between WM remyelination and disease subtype (PPMS 
mean 68.3% (SD 31.5), RRMS/SPMS mean 43.1% (SD 40.2), P=0.216) (see figure 3). There was 
no correlation between either the extent of demyelination or the extent of remyelination 
and disease duration. There was also no correlation between sex and the percentage of 
remyelination in GM or WM.

Mature oligodendroglial cells and oligodendrocyte precursor cells: remyelination versus non-
remyelinated lesions versus normal-appearing tissue

Nogo-A and Olig2-weak positive cell-counts correlated strongly with each other when cell-
counts in both GM and WM were analysed (Spearman’s ρ =0.89; P<0.0001). Figure 4 also 
shows the co-occurrence of Olig2-strong and PDGFR-alpha staining, and Olig2-weak and 
Nogo-A staining; indicating that Olig2-strong cell-counts represent the number of OPCs and 
Olig2-weak the number of OGDs. There were significantly more Nogo-A, and Olig2-strong 
positive cells in NAWM (Nogo-A; median 554 cells/mm2 (IQR 200); Olig2-strong; median 
121 cells/mm2 (IQR 119)) compared to non-remyelinated WM lesions (Nogo-A; median 2 
cells/mm2 (IQR 110), P=0.0001; Olig2-strong; median 12 cells/mm2 (IQR 15), P<0.0001 ) and 
compared to remyelinated WM lesions (Nogo-A; median 0 cells/mm2 (IQR 6), P<0.0001; 

Figure 3 Percentage of remyelination for GM and WM lesions in PPMS versus SPMS/RRMS.

Presence of remyelination (in percentage of lesion length that shows signs of remyelination) for Primary Progressive 
MS (PPMS) and relapsing-onset MS (SPMS/RRMS), for both cortical lesions (CLs) and white matter lesions (WMLs). A 
trend was observed for a higher percentage of GM remyelination in PPMS cases (**, P = 0.078)
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Olig2-strong; median 4 cells/mm2 (IQR16), P < 0.0001), indicating higher numbers of both 
OGDs (Nogo-A cell-counts) and OPCs (Olig2-strong cell-counts). There was no difference 
between Nogo-A and Olig2-strong cell-counts in non-remyelinated WM lesions versus 
remyelinated WM lesions.
In contrast to WMLs, remyelinated areas in GMLs showed significantly more Nogo-A (me-
dian 13 cells/mm2 (IQR 31)) than GMLs that had no signs of remyelination (median 3 cells/

Figure 4 Co-expression of PDGFR-alpha and Olig2-strong and Nogo-A and Olig2-weak in NAWM

Figure A; Immunofluorescent double staining for PDGFR-alpha (green) and Olig2 (red) (20x magnification) in NAWM. 
The open arrows show cells that weakly express Olig2 (Olig2-weak) without expression of PDGFR-alpha. The closed 
arrowheads show cells that strongly express Olig2 (Olig2-strong) PDGFR-alpha. Figure B shows the correlation be-
tween cell-counts in serial sections stained for Nogo-A and Olig2-weak.Figure C; immunohistochemical double stain-
ing for Nogo-A (brown) and Olig2 (red) (20x magnification) in NAWM. Figure D; immunofluorescent double staining 
for Nogo-A (red) and Olig2 (green) in NAWM. The closed arrows in figures C and D show cells that strongly express 
Olig2 (Olig2-strong) without co-expression of Nogo-A. The open arrows point towards cells that express Nogo-A, but 
only weakly express Olig2 (Olig2-weak) .
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Figure 5A Presence of OPCs and OGDs in non-remyelinated MS lesions (see also figure 5B)

Stainings for PLP, Olig-2 and Nogo-A of a WML with no signs of remyelination (A, C & E) and a CL with remyelination 
score 2 (B, D & F).
The inlay of each picture (2,5x) shows a high magnification (20x) image of the area depicted by the square in the 
corresponding area. A detail of this magnification is show on the right of each picture. Sections for figures A & B 
were stained for PLP, sections for figures C & D were stained for Olig-2 and sections for figures E & F were stained 
for Nogo-A. In WMLs without signs of remyelination, virtually no Nogo-A positive cells (figure E) and only few Olig-2 
strong (arrow in inlay C) positive cells were seen. This is in contrast to CLs with patchy remyelination where both 
Olig-2 strong positive cells (closed arrowhead in inlay D) as well as Nogo-A –positive cells (open arrowhead in inlay F) 
indicating the presence of oligodendrocyte precursor cells and mature oligodendrocytes.
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Figure 5B Presence of OPCs and OGDs in remyelinated MS lesions

Stainings for PLP, Olig-2 and Nogo-A of a WML with no signs of remyelination (A, C & E) and a CL with remyelination 
score 2 (B, D & F).
The inlay of each picture (2,5x) shows a high magnification (20x) image of the area depicted by the square in the 
corresponding area. A detail of this magnification is show on the right of each picture. Sections for figures A & B 
were stained for PLP, sections for figures C & D were stained for Olig-2 and sections for figures E & F were stained 
for Nogo-A. In WMLs without signs of remyelination, virtually no Nogo-A positive cells (figure E) and only few Olig-2 
strong (arrow in inlay C) positive cells were seen. This is in contrast to CLs with patchy remyelination where both 
Olig-2 strong positive cells (closed arrowhead in inlay D) as well as Nogo-A –positive cells (open arrowhead in inlay F) 
indicating the presence of oligodendrocyte precursor cells and mature oligodendrocytes.
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mm2 (IQR 10), P<0.01). There was no statistical difference between Olig2-strong cell-counts 
in GMLs with (median 20 cells/mm2 (IQR 19)) and without (median 23 cells/mm2 (IQR 
13)) signs of remyelination. Lastly, significant differences existed between NAGM (Nogo-A; 
median 74 cells/mm2 (IQR 61), Olig2-strong; median 56 cells/mm2 (IQR 67)) and cell-counts 
in areas that had no signs of remyelination (P<0.0001) and NAGM and cell-counts in areas 
with signs of remyelination (P<0.0001). See figures 5A&B and 6.

Figure 6 Olig2-strong and Nogo-A cell-counts in NAGM, NAWM, and de- and remyelinated areas 
in WM and GM

Median cell-counts for Olig2-strong positive (Olig+) cells (number /mm2) and Nogo-A positive cells (number / mm2) 
in i. normal appearing tissue, ii. demyelinated areas without signs of remyelination and iii. demyelinated areas with 
signs of remyelination for both GM and WM. * indicates significant differences between cell-counts in corresponding 
areas and either NAWM or NAGM; p-value ≤ 0.0001. ^ indicates a significant difference between Nogo-A cell-counts 
in CLs with signs of remyelination and Nogo-A cell-counts in CLs without signs of remyelination; p-value < 0.001. 
Abbreviations: no. = number, mm = millimeter, SD = standard deviation, NAWM = normal appearing white matter, 
NAGM = normal appearing grey matter, N/A = not applicable.
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Mature oligodendroglial cells and oligodendrocyte precursor cells; GM versus WM.

When Nogo-A, and Olig2-strong cells counts were analysed for GM versus WM, significant 
more Nogo-A and Olig2-strong cells were found in NAWM (Nogo-A; median 554 cells/mm2 
(IQR 200), Olig2-strong; median 121 cells/mm2 (IQR 119)) compared to NAGM (Nogo-A; 
median 74 cells/mm2 (IQR 61), P<0.0001; Olig2-strong; median 56 cells/mm2 (IQR 67), 
P<0.01). For remyelinated areas, both Nogo-A and Olig2-strong cells were present in 
significantly higher numbers in CLs (Nogo-A median 13 cells/mm2 (IQR 31)), Olig2-strong 
median 20 cells/mm2 (IQR19)) compared to WMLs (Nogo-A; median 0 cells/mm2 (IQR 6), 
P<0.009; Olig2-strong; median 4 cells/mm2 (IQR 16), P=0.004). For non-remyelinated areas, 
only Olig2-strong positive cells were significantly more abundant in CLs (median 23 cells/
mm2 (IQR 13)) compared to WMLs (median 12 cells/mm2 (IQR 15), P=0.002). There was no 
difference between Nogo-A positive cells in non-remyelinated CLs (median 3 cells/mm2 
(IQR 10)) and WMLs (median 2 cells/mm2 (IQR 110)). See also figure 6.

Discussion

This post-mortem study shows that remyelination is more extensive in GM than in WM 
(75% versus 50% of the total lesion length) with a trend towards a higher percentage of 
remyelination in PPMS. It furthermore shows that more mature OGDs and OPCs are present 
in NAWM than in NAGM, and that the opposite is observed in lesions, where OPCs and 
mature OGDs are more frequent in CLs than in WMLs. Lastly, higher numbers of OPCs and 
OGDs are present in remyelinated areas within CLs compared to non-remyelinated areas 
within CLs, which contrasts with WMLs, where no difference was found between remyelin-
ated and non-remyelinated areas.

In this large, representative and well-documented series of MS autopsy cases, we confirmed 
that remyelination in the GM is more extensive than in the WM. In line with previous lit-
erature,1 we assessed remyelination based on the morphological patterns of myelin in PLP 
stainings. This morphometric scoring is based on the presence of thin, irregularly formed 
myelin sheaths preferably in the presence of myelin-positive oligodendrocytes. Previous 
work showed that in the areas marked as remyelination, electron microscopy shows smaller 
g-ratios, indicating a thinner myelin sheath.1 To quantify the extent of remyelination, we 
applied the previously used semiquantitative scoring described by Albert et al. However, 
we excluded their category that scores 61-99% remyelination, since normal myelination 
may be less dense in cortical tissue and near-total remyelination was therefore difficult to 
distinguish from myelin in normal appearing cortex in our sample. Even though the extent 
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of remyelination might as such be underestimated in our study, our results still show a 
distribution of scores similar to the study by Albert et al.

The clinical relevance and therapeutic potential of remyelination is widely acknowledged, 
yet there is no general consensus on what may drive this reparative process. Remyelin-
ation was shown to be heterogeneous and more extensive in yet undefined subsets of 
patients.4,31,32 Furthermore, remyelination is clinically associated with higher age at death 
and longer disease duration.18 Yet remyelination is not always successful,4 so the question 
why remyelination sometimes fails is highly important and the different mechanisms that 
explain failure of remyelination in MS are heavily debated.29 Possible mechanisms include 
functional deficits such as exhaustion of the OPC pool or glial scar formation in lesions 
which might prevent the recruitment of sufficient OPCs.22 Furthermore environmental fac-
tors such as glutamate excitotoxicity or immune-mediated injury to OPCs, OGDs or the 
newly formed myelin sheath36 might be detrimental to the integrity of myelinating cells. 
Lastly, altered expression of intrinsic cellular factors such as myelination-regulating factors 
like LINGO-1 and PSA-NCAM, altered expression of extra-cellular factors during inflamma-
tion like semaphorins or aging-related epigenetic alterations in OPC differentiation might 
prevent successful maturation of OPCs into myelinating OGDs.11,15,27,29,34,39 None of these 
mechanisms, however, has so far been conclusively proven to play a role in MS.

Besides this complex spectrum of mechanisms that influence the process of remyelination, 
another important observation is that there is a difference between the extent of remy-
elination in GM and WM. This might be explained by differences in cellular processes of 
remyelination in GM and WM for which we found three indications here: (a) significantly 
lower numbers of OPCs and OGDs in WMLs compared to NAWM, (b) higher numbers of 
OPCs and OGDs in CLs compared to WMLs and (c) higher numbers of OGDs in remyelinated 
CLs compared to CLs without signs of remyelination. Taken together, the low numbers of 
premyelinating and mature myelinating cells in WMLs compared to NAWM and CLs are 
more indicative of recruitment failure, possibly caused by the presence of gliotic tissue, 
rather than representing a differentiation block of OPCs in the WM. In addition, immune-
related factors or other toxic substances in lesion areas in WM, for example excessive 
glutamate, might be lethal to recently recruited OPCs with a subsequent relative lack of 
OPCs and OGDs. Moreover, the higher numbers of OPCs and OGDs in CLs and especially 
the significantly higher number of OGDs in remyelinated CLs might also reflect a more 
protective environment for myelinating cells in the human cortex. It could be speculated 
that this points towards a more effective differentiation process of OPCs into OGDs with 
ultimately more effective and widespread remyelination in GM areas.



56   |    Chapter 3

In order to expand upon the clinical importance of these pathological findings, we also as-
sessed the relationship between the extent of remyelination and clinical parameters in our 
sample. The main result was a trend towards a higher percentage of remyelination in PPMS, 
a finding that is in line with previous reports.6 However, there were no associations with 
either age at death, gender, or disease duration. Although fundamentally different disease 
mechanisms in MS subtypes have not been reported by histopathology studies, there are 
subtle differences in certain aspects of pathology between MS subtypes. In PPMS, the total 
WM lesion burden is lower than in relapsing-onset MS with fewer signs of inflammation. 
There is also more severe spinal cord involvement in PPMS [6,16,28]. Alternatively, benign 
MS is known for the presence of fewer CLs and fewer infratentorial lesions, while the total 
WM lesion load does not differ from that of RRMS patients.9 The question to which extent 
remyelination contributes to a more favourable disease course remains to be definitively 
answered. Of importance in this matter is that the elusiveness of this answer, in our study 
but also in general, is rooted in issues that are not easily overcome. Although we included a 
large sample of tissue, the number of cases might still have been too small to generate suf-
ficient power to detect significant effects. In line with this, the heterogeneity that is present 
in a disease such as MS might cause small effects which are a priori difficult to be detected.

In summary, and despite some limitations, we have confirmed in a large and well-
documented autopsy sample that GM demyelination is extensive in MS. We extended this 
finding by the observation that there is more remyelination in the GM than in the WM in the 
MS brain, and a trend towards more remyelination in PPMS was observed. Importantly, from 
our results, it does not follow that there is any substantial failure of OPC recruitment in GM, 
which casts new light on the discussion about (failure of ) remyelination in MS. It also un-
derscores the importance of the question to which extent different biological mechanisms 
drive variation in the expression of different phenotypes such as cortical demyelination 
and remyelination. It is now important to further study whether factors such as regulatory 
and reparative mechanisms or even unknown genetic variants amongst the different MS 
subtypes can partially explain the subtle variety in pathology that is observed.
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ABSTRACT

Objective: Autopsy cases show that cortical lesions (CLs) in multiple 
sclerosis (MS) lack lymphocyte/macrophage influx, blood-brain bar-
rier breakdown and complement activation. However, some CLs were 
demonstrated to have rims of activated microglia. Here, we assessed 
the clinical significance of microglia activation in CLs in a large autopsy 
sample, and we investigated possible interrelationships with other 
pathological characteristics.
Methods: This cross-sectional study investigated clinical and patho-
logical characteristics of 22 MS patients with extensive subpial demy-
elination (CL group) and 19 MS patients with only little demyelination 
of the cerebral cortex (non-CL group).
Results: A subset of the patients in the CL group (12 patients) showed 
rims of activated microglia (RAM) at the border of the CLs (RAM-CL 
group), whereas the other 10 patients in this group
did not show microglia activation (nonRAM-CL group). A subsequent 
comparison between groups showed that MS patients harboring RAM-
CLs were significantly younger at the time of their death (53.5 years) 
compared to patients harboring mainly nonRAM-CLs (68.7years; P < 
0.05) or patients without extensive numbers of CLs (66.9 years; P < 0.01) 
Also, a significantly shorter disease duration was found for the RAM-CL 
group (mean: 20.9 years) when compared to the non-CL group (mean: 
34.5 years; P < 0.05). A significant correlation was found between the 
presence of RAM-CLs and the number of chronic active white matter 
(WM) lesions (Spearman ρ = 0.74; P < 0.0001).
Conclusions: RAM-CLs were found in a subset of patients who also have 
more active WM inflammation and a less favourable disease course.
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INTRODUCTION

Gray matter (GM) pathology in multiple sclerosis (MS) contributes importantly to clinical 
disability and cognitive decline1-6 and increases substantially with progression of disease.7,8

Subpial cortical lesions (CLs) are by far the most common CL type in MS brains.9,10 What 
causes subpial CLs to develop is so far poorly understood, but due to their superficial lo-
calisation, it has been suggested that myelinotoxic substances that are produced as a result 
of inflammation in the meninges might be a contributing factor.10-12 Although significant 
inflammation can indeed be found in the MS meninges,13 we were previously unable to 
show an association between meningeal inflammation and the presence or extent of 
subpial cortical demyelination in chronic MS.13

CLs are generally devoid of inflammation11,14,15 and the blood-brain barrier is intact.16 How-
ever, it should be noticed that this holds especially true for autopsy material, as a recent 
biopsy study using material from early MS patients with tumefactive lesions17 demonstrated 
that early cortical demyelination, like white matter demyelination, may be characterized by 
profound T-cell infiltration, as well as the presence of foamy macrophages.17

Despite the reported lack of inflammation in CLs in post-mortem MS tissue,11,14-16 several 
pathological studies reported activated microglia in the borders of CLs.11,14 The clinical and 
pathological significance of these activated microglia in CLs is, however, so far unclear. In 
this large autopsy study, clinical and pathological profiles of MS patients with varying extent 
of cortical demyelination and different types of CLs, including those with a rim of activated 
microglia (RAM-CLs), were investigated.

Table 1 Clinical data of MS patients included in this study

Case CL group/ non-
CL group

Age (years) Type of MS Sex % cortical 
demyelination 

with RAM

Disease 
duration 

(years)

Cause of death

1 nonRAM-CL 69 PP M 0% 34 cardiac arrest

2 nonRAM-CL 57 ND F 0% 25 euthanasia

3 nonRAM-CL 75 SP F 0% 33 pneumonia

4 nonRAM-CL 77 PP M 0% 27 CVA

5 nonRAM-CL 71 ND F 0% 25 post surgery 
respiratory 
problems

6 nonRAM-CL 55 PP F 0% 19 possible CVA

7 nonRAMCL 84 ND F 0% 49 euthanasia

8 nonRAMCL 70 ND M 0% 51 cardiac arrest
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Case CL group/ non-
CL group

Age (years) Type of MS Sex % cortical 
demyelination 

with RAM

Disease 
duration 

(years)

Cause of death

9 nonRAMCL 70 PP F 0% 40 urine tract infection

10 nonRAMCL 59 SP F 0% 25 euthanasia

1 RAM-CL 56 SP M 20% 27 pneumonia

2 RAM-CL 66 ND M 13% unknown sepsis

3 RAM-CL 47 SP M 39% 7 urosepsis

4 RAM-CL 66 SP F 71% 23 unknown

5 RAM-CL 49 SP M 19% 26 pneumonia by MS

6 RAM-CL 61 SP M 18% 17 euthanasia

7 RAM-CL 44 PP M 62% 16 pneumonia

8 RAM-CL 44 SP M 15% 21 general 
deterioration due 

to MS

9 RAM-CL 57 SP F 54% 27 respiratory 
insufficiency

10 RAM-CL 43 PP M 53% 17 pneumonia

11 RAM-CL 68 PP F 7% 38 aspiration 
pneumonia

12 RAM-CL 41 SP F 76% 11 general 
deterioration due 

to MS

1
1

non-CL 
non-CL

65 PR M NA 25 urosepsis

2 non-CL 66 PP F NA 43 metastasis

3 non-CL 81 PP M NA 59 general 
deterioration

4 non-CL 48 PP F NA 48 euthanasia

5 non-CL 49 PP F NA 30 metastasized breast 
carcinoma

6 non-CL 73 PP M NA 16 shock

7 non-CL 59 SP M NA 32 myocard infarct

8 non-CL 49 PP F NA 27 metastasis of cervix 
carcinoma

9 non-CL 68 PP F NA 43 CVA

10 non-CL 77 PP F NA 48 pneumonia

11 non-CL 44 PP F NA 8 decompensation
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MATERIALS AND METHODS

Post-mortem tissue and lesion classification

Brain material was obtained from the Netherlands Brain Bank, Amsterdam, The Netherlands. 
A total of 1036 paraffin-embedded tissue blocks from 41 consecutive MS autopsies were 
investigated in the study. 22 MS patients were selected for the presence of extensive sub-
pial cortical demyelination (CL group) (18) and 19 MS patients were selected based upon 
a lack of extensive subpial cortical demyelination (non-CL group). For the quantification of 
cortical demyelination in the CL group a total of 19 full hemispheric coronal tissue blocks 
and 83 standard-sized tissue blocks were investigated. Clinical data of both groups are sum-
marized in Table 1.
The age of MS patients at time of death ranged from 41 to 88 years (mean 63 years ± SD 13 
years) with a mean post mortem delay of 8h:38 min (±SD 3h:29 min).
Based on immunohistochemical stainings for major histocompatibility complex (MHC) II 
(microglia and/or macrophages) and proteolipid protein (PLP; myelin/demyelination) (see 
Immunohistochemistry), a distinction was made between active, chronic active or inactive 
WMLs and RAM- or nonRAM-CLs and (Figure 1 and 2, resp.) .

Case CL group/ non-
CL group

Age (years) Type of MS Sex % cortical 
demyelination 

with RAM

Disease 
duration 

(years)

Cause of death

12 non-CL 77 ND F NA ND respiratory 
insufficiency 

with aspiration 
pneumonia

13 non-CL 63 PP M NA 27 cardiac arrest

14 non-CL 76 PP F NA 19 unknown

15 non-CL 66 PP M NA 26 unknown

16 non-CL 57 PP M NA 25 euthanasia

17 non-CL 88 PP F NA 25 exhaustion by 
chronic colitis

18 non-CL 81 PP F NA 45 sepsis by aspiration 
pneumonia

19 non-CL 84 PP F NA 49 unknown

Clinical data of included cases. PP = primary progressive MS; PR = progressive relapsing MS; ND = MS subtype not 
determined; SP = secondary progressive MS; RAM-CL = rim of activated microglia CL group; nonRAM-CL = non rim of 
activated microglia CL group; non-CL = non-CL group; NA = not applicable; M = male; F = female
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The study was approved by the local institutional ethics review board and all donors or their 
next of kin provided written informed consent for brain autopsy and use of material and 
clinical information for research purposes.

Immunohistochemistry

Five μm-thick paraffin sections were deparaffinized in a series of xylene (4 x 5 min), 100% 
ethanol, 96% ethanol, 70% ethanol. Endogenous peroxidase activity was blocked by incu-
bating the sections in methanol with 0.3% H2O2 for 30 minutes. In case of primary immunos-
taining with anti-proteolipid protein (PLP; Clone: Plpc1; mouse IgG2a; 1:500; Serotec, Oxford, 
UK) sections were rinsed for 3 x 10 min. with PBS followed by incubation with primary 
antibodies diluted in PBS containing 1% BSA for 1h. In case of primary immunostaining 
with anti-human leukocyte antigen DR (HLA-DR), sections were pretreated with microwave 
antigen retrieval (3 min. at 900W and 30 min. at 180W). After pretreatment, sections were 
cooled to room temperature, rinsed with PBS (3 x 10 min.) and incubated with anti-HLA-
DR (mouse IgG2b; 1:50, generous gift from Dr. Hilgers, VUMC, Amsterdam) diluted in PBS 
containing 1% BSA for 1 h. Then, sections were rinsed again with PBS (3 x 10 min) and 
incubated with EnVision horseradish peroxidase (HRP) complex (DAKO, Glostrup, Denmark) 
and finally with 3,3’ diaminobenzidine-tetrahydrochloridedihydrate (DAB; DAKO, Glostrup, 
Denmark) as a chromogen. After a short rinse with tap water, sections were counterstained 
with hematoxylin for 1 min. and intensely washed with tap water for 5 min.

Morphometric analysis and quantification

Based on anti-PLP and anti-HLA-DR immunostainings, all tissue sections were investigated 
for the presence of active, chronic active or inactive WMLs (Figure 1) and subsequently 
counted. Furthermore, the same tissue sections were also analyzed for the presence of 
RAM- or nonRAM-CLs. The tissue sections harboring CLs were photographed with a digital 
camera and a prepared digital image was printed. The cortical area demyelinated in the 
plane of the section was analyzed using light microscopy, and the same orientation was 
applied for the tissue on printed slides. Based on the serial section stained for HLA-DR, a 
distinction was made between RAM- and nonRAM-CLs. The area of subpial demyelination 
was morphometrically measured on the digital images using ImageJ software (freely 
downloadable from: U.S. National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/
ij/index.html).
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Statistical analyses

GraphPad Prism software (San Diego, CA, USA) was used for the statistical analyses. In case 
of normal distribution of data, analysis of variance (ANOVA) with Bonferroni correction 
for multiple comparisons was used to compare differences among the RAM-CL group, 
nonRAM-CL group and non-CL group. When normality was not found, the non-parametric 
Kruskal-Wallis test was used with a Dunn’s correction for multiple comparisons. Possible 
correlations were investigated with the non-parametric Spearman’s rank correlation (when 
data was not normally distributed) or Pearson’s correlation test (when data was normally 
distributed). Results were considered significant when P < 0.05.

RESULTS

Clinical and pathological descriptives of the MS autopsy cases

Of the 41 MS patients included in this study, 23 MS patients had experienced a primary 
progressive (PP) disease course, 11 MS patients a secondary progressive (SP) disease course, 
1 MS patient a progressive relapsing (PR) course and of 6 MS patients the disease course 
was not specified or could not be retrospectively determined from the medical records. 
Mean age at death was 63.4 years (±SD 13.0 years) and the mean disease duration was 29.6 
years (±SD 12.7 years). Of the 41 MS patients included, 22 MS patients harbored extensive 
subpial demyelination as described previously18 and these cases were designated as the ‘CL 
group’ for further analyses. 19 MS patients showed only very limited cortical demyelination 
and these cases were regarded as the ‘non-CL group’. Overall, there was no difference in age 
at death or disease duration between these two groups.
On average, of the MS patients in the CL group, 23.0% (±SD 11.6%) of the cerebral cortex 
was demyelinated (versus 0.5% ±SD 0.7% in the non-CL group). A total number of 639 tissue 
blocks were investigated within the CL group and these blocks showed 208 inactive, 252 
chronic active and 59 active WMLs (Figure 1). In 12 patients of this group, microglia activa-
tion at the borders of the CLs was regularly found (see Figure 2A,B and Table 1); this sub-
group was therefore regarded as the ‘rim of activated microglia CL-group’ (RAM-CL group) 
(mean percentage cortical demyelination with RAM: 37.3%; Figure 2A,B), whereas in the 
remaining 10 patients of the CL group no microglia activation at the border of the CLs was 
found at all (regarded as ‘nonRAM-CL group’; Fig 2C,D). Interestingly, in the RAM-CL group, a 
significantly larger proportion of the cerebral cortex was demyelinated (mean: 27.9%) when 
compared to the nonRAM-CL group (mean 17.1%; P = 0.03). In the non-CL group, a total 
of 397 tissue blocks were investigated in which 123 inactive, 64 chronic active and 9 active 
WMLs were subsequently found (Figure 1).
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Figure 1 White matter lesions

Based on immunohistochemical stainings with anti-proteolipid protein (A,C,E) and anti-human leukocyte antigen 
DR, white matter lesions (B,D,F) were subdivided in active (A,B), chronic active (C,D) or inactive (E,F) white matter 
lesions.
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Clinical profiles: comparisons between the RAM-CL group, nonRAM-CL group and non-CL group

Comparing age at death between the three defined groups revealed overall differences 
between the RAM-CL, nonRAM-CL and non-CL groups (ANOVA; P = 0.004). Post hoc test-
ing showed that a lower mean age at death was found in the RAM-CL group compared 
to the nonRAM-CL group, as well as to the non-CL group (Figure 3A; mean age RAM-CL 
group: 53.5 years; mean nonRAM-CL group: 68.7 years; mean age non-CL group: 66.9 years; 
RAM-CL group vs. nonRAM-CL group: P < 0.05 and RAM-CL group vs. non-CL group: P < 
0.01). Interestingly, no difference in age at death was found between the nonRAM-CL group 
and the non-CL group (Figure 3A). Furthermore, differences in disease duration were also 
found among the three groups (ANOVA; P = 0.024). Post hoc, significantly shorter disease 
duration was found for the RAM-CL group (mean: 20.9 years) when compared to the non-CL 

Figure 2 Cortical lesions

Based on immunohistochemical stainings with anti-proteolipid protein (A,C) and anti-human leukocyte antigen DR 
cortical lesions (B,D) were subdivided in RAM (A,B) or nonRAM (C,D) cortical lesions.
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group (mean: 34.5 years; Figure 3B; P < 0.05). After correction for multiple comparisons, no 
significant difference was found in disease duration between the RAM-CL group and the 
nonRAM-CL group (mean: 32.8 years; Figure 3B). Finally, the age at disease onset did not 
differ among the three groups (mean RAM-CL group: 31.5 years; mean nonRAM-CL group: 
35.9 year; mean non-CL group: 34.6 years; Kruskal-Wallis; P = 0.50; data not shown).
PP MS patients were distinctly overrepresented in the non-CL group (16 out of 19 patients). 
One patient had an SP disease subtype and one patient a PR disease subtype. From one 
patient the disease subtype could not be retrospectively determined. In the RAM-CL and 
nonRAM-CL groups, no specific MS disease subtype was found to be clearly dominant.

Correlations of pathological and clinical characteristics

Several pathological and clinical parameters were analyzed for possible associations. As 
expected, based on the data presented above, there was a significant negative correlation 
between the presence of

Figure 3 Younger age at death and a shorter disease duration in MS patients harboring RAM 
cortical lesions

(A) MS patients harboring RAM cortical lesions had a lower mean age at death (mean: 53.5 years) when compared to 
patients with only nonRAM cortical lesions (mean: 68.7 years) or compared to the non-CL group (mean: 66.9 years). 
(RAM-CL group vs. nonRAM-CL group:
P < 0.05 and RAM-CL group vs. non-CL group: P < 0.01). (B) MS patients harboring RAM cortical lesions also expe-
rienced a shorter disease duration (mean: 20.9 years) when compared to the non-CL group (mean: 34.5 years) and 
nonRAM-CL group (mean 32.8 years). (RAM-CL group vs. non-CL group: P < 0.05 and RAM-CL group vs. nonRAM-CL 
group: not significant).
*= P < 0.05,**= P < 0.01, ns = not significant.
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RAM-CLs and age at death in the CL group (Spearman’s ρ = -0.70; P = 0.0003). There was 
also a negative correlation between the extent of RAM-CLs and disease duration in the CL 
group (Spearman’s ρ = -0.60; P = 0.004). The age of disease onset was not associated with 
the extent of microglia activation at CL borders (Pearson’s r = -0.13; P = 0.57).
The number of chronic active WMLs also correlated significantly with a younger age at 
death (Spearman’s ρ = -0.79; P < 0.0001) and shorter disease duration (Spearman’s ρ = -0.70; 
P = 0.0005) in the CL group. However, the number of chronic active WMLs was not associ-
ated with either age at death or disease duration in the non-CL group (Spearman’s ρ= -0.20; 
P = 0.20 and Spearman’s ρ = 0.12; P = 0.62 resp.). In the CL group, there was also a significant, 
though much weaker, negative correlation between the number of active WMLs with age 
at death and disease duration (Spearman’s ρ = -0.42; P = 0.05 and Spearman’s ρ = -0.56; P = 
0.008 resp.). No association between age at death or disease duration and the number of 
inactive WMLs was found (Spearman’s ρ = -0.01; P = 0.96 and Spearman’s ρ = -0.08; P = 0.73 
resp.). In the non-CL group, the presence of inactive WMLs correlated negatively with age 
at death (Spearman’s ρ = -0.53; P = 0.02), whereas disease duration was not associated with 
the number of inactive WMLs (Spearman’s ρ = -0.25; P = 0.32).
Interestingly, there was a strong positive correlation between the presence of chronic ac-
tive WMLs and RAM-CLs in the RAM-CL group (Spearman’s ρ = 0.74; P < 0.0001). Overall 
(i.e in the CL group), no correlation was found between the number of inactive WMLs and 
nonRAM-CLs (Spearman’s ρ = 0.07; P = 0.76).

DISCUSSION

This study investigated brain material from 41 well-characterized MS autopsy cases and 
showed that there is no difference regarding age at death or disease duration between 
patients with many CLs (termed ‘CL group’) and patients with few CLs (termed ‘non-CL 
group’). In a subset of cases within the CL group (i.e. 12 patients), a significant proportion 
of the CLs were characterized by a rim of activated microglia at their border (the ‘RAM-CL 
group).11,14 The CLs of the remaining 10 patients included in the CL-group were completely 
devoid of any sign of microglia activation at their borders (the ‘nonRAM-CL group’). There 
was significantly more demyelination of the cerebral cortex in the RAM-CL group when 
compared to the nonRAM-CL group. Regarding age at death and age at disease onset no 
differences were observed between the non-CL group and the nonRAM-CL group. How-
ever, a significant younger age at death was found in MS patients with RAM-CLs compared 
to MS patients in the nonRAM-CL group or in the non-CL group. Also, a shorter disease 
duration was found in MS patients in the RAM-CL group when compared to MS patients 
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in the non-CL group or in the nonRAM-CL group (although the latter comparison did not 
reach statistical significance, most likely due to the low sample size (n = 10)). Remarkably, 
PP MS patients were distinctly overrepresented in the non-CL group. Although tissue selec-
tion was performed blindly to the patients’ clinical statuses, it remains to be determined 
whether this finding is of clinical significance and could e.g. be explained by the fact that 
PP MS patients tend to have a less inflammatory profile.19 .
After analyzing several histopathological characteristics between the three different groups, 
substantial and highly significant negative correlations were found between the presence 
of RAM-CLs and age at death, as well as between RAM-CLs and disease duration. For the 
CL group, there was also a highly significant negative correlation between the presence of 
chronic active WMLs and age at death or disease duration. Furthermore, our data showed 
a strongly positive correlation between the extent of RAM-CLs and the presence of chronic 
active WMLs. Previous studies have suggested a significant role for (slowly expanding) 
chronic active WMLs in MS disease progression.20 Based on our neuropathological data, we 
here suggest that CLs with RAM may similarly contribute to MS disease progression and 
disease severity.
The underlying etiopathogenic mechanisms of cortical demyelination are not clear, al-
though several studies have suggested that cortical demyelination may be the result of 
inflammation in the leptomeninges.10-12 In our previous work, we were not able to confirm 
this association.13 Recent work by Lucchinetti et al17 based on biopsy material from early MS 
patients with tumefactive lesions showed that CLs do not only occur early in the disease 
course, but they are also the result of an active inflammatory demyelinating process.17 The 
authors describe the presence of myelin-laden macrophages and T-cell influx in CLs, which 
is extremely rare in CLs at the end-stage of disease.11,14 In contrast, microglia activation at 
the border of subpial CLs is far more regularly found at autopsy.11,14 Although the exact 
pathophysiological role that activated microglia might play in these CLs is unclear, the 
strong positive correlation with chronic active WMLs found in this study may suggest an 
overall more pronounced activity of the innate immunity in disease progression in a subset 
of the MS patients. Future investigation should detail whether the presence of (activated) 
microglia in MS CLs is mainly harmful,23-25 or whether these cells may also have neuroprotec-
tive effects in the MS cerebral cortex.14,21,22

Additionally, as previously shown in the animal models of MS (namely experimental au-
toimmune encephalomyelitis),26 the initiation of cortical demyelination was shown to be 
influenced by certain major histocompatibility complex haplotypes. As such, it would be of 
major interest to see whether genetic markers that have ensued from recent MS suscepti-
bility studies27-30 are associated with the differences in neuropathological features as seen 
in the different MS subgroups described here. More specifically, it would be important to 
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explore whether there are haplotype differences between patients with and without ex-
tensive cortical demyelination and then also between patients exhibiting RAM-CLs versus 
patients with nonRAM-CLs.
In conclusion, our study provides new insight into the clinicopathological associations of 
CLs with RAM and MS disease course, as well as into the relationship between gray and 
white matter pathology.
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Abstract

Background: Several genetic markers have been associated with 
multiple sclerosis (MS) susceptibility; however, uncovering the genetic 
aetiology of the complex phenotypic expression of MS has been more 
difficult so far. The most common approach in imaging genetics is 
based on mass-univariate linear modelling (MULM) which faces several 
limitations.
Objective: Here we apply a novel multivariate statistical model, sparse 
reduced-rank regression (sRRR), to identify possible associations of glu-
tamate related single nucleotide polymorphisms (SNPs) and multiple 
MRI-derived phenotypes in MS.
Methods: Seven phenotypes related to brain and lesion volumes for 
a total number of 326 relapsing remitting (RR) and secondary progres-
sive (SP) MS patients and a total of 3809 glutamate related and control 
single nucleotide polymorphisms (SNPs) were analysed with sRRR, 
which results in a ranking of SNPs in decreasing order of importance 
(“selection probability”). Lasso regression and MULM were used as 
comparative statistical techniques to assess consistency of the most 
important associations over different statistical models.
Results: Five SNPs within the NMDA-receptor-2A-subunit (GRIN2A) 
domain were identified by sRRR in association with normalized brain 
volume (NBV), normalized gray matter volume (NGMV) and normalized 
white matter volume (NMWM). The association between GRIN2A and 
both NBV and NWMV was confirmed in MULM and Lasso analysis.
Conclusions: Using a novel, multivariate regression model, confirmed 
by two other statistical approaches we show associations between 
GRIN2A SNPs and phenotypic variation in NBV and NWMV in this first, 
exploratory study. Replications in independent datasets are now neces-
sary to validate these findings.
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Introduction

Multiple sclerosis (MS) is a complex disease characterized by a substantial pathological 
heterogeneity, and highly variable clinical course. In recent years, large genome-wide as-
sociation studies have identified several loci that influence MS susceptibility.1-3 However, the 
extent to which the heterogenic nature of MS phenotype expression can be explained by 
genetic factors remains insufficiently understood.

In contrast to susceptibility studies, phenotypic data is often multi-dimensional and a num-
ber of statistical challenges arise when conventional statistical models like mass-univariate 
linear modelling (MULM) are used for genotype-phenotype studies.4-6 Recently a novel 
multivariate, penalized regression approach, sRRR, has been introduced that overcomes 
these difficulties.7 sRRR offers a way of simultaneously searching for multiple markers that 
are highly predictive of a combination of phenotypes, thus taking into account the multi-
variate nature of the data. Moreover, by framing the identification of genetic associations as 
a variable selection problem, rather than one of hypothesis testing, there is no need to rely 
on multiple testing correction procedures.

This exploratory study applies this novel sRRR model, as well as two further comparative 
models; the Lasso regression model and the MULM approach, in an attempt to elucidate 
the genetic variability of MS-related neuroimaging phenotypes. Given the body of evidence 
that glutamate biology is implicated in both neurodegenerative and neuroinflammatory 
processes8-10, we here examined SNPs involved in glutamate metabolism, in association 
with neuroimaging phenotypes that capture neuroinflammation and neurodegeneration 
in MS.

Materials and Methods

Cases

Patients were recruited from two specialized referral centres participating in the GeneMSA 
consortium3: the University Hospital in Basel and the VU University Medical Centre in Am-
sterdam. All included patients had a diagnosis of either relapsing-remitting MS (RRMS) or 
secondary-progressive MS (SPMS).11 In all included subjects, disability was assessed with 
the Expanded Disability Status Scale (EDSS) at baseline.12 The study protocol was approved 
by the institutional ethics review boards of the clinical centres and all patients gave written 
informed consent prior to participation.
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Image acquisition

MR-imaging was performed on two 1.5T MR-systems (Amsterdam: Siemens Vision; Basel: 
Siemens Avanto) at baseline and after one year. Dual echo proton density (PD)-T2-weighted 
images (TR:2000-4000ms;TE 14-20/80-108ms), with interleaved axial 3.0 mm-thick slices 
and an in-plane resolution of 1.0x1.0 mm2, were acquired. Additionally, post-contrast T1-
weighted spin-echo images (TR:467-650 ms;TE 8-17ms;axial 3.0 mm-thick slices with an 
in-plane resolution of 1.0x1.0 mm2) were obtained. For brain volume measurements, 3D-T1 
images were acquired (TR: 7-20.8 ms; TE 2-4 ms; TI 300-400 ms), consisting of isotropic 1x1x1 
mm3 voxels.

MRI phenotypes and measurements

Marking and measurement of focal white matter lesions was performed at the University 
Hospital Basel, using commercial semi-automatic software (AMIRA 3.1.1; Mercury Computer 
Systems Inc). T2-hyperintense lesions and T1-hypointense lesions were manually outlined 
on PD-images. Subsequently, baseline T1 and T2 lesion load changes after one year (T1LL-
change and T2LL-change respectively) in milliliters (mL) were calculated. The T1/T2-ratio 
was calculated as a ratio of T1 lesion load and T2 lesion load, by dividing T1LL-baseline by 
T2LL-baseline.
Brain volume analyses were performed at the Imaging Analysis Centre Amsterdam. NBV, 
NGMV, NWMV (all in mL) and percentage brain volume change after one year (PBVC) were 
estimated using SIENA(X) (version 2.2) from the FMRIB software Library.13 SIENA(X) registers 
each individual scan to MNI-152 standard space, using the skull as a scaling constraint. The 
volumetric scaling factor is then used to correct GM and WM volumes obtained from the 
automated tissue segmentation, to volumes normalized for head size. Scans of all subjects 
and the resulting segmentation maps were visually inspected for scan quality and segmen-
tation quality, respectively.

Genotyping and Gene Selection

Genotyping was performed using the Sentrix HumanHap 550 Beadchip available from Il-
lumina. Two separate groups of SNPs were selected for analysis from the entire set of SNPs. 
The first group consisted of SNPs in 34 genes involved in glutamatergic neurotransmission 
(supplementary eTable 1). For the second group, in order to determine an adequate set of 
“control”-SNPs to be included in the study, we performed a genome-wide linear regression 
analysis using the linear regression option in PLINK.14 Age and disease duration were used 
as covariates and NBV was used as response in the regression model. The SNPs for which 
no association was statistically significant, that is those with the highest p-values, were se-
lected to be included for final analysis together with the glutamate genes. HLA-DRB1*1501 
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rs3135388 was subsequently added in the “control”-group given prior evidence of a modest 
association of HLA-DRB1*1501 and T2LL.15

Genotype and phenotype quality control (QC)

Patients with all phenotype data and >80% of genotype data available were recruited from 
the GeneMSA dataset. To reduce the possibility of false-positive associations due to very 
small groups carrying the minor allele, we chose a relatively conservative minor allele fre-
quency (MAF) threshold of 0.1. Furthermore, genotyping QC consisted of exclusion of SNPs 
with one or more missing values and exclusion of SNPs with Hardy-Weinberg Equilibrium 
(HWE) <0.01. Pairwise LD-plots for the glutamate group and “control’ group are shown in 
Supplementary eFigure-1A. Genotype QC resulted in selection of 1292 SNPs from the 2023 
available SNPs for the selected 34 glutamate genes and 2517 SNPs from the control genes. 
In total a set of 3810 SNPs was used for analysis. Phenotype correlation coefficients were 
calculated for every phenotype combination to assess linear dependences among pheno-
types as illustrated in Supplementary eFigure-1B.

Statistical Methods

We performed an imaging genetics study using the sRRR model to identify potential genetic 
associations with the MRI-phenotypes. We further performed two additional studies; one 
using Lasso regression and one based on MULM. Since all models are based on different 
assumptions (this is explained in detail below and in the Supplementary Methods that can 
be found in the Appendix), associations that were found across the three approaches were 
considered more reliable than those that were observed in only one or two techniques.

I. MULM

The most commonly used approach for detecting genetic associations is based on uni-
variate linear regressions, modelling each SNP-phenotype pair independently. Genotype-
phenotype pairs are ranked in decreasing order of importance based on their p-values. 
An experiment-wide significance level then needs to be determined to account for the 
multiple comparisons. This can be decided upon by controlling an error criterion, such as 
the family-wise error, routine control by a Bonferroni-correctione1 or the false discovery rate.
e2-e3 In the context of imaging genetics the complex dependence structure among both 
genetic markers and among phenotypes must be accounted for.e4-e5

II. Lasso regression (Lasso)

Lasso is a penalised regression technique that models the joint dependence of multiple 
genetic markers on a quantitative phenotype. The model is able to perform variable se-
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lection, identifying subsets of the genetic markers that show the greatest effect on the 
phenotype.5-6,16 In this study Lasso is combined with a resampling approach, where the 
model is fitted repeatedly in sub-samples extracted from the data.e18 SNPs are then ranked 
according to their frequency of selection (selection probability), and a final set of SNPs is 
obtained after deciding on a threshold on the selection probabilities.

III sRRR

Even though Lasso models all the genetic markers jointly, it treats each phenotype inde-
pendently of each other. However, variability in correlated phenotypes is expected to be 
explained by common genetic variation and accounting for the multivariate nature of the 
disease phenotype has the potential to further amplify the signal, and eventually increase 
the statistical power to detect true associations.
sRRR is a penalised regression technique specifically designed for multivariate modelling 
of high-dimensional imaging-phenotypes and genetic covariates. Following extensive 
simulations, sRRR has been proven to provide higher statistical power compared to MULM.7 
Similarly with Lasso, this model is combined with a data resampling procedure resulting 
in ordering of the SNPs and phenotypes based on selection probabilities. The sRRR model 
assumes the existence of multiple ranks, each capturing different genetic effects on the 
disease phenotypes. To examine subsequent ranks, data of SNPs and phenotypes with a 
selection probability ≥ 0.5 are regressed out prior to the subsequent rank 2 analysis. Further 
ranks are determined by repeating the same procedure.

In the current study, sRRR was used to model the joint dependence of the entire set of 
genetic markers and phenotypes (i.e., all seven different MRI measurements). Only the first 
two ranks were considered as further ranks were deemed not informative enough for the 
present study. Lasso was used to model the joint dependence of the entire set of genetic 
markers on each phenotype independently and the MULM approach was used to examine 
SNP-phenotype pair-wise associations. For MULM, Bonferroni-correction for multiple test-
ing was performed by taking into account all the tests performed within the group, i.e., 
adjusting p-values by all p(SNPs) x 7 phenotypes, or by correcting for the per-phenotype 
multiple-testing only (i.e., for each phenotype correcting for the number of tests conducted).
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Results

Patient and imaging descriptives

A total of 326 patients were included for final analysis (262 RRMS and 64 SPMS patients). The 
mean age of the included patients was 45 years (min 19 years, max 67 years) with a mean 
disease duration of 12.3 years (min 0, max 47 years). The median EDSS score was 3 (min 
0, max 7.5). Mean NBV was 1548 mL (SD 88), mean NGMV was 771 mL (SD 68) and mean 
NWMV was 778 mL (SD 56). Lesion volume measurements showed a mean T2LL-baseline 
of 6.35 mL (SD 8.40), a mean T1LL-baseline of 2.12 mL (SD 3.36 mL) and a mean T1/T2 ratio 

Table 1 Demographic details of included subjects.

Patient Characteristics Number of patients Mean (SD)

Disease type RRMS 262

SPMS 64

Gender Male 98

Female 228

Site Basel 187

Amsterdam 139

Age at time of analysis, mean (range) 326 45 (19-67)

Disease duration in years, mean (range) 326 12 (0-47)

EDSS score, median (range) 326 3 (0-7.5)

NBV, mean (SD), mL 326 1548 (88)

NGMV, mean (SD), mL 326 771 (68)

NWMV, mean (SD), mL 326 777 (56)

T1LL-baseline, mean (SD), ml 326 2.12 (3.36)

T2LL-baseline, mean (SD), ml 326 6.35 (8.40)

T1/T2 ratio, mean (SD) 326 0.28 (0.18)

T1LL-change, mean (SD), ml 326 0.024 (0.459)

T2LL-change, mean (SD), ml 326 0.259 (1.094)

PBVC, mean (SD), % 326 -0.56 (0.87)

Abbreviations; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis; 
EDSS = expanded disability status scale; NBV = normalized brain volume in milliliter; NGMV = normalized 
gray matter volume in milliliter; NWMV = normalized white matter volume in milliliter; T1LL-baseline = 
T1-lesion load at baseline; T2LL-baseline = T2-lesion load at baseline; T1/T2-ratio; the ratio between corre-
sponding T1-lesion load and T2-lesion load at baseline; T1LL-change = T1 lesion load change between year 
1 and baseline in milliliter ; T2LL-change = T2 lesion load change between year 1 and baseline in mililiter; 
PBVC = Percentage brain volume change between year 1 and baseline.
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of 0.28 (SD 0.18). After one year, the mean T2LL-change was 0.259 mL (SD 1.09) and mean 
T1LL-change was 0.024 mL (SD 0.459). The PBVC (one year interval) was -0.56 % (SD 0.87). 
(Table 1 and eFigure1B).

Glutamatergic SNPs and phenotypic variability; sRRR results

The sRRR model identified 6 NMDA-receptor-subunit 2A (GRIN2A) SNPs in rank 1 having a 
selection probability ≥ 0.50 (shown in Table 2). The top GRIN2A SNP in rank 1 was rs3859123, 
which was selected with a probability of 0.64. In addition, 14 SNPs related to glutamate 
signalling genes (GRIN2A (5 SNPs), metabotropic glutamate receptor (GRM) 7 (7 SNPs), 

Table 2 sRRR Genotype selection probabilities

sRRR Genotype selection

SNP Selection Probability Gene Chr MAF HWE p-value

rs3859123 0.64 GRIN2A 16 0.316 1

rs9927924 0.558 GRIN2A 16 0.362 0.4034

rs6497658 0.522 GRIN2A 16 0.4202 0.9099

rs13338243 0.505 GRIN2A 16 0.4356 0.9104

rs1070484 0.5 GRIN2A 16 0.3144 0.3063

rs3104703 0.5 GRIN2A 16 0.4985 0.03509

rs10775270 0.488 GRIN2A 16 0.3252 0.449

rs17824908 0.47 GRM7 3 0.2469 0.7658

rs11131063 0.468 GRM7 3 0.2485 0.7681

rs6497676 0.443 GRIN2A 16 0.3252 0.449

rs10872587 0.43 GRM1 6 0.3313 0.453

rs2156633 0.422 GRIK4 11 0.2837 0.588

rs1353828 0.42 GRM7 3 0.2515 1

rs9880404 0.42 GRM7 3 0.25 0.8826

rs837688 0.416 GRIN2A 16 0.3865 0.2952

rs12922641 0.41 GRIN2A 16 0.3451 0.5411

rs7205180 0.41 GRIN2A 16 0.4877 0.1204

rs1318267 0.405 GRM7 3 0.2025 0.08504

rs339804 0.398 GRM7 3 0.3589 0.5473

rs414907 0.398 GRM7 3 0.3589 0.2785

SNPs selected in the first (top 20 shown) rank of the sRRR model. Abbreviations: HWE, Hardy-Weinberg equilibrium; 
MAF, minor allele frequency. Gene names are listed in table 2. “N/A” is not available since there is no known gene 
symbol because the SNP is intragenic.
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GRM1 (1 SNP) and kainate receptor 4 (GRIK4, 1 SNP)) were associated with NBV, NGMV and 
NWMV. The corresponding phenotypes were selected with probabilities 0.815, 0.757 and 
0.736, respectively (Table 3). HLA-DRB1*1501 tagging SNP rs3135388 showed no relevant 
association with any of the phenotypes. This SNP was ranked 3516th in sRRR rank 1. See 
figure 1 for associations NBV and NWMV with genetic variability in rs3859123.

Table 3 sRRR selection probabilities for all phenotypes

Phenotype selection Selection probability

NBV 0.815

NGMV 0.757

NWMV 0.736

T2LL-change 0.618

T1/T2 ratio 0.603

PBVC 0.542

T1LL-change 0.53

Selection probabilities for all phenotypes in sRRR rank 1. Abbreviations: NBV = Normalized Brain Volume; NGMV = 
Normalized Gray matter Volume; NWMV= Normalized White Matter Volume; T1/T2-ratio; the ratio between corre-
sponding T1-lesion load and T2-lesion load; T1LL-change= T1 lesion load change between year 1 and baseline; T2LL-
change= T2 lesion load change between year 1 and baseline; PBVC = Percentage Brain Volume change between year 
1 and baseline.

Figure 1 Associations of normalized brain volume (NBV, in liter) and normalized white matter 
volume (NWMV, in liter) with genetic variability in the GRIN2A SNP, rs3859123

Normalized brain volume (NBV, in liter) and normalized white matter volume (NWMV, in liter). The x-axis displays the 
3 different genotype groups for SNP rs3859123, demonstrating that the GG genotype is associated with reduced NBV 
(P = 0.000306) and NWMV (P = 0.001239) relative to the AA genotype group.
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In sRRR rank 2, none of the SNPs had a selection probability ≥ 0.50. Four SNPs (two AMPA 
receptor 4 (GRIA4) and two NMDA receptor subunit 2B (GRIN2B) gene related SNPs) from 
the glutamatergic gene group, scored highest with selection probabilities 0.439, 0.436, 
0.427 and 0.397, respectively. Again, NBV, NGMV and NWMV were the phenotypes that were 
selected with the highest selection probabilities (0.858, 0.846, and 0.669, respectively) for 
this rank. Subsequent ranks were not examined as the selection probabilities from the rank 
2 analysis where relatively low.

Lasso regression and MULM results:

The top sRRR rank 1 SNP rs3859123, a GRIN2A SNP, was selected by both Lasso regres-
sion and MULM in association with NBV and NWMV (Table 4 and Supplementary eTable 2). 
Furthermore, eight other GRIN2A SNPs showed an association with either NBV or NWMV 
when using Lasso and MULM.

Table 4 Lasso and MULM results for the 6 SNPs selected by sRRR with selection probability ≥ 0.5

sRRR Genotype selection Lasso MULM

SNP Selection 
Probability

Gene Phenotype Selection 
Probability

place Phenotype p-value place

rs3859123 0.64 GRIN2A NBV 0.581 2nd NBV 0.000306 1st

rs9927924 0.558 GRIN2A NWMV 0.352 11th NWMV 0.000393 1st

rs6497658 0.522 GRIN2A NBV 0.262 30th NWMV 0.002482 6th

rs13338243 0.505 GRIN2A NBV 0.134 163rd NBV 0.009192 11th

rs1070484 0.5 GRIN2A NWMV 0.077 702nd NWMV 0.002631 9th

rs3104703 0.5 GRIN2A NBV 0.338 15th NBV 0.001342 2nd

Lasso and MULM associations (selection probability and p-value resp.) for the 6 SNPs selected by sRRR with selection 
probability ≥ 0.5. Abbreviations: p-value = p-value of SNP-phenotype association.

Four GRM5 SNPs showed significant associations with T2LL-change using MULM (top SNP 
rs7483764, lowest p-value 2.33*10−5, which remained significant after per-phenotype Bon-
ferroni-correction) and Lasso regression (selection probability 0.511). This SNP scored 32nd in 
sRRR rank 1 (selection probability 0.36). Concerning the HLA-DRB1*1501 susceptibility SNP 
rs3135388, Lasso analysis showed a selection probability in association with T2LL-change of 
0.105 (placed 495th in the complete Lasso analysis with T2LL-change) and for the MULM a 
p-value of 0.19 (placed 707th in the complete MULM analysis with T2LL-change).
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Discussion

In this study, we used three different regression models on a well-characterized clinical 
and MR-imaging dataset of 326 MS patients from two European MS referral centers. Two 
penalized regression models; the multivariate sRRR model and the univariate-phenotype 
Lasso model as well as the more conventional MULM were used to study the effects of 
genetic variation in 33 genes involved in brain glutamate metabolism on 7 different MRI 
phenotypes in MS. The results across all three analyses showed consistent associations of 
ionotropic glutamate receptor GRIN2A SNPs with NBV and NWMV.

MS susceptibility and disease expression are believed to be the result of a complex interplay 
of environmental, genetic and even epigenetic factors,17-19 which eventually lead to a hetero-
geneous phenotypic expression that can be captured in detail by neuroimaging studies.20-22 
After successful genetic susceptibility studies in recent years, previous studies using MRI and 
genetics data to study genotype-phenotype associations have resulted in a number of only 
modest relations. Firstly, candidate gene studies have generated associations of individual 
SNPs with a variety of individual MRI phenotypes.23-24 Secondly, genome-wide association 
studies (GWAS) showed that several glutamatergic SNPs were moderately associated with 
higher T2-lesion loads, lower NBV, and abnormal MR-spectroscopy findings on glutamate 
metabolism. Also, a pathway-based analysis of GWAS data identified a biological module 
comprising of several glutamate related SNPs, that jointly were associated with increased 
susceptibility.10,25 Taken together, in contrast to diseases such as Alzheimer’s disease where 
the major susceptibility gene ApoE is also associated with a more severe disease course,26 a 
similar general disease modifying effect of susceptibility genes does not seem to be present 
in MS.27 Other genetic variants than those found in susceptibility studies may thus influence 
phenotypic variation in this disease.

When determining the extent to which genetic variation contributes to phenotypic variabil-
ity, a number of statistical challenges have to be overcome. The most common genotype-
phenotype association approach involves the fitting of a massive number of linear models, 
regressing each phenotype onto each genetic variant one at a time, performing hypothesis 
testing, and then ultimately correcting for multiple testing. This MULM approach becomes 
extremely challenging with increasing numbers of genetic variants tested and with higher 
dimensionality of imaging-phenotypes used as readouts.4 An additional disadvantage of 
the traditional univariate linear modelling approach is that it treats each marker indepen-
dently and is as such unable to capture possible cumulative effects from multiple genetic 
markers. Furthermore, it does not allow for a combination of predicted phenotypes, which 
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is a crucial step when attempting to explain phenotype heterogeneity in a highly complex 
disease like MS.

Advanced statistical models, like the sRRR model hold promise for overcoming these dif-
ficulties because they can detect genotype-phenotype associations with greater power 
by capturing possible cumulative effects.5-6 As reported previously, the sRRR approach 
performs both genotype and phenotype selection and offers a way of simultaneously 
searching for multiple markers that are highly predictive of a combination of phenotypes. 
Hence, the sRRR approach also accounts for the multivariate nature of disease expression 
and has the potential to amplify the signal and eventually increase the power to detect true 
associations.

With this study, we provide new evidence that genetic variants of glutamate metabolism are 
associated with altered expression of neurodegenerative phenotypes in a large, multicenter 
MS cohort. Glutamate, the major excitatory neurotransmitter in the CNS, has been implicat-
ed in both neurodegeneration and neuroinflammation in a variety of neurological disorders 
including MS. Glutamate signalling involves activation of ionotropic (iGluRs, voltage-gated 
channels including NMDA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) and kainate receptors) and metabotropic glutamate receptors (mGluRs, G-protein 
coupled receptors) which are expressed on neurons and glial cells throughout the CNS. 
Under normal conditions a tightly controlled cerebral glutamate concentration is provided 
but increased glutamate concentrations are seen in various pathological conditions, and 
can ultimately lead to excitotoxic neuronal and glial cell death and neurodegeneration.28-30

Increased concentrations of glutamate in the cerebrospinal fluid of MS patients have been 
associated with the severity and course of the disease.31 Supporting this, in vivo spectroscopy 
studies have shown alterations in glutamate metabolism in acute MS lesions and normal 
appearing white matter.32 In addition, post mortem studies have shown altered glutamate 
transporter expression in MS brain tissue,33 altered expression of mGluRs10-11 and altered 
expression of glutamate metabolizing enzymes,34 which implies an important role of the 
complete group of glutamate-related proteins. Furthermore, glutamate transporter poly-
morphisms have been found to affect the glutamate concentration in MS brain tissue10,34 
suggesting that genetic variants of glutamate-related proteins can modulate glutamate 
homeostasis. In the present study, we found consistent evidence that variants of GRIN2A 
(the gene that codes for the NMDA receptor (NMDAR) subunit 2A) were consistently associ-
ated with NBV and NWMV. NMDARs are expressed on neurons, astrocytes, oligodendrocyte 
processes and on the compact myelin that ensheaths axons in the cerebral white matter. 
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When excessively stimulated or activated, NMDARs increase intracellular Ca2+ and as such 
are a major contributor to neuronal and oligodendrocyte death.35-40 The top 5 associated 
GRIN2A SNPs in this study, are all localized in intron regions and currently have no known 
functional effect. However, the effects of micro-RNAs (primarily located in intron regions 
of host genes) are becoming better understood41 and although not ‘functional’ on a level 
of qualitatively altered transcripts of GRIN2A, the found SNPs might exert effects on more 
quantitatively altered transcripts (i.e. increased or decreased transcription of GRIN2A).

Despite the novelty and interest of these results, caution is needed when applying a new 
statistical model like sRRR. Although validated after extensive simulations9 and applied to 
a comprehensive genotype-phenotype dataset26, this is the first time that sRRR has been 
applied to an MS dataset. Therefore, the sRRR results cannot be compared to previous 
results from previous studies that used different statistical models. In the present study 
we further applied two individual-phenotype analysis models, MULM and Lasso regression. 
This application of different statistical models allowed us to evaluate the consistency of 
findings across the models and detect the SNPs with the strongest effects on the imaging-
phenotypes. Regarding the functional relevance of the observed associations, the absence 
of a healthy age- and sex-matched control group prevented us from concluding that the 
found genotype-phenotype associations are unique to MS. It could well be that the ob-
served associations with brain volume measures can be found in different neurodegenera-
tive diseases and also with ageing.

A primary interest of our study is in its application of a novel statistical method, which 
overcomes important statistical problems that have been a major point of difficulty in previ-
ous genetic association studies. After subsequent application of two different, independent 
statistical methods, we showed consistency of our findings across these independent mod-
els. Furthermore, this simultaneous analysis of multiple phenotypes in this heterogeneous 
disease like MS allows us for the first time to better understand the interplay between ge-
netic variants and disease expression amongst multiple MRI-derived phenotypes. Despite 
the limitations of this exploratory study, the novel statistical method has provided plausible 
new genotype-phenotype associations for further exploration. Following on the successes 
of genetic association studies for susceptibility to MS, further studies are needed to identify 
genetic factors driving phenotypic expression of MS to develop tools to assist in better 
understanding the prognosis of individual patients.
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Supplementary data

Supplementary eTable 1 Glutamate Genes

Gene Alias Gene Map 
Locus

Number of SNPs

Glutamine synthetase

GLUL 1q13 3

Glutamate dehydrogenase

GLUD1 10q23.3 5

GLUD2 Xq25 1

Glutaminase

GLS1 2q32-q34 9

GLS2 12q13 1

Glutamate transporter

SLC1A1 EAAC1/EAAT3 9p24 54

SLC1A2 GLT-1/EAAT2 11p13-p12 54

SLC1A3 EAAT1/GLAST 5p13 37

SLC1A6 EAAT4 19 7

SLC1A7 1 23

Metabotropic Glutamate Receptors

GRM1 6q24 56

GRM2 11p13-p12 1

GRM3 3p21.2-p21.1 42

GMR4 7q21.1-q21.2 30

GRM5 11 117

GRM6 5q35 6

GRM7 3p26.1-p25.2 315

GRM8 7q31.3-q32.1 212

Ionotropic Glutamate Receptors

AMPA receptors GRIA1 GluR1 5q33 102

GRIA2 GluR2 4q32-q33 8

GRIA3 GluR3 Xq22-q23 61

GRIA4 GluR4/GluRA-D2 11q22-q23 61

NMDA receptors GRIN1 9q34.3 1

GRIN2A 16p13 143

GRIN2B 12p12 179

GRIN2C 17q25 4
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Supplementary eTable 1 Glutamate Genes (continued)

Gene Alias Gene Map 
Locus

Number of SNPs

GRIN2D 19q13.1 5

GRIN3A 9q31.1 58

GRIN3B 19 5

Kainate receptors GRIK1 GluR5 21q22 117

GRIK2 GluR6 6q21 167

GRIK3 GluR7 1p34-p33 35

GRIK4 KA1 11q22.3 103

GRIK5 KA2 19q13.2 4

Gene nomenclature and chromosomal position correspond to the latest version of NCBIs Entrez Gene; http://www.
ncbi.nlm.nih.gov/gene. Number of SNPs corresponds to the number of SNPs of each gene available on the Sentrix 
HumanHap 550 Beadchip available from Illumina, that has been used for genotyping.

Supplementary eTable 2 Lasso and Univariate Linear Modelling results

Lasso results MULM results
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NBV rs301434 SLC1A1 9 0.4448 0.6537 A 0.581 rs3859123 GRIN2A 16 0.316 1 G 0.000306

rs3859123 GRIN2A 16 0.316 1 G 0.505 rs3104703 GRIN2A 16 0.4985 0.03509 T 0.001342

rs3792452 GRM7 3 0.1856 0.8542 A 0.391 rs2237734 GRM8 7 0.2055 0.7339 C 0.002915

rs2156633 GRIK4 11 0.2837 0.588 G 0.384 rs9927924 GRIN2A 16 0.362 0.4034 A 0.003074

rs12922641 GRIN2A 16 0.3451 0.5411 A 0.383 rs6497658 GRIN2A 16 0.4202 0.9099 G 0.003910

rs2237734 GRM8 7 0.2055 0.7339 C 0.372 rs2300238 GRIN2B 12 0.4141 0.3617 T 0.004997

rs1945010 GRIK4 11 0.365 0.9051 T 0.371 rs2299460 GRM8 7 0.2055 1 C 0.005412

rs11033110 SLC1A2 11 0.1534 0.5256 T 0.369 rs2299456 GRM8 7 0.1764 0.7047 C 0.005735

rs2299456 GRM8 7 0.1764 0.7047 C 0.367 rs837688 GRIN2A 16 0.3865 0.2952 C 0.006973

rs3737989 SLC1A7 1 0.1856 0.5813 G 0.362 rs2156633 GRIK4 11 0.2837 0.588 G 0.007106

NGMV rs301434 SLC1A1 9 0.4448 0.6537 A 0.504 rs13066750 GRM7 3 0.4325 0.2144 A 0.003824

rs3737989 SLC1A7 1 0.1856 0.5813 G 0.436 rs6476878 SLC1A1 9 0.3436 1 A 0.004397

rs1358621 N/A 2 0.3727 0.9057 T 0.435 rs12487494 GRM7 3 0.4463 0.3132 A 0.004583

rs2237734 GRM8 7 0.2055 0.7339 C 0.415 rs779738 GRM7 3 0.4417 0.1155 T 0.004601

rs6476878 SLC1A1 9 0.3436 1 A 0.414 rs17047503 GRM7 3 0.161 1 A 0.005153

rs4857458 N/A 3 0.4923 0.1849 A 0.412 rs978826 GRM7 3 0.4463 0.4329 A 0.006144

rs17047503 GRM7 3 0.161 1 A 0.389 rs1358621 N/A 2 0.3727 0.9057 T 0.006625
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Supplementary eTable 2 Lasso and Univariate Linear Modelling results (continued)

Lasso results MULM results
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rs2479104 DENND1A 9 0.1058 0.3824 C 0.363 rs779748 GRM7 3 0.4509 0.2643 T 0.006711

rs3851377 MECOM 3 0.4463 0.4329 C 0.35 rs6443109 GRM7 3 0.4448 0.3695 A 0.006961

rs779738 GRM7 3 0.4417 0.1155 T 0.343 rs2021678 GRIK2 6 0.2929 0.3492 C 0.007759

NWMV rs12922641 GRIN2A 16 0.3451 0.5411 A 0.48 rs9927924 GRIN2A 16 0.362 0.4034 A 0.000393

rs2251036 GRIK1 21 0.319 0.5235 C 0.43 rs3859123 GRIN2A 16 0.316 1 G 0.001239

rs1568447 N/A 17 0.3804 0.5566 G 0.421 rs11866570 GRIN2A 16 0.1058 0.77 C 0.001350

rs325723 N/A 3 0.2347 0.3552 T 0.421 rs10415904 N/A 19 0.1319 0.4717 G 0.001755

rs10415904 N/A 19 0.1319 0.4717 G 0.404 rs379182 GRIK1 21 0.1273 0.8017 G 0.001812

rs2299456 GRM8 7 0.1764 0.7047 C 0.399 rs6497676 GRIN2A 16 0.3252 0.449 G 0.002482

rs3859123 GRIN2A 16 0.316 1 G 0.395 rs1345424 GRIN2A 16 0.2853 0.4148 C 0.002567

rs11866570 GRIN2A 16 0.1058 0.77 C 0.386 rs2251036 GRIK1 21 0.319 0.5235 C 0.002629

rs2585184 N/A 8 0.1656 0.1585 T 0.384 rs1070484 GRIN2A 16 0.3144 0.3063 C 0.002631

rs379182 GRIK1 21 0.1273 0.8017 G 0.36 rs12922641 GRIN2A 16 0.3451 0.5411 A 0.003371

T2LL- 
Change

rs13123618 SEC24B 4 0.1779 0.5686 C 0.617 rs7483764 GRM5 11 0.1104 0.1514 G 0,000023

rs10087036 N/A 8 0.3896 0.7275 A 0.58 rs982010 GRM5 11 0.112 0.09892 G 0,000030

rs3734464 PARK2 6 0.1089 0.5629 C 0.547 rs905646 GRM5 11 0.1135 0.09789 G 0,000038

rs1438507 TCERG1L 10 0.388 0.9071 A 0.517 rs11020772 GRM5 11 0.1074 0.1494 G 0,000061

rs7483764 GRM5 11 0.1104 0.1514 G 0.511 rs3734464 PARK2 6 0.1089 0.5629 C 0.000377

rs12197749 GRM1 6 0.1856 0.469 A 0.5 rs13123618 SEC24B 4 0.1779 0.5686 C 0.000634

rs17149021 CCDC81 11 0.2255 0.1557 G 0.493 rs12197749 GRM1 6 0.1856 0.469 A 0.001433

rs169382 ARL15 5 0.3543 1 A 0.482 rs12622685 N/A 2 0.3635 0.9047 A 0.003288

rs7470838 PTPRD 9 0.2715 0.8887 G 0.47 rs10087036 N/A 8 0.3896 0.7275 A 0.003325

rs8097442 N/A 18 0.2914 0.5057 A 0.466 rs7765598 RWDD1 6 0.3037 0.4339 A 0.003516

T1/T2 
ratio

rs1488109 MECOM 3 0.4141 0.4246 A 0.718 rs11610518 GRIN2B 12 0.1058 1 G 0,000175

rs1328904 N/A 9 0.1825 0.1361 G 0.552 rs1488109 MECOM 3 0.4141 0.4246 A 0,000283

rs11610518 GRIN2B 12 0.1058 1 G 0.531 rs339804 GRM7 3 0.3589 0.5473 G 0,001037

rs513836 N/A 18 0.2423 0.549 C 0.531 rs414907 GRM7 3 0.3589 0.2785 C 0,001116

rs12103535 DNAH17 17 0.4018 0.7312 T 0.509 rs1328904 N/A 9 0.1825 0.1361 G 0,001400

rs3739722 GRIN3A 9 0.1288 1 A 0.501 rs1805470 GRIN2B 12 0.1641 0.5506 C 0,001441

rs876479 N/A 11 0.3466 0.1441 A 0.496 rs2268122 GRIN2B 12 0.1227 0.1958 T 0,001562

rs12545609 N/A 8 0.25 0.8826 T 0.477 rs2268215 GRIK1 21 0.1028 0.7609 C 0,001847



Glutamate gene polymorphisms predict brain volumes in multiple sclerosis     |   91

Chapter

5

Supplementary eTable 2 Lasso and Univariate Linear Modelling results (continued)

Lasso results MULM results
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rs10791264 OPCML 11 0.3267 0.1304 T 0.475 rs876479 N/A 11 0.3466 0.1441 A 0,001915

rs3753776 GRIK3 1 0.3528 0.04 T 0.469 rs11157795 TRIM9 14 0.2285 0.8753 A 0.001961

PBVC rs2057137 N/A 14 0.1656 0.8421 G 0.673 rs2057137 N/A 14 0.1656 0.8421 G 0,000309

rs1286831 INADL 1 0.204 0.865 A 0.632 rs7621892 N/A 3 0.4202 0.6492 A 0,000768

rs1025256 N/A 12 0.2592 0.02107 G 0.626 rs1025256 N/A 12 0.2592 0.02107 G 0,000809

rs7621892 N/A 3 0.4202 0.6492 A 0.542 rs919098 N/A 11 0.2837 0.4161 C 0,001304

rs4777927 N/A 15 0.3344 0.1717 T 0.518 rs11218059 GRIK4 11 0.1963 0.8611 T 0,001380

rs2181461 N/A 14 0.1365 0.6385 G 0.502 rs1286831 INADL 1 0.204 0.865 A 0,001967

rs1060691 N/A 2 0.4755 0.1503 C 0.471 rs1493395 GRIA1 5 0.1089 1 C 0,002001

rs11058065 N/A 12 0.3328 0.9007 A 0.466 rs1060691 N/A 2 0.4755 0.1503 C 0,002121

rs919098 N/A 11 0.2837 0.4161 C 0.463 rs631905 PIGS 17 0.3221 0.8994 C 0,002196

rs11218059 GRIK4 11 0.1963 a 0.8611 T 0.457 rs11866570 GRIN2A 16 0.1058 0.77 C 0,002254

T1LL- 
change

rs2282586 N/A 11 0.4218 1 A 0.687 rs2282586 N/A 11 0.4218 1 A 0,000295

rs10895854 GRIA4 11 0.1089 0.2457 T 0.627 rs10895854 GRIA4 11 0.1089 0.2457 T 0,000703

rs1072755 FYCO1 3 0.3666 0.1215 G 0.564 rs2825730 N/A 21 0.3052 0.5139 A 0,001556

rs9818020 NLGN1 3 0.2822 0.682 C 0.523 rs10502243 GRIK4 11 0.1442 0.06948 A 0,001728

rs454127 N/A 1 0.1503 0.513 G 0.506 rs6555826 SLIT3 5 0.3144 0.2006 C 0,002080

rs6842241 EDNRA 4 0.1304 0.8065 A 0.476 rs4286841 TMEM195 7 0.2331 0.2817 A 0,002222

rs1320473 PAX5 9 0.3497 1 G 0.475 rs1072755 FYCO1 3 0.3666 0.1215 G 0,002296

rs10875952 SPATS2 12 0.2776 0.8901 G 0.467 rs454127 N/A 1 0.1503 0.513 G 0,002564

rs2825730 N/A 21 0.3052 0.5139 A 0.464 rs9818020 NLGN1 3 0.2822 0.682 C 0,002988

rs10079672 AFAP1L1 5 a 0.87 A 0.461 rs6920337 N/A 6 0.2362 0.7608 A 0,003593

Top 10 Lasso and MULM (selection probability and p-value resp.) results for every included phenotype (7 in total). 
Marked in italics are SNPs from the “control group”. Marked in bold are SNPs selected with Lasso with selection prob-
ability ≥ 0.5 or SNPs associated by MULM with significant p-value after Bonferroni-correction for multiple compari-
sons. Abbreviations: MAF = minor allele frequency; HWE= Hardy-Weinberg equilibrium; p-value = p-value of SNP-
phenotype association, the uncorrected p-value is given. Gene names are listed in Supplementary Table e1. “N/A” is 
not available since there is no known gene symbol because the SNP is intragenic.
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Supplementary eFigure 1A&1B Pairwise correlation plots for Genotype and Phenotype data.

Supplementary eFigure 1A - Pairwise linkage disequilibrium (LD) plots showing LD coefficients between the SNP 
groups (on the left the glutamate group, on the right the “control” group) included in the present study. Green (darker 
colour; 1.0) and pink (lighter colour; 0) represent higher and lower correlations, respectively.

Supplementary eFigure 1B - Phenotype correlation plot showing correlation coefficients between the seven 
phenotypes included in the present study. Green (darker colour; 1.0) and pink (lighter colour; -0.4) represent strong 
positive and negative correlations, respectively. Abbreviations: (1) NGMV: normalized gray matter volume, (2) NWMV: 
normalized white matter volume, (3) NBV: normalized brain volume, (4) T1/T2 ratio, (5) T1LL-change: T1 lesion load 
change over 1 year, (6) T2LL-change; T2 lesion load change over 1 year, (7) PBVC: percentage brain volume change 
over 1 year.
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Abstract

Neuroimaging measures hold promise for enhancing the detection 
of disease-related genetic variants. In this study, we use advanced 
multivariate regression methods to assess the predictive value of single 
nucleotide polymorphisms (SNPs) on several brain volumetric- and 
lesion-related neuroimaging measures in a well-characterized cohort of 
326 patients with multiple sclerosis (MS). SNP selection was constrained 
to key epigenetic regulatory genes to further explore the emerging 
role of epigenetics in MS. Regression models consistently identified 
rs2522129, rs2675231 and rs2389963 as having amongst the highest 
predictive values for explaining differences related to brain volume 
measures. These SNPs are all contained in genes from the same super-
family, histone deacetylases (HDACs), which have biological functions 
that are relevant to MS, neurodegeneration, and aging. Our preliminary 
findings generate hypotheses for testing in future independent MS data 
sets as well as other neurodegenerative conditions.
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Introduction

Multiple sclerosis (MS) is an inflammatory disease involving demyelination and neurode-
generation.1 The disease is characterized by autoimmune attacks against myelin in the 
central nervous system leading to varying degrees of relapsing or progressive neurological 
impairments.2 The clinical course and disease progression of MS is highly variable, and is 
likely to depend on complex heritable (genetic and epigenetic) and environmental fac-
tors.3-5

Studies are starting to unravel some of the genetic factors that influence MS disease sus-
ceptibility, of which the majority relate to immune system functions.6 Additional genetic 
factors influencing specific features of MS disease expression, such as myelin loss, axonal 
and neuronal degeneration remain largely unknown. A promising strategy for identifying 
possible gene variants that influence these features is to integrate intermediate measures, 
such as those derived from neuroimaging studies. Radiological features derived from 
magnetic resonance imaging (MRI) offer in vivo measures that reflect different stages of 
inflammation and neurodegeneration, resulting in greatly enhanced characterization 
of MS disease processes.7 These intermediate measures hold promise for enhancing the 
sensitivity of detecting genetic factors that influence biological mechanisms underlying 
MS pathogenesis.

Emerging evidence has established a preliminary role for epigenetic mechanisms in MS:4 
1) epigenetic drug targets8-12 2) epigenetic regulation of MS susceptibility genes13 and 3) 
epigenetic events linking to inflammation and neurodegeneration.14 While these initial 
findings are encouraging, a complete understanding of the epigenetic mechanisms that 
specifically influence MS is far from being fully characterized.

In light of all evidence presented above, this study utilizes a neuroimaging genetics ap-
proach to investigate potential relationships between genetic variability in genes that regu-
late epigenetic events in order to assess whether such mechanisms specifically influence 
MRI features relevant to the lesion and brain volume changes reported in the brains of MS 
patients. We constrain our analyses to examine genetic variability in 25 key epigenetic regu-
latory genes and 7 different MS-relevant brain volume- and lesion-related MRI measures 
using a large, well-characterized sample population of patients with MS. Given that we have 
no prior predictions for which genes and variants will best predict which brain measures, 
we explore the variability in these genes and imaging measures as a way of generating 
future hypotheses that can be tested in independent data sets.
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While the integration of neuroimaging measures into genetic studies is likely to enhance 
the sensitivity of detecting relationships, this approach presents new statistical challenges 
(when considering multiple loci and multiple neuroimaging measures) and therefore 
requires advances in statistical methodologies. In this study, we apply two advanced 
multivariate regression models (Lasso regression and sparse reduced-rank regression) to 
account for dependencies in the data. These advanced methodologies hold promise for 
detecting neuroimaging and genetics relationships with greater power,15 and thus have a 
higher probability of consistently identifying relevant gene variants in relation to specific 
phenotypic determinants relevant to MS. We also report on the corresponding conven-
tional univariate tests.

Materials and Methods

Cases

All patients are part of a larger cohort recruited from two clinical centres that participated 
in the GeneMSA consortium and are derived from a larger cohort that was previously 
published in detail.16,17 Patients visited the University Hospital in Basel and the VU Univer-
sity medical Centre in Amsterdam, and patients with a diagnosis of clinically definite MS18 
were included. Because primary progressive MS may be a distinct clinical subtype we only 
included patients with an initial relapsing-onset of MS; relapsing remitting MS (RRMS) or 
secondary progressive MS (SPMS). The latter was retrospectively defined by at least six 
months of worsening neurological disability not explained by clinical relapse.19 Disability 
was assessed with the Expanded Disability Status Scale (EDSS) at baseline and follow-up 
after one year for all patients.20 The institutional ethics review boards of the clinical centres 
approved the study protocol. All patients have given written informed consent before to 
entering into the study.

Image acquisition

MR imaging was performed on two 1.5T MR systems (Amsterdam: Siemens Vision; Basel: 
Siemens Avanto) at baseline and at a one-year follow-up. Dual echo proton density (PD)-
T2-weighted images were acquired (repetition time TR: 2000-4000ms; echo time TE 14-20 / 
80-108 ms), with interleaved axial 3.0 mm-thick slices and an in-plane resolution of 1.0x1.0 
mm2. Also acquired were post-contrast T1-weighted spin-echo images (TR: 467-650 ms; TE 
8-17 ms; axial 3.0 mm-thick slices with an in-plane resolution of 1.0x1.0 mm2. For brain vol-
ume measurement, isotropic (1 x 1 x mm3) T1-weighted anatomical images were acquired 
(TR: 7-20.8 ms; TE 2-4 ms; TI 300-400 ms).
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MRI measures

Images were visually inspected for the absence of movement artefacts before lesion and 
volume analysis. Brain volume analyses were performed at the Imaging Analysis Centre 
in Amsterdam and lesion marking and measurement at the University Hostpital in Basel. 
In this study we investigated 7 different neuroimaging measures in total. There were 4 
measures that related to brain volume: (i) normalized brain volume (NBV), (ii) normalized 
grey, (NGMV), (iii) white matter volumes (NWMV) and (iv) percentage brain volume change 
after one year (PBVC) that were estimated by use of SIENA(X)21 (version 2.2) from the FMRIB 
software Library. All T1-weighted images were registered to Montreal Neurological Institute 
(MNI)-152 standard space using the skull as a scaling constraint. A volumetric scaling factor 
was applied to correct GM and WM volumes (derived from the automated tissue segmen-
tation) to normalize for head size (i.e., NGMV and NWMV). Scans of all subjects and the 
resulting segmentation maps were visually inspected for scan quality and segmentation 
quality, respectively. The remaining 3 of the 7 measures related to lesions: (v) changes in 
T1 lesion load volume between baseline and follow-up (∆T1LL), (vi) changes in T2 lesion 
load volume between baseline and follow-up (∆T2LL) and (vii) T1/T2 ratio at baseline. Le-
sions were identified in consensus by experienced and trained raters, and without prior 
knowledge of disease characteristics. Subsequently they were manually outlined on the 
PD images at baseline and at follow-up. Lesion volumes were measured using commercial 
semi-automatic software (AMIRA 3.1.1; Mercury Computer Systems Inc). Only patients with 
all neuro-imaging measurements available were included in the study. Pairwise correlations 
amongst the 7 different neuroimaging measures are reported in Supplementary Figure 1. 
We do not report on baseline T1 and T2 lesion loads as this has been done previously16 and 
because evidence suggests that longitudinal measures might hold higher specificity than 
cross-sectional measures. However, we did include cross-sectional measures of NGMV and 
NWMV as we did not have any longitudinal measures available for analysis.

Gene selection and genotyping

Evidence has shown that underlying DNA sequence variability, in part, can explain some 
of the interindividual differences in epigenetics measures (e.g., gene variants can regulate 
the degree of methylation or acetylation).22,23 In this study, we specifically examined genetic 
variants in genes that critically control epigenetic events. We selected genes for inclusion 
in our study based on well-established literature from PubMed.11,24 These genes are listed in 
Table 1. We also included a second group of unrelated gene variants with no prior evident 
link with MS or epigenetic regulation (Supplementary Table 1, only available online: http://
www.neurobiologyofaging.org/article/S0197-4580(12)00395-8/addOns). This set of SNPs 
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Table 1 Key epigenetic regulatory genes and availability of genetic variants for analysis.

Gene Nomenclature (Gene Symbol) Gene Map Locus Number of SNPs 
before QC

Number of SNPs 
after QC

HISTONE DEACETYLASE 1 (HDAC1) 1p34.1 0 0

HISTONE DEACETYLASE 2 (HDAC2) 6q21 7 6

HISTONE DEACETYLASE 3 (HDAC3) 5q31.1-q31.2 2 1

HISTONE DEACETYLASE 4 (HDAC4) 2q37.2 100 73

HISTONE DEACETYLASE 5 (HDAC5) 17q21 5 2

HISTONE DEACETYLASE 6 (HDAC6) Xp11.23 2 0

HISTONE DEACETYLASE 7 (HDAC7) 12q13.1 14 8

HISTONE DEACETYLASE 8 (HDAC8) Xq13 9 0

HISTONE DEACETYLASE 9 (HDAC9) 7p21.1 185 104

HISTONE DEACETYLASE 10 (HDAC10) 22q13.31 1 1

HISTONE DEACETYLASE 11 (HDAC11) 3p25.1 7 4

SIRTUIN 1 (SIRT1) 10q21 4 1

SIRTUIN 2 (SIRT2) 19q13 4 1

SIRTUIN 3 (SIRT3) 11p15.5 10 10

SIRTUIN 4 (SIRT4) 12q24.31 3 3

SIRTUIN 5 (SIRT5) 6p23 6 4

SIRTUIN 6 (SIRT6) 19p13.3 5 2

SIRTUIN 7 (SIRT7) 17q25.3 0 0

HISTONE ACETYLTRANSFERASE 1 (HAT1) 2q31.2-q33.1 3 1

METHYL-CpG-BINDING PROTEIN 2 (MECP2) Xq28 4 0

METHYL-CpG-BINDING DOMAIN PROTEIN 1 (MBD1) 18q21 5 3

METHYL-CpG-BINDING DOMAIN PROTEIN 2 (MBD2) 18q21 12 11

METHYL-CpG-BINDING DOMAIN PROTEIN 3 (MBD3) 19p13 6 4

METHYL-CpG-BINDING DOMAIN PROTEIN 4 (MBD4) 3q21.3 3 0

METHYL-CpG-BINDING DOMAIN PROTEIN 5 (MBD5) 2q23.2 13 10

METHYL-CpG-BINDING DOMAIN PROTEIN 6 (MBD6) 12q13.2 3 2

DNA METHYLTRANSFERASE 1 (DNMT1) 19p13.2 6 3

DNA METHYLTRANSFERASE 2 (DNMT2) 10p15.1 12 9

DNA METHYLTRANSFERASE 3A (DNMT3A) 2p23 16 16

DNA METHYLTRANSFERASE 3B (DNMT3B) 20q11.2 14 10

DNA METHYLTRANSFERASE 3L (DNMT3L) 21q22.3 6 4

TOTAL: 29 GENES (before QC) - 467 SNPs 293 SNPs

TOTAL: 25 GENES (after QC)

Key epigenetic regulatory genes and availability of genetic variants for analysis.Abbreviations: SNPs, single nucleotide 
polymorphisms; QC, quality control.
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was derived using a univariate linear regression analysis in PLINK.25 Age, disease duration, and 
NBV were used in the model. Disease duration was measured to the nearest year (Table 2)
Furthermore, we included the MS susceptibility gene variant, human leucocyte antigen 
(HLA) DRB1*1501, in our multivariate analyses given that prior evidence has shown that HLA 
DRB1*1501 status is predictive of T2 lesion volume.26

Genotyping was performed using Illumina’s Sentrix HumanHap 550 Beadchip. Before geno-
typing quality control procedures were performed, 467 SNPs were available for the epigen-
etic set of SNPs and 3997 SNPs were available for the addition and we included the HLA ‘risk 
SNP’ (rs3135388) (giving a combined total of 4465 SNPs). Quality control procedures were 
applied to 332 patients with an MS diagnosis with available neuroimaging and genotype 
data. 6 individuals were removed due to missing SNP data (with more than 20% missing 
SNPs). The methods used in this study required that there was no missing data; hence, 
any variable (i.e., SNP) with at least one missing value was removed from the analyses. As a 
result, quality control procedures were performed to remove individuals with many miss-
ing data with the aim to remove as few SNPs as possible). The cut-off of 20% was chosen 
empirically to achieve a reasonable individual- SNP trade-off. 129 SNPs were removed due 
to Hardy-Weinberg equilibrium (HWE) (P-value < 0.01). 1075 SNPs were removed for having 
one or more missing values. 485 SNPs were removed due to low minor allele frequency 
(MAF < 0.10). After applying all quality control procedures, 293 epigenetic-related SNPs and 
2527 unrelated SNPs (including the HLA SNP) were included in the final analyses. Linkage 
disequilibrium (LD) plots for the SNP samples are shown in Supplementary Figure 2A and 
2B, respectively.

Statistical Analyses

We searched for genetic associations with MS-related MRI measures using two penalized 
regression models: sparse reduced-rank regression (sRRR) and Lasso regression. In brief, the 
former combines all neuroimaging measures into one model whereas the latter models each 
neuroimaging measure independently. We also performed a conventional mass univariate 
linear modelling (MULM) where a test of association is performed for each SNP-measure 
pair. The three models are explained here and detailed in the Appendix – Supplementary 
material for chapters 5 & 6.

I. MULM

The most commonly used approach for detecting genetic associations is based on univari-
ate linear regressions, modelling each SNP-phenotype pair independently. Genotype-MRI 
measure pairs are ranked in decreasing order of importance based on their p-values. An 
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experiment-wide significance level then needs to be determined to account for the multiple 
comparisons. This can be decided upon by controlling an error criterion, such as the family-
wise error, routinely control by a Bonferroni correction70 or the false discovery rate controlled 
by procedures described previously.30,31 In the context of imaging genetics the complex 
dependence structure among both genetic markers and among phenotypes must be ac-
counted for (e.g., 1 such approach is described in Stein et al., 2010 and Potkin et al., 2009).68,69

II. Lasso regression

Lasso regression is a penalised regression technique that models the joint dependence of 
multiple genetic markers on a quantitative phenotype. The model is able to perform vari-
able selection, identifying subsets of the genetic markers that show the greatest effect on 
the quantitative measure.27 Recent applications of Lasso regression for genetic association 
studies are described by Ayers & Cordell and Shi et al.28,29 In this study Lasso regression 
is combined with a re-sampling approach, where the model is fitted repeatedly in sub-
samples extracted from the data, as described by Meinshausen and Buhlmann (2010).71 The 
SNPs are then ranked according to their frequency of selection (selection probability), and 
a final set of SNPs is obtained after deciding on a threshold on the selection probabilities.

III. sRRR

Even though Lasso regression models all the genetic markers jointly, it treats each pheno-
type independently of each other. Variability in correlated phenotypes is expected to be 
explained by common genetic variation and accounting for the multivariate nature of the 
disease phenotype has the potential to further amplify the signal, and eventually increase 
the statistical power to detect true associations. sRRR is a penalised regression technique 
specifically designed for multivariate modelling of multiple neuroimaging measures and 
genetic covariates. Following extensive simulations, sRRR has been proven to provide 
higher statistical power compared to MULM.15 Similarly with Lasso, we combine this model 
with a data re-sampling procedure which results in ordering the SNPs and MRI measures 
based on their selection probabilities. The sRRR model assumes the existence of multiple 
ranks, each capturing different genetic effects on the disease phenotypes (MRI measures). 
To examine further ranks, we regress out of the data SNPs and phenotypes with a selection 
probability ≥ 0.5 prior to the subsequent rank 2 analysis. Further ranks are determined by 
repeating the same procedure. In this study, given the results of the first rank (i.e., selection 
probabilities; see Results section) it was not appropriate to examine additional ranks as it 
was not likely that we would detect any more true effects with a high degree of confidence.
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In the current study, sRRR was used to model the joint dependence of the entire set of genetic 
markers and 7 different MRI measurements. Only the first rank was considered as further 
ranks were deemed not informative enough for the present study. Lasso regression was used 
to model the joint dependence of the entire set of genetic markers on each neuroimaging 
measure independently and the MULM approach was used to examine SNP-MRI measure 
pair-wise associations. For MULM, Bonferroni correction for multiple testing was performed 
by accounting for all tests (i.e., adjusting p-values by all p(SNPs) x 7 neuroimaging measures).

Results

For the final set of analyses, 326 were included with complete data and more than 80% of 
genotype data available from the GeneMSA data set after genotype and imaging quality 
control. Demographic information of the MS patient population included in this study is 
summarized in Table 2.

Table 2 Demographic details of the MS patient population included in this study.

Patient Characteristics Number of patients Mean (Standard Deviation)

Disease type RRMS 266

SPMS 66

Gender Male 101

Female 231

Age at time of analysis, mean (range) 326 44 (19-67)

Disease duration in months, mean (range) 326 150.5 (0-564)

EDSS score, median (range) 326 3 (0-7.5)

NBV, mean (SD), L 326 1.548 (0.087)

NBV∆, mean (SD) 326 -0.56 (0.87)

NGMV, mean (SD), L 326 0.77 (0.07)

NWMV, mean (SD), L 326 0.78 (0.06)

T1/T2 ratio, mean (SD), L 326 0.28 (0.18)

T1LL∆, mean (SD), ml 326 0.018 (0.464)

T2LL∆, mean (SD), ml 326 -0.267 (1.081)

Abbreviations: EDSS, Expanded Disability Status Scale; NBV, normalized brain volume; NBV∆, change from baseline 
to year 1 in NBV; NGMV, normalized grey matter volume; NWMV, normalized white matter volume; RRMS, relapsing-
remitting multiple sclerosis; SD, standard deviation; SPMS, Secondary-progressive multiple sclerosis; T1/T2 ratio, lesion 
load ratio derived by T1-weighted and T2-weighted images; T1LL∆, T1-weighted image derived lesion load; T2LL∆, 
T2-weighted image derived lesion load.
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sRRR

The sRRR model ranked normalized brain volume (NBV) as having the highest selection 
probability in sRRR rank 1 out of all of the 7 measures entered into the analysis (Table 3A). 4 
out of 5 top ranked imaging measures related to brain volume with the exception of ∆T2LL. 
The highest ranked SNP selected by sRRR in Rank 1 was SIRT4 rs2522129 (Table 3B shows the 
6 top SNPs with highest selection probabilities). HDAC11 rs2675231 was ranked 4th highest 
in this model and HDAC9 rs2389963 was ranked 6th highest. After regressing out the effects 
of Rank 1, the sRRR Rank 2 did not reveal any additional epigenetic-related SNPs (data not 
shown). The HLA DRB1*1501 SNP was not predictive of T2 lesion volume for any of the ranks 

Table 3A&B Genotype-phenotype association results using sparse reduced-rank regression model.

(A)

Imaging Phenotype (ID) Selection Probability

NBV 0.721

T2LL∆ 0.655

NWMV 0.629

NBV∆ 0.605

NGMV 0.587

T1/T2 ratio 0.582

T1LL∆ 0.529

(B)

Gene Name SNP Selection Probability MAF HWE

SIRT4 rs2522129 0.521 0.17 1.0

N/A* rs8097442 0.409 0.29 0.50

ARL15 rs169382 0.389 0.35 1.0

HDAC11 rs2675231 0.367 0.15 0.66

ZMAT4 rs7007113 0.365 0.35 0.54

HDAC9 rs2389963 0.362 0.33 0.45

Abbreviations: ∆T1LL, T1-weighted image derived changes in lesion load; ∆T2LL, T2-weighted image derived changes 
in lesion load; HWE, Hardy-Weinberg equilibrium; MAF minor allele frequency; NBV normalized brain volume; NGMV 
normalized gray matter volume; NWMV, normalized white matter volume; PBVC percentage brain volume change 
from baseline to year 1; SNP, single- nucleotide polymorphism; T1/T2 ratio, lesion load ratio derived by T1-weighted 
and T2-weighted images. * N/A ‘not available’ since there is no known gene symbol because the SNP is intergenic 
region (i.e., the DNA sequence change located between genes). see Supplementary Table 1(only available online: 
http://www.neurobiologyofaging.org/article/S0197-4580(12)00395-8/addOns) for location of the SNP in the ge-
nome.
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tested (Rank 1, ranked 437th with selection probability of 0.14; Rank 2, ranked 946th with 
selection probability of 0.09).

Lasso regression

Results for all 7 neuroimaging measures and top SNP associations can be found in Table 
4. SIRT4 rs2522129 showed the highest selection probability for NBV. It also revealed the 
highest selection probability for total NGMV, and ranked 6th highest for total NWMV. The 
TT genotype group was associated with reduced NBV relative to the GG genotype group. 
SIRT5 rs2804919 ranked 4th highest for NBV and highest for NWMV. The AA genotype group 
was associated with reduced NBV relative to the GG genotype group. HDAC11 rs2675231 
showed a similar pattern for NBV, NGMV and NWMV (with selection probabilities ranked 2nd, 
2nd, and 5th, respectively). HDAC9 SNPs (rs2074633 and rs2389963) were highly predicative 
of several brain volume neuroimaging measures. Some of the selection probabilities were 
higher for lesion-related measures than volumetric measures, but no SNPs consistently 
showed high selection probabilities across the 3 different lesion-related measures. The HLA 
DRB1*1501 SNP was not highly predictive of T2 lesion volume (ranked 373rd with selection 
probability of 0.13).

Figure 1 Normalized brain volume (NBV) associations with genetic variability in rs2522129, 
rs2675231 and rs2074633

A) Normalized brain volume (NBV) associations with genetic variability in the SIRT4 SNP, rs2522129. The x-axis displays 
the 3 different genotype groups, demonstrating that the TT genotype is associated with reduced NBV in the MS 
patient population relative to the GG genotype group. B) Normalized brain volume (NBV) associations with genetic 
variability in the HDAC11 SNP, rs2675231. The x-axis displays the 3 different genotype groups demonstrating that the 
TT genotype is associated with reduced NBV in the MS patient population relative to the CC genotype group. C) 
Normalized brain volume (NBV) associations with genetic variability in the HDAC9 SNP rs2074633. The x-axis displays 
the 3 different genotype groups demonstrating that the AA genotype is associated with reduced NBV in the MS 
patient population relative to the GG genotype group.
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Univariate linear model and additional analyses

All results using a traditional univariate linear model are shown in Supplementary Table 2. 
For NBV, the top associations (ranked by minimum P-value < 0.05) were consistent with the 
multivariate models. ANOVA testing revealed trends for associations for SIRT4, HDAC9 and 
HDAC11 (Figure 1A-C). For other measures there was less consistency between univariate 
and multivariate models. Some of the P-values were lower for lesion-related measures than 
volumetric measures, but there were no SNPs that consistently showed associations across 
the lesion-related measures. No associations survived Bonferroni correction for multiple 
testing.
We assessed the relationship between DRB1*1501 status and T2 lesion volume based on 
prior evidence,26 but we did not find any significant results.

Table 4 Results for genotype-phenotype associations using Lasso regression

Phenotype SNP Gene Symbol Selection 
Probability

MAF HWE

NBV rs2522129 SIRT4 0.617 0.17 1

rs2675231 HDAC11 0.603 0.15 0.66

rs2074633 HDAC9 0.455 0.24 0.88

rs2804919 SIRT5 0.426 0.31 0.70

rs1562004 MBD1 0.402 0.35 0.54

rs13402768 MBD5 0.336 0.20 1.0

NGMV rs2522129 SIRT4 0.535 0.17 1

rs2675231 HDAC11 0.488 0.15 0.66

rs2074633 HDAC9 0.486 0.24 0.88

rs736232 N/A 0.480 0.24 0.45

rs1358621 N/A 0.395 0.37 0.91

rs2038574 DNMT2 0.393 0.14 0.35

NWMV rs2804919 SIRT5 0.486 0.31 0.70

rs10415904 N/A 0.475 0.13 0.47

rs2816850 LRRC8D 0.387 0.17 0.84

rs2585184 N/A 0.371 0.47 0.52

rs2675231 HDAC11 0.368 0.15 0.66

rs2522129 SIRT4 0.344 0.17 1

NBV∆ rs1025256 N/A 0.619 0.26 0.02
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rs2389963 HDAC9 0.611 0.33 0.45

rs1286831 INADL 0.607 0.20 0.87

rs2057137 N/A 0.596 0.17 0.84

rs983689 N/A 0.577 0.50 0.91

rs4777927 N/A 0.554 0.33 0.17

T1LL∆ rs9818020 NLGN1 0.598 0.28 0.68

rs454127 N/A 0.573 0.15 0.51

rs1072755 FYCO1 0.546 0.37 0.12

rs2825730 N/A 0.529 0.30 0.51

rs10875952 SPATS2 0.487 0.28 0.89

rs1320473 PAX5 0.482 0.35 1

T2LL∆ rs1438507 TCERG1L 0.663 0.39 0.91

rs3734464 PARK2 0.651 0.11 0.56

rs10087036 N/A 0.612 0.39 0.73

rs13123618 SEC24B 0.608 0.18 0.57

rs169382 ARL15 0.542 0.35 1

rs6674129 KAZ 0.541 0.45 0.31

T1/T2 ratio rs1488109 MECOM 0.752 0.41 0.42

rs1328904 N/A 0.672 0.18 0.14

rs11157795 TRIM9 0.572 0.23 0.87

rs10757118 N/A 0.565 0.11 1

rs876479 N/A 0.56 0.35 0.14

rs513836 N/A 0.549 0.24 0.55

Abbreviations: HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency; NBV, normalized brain volume; NBV∆, 
NBV change from baseline to Year 1 follow-up; NGMV, normalized grey matter volume; NWMV, normalized white mat-
ter volume; SNP, single nucleotide polymorphism; T1LL∆, T1-weighted image derived lesion load; T2LL∆, T2-weighted 
image derived lesion load; T1/T2 ratio, ratio of T1 and T2 lesion load. Gene names are listed in Table 1.

Discussion

In a large, well-characterized cohort of MS patients, we assess the predictive value of 
genetic variation in epigenetic regulatory genes on multiple brain volumetric- and lesion-
related neuroimaging measures using two advanced multivariate statistical methods (to 
address the issues of multiple comparisons). Both regression methods indicate that ge-
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netic variability in histone deacetylase (HDAC) genes are predictive of differences in brain 
volumetric measures in our cohort of MS patients. There are 3 particular genetic variants 
(all occurring in HDAC genes) that are predictive of normalized brain volume differences: 
rs2522129, rs2675231, and rs2074633 in the genes sirtuin 4 (SIRT4), histone deacetylases 
11 and 9 (HDAC11 and HDAC9), respectively. Additional evidence from the Lasso regres-
sion analyses revealed evidence that rs2804919 in sirtuin 5 (SIRT5) was also predictive of 
brain volumetric measures. Our results are exploratory and should therefore be viewed as 
hypotheses-generating findings for future testing in larger, independent data sets.

Histone deacetylases (HDACs) can be grouped into 4 classes (I-IV): HDACs-I (HDAC 1, 2, 3 
and 8), HDACs-II (4, 5, 6, 7, 9, and 10), HDACs-III (‘sirtuins’; SIRTs 1-7), and HDAC-IV (HDAC 11). 
Sirtuins (HDACs-III) play regulatory roles in modulating numerous proteins related to axonal 
degeneration, aging, apoptosis, cellular stress resistance and metabolic regulation.36-39 SIRTs 
3-5 encode proteins uniquely and specifically expressed in the mitochondria, the primary 
site of oxidative metabolism. These sirtuins regulate mitochondrial enzymes that are in-
volved with energy production, metabolism, apoptosis and intracellular signaling.40,41

Our SIRT4 and SIRT5 findings are interesting in light of the literature showing that MS is asso-
ciated with mitochondrial dysfunction.42,43 SIRT4 downregulates glutamate dehydrogenase 
(GDH),44 which reduces glutamate catabolism leading to increased glutamate levels. MS 
has been linked with abnormal glutamate metabolism, glutamate excitotoxicity and gene 
variants.16,17,45-47 Furthermore, post-mortem evidence has shown an absence of GDH expres-
sion in MS lesions, unlike in non-MS control subjects.48 SIRT5 shows deacetylase activity 
toward the mitochondrial protein, cytochrome C,41 which plays a central role in oxidative 
metabolism and apoptosis initiation.

Our study design allows us to speculate that mitochondrial-related gene variants in SIRT4 
and SIRT5 further relate to neurodegeneration. Collective evidence in the literature across 
several neurodegenerative disorders, including MS, points to aberrant mitochondrial func-
tion as being a factor contributing to disease pathogenesis.42,49-52 Mitochondrial dysfunction 
leads to reactive oxygen species (ROS)-induced oxidative damage that has been linked to 
aging and neurodegeneration. Aging is a major risk factor for several neurodegenerative 
disorders and evidence has shown that sirtuins regulate longevity, based on several genetic 
models.53 Such research suggests that sirtuins might be centrally linked with aging and 
onset of neurodegenerative disorders.53 Further indirect evidence linking sirtuin activity to 
neurodegeneration comes from a recent study that reported sirtuin 2 changes in protein 
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expression in brain and spinal cord tissue derived from an experimental autoimmune en-
cephalitis (EAE) mouse model as well as human MS post-mortem tissue.54

Current treatments for MS are mostly immunomodulation-based therapies that attempt to 
reduce inflammatory relapses,55 but these do not prevent the long-term neurodegeneration 
observed in MS patients.56,57 Drugs that target sirtuins and other HDACs show initial promise 
for treating the neurodegenerative and neurological component of MS8-12,58 and, therefore, 
could provide potential complementary therapeutic effects to current immunothera-
pies.59,60 Neuroprotective benefits have also been observed for other neurodegenerative 
conditions (e.g., Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease, stroke, 
and epilepsy).61 Furthermore, HDAC inhibitors promote neuronal differentiation in adult rat 
forebrain,62 hippocampal precursor cells63 and cerebellar granule cells.64

Environmental factors that contribute to MS disease onset or progression might be medi-
ated through epigenetic changes. For example, sirtuin enzyme activity has been linked 
with environmental factors (relevant to MS) in that mitochondrial protein acetylation is 
modulated by nutritional status.65 Previous studies have highlighted the importance of vi-
tamin B3 in supporting sirtuin enzyme activity. Nicotinamide (an important form of vitamin 
B3 in the brain) is a nicotinamide adenine dinucleotide (NAD) biosynthesis precursor that 
inhibits sirtuin activity and has potential neuroprotective properties.65 In a mouse model 
of MS (EAE), researchers found robust positive correlations between daily administration 
of nicotinamide and myelin protection, along with prevention of demyelinated axon de-
generation. The dosage level was also inversely correlated with the disabilities rating scale. 
When treatment was suspended, nicotinamide still reduced the neurological effects in mice 
with EAE.66

Our findings related to lesion-load MRI measures are less clear. Both multivariate models 
identified adenosine diphosphate (ADP)-ribosylation factor-like 15 as a potential predictor 
of ∆T2LL; however it is not clear how this relationship might influence MS disease suscep-
tibility or progression. In the current literature, there are some studies involving lesion load 
measures and associations with genetic variability;26,36,72 however, results from associations 
between lesion loads and particular genotypes have given opposing results and genome-
wide studies have not revealed any candidate genes that remain significant after multiple 
testing correction.

This study did not identify any relationship between DRB1*1501 status and T2 lesion volume 
as has been previously shown.26 The former study applied parametric and nonparametric 
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analyses to assess the relationship between T2 lesion load (T2LL) and DRB1*1501 status 
in MS patients. The parametric analysis did not reveal a significant association between 
T2LL and HLA DRB1*1501 status. However, the logistic regression model showed that, when 
combined with age of disease onset and duration of disease, DRB1*1501 status was signifi-
cantly predictive of a higher odds ratio of being classified into the higher T2LL quartile, but 
that there was no significant association between the highest and lowest T2LL quartiles. 
However, several additional studies have failed to find associations.16,34,35

Our study design does not allow for direct inference on whether genetic variability plays 
a causal or consequential role in MS disease susceptibility or progression, and whether 
mitochondria are primarily or secondarily involved in disease pathogenesis. For example, 
it could be argued that aberrant genetic variants in SIRT4 and SIRT5 predispose individuals 
with MS with ‘vulnerable’ metabolic regulators, which fail to meet the energy demands 
when challenged or during the process of aging, leading to more rapid breakdown of cel-
lular functions and brain atrophy in these susceptible individuals. Furthermore, the lack of a 
healthy age-matched comparison group prevents us from determining whether our brain 
volumetric findings are disease-specific or generalize to other neurodegenerative diseases 
or aging of the healthy brain. Limitations of SNP availability (due to the genome platform 
and quality control procedures) also influenced our findings (e.g., there were no SNPs avail-
able for HDAC1, which has been previously associated with MS14).

Despite the limitations in our study, we provide novel evidence that genetic variation in 
several histone deacetylases might be involved brain volumetric changes observed in our 
MS study population. A key strength of this study involved the application of two advanced 
statistical models to increase power to detect small genetic effects associated with a range 
of neuroimaging measures. The sRRR model was used to combine meaningful clusters of 
genetic information that co-predicted related brain measures as a more powerful method 
for elucidating multiple, complex associations. The Lasso model allowed us to isolate the 
effects of multiple genetic factors on individual brain measures to better understand 
their direct influence on certain aspects of the disease process (e.g., neurodegeneration). 
Although these more novel penalized regression approaches to imaging genetics are 
expected to be more powerful and promising for identifying more complex associations, 
there are still several limitations. Firstly, these methods do not rely on hypothesis testing, 
thus making it more difficult to control for false positives. Penalized regression methods 
depend on regularization parameters that determine the amount of variables that enter 
the model. These parameters then need to be carefully tuned, introducing the problem of 
model selection. In this study, we approached this problem using a computationally expen-



Histone deacetylase gene variants predict brain volume changes in multiple sclerosis     |   111

Chapter

6

sive data re-sampling technique. Another important issue in the sRRR model is determining 
the number of ranks to extract from the analysis and how to remove the effects found in 
previous ranks before interpreting further ranks. In the study, we thresholded the selection 
probabilities associated to a given rank, so that the effects of all variables having a selec-
tion probability at least as high as 0.5 were removed prior to extracting information from 
the consecutive rank. While it can be argued that measures derived by MRI have limited 
sensitivity and accuracy, in the specific context of MS there is evidence that MRI is sensitive 
to detecting MS pathology73 and that a combination of MRI measurements increase the 
ability to detect specific neuropathological aspects of MS.74

This study also highlights the need for future studies to consider the complex interplay 
between epigenetic mechanisms and underlying DNA sequence variability in genes with 
key epigenetic regulatory functions. There is growing evidence that post-translational 
modifications of histone proteins are involved with several critical processes relevant to MS 
(e.g., aging and neurodegeneration), and are sensitive to environmental factors previously 
implicated in MS (e.g., nutritional status and vitamin B3).67 Understanding how genetic 
variants influence these processes is an important challenge and future studies should 
aim to consider complex interactions between heritable and environmental factors that 
contribute to MS disease heterogeneity, which are currently poorly understood.
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Supplementary figures

Supplementary Figure 1 Pairwise correlations between the 7 different neuroimaging pheno-
types included in this study.

Green (darker colour; 1.0) and pink (lighter colour; -0.2) represent strong positive and negative correlations, respec-
tively. Abbreviations: NBV, normalized brain volume; PBVC, percentage of brain volume change from baseline to Year 
1 follow-up; NGMV, normalized grey matter volume; NWMV, normalized white matter volume; ∆T1LL, change in T1-
weighted derived blackhole lesion load from baseline to Year 1 follow-up; ∆T2LL, T2-weighted image derived lesion 
load from baseline to Year 1 follow-up; T1/T2, baseline ratio of T1 and T2 lesion load.
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Supplementary Figure 2 (A-B) Linkage Disequilibrium (LD) plots for SNPs included in the study.

Linkage Disequilibrium (LD) plots for SNPs included in the study. Epigenetic-related SNPs (left) and unrelated SNPs 
(right).
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Supplementary Table 2 Genotype-phenotype associations using a univariate linear model 
(MULM)

Phenotype SNP Gene Symbol P-value* MAF HWE

NBV rs2522129 SIRT4 0.003 0.17 1.0

rs2675231 HDAC11 0.012 0.15 0.66

rs2074633 HDAC9 0.019 0.24 0.88

rs1562004 MBD1 0.027 0.35 0.54

rs2804919 SIRT5 0.041 0.31 0.70

rs13402768 MBD5 0.062 0.20 1.0

NGMV rs11254408 DNMT2 0.005 0.13 0.23

rs7924149 DNMT2 0.005 0.13 0.23

rs11254451 DNMT2 0.005 0.13 0.33

rs2038574 DNMT2 0.006 0.13 0.34

rs1358621 N/A 0.006 0.37 0.91

rs9972613 ACSBG1 0.009 0.46 0.58

NWMV rs10415904 N/A 0.001 0.13 0.47

rs12519569 EPB41L4A 0.007 0.30 0.01

rs2816850 LRRC8D 0.007 0.17 0.84

rs325723 N/A 0.011 0.23 0.35

rs11887120 DNMT3A 0.012 0.40 0.17

rs7796078 HDAC9 0.012 0.32 0.61

PBVC rs2389963 HDAC9 0.0001 0.33 0.45

rs2057137 N/A 0.0003 0.16 0.84

rs7621892 N/A 0.0007 0.42 0.65

rs1025256 N/A 0.0008 0.26 0.02

rs919098 N/A 0.001 0.28 0.42

rs1286831 INADL 0.001 0.20 0.87

∆T1LL rs2825730 N/A 0.001 0.30 0.51

rs6555826 SLIT3 0.002 0.31 0.20

rs4286841 TMEM195 0.002 0.23 0.28

rs1072755 FYCO1 0.002 0.37 0.12

rs454127 N/A 0.002 0.15 0.51

rs9818020 NLGN1 0.002 0.28 0.68
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Phenotype SNP Gene Symbol P-value* MAF HWE

∆T2LL rs3734464 PARK2 0.0003 0.11 0.56

rs13123618 SEC24B 0.0006 0.18 0.57

rs12622685 N/A 0.003 0.36 0.90

rs10087036 N/A 0.003 0.39 0.73

rs7765598 RWDD1 0.003 0.30 0.43

rs8097442 N/A 0.003 0.29 0.50

T1/T2 ratio rs1488109 MECOM 0.0002 0.41 0.42

rs1328904 MDS1 0.001 0.18 0.14

rs2290194 HDAC11 0.001 0.25 0.19

rs2655222 HDAC11 0.001 0.23 0.35

rs876479 N/A 0.002 0.35 0.14

rs11157795 TRIM9 0.002 0.23 0.87

Unadjusted P-values are reported. Correction for multiple testing was performed by taking into account all the tests 
performed within the group (i.e. all p (SNPs) x q (phenotypes) tests) as well as by correcting for multiple testing only 
per-phenotype (i.e., for each phenotype correcting for the p tests conducted). The Bonferroni method was used for 
correction for multiple testing, however, no associations remained significant after correction. Abbreviations: HWE, 
Hardy-Weinberg equilibrium; MAF, minor allele frequency; NBV, normalized brain volume; NGMV, normalized grey 
matter volume; NWMV, normalized white matter volume; PBVC, NBV change from baseline to Year 1 follow-up; SNP, 
single nucleotide polymorphism; ∆T1LL, T1-weighted image derived lesion load; ∆T2LL, T2-weighted image derived 
lesion load; T1/T2 ratio, ratio of T1 and T2 lesion load. Gene names are listed in Table 2. P-values derived from associa-
tion testing using the traditional ULM analysis model did not reach fully corrected significance (which is not surpris-
ing given the number of multiple tests performed, which is a clear disadvantage of this approach).
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To briefly recall the outline as set out in chapter 1, the main aim of this thesis was twofold: 
to investigate the heterogeneity of MS (‘phenotyping’), and to explore possible directions 
that might lead towards endophenotyping MS. In clinical practice, disease heterogeneity 
is often defined as the main clinical subtypes that are known in MS. Indeed, RRMS, SPMS 
and PPMS differ greatly on a clinical level, but imaging and pathological studies have failed 
to identify causative mechanisms behind the differences in expression between these 
subtypes. Also, when we look more closely at individual patients, there can be great clinical 
variety within each of these subtypes and it is currently impossible to provide an individual 
patient with a reliable prognosis. It has been speculated that one of the factors causing 
this heterogeneity is genetic variation, which for each individual modifies and influences 
the clinical expression and severity. To date, however, imaging, pathological and genetic 
studies based on subtype stratification have failed in the search for substantial differences 
to explain the clinical heterogeneity. Consequently, a satisfactory explanation might bet-
ter be sought by taking a different approach, i.e., by adapting the starting point in MS 
phenotyping and adopting a different research strategy: discard the focus on differences 
between disease subtypes but explaining disease heterogeneity based on radiological or 
pathological phenotypes to ultimately search for patient-bound genetic factors. 
Below, I will briefly summarize each of the studies featured in this thesis, to set out the 
coordinates within which one can move towards endophenotyping MS. To this end, we 
have taken three steps which are summarized and discussed accordingly; 
A) phenotyping MS - imaging (chapter 2), 
B) phenotyping of MS - pathology (chapters 3 & 4) 
C) endophenotyping MS (chapter 5 & 6).

Chapter 2

Chapter 2 performed a phenotypic stratification based on MRI features that capture inflam-
mation and degeneration. Clinical disability is the result of inflammation and neurodegen-
eration that both occur throughout the course of MS. It is generally assumed that inflamma-
tion is the major contributor to disability in the early stages of the disease, while substantial 
neurodegeneration starts at a later stage and is believed to be the driving force behind 
the progressive phase in the disease (see figure 1A). Although it seems straightforward to 
approach the two as correlated disease entities that both increase in severity after longer 
disease, pathological and clinical evidence suggests only a partial relationship. Firstly, 
axonal loss is present in all WM lesions and correlates with the presence of lymphocytic in-
filtrates.1 Interestingly, neuro-axonal loss is not restricted to demyelinated areas: a reduced 
number of axons is also seen in normal appearing white matter (NAWM).2 Also, although 
cortical lesions are far less inflammatory, neuronal loss and reduced synaptic densitiy can 
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be widespread in GM lesions, as well as in normal appearing gray matter (NAGM).3-8 Hence, 
inflammation and degeneration are related only to a certain extent.9  

Clinically, disability is usually predicted by models that assume a linear relationship and 
overlook combined effects of GM atrophy and WM inflammation. GM atrophy is associ-
ated with cognitive and physical disability and disease progression,10-15 and rates increase 
substantially during progressive phases of MS.16 GM atrophy can also be observed during 
early MS and CIS patients who later progress to clinically-definite MS.10, 17, 18 WM inflamma-
tion also contributes to clinical disability but at earlier stages, and generally associations 
between GM atrophy and clinical measures are stronger.19,20 Studies that do combine such 
measurements for patient stratification are scarce.21-23 

There are a number of important conclusions to draw from chapter 2. Firstly, it shows that 
the correlation between inflammation and neurodegeneration is not a linear correlation. 
More extensive inflammation is indeed associated with more degeneration in subgroups 
of patients, but there are also groups of patients that show a more inflammatory or de-
generative profile regardless of disease duration. Subsequently, we investigated whether 
these phenotype-groups are associated with performance on clinical outcome measures. 
We therefore looked at the performance of each of the groups on the EDSS, 25F-TWT and 
9-HPT (two components of the multiple sclerosis functional composite (MFSC)), all widely 
accepted and used for clinical performance.24,25 Following from this, we found that patients 
with high inflammation and degeneration perform worse compared to patients with low 
inflammation and degeneration, a finding which is in line with previous literature. Moreover, 
patients with high degeneration, but low inflammation, also perform worse when com-
pared to patients with both low degeneration and inflammation. Thirdly, repeated analyses 
in a subcohort of patients with a disease duration < 10 years showed similar associations 
as in the total cohort. Therefore, not only is stratification in phenotype groups clinically 
informative, a worse phenotype is already associated with a worse clinical performance 
after a very short disease duration. Furthermore, and more specifically, it also shows that 
neurodegeneration is not only an important contributor to clinical disability in later disease 
stages, but in the years right after diagnosis, as well. 

Besides the methodological importance of stratification into groups (‘phenotyping’), the 
identification of patients with either more pronounced degeneration, inflammation, or 
both, is also important for a number of biological reasons. Firstly, if disease heterogeneity 
is better explained by a combination of pathology rather than inflammation or degenera-
tion alone, stratification into well-chosen phenotypes that combine both key pathological 
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features of MS, might better identify clinical differences between patient groups (see also 
figures 1A-C). Secondly, patient stratification based on well chosen phenotypes might 
ultimately lead to a better identification of patients with a distinct expression of different 
pathology. This serves as a crucial basis for future studies into different pathogenic and 
genetic mechanisms and even therapeutic responses. 

Figure 1 Example of different clinical severity for three hypothetical RRMS patients.

While each of these three patients are diagnosed with RRMS, the ultimate disease course can differ in severity. Figures 
A-C are a representation of the presence of inflammation and degeneration over time, and the clinical evolution for 
RRMS in general. Namely, in early disease inflammation is the predominant feature and as MS progresses, degenera-
tion becomes more prominent. Figures B and C show 2 patients that are phenotypically different from the patient 
depicted in figure A, due to different pathological mechanims. For adequately defining the differences between 
these patients, proper patient stratification is necessary (i.e. not only based on disease subtypes).  
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Chapters 3 and 4

In line with the phenotypic stratification in chapter 2, the stratification in chapters 3 and 4 
was based on histopathological characteristics. To this end, we studied 2 large samples of 
MS brain tissue obtained by autopsy, for the presence and characteristics of remyelination 
and the distribution of the oligodendrocyte (OGD) precursor cells (OPCs) and mature OGDs 
throughout WM and GM (chapter 3) and inflammatory features of cortical lesions (chapter 4). 
Chapter 3 showed that in 21 cases of MS patients, remyelination was more extensive in GM 
than in WM (75% versus 50%, respectively), with a trend towards a higher percentage of 
remyelination in PPMS cases. Furthermore, more mature OGDs and OPCs were found in 
NAWM than in NAGM, and the opposite was observed for lesions, where OPCs and mature 
OGDs were more frequent in cortical lesions (CLs) than in white matter lesions (WMLs). 
Lastly, higher numbers of OPCs and OGDs were present in remyelinated areas than in 
non-remyelinated areas within CLs, which contrasts with WMLs, where no differences were 
found. In chapter 4 stratification was performed based on the presence of CLs and subse-
quently on the presence of activated microglia in CLs. In 41 cases, there was no difference 
regarding age at death or disease duration between patients with and without CLs (‘CL 
group’ vs. ‘non-CL group’). In a subset of cases within the CL group (N = 12), a significant 
proportion of the CLs were characterized by a rim of activated microglia (the ‘RAM-CL 
group’), see also figure 2. This RAM-CL group displayed significantly more demyelination of 
the cerebral cortex than the remaining 10 patients included in the CL-group without any 
sign of microglia activation (‘nonRAM-CL group’). Surprisingly, a significantly younger age 
at death and shorter disease duration was found in RAM-CL MS patients, but no differences 
were observed between the non-CL group and the nonRAM-CL group. 

Remyelination may be relevant for phenotype stratification, for it has been previously 
shown to be heterogeneous and more extensively present in certain subsets of patients.26-31 

An interesting question in this matter is whether this heterogeneity might be caused by dif-
ferences in OPC recruitment and maturation. More specifically with respect to the mecha-
nisms behind remyelination, we found three indications that might point towards different 
pathophysiological features in GM and WM: (a) substantially lower numbers of OPCs and 
OGDs in WMLs compared to NAWM, (b) higher numbers of OPCs and OGDs in CLs compared 
to WMLs, and (c) higher numbers of OGDs in remyelinated CLs compared to CLs without 
signs of remyelination. Taken together, gray and white matter seem to differ substiantially. 
The very low numbers of premyelinating and mature myelinating cells in WMLs compared 
to NAWM and CLs might be more indicative of recruitment failure or a “toxic” environment 
in WMLs, than a differentiation block of OPCs such as has been hypothesized in previous 
studies.32 The finding that these cells were more present in CLs might rather suggest a dif-
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ferentiation problem in cortical tissue, a mechanism that has also been observed in MS 
animal models.33 The observed differences between remyelination biology between WM 
and GM might possibly be modulated by the presence of gliotic tissue that characterizes 
WMLs but which is absent in CLs. However, also factors that contribute to a less favourable 
environment for (p)remyelinating cells to survive, for example glutamate excitotoxicity or 
immune-mediated injury to recruited OPCs,34-39 might be differentially present in GM and 
WM. More generally, exhaustion of the OPC pool40 could also contribute to a lack of (p)
remyelinating cells, but this does not explain the differences in OPC cell counts between 
GM and WM in individual cases.

An interesting observation during the study described in chapter 3 was that some cases 
seemed to have activated microglia in the rim of cortical lesions (RAM-CLs), while others had 
not. The underlying aetiopathogenic mechanisms of cortical demyelination are not clear. 
Some studies have suggested that cortical demyelination may be the result of inflammation 
in the leptomeninges,5,41,42 while others have shown no such association with meningeal 
inflammation.43 However, recent work based on biopsy material from early MS patients 
found that CLs might still be caused by an active inflammatory demyelinating process.44 
This is not found in more chronic MS cases at autopsy.5 In contrast, microglia activation at 
the border of subpial CLs is far more regularly found at autopsy.4,5 Subsequently, chapter 4 
used a large sample of MS tissue obtained after autopsy to look more closely at microglial 
involvement in cortical demyelination. Besides a significantly lower age at death for pa-
tients with RAM-CLs, we also found a strong positive correlation between the presence of 
activated microglia and chronic active WMLs. Microglial activation is not only present in MS, 
but is a mutual characteristic of neurodegenerative disorders including Alzheimer’s and 
Parkinson’s disease. Generally thought to contribute to degeneration (although the mecha-
nisms remain elusive), previous studies in MS have suggested a significant role for (slowly 
expanding) chronic active WMLs in MS disease progression.45-47 It is however unknown 
whether microglial activation is a response to underlying axonal/neuronal pathology or 
OGD damage (initially intended to be “protective”), or whether microglial activation is the 
initial detrimental event.  Microglia are a prerequisite for succesful remyelination for the 
clearance of myelin debris and might even contribute to the expression of differentiation 
and growth promoting factors for OPCs and OGDs.4,48-52 On the other hand, it has been 
speculated that microglia may express harmful molecules like inducible nitric oxide and 
tumor necrosis factor. Contributing to this, and complementing chapter 4, recent unpub-
lished work from our lab (Guldenaar et al) has found in a small sample some preliminary 
evidence that microglial activation in RAM-CLs co-localizes with complement activation, 
which might point towards an ultimately negative effect of microglial cells in the MS cortex. 
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At this point, we can only speculate about the mechanisms and implications of our ob-
servations from these two studies. The findings should thus provide directions for future 
phenotype stratification in pathological studies in general, and provide a strong basis for 
further differentiation in remyelination and studies of microglial function. Firstly, chapter 
4 has shown that patient stratification based on a well-defined feature can provide new 
information that is easily overlooked when analysing undifferentiated groups. In other 
words, patient stratification might highlight differences that would otherwise be lost due 
to the generalisation of effects. Secondly, our results underscore the importance of further 
investigating the clinical importance of the presence activated microglia. Is the observed 
lower age at death in patients with RAM-CLs a mere consequence of “more inflammation” 
throughout the complete brain? Or should we explain this finding as a symptom of ongo-
ing neuroaxonal damage that asks for an (unsuccessful) attempt at repair? Secondly, might 
there be patients with microglial populations that are either more protective or detrimental 
and that different effects on disease progression? Lastly, it is also important to investigate 
the presence of remyelination and (p)remyelinating cells in RAM-CLs compared to non-
RAM-CLs to gain further insight into the differences between GM and WM remyelination, 
and to address the question why complete remyelination so often fails. 

Additionally, an interesting question is whether genetic variation could contribute to the 
phenotypic differences we observed. It has been shown in an animal model of MS (EAE; 
experimental autoimmune encephalomyelitis) that the initiation of cortical demyelination 
was influenced by certain major histocompatibility complex haplotypes.53 This raises the 
question whether genetic differences between patients account for the more pronounced 
cortical demyelination and the presence of RAM-CLs. In that light, it might also be plausible 
that the cellular balance in the brain is subtly altered not only by genetic differences that 
have already emerged from susceptibility studies, but also by currently unknown ge-
netic variation. For example, successful remyelination and extensive inflammation might 
be affected by altered expression of intrinsic cellular factors (such as myelination-regulating 
factors like LINGO-1, Olig and PSA-NCAM),54,55 aging-related epigenetic alterations in OPC 
differentiation,56 neuroprotective growth factors and cytokine profiles.38 

Chapters 5 and 6

Chapters 5 and 6 described two endophenotyping studies of how genetic variation influ-
ences phenotypic variability in MS. Each performed a candidate-gene association study 
and included multiple MRI phenotypes that capture different aspects of MS pathology. In 
326 MS patients, 2 sets of glutamate and epigene related SNPs were analyzed with two 
penalized regression models (the multivariate sRRR model and the univariate-phenotype 



Reflection upon this thesis; summarizing discussion and future perspectives     |   127

Chapter

7

Lasso model) as well as the more conventional mass-univariate linear models (MULM) to 
study the effect of these SNPs on the 7 MRI measures (‘phenotypes’). In chapter 5 the results 
across all three analyses showed consistent associations of ionotropic glutamate receptor 
(NMDA receptor subunit 2A, GRIN2A) SNPs with NBV and NWMV. In chapter 6 both statisti-
cal methods indicated that genetic variability in histone deacetylase 11 and 9 (HDAC) and 
sirtuin 4 (SIRT4) and 5 (SIRT5) genes are predictive of differences in NBV. 

Research of the heritability of MS has long focused on disease susceptibility, but the ques-
tion remains whether heritability/susceptibility findings can also contribute to explaining 
the variation in disease expression. A substantial proportion of this heritability is still unac-
counted for, despite extensive research in the last decades and the identification of > 50 
“susceptibility” SNPs.57 Besides influencing MS susceptibility, genetic variation might also 
influence disease expression, leading to a heterogeneous phenotypic expression of MS.58 
Despite extensive research in phenotype-genotype associations, previous studies using 
MRI and genetics data have resulted in a number of only modest relations. In contrast 
to diseases such as Alzheimer’s disease where the major susceptibility gene ApoE is also 
associated with phenotypic expression,59 such a disease modifying effect of susceptibility 
genes seems to be absent in MS.60 This poses the question whether other genetic variants 
than those found in susceptibility studies might influence phenotypic variation.

A number of issues make this a challenging question. The first and most important issue 
is of a methodological nature. The most common genotype-phenotype association ap-
proach involves the fitting of a massive number of linear models, regressing each phe-
notype onto each genetic variant one at a time, performing hypothesis testing, and then 
ultimately correcting for multiple testing. This MULM approach becomes problematic with 
increasing numbers of genetic variants (such as in GWAS, where currently, by consensus, a 
genome-wide significance threshold has been set on p-values of p < 10^-8).61 An additional 
disadvantage of the traditional MULM approach is that it treats each marker independently 
and is therefore unable to capture possible cumulative effects from multiple genetic mark-
ers. Furthermore, it also does not allow for combining phenotypes, which is a crucial step 
for explaining phenotype heterogeneity in a highly complex disease like MS. Lastly, the 
definition of phenotypes is a difficult issue in itself. The small effects that genetic variants 
exert in complex diseases require large samples of cases.61 The most applicable and patient 
friendly method for defining phenotypes is currently the use of MRI derived phenotypes 
and conventional MRI measures (such as lesion volume measurements, brain volume mea-
surements and volume changes over time) are usually used as phenotypic read-outs. Yet 
although certain pathological mechanisms are known to underlie each of the changes seen 
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on MRI, pathological specificity is not yet optimal. In combination with the small biologi-
cal effects that are expected from genetic variation in MS, some reservation is merited in 
expecting (strong) associations.62,63 

There might be several steps for overcoming these difficulties. Firstly, advanced statistical 
models such as sRRR and Lasso regression might hold promise for overcoming the method-
ological difficulties because they can detect genotype-phenotype associations with greater 
power by capturing possible cumulative effects.64-66 Lasso regression is based on a multiple 
regression model where each univariate phenotype is regressed on multiple genetic mark-
ers. In this formulation, SNP selection is achieved by imposing a penalty on the size of the 
regression coefficients during the estimation procedure and shrinking some coefficients 
to zero.67 In contrast to the MULM approach, Lasso regression can simultaneously model 
the effect of multiple SNPs on one quantitative trait phenotype. However, each phenotype 
is still modelled independently. The sRRR model extends Lasso regression by regressing 
multiple quantitative traits jointly on multiple genetic markers. By borrowing strength from 
correlated phenotypes it is expected to achieve higher statistical power.68 

A second possibility for gaining more signal is to focus on candidate genes. In the 70s, 
the candidate gene approach was most generally used for studying the effects of genetic 
variation on MS susceptibility. During the last decade, the introduction of genome-wide 
sequencing methods shifted the focus from genes of interest defined beforehand to a 
hypothesis-generating search for possible genetic markers and unknown biological targets 
throughout the genome (as in GWA studies).69 Unfortunately, this approach introduces a 
massive multiple testing problem and requires substantial numbers of cases; for example, 
the currently largest GWAS included more than 9700 MS cases and 17000 controls to rep-
licate and discover 20 already known and 29 new SNPs involved in MS susceptibility.70 In 
light of the enormous efforts and costs such studies ask for, the fact that a large proportion 
of heritability in MS is still unaccounted for 57 might make such GWAS studies less attractive 
to pursue in future studies. With the advances in the field of pathology and molecular biol-
ogy in the past decades, it might be fruitful to move back to a candidate gene approach, 
but now based on previously identified mechanisms/pathways (i.e. a “candidate pathway” 
approach) known to be related to e.g. inflammation and neurodegeneration, and -by infer-
ence- to the phenotypic heterogeneity in MS. 

Chapters 5 and 6 combined such a ”candidate pathway approach” and analyzed the data 
with a combination of conventional and advanced statistical methods. For these, we chose 
to focus on two important pathways: glutamate metabolism (chapter 5) and epigenetic 
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genes (chapter 6). Glutamate metabolism is one of the crucial players in inducing CNS cell 
death. Under normal conditions a tightly controlled cerebral glutamate concentration is 
found, but increased glutamate concentrations can ultimately lead to excitotoxic neuronal 
and glial cell death and neurodegeneration. 71-73 Previous studies have shown that increased 
concentrations of glutamate in the cerebrospinal fluid of MS patients are associated with 
the severity and course of the disease,74 that there are alterations in glutamate metabolism 
in acute MS lesions and normal appearing white matter,75 and that there is an altered glu-
tamate transporter, receptor and enzyme expression in MS brain tissue.76-78 Also, glutamate 
transporter polymorphisms have been found to affect the glutamate concentration in MS 
brain tissue,79 suggesting that genetic variants of glutamate-related proteins can modu-
late glutamate homeostasis. Secondly, epigenetics related genes play regulatory roles in 
modulating numerous proteins related to axonal degeneration, aging, apoptosis and the 
regulation of mitochondrial enzymes that are involved with energy production. Currently, 
there is increasing evidence that an increased energy demand of neurons/axons in the CNS 
after damage might lead to increased oxidative damage through reactive oxygen species 
(ROS).80-83 Also, environmental and genetic factors such as MHC susceptibility and vitamin 
D concentrations, that contribute to MS disease onset or progression might be mediated 
through epigenetic changes.84  

The specific functions of the genetic variants that we found to be associated with brain 
volume measures are only partially known. Described in chapter 5, GRIN2A codes for the 
NMDA receptor (NMDAR) subunit 2A. These NMDARs are expressed on neurons, astrocytes, 
oligodendrocyte processes and on the compact myelin that ensheaths axons in the cerebral 
white matter. When excessively stimulated or activated, NMDARs increase intracellular Ca2+ 
and are therefore a major contributor to neurodegeneration.39,85-89   Described in chapter 6, 
SIRT4 (coding for sirtuin 4) variation was also found to be associated with brain volume. 
Only little is known about the exact functions of the complete group of sirtuins, and SIRT1 
has been best characterized. Interestingly, one of the targets that SIRT deacetylases is PGC1-
alpha, one of the crucial factors in mitochondrial biology.90 In MS specifically, increased 
SIRT1 enzyme activity has been linked to less neuroaxonal loss in EAE.91 Furthermore, SIRT4 
downregulates glutamate dehydrogenase (GDH), which reduces glutamate catabolism 
leading to increased glutamate levels. Any of these processes could play a role in determin-
ing the pathology of MS. 

Of course, a certain degree of caution is warranted when applying a new statistical ap-
proach. Although validated after extensive simulations and applied to a comprehensive 
genotype-phenotype dataset,59,68 this is the first time that sRRR has been applied to MS 
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data. Therefore, the results presented in chapters 5 and 6 need to be replicated in future 
work, both in genetic association studies and in expression studies in MS tissue. Also, for 
these preliminary studies, we focused on a set of selected genes that are all involved in a 
single biological “pathway”. It warrants mentioning that we decided upon a selection of 
a workable number of genes/SNPs, which is therefore not complete, in the sense that it 
was unfeasible to include all glutamate related genes. Similarly, we also chose the most 
straightforward MRI-phenotypes that are most often used in the general practice of MS 
research and patient care. One has to start somewhere.

Nevertheless, our findings hold promise for future research. The sRRR model has already been 
applied in genetic association studies in Alzheimer’s disease, where voxel-wise MRI data 
was analysed and APOE variation was found to be associated with voxel-wise longitudinal 
variation in AD patients.59 Such “high-dimensional” phenotypes are of particular interest 
since such measures can also identify regional pathological variation with the potential to 
identify dimensions of brain function that are more closely related to genetic variation than 
(the sometimes difficult to assess) clinical symptoms and features.92 Extrapolating from this, 
researching genetic effects on brain plasticity (by including connectivity measures such as 
diffusion tract imaging, DTI ), functional MRI measures (fMRI), or more regional/anatomically 
bound differences such as thalamus and hippocampal atrophy, have all been promising in 
diseases such as major depressive disorder, autism, schizophrenia and AD.93-95 Since in MS 
great progress has been made in understanding brain plasticity related adaptive responses, 
the identification of the involvement specific anatomical structures such as the hippocampus, 
and the underlying (cognition related) biology of fMRI alterations, the field of MS should now 
also be ready incorporate such high-dimensional phenotypes to broaden the possibilities of 
endophenotyping.96-100 A second promising development is the progress that has been made 
with regards to the development of statistical methods that include “biological pathway”-
clustering, as briefly alluded to above. 101,102 Besides a different methodological approach 
and the inclusion of imaging phenotypes, such models have the capacity to integrate prior 
“cellular pathway” information and thus yield the potential to increase statistical signal even 
further. Ideally, one could for example think of studying the influence of genetic variation 
in genes involved in hippocampal long-term potentiation (a “cellular pathway” defined by 
the Kegg database; http://www.genome.jp/kegg/pathway.html) and hippocampal atrophy 
as measured by MRI or clinical cognition measures in an attempt to identify patients prone to 
cognitive deficits, or study the complete pathway of neurotrophins that are involved in neu-
ronal differentiation and survival in relation to brain plasticity measures to identify patients 
that are more prone to neurodegeneration. These are very compelling examples of possible 
further studies following from our preliminary, (endo)phenotyping endeavours.
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Figure 2 Examples of pathological and radiological phenotyping in MS

Examples of phenotyping based on pathological characteristics as is decribed in chapters 3 and 4. Based on immu-
nohistochemical stainings with anti-proteolipid protein (A,B) and anti-human leukocyte antigen DR cortical lesions 
(C,D) cases were subdivided into patients with cortical lesions with (B,D) or without (A,C) activated microglia. cortical 
lesions. Figures E-H show examples of phenotyping based on radiological characteristics. Figures E & F show T1-
weighted images of two male patients (patient 1 represented by figures E & G, patient 2 represented by figures F & 
H) with approximately the same disease duration. Whereas figure E shows little atrophy, figure F shows significant 
widening of the ventricles and sulci indicating substantial brain atrophy. Similarly, for both patients the T2-weighted 
(figures G) and FLAIR-image (figure H) show distinct differences in T2 lesion Load which is significantly higher for 
patient 2 (as seen in figure H). 
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In conclusion

(Endo)phenotyping MS is an intriguing and highly complex field. A number of difficult 
choices have to be made in the future in terms of research approach and, hence, this doc-
toral thesis may just be sufficient to propose a few general directions for such a research 
program. We have found: 

Chapter 2 - Phenotyping MS. When MRI measures of the 2 key pathological features of MS – 
inflammation and degeneration – are intelligently combined into subgroups, stratification 
of patients can be clinically informative – i.e. phenotypic stratification identifies subsets of 
patients that perform significantly worse on a clinical level.
Chapters 3 & 4 – (Histo)pathologically phenotyping MS. Also in pathological studies, phe-
notyping is a productive method to reveal groups of patients that show subtle differences 
in expression of pathology, but display pronounced differences on a clinical level. Here, the 
presence of activated microglia in cortical lesions was associated with a significant younger 
age at death and shorter disease duration. But also, when a larger sample of MS cases could 
be investigated, stratification of patients based on the presence of remyelination might 
reveal important patient-bound mechanisms behind this repair process. 
Chapters 5 & 6 – Towards endophenotyping MS. The application of new statistical models 
– combining multiple MRI phenotypes that capture both inflammation and degeneration 
– can reveal new genetic variants associated with the phenotypic expression of MS. Gluta-
mate related variants (most importantly an NMDA-receptor subunit 2A variant) and sirtuin 
gene variants are associated with differences in brain volumes in MS patients, regardless of 
disease duration and sex. 

I should stress the need to be aware that each of these steps/chapters is based on interde-
pendent concepts , and therefore call for specific definitions. For example, “endophenotyp-
ing” cannot exist without defining distinct phenotypes that need to be “clinically meaning-
ful”. That is, patient stratification into phenotypes needs to lead to identifying differences 
in disease course, which in itself can already be specified in a number of ways. Clinical 
meaningfulness alone, then, can be subject of a next thesis (although perhaps a slighly 
more philosophical one). Secondly, besides being clinically meaningful, a stratification 
scheme also has to be clinically applicable. After all, the concepts used in research need to 
be practically workable in the clinical setting. Thirdly, the concept of phenotyping is chal-
lenging in itself. An ideal phenotype must be easy to measure in a patient-friendly manner, 
and needs to be biologically specific. In other words, whereas MRI measures are easy to 
obtain, the drawback still lies in their suboptimal biological specificity. On the other hand, 
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brain tissue obtained after autopsy, suffers from selection bias, namely harbouring the 
specific pathological characteristics of end-stage disease only. Biopsy material on the other 
hand is biased towards non-standard forms of MS; clinical forms that differ from standard 
clinical expression of MS such that they call for certainty of diagnosis through biopsy in the 
first place. Lastly, the success of endophenotyping depends on the methods used for data 
analysis. As seen in chapters 5 & 6, increasing complexity of data calls for advanced (often 
also increasingly complex) methods of data analysis. 

This thesis represents a few first steps in this complex whole of concepts. By means of a 
concluding remark, it should be emphasized that the future of studying a complex disease 
asks for a reflection on the way that we approach our research. We can approach MS as a 
single disease for which we need to find the cause, but what if the idea of a MS as single 
entity does not suffice? And what if a single cause does not exist? Regarding the cause 
of MS, perhaps a combination of factors ultimately contributes to the development, and 
heterogeneous expression and course of MS. Ultimately, phenotypic stratification can con-
tribute to the identification of patients with, for example, a more pronounced inflammatory 
disease profile, a more degenerative disease profile or even patients with intrinsic reparative 
capacity such as remyelination (Figure 2). This is important to finally be able to give patients 
an idea of their prognosis when they are recently diagnosed. Also, it is even more crucial 
in the current exciting era of therapeutic development, where numerous farmacoactive 
compounds have recently emerged. However, as discussed in the introduction, the cur-
rently available disease modifying treatments only target neuroinflammation. We now need 
to focus on preventing degeneration and inducing repair. The true beneficial effects of such 
compounds can only be satisfactorily tested in patients who are eligible for a potential 
effect. This involves, for example, selecting patients based on outspoken neurodegenera-
tion to participate in trials that study the prevention of neurodegeneration, or including 
only patients who harbour a greater capacity to remyelinate for studying the effects of 
compounds that attempt to induce remyelination.
 
Finally, our conception of MS as a single entity needs to be modified. By focusing on pa-
tients/cases/biological material under an undifferentiated general heading (i.e. “MS”) we 
might never be able to unravel the complexity of which everyone in the field is aware: 
MS heterogeneity. We need an approach that can adequately come to terms with the 
heterogeneous expression of MS, for which the key lies in phenotyping.  Then stratifica-
tion of patients (“stratifying patients into well-defined risk groups”) throughout the complete 
research field of MS – from pathology, via radiology to neurology – is the only way forward 
towards (endo)phenotyping MS (Figure 3).
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Figure 3 Approach towards unravelling the disease heterogeneity in MS – towards endopheno-
typing MS

Instead of searching for differences between the known clinical subtypes, a more satisfactory explanation can best 
be sought by taking a different approach: by changing the view on MS and adopting a different research strategy, 
namely stratification based on radiological or pathological phenotypes. See also Figure 1 in chapter 1. 
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Appendix - Supplementary 
material for chapters 5 & 6

Preliminaries

This technical appendix provides further details of the three linear regression methods used 
for detecting genetic associations with the imaging quantitative phenotypes. The methods 
are presented in increasing order of complexity. In all cases, we assume to have observed p 
genetic markers (SNPs) x1,…,xp and q quantitative phenotypes y1,…,yq on a random sample 
of n unrelated individuals extracted from the same polulation. Assuming an additive ge-
netic model, we code each xj to represent the count of minor alleles recorded at locus j 
(homozygote of minor allele is 2, heterozygote is 1 and homozygote of major allele is 0). 
In principle, each phenotype ys can be any meaningful measure extracted from MR brain 
images, at any level of resolution, from a voxel intensity measure to a brain-wide summary 
measure. In this study we take q=7 phenotypes: normalized brain volume (y1), total grey 
matter volume (y2), total white matter volume (y3), normalized brain volume change over a 
1 year period (y4), T1 and T2 lesion load change over a 1 year period (y5 and y6, respectively), 
and T1/T2 ratio (y7). We adjust for non-genetic variation by regressing out potential effects 
of age and gender on each phenotype.
We collect the allele counts observed at the the jth genetic marker in the n dimensional 
column vector xj, for j=1,…,p. The observed value of the sth phenotype is collected in the 
n dimensional vector ys, for s=1,…,q. These genotypic and phenotypic vectors are then 
arranged in two paired data matrices X=(x1,…,xp) of size n×p, and Y=(y1,…,yq) of size n×q, 
respectively, both having columns that are mean centred and scaled to have unit length. 
Our aim is to identify a subset of SNPs, i.e. a subset of {x1,…,xp}, that best explain the varia-
tion observed on some or all of the q phenotypes, that is a subset of {y1,…,yq}.

Mass univariate linear models

The simplest and also most commonly used approach for detecting genetic associations 
consists in testing whether there is a statistically significant linear dependence between 
each individual genotype-phenotype pair {xj,ys}, for all j=1,…,p and s=1,…,q. There are (p×q) 
such pairs. This is achieved by fitting a univariate linear regression model for each pair, that 
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is ys=βsjxj+es where βsj is the regression coefficient obtained by regressing ys on xj, and es is 
the n dimensional, mean centred, error vector. We refer to this approach as the mass univari-
ate linear models (MULM) approach. Each one of the (p×q) potential associations involving 
the {xj,ys} pair is tested by considering the null hypothesis H0:βsj=0  

A
s=1,…,qj=1,…,p

compared to a two-sided alternative that β≠0sj. We use a common parametric test statistic1

 tsj= 
β̂sj

se(β̂sj)  
 which follows a t-distribution with n−2 degrees of freedom under the null hypoth-

esis. We then rank the genotype-phenotype pairs in decreasing order of importance by 
their p-values, and retain only the pairs that satisfy a significance criterion.
As in standard case-control studies that rely on multiple testing procedures, a major challenge 
in this context consists in establishing a suitable experiment-wide significance threshold, 
which can be decided upon by controlling an error criterion. The multiple testing problem 
is however more serious as p and q get larger and when the (p×q) tests are far from being 
independent due to the strong correlation patterns among genotypes and phenotypes. The 
family-wise error rate is routinely controlled by a Bonferroni correction10 and false discovery 
rate can be controlled by procedures proposed by Benjamini and Hochberg2 and Benjamini 
and Yekutieli.3 In practise these methods are still fairly conservative in large scale genome-wide 
experiments, thus resulting in no significant associations. In the context of imaging genetics, 
the complex dependence structure among both genetic markers and among phenotypes 
must be accounted for. For example, Stein et al.19 collapse inferences over the entire set of 
SNPs at each voxel by taking the minimum p-value. Then, they correct for the effective dimen-
sionality accounting for the linkage disequilibrium (LD) among the markers. Other approaches 
rely on computationally-intensive permutation procedures, (e.g. 16).

Lasso regression

There are two major limitations of the traditional mass-univariate or MULM approach:  

•	 each	marker	is	 independently tested for association with one phenotype at a time; 
•	 each	phenotype	is	 independently tested for association with one marker at a time. 

These facts can be easily seen by noting that the test statistic in Equation1 does not use any 
other information apart from the pair (xj,ys) being tested. Common complex diseases are 
expected to be caused by multiple genetic markers, each contributing a small amount to 
the effect present on the disease phenotypes, rather than by single mutations with large 
effects.20,25 Because of (a), the MULM approach is unable to capture possible cumulative 
effects localised in multiple markers that might jointly contribute to explain the phenotypic 
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variability, and therefore may not fully exploit the signal that is present in the data. Moreover, 
(b) implies that the MULM approach does not fully exploit the additional power gains that 
are expected when using  multiple quantitative phenotypes. When multiple phenotypes 
share the same genetic components, testing for association with all such phenotypes, 
jointly taken, is expected to increase the power of detecting true associations.7,22 
The second regression strategy, Lasso regression, has been used to release the limitations 
due to (a). In the next section we will describe a third regression approach, sparse reduced-
rank regression (sRRR), which has been proposed to release the limitations due to both (a) 
and (b). The common feature to both these regression approaches is that they do not rely 
on hypothesis testing as the mechanism of choice for detecting non-random associations.
Lasso regression consists in adding all available SNPs into a multiple linear regression 
model with a univariate quantitative phenotype, and then searching for a subset of SNPs 
that best predict the response. Each one of the q imaging phenotypes is in turn regressed 
on all p genetic markers2 ys=Xâs+es where es is the n dimensional, mean centred, residual 
vector. SNP selection is achieved by imposing that only the causative SNPs have non-zero 
regression coefficients, which results is a sparse vector âs, that is a vector with several zeros. 
Sparse estimation is obtained by imposing an l1 penalty on the norm of the regression 
coefficients in Equation.2,21 This approach amounts to solving the following penalised least 
squares problem3 

â̂s= arg
âs

min {Psy−XâsP
2
2   + λPâsP1}

 where the l1 penalty PâsP1 = ∑p
j=1 | βsj | and λ is a regularisation parameter that controls the 

degree of sparsity, that is the number of non-zero SNPs in the model. This specific form 
of penalisation results in sparse coefficients estimates â̂s leading to the desired SNP selec-
tion. The regularisation parameter λ determines the set S containing the selected genetic 
markers. When λ is exactly zero, no penalty is imposed and all p SNPs enter the set S. As λ 
increases away from zero, sparser solutions are obtained, and less SNPs are retained. At its 
maximum value λmax, no variable is selected and S becomes the empty set.
Lasso regression has been successfully applied to a number of association studies for the 
identification of genetic markers that are highly associated with a disease phenotype of 
interest. Hoggart et al.,11 for example, performed a genome-wide association analysis using 
a penalized likelihood approach which is equivalent to lasso regression. A sparse logistic 
regression approach has also been applied by Wu et al.24 for the genome-wide analysis of 
a case control design, pinpointing the genetic markers that best distinguish cases from 
controls. Other recent applications of Lasso regression for genetic association mapping 
have been described (see for example1,6,8,9,13,18,23 ).
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By using Lasso regression for variable selection, we get away from hypothesis testing and 
the problems that arise from testing multiple hypotheses. The problem of selecting the 
causative SNPs becomes a problem of model selection and optimal predictive modelling, 
which consists of determining a value for the regularization parameter λ that determine 
the amount of sparsity in the model. For different values of λ, different models arise, hence 
model selection is required to determine the best value of λ and thus the best model. A 
common model selection approach consists in determining the value of λ that minimises 
the cross-validated prediction error, and this is generally achieved by searching for candi-
date values of λ over a range [0,λ]max. A drawback of this approach is given by the fact that 
minimising the prediction error does not necessarily lead to the true, underlying sparsity 
pattern. Moreover, the selection of the optimal λ might suffer from sampling errors, in the 
sense that a different λ, hence a different sparsity pattern, might arise from an independent 
data set.
We adopt a data re-sampling scheme that has been specifically proposed for sparse pre-
dictive modelling.15 This procedure aims to estimate how important each variable is over 
repeated fitting of the sparse regression model on random subsets of the data set. The 
final selection of variables is then based on their frequency of selection throughout the 
re-sampling procedure.
For a given λ in the range [λmin,λmax], the approach consists in performing repeatedly random 
sampling from the n subjects, with replacement, and fitting the penalised regression model 
on each random sub-sample. Each one of the B random sub-samples provides a sparse 
estimate â̂ 

s
(b)(λ), with b=1,…,B. For each such estimate, we keep track of variables having 

non-zero regression coefficients. We introduce an indicator variable v(
j
b)(λ) which is equal to 

1 if the regression coefficient corresponding to variable xj has been estimated to be non-
zero, or 0 otherwise. Using all B sub-samples, a measure of variable importance or stability is 
computed by estimating the selection probabilities4 

Pj(λ)= 1
B   ∑

B

b=1 
v(

j
b) (λ)j=1,…,p                                 

and the final set of variables to be included in S is obtained by deciding on a threshold π 
on these selection probabilities. In particular, the selected set of variables is formed as: 

S(π) = { j : m
λ
ax  Pj(λ)≥π}

Note that by using stability selection we do not tune the regularization parameter λ but 
rather find a stable set of variables over the range [λmin,λmax]. Selection probability can then 
be used as a metric to rank SNPs by importance.
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Sparse reduced-rank regression

Although all the available SNPs are included in Lasso regression, see Equation,3 each phe-
notype is modelled independently of each other, thus requiring to fit q different models, 
which produces q different sets of selected SNPs, S1,…,Sq, one for each phenotype. However, 
variability in correlated phenotypes is expected to be explained by common genetic varia-
tion. A regression model that accounts for the multivariate nature of the phenotype vector 
has the potential of increasing the power to further ``amplify” the signal, and eventually 
increase the statistical power to detect true signals.4,5,7,14,22 For this reason we use a third 
model originally proposed by Vounou et al.22 for the detection of genetic associations in 
imaging genetics studies. A overview of the model is included below, and more details can 
be found in the original paper.
The reduced-rank regression model (RRR)12,17 models the dependence of all q phenotypes 
on the set of genetic markers such that 

Y=XBA+E

where B is the p×r matrix of regression coefficients for the p covariates and A is the r×q 
matrix of regression coefficients for the q responses, both of full rank r. The n×q matrix 
of errors, E, consists of zero mean, possibly correlated columns. The factorisation of the 
regression coefficient matrix C=BA comes from imposing a reduced rank condition on C, 
namely that rank(C) is r≤min(p,q). Reducing the rank leads to an effective decrease in the 
number of parameters that need to be estimated and enables us to exploit the multivariate 
nature of the response. Without this constraint the model is equivalent to performing q 
independent multiple regressions, one for each response. In order to perform simultaneous 
variable selection and identify the set of genetic markers and the set of phenotypes that 
are highly associated, we adopt an l1 penalty on the regression coefficients for both X and 
Y. Specifically, for each rank of the sRRR, we extract the sparse regression coefficient vectors 
a and b by solving the following optimisation problem 

â, b̂ = argmin
a,b

 { Tr { ( Y − X b a )( Y − X b a )’ } + λb PbP1 + λa PaP1 }

The non-zero entries in the estimated vectors â and b̂ correspond to the selected phe-
notypes and genotypes respectively. The regularization parameters λa and λb control the 
amount of sparsity and hence the number of phenotypes and genotypes to be retained 
in the model. Hence, the sRRR model performs simultaneous variable selection, identifying 
the set of genetic markers and the set of phenotypes that show strong dependence. By 
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exploiting the richness of information in both domains of imaging genetics datasets, sRRR is 
expected to provide higher power in uncovering the true, underlying, disease mechanism.
Analogously to Lasso, we also use stability selection to identify the truly important genetic 
markers and the phenotypes that these markers explain. For a given parameter combi-
nation Λ=(λa,λb), we repeatedly fit the sRRR model to B sub-samples extracted from the 
data. For each sub-sample we estimate the sparse regression coefficients â(b) and  b̂(b), for 
b=1…,B, and we keep track of the phenotypes having non-zero coefficients in â(b) and the 
genetic markers corresponding to non-zero coefficients in  b̂(b). We then estimate the selec-
tion probabilities Pxj

(Λ) of selecting marker xj, j∈{1,…,p} and Pys
(Λ) of selecting phenotype 

ys, s∈{1,…,q} across all B sub-samples. The final sets of variables are selected by deciding on 
the thresholds πx and πy on the maximum selection probabilities obtained over all possible 
parameter combinations, that is 

Ŝx(πx) = { j : m
Λ
axPx j 

(Λ) ≥ πx }

Ŝy(πy) = { s : m
Λ
axPys (Λ) ≥ πy }

Once we estimate the final sets Ŝx(πx)and Ŝy(πy), we form the reduced n × | Ŝx(πx) | matrix XŜx
 

and the reduced n × | Ŝy(πy) | matrix YŜy of selected variables. Using this reduced set of data, 
we fit a non-sparse RRR model, estimating the regression coefficient vectors b̂Ŝx

 and âŜy
. The 

effect of the selected variables is then removed from the original data by replacing X by 

X − γ̂ XŜx
 b̂Ŝx

and Y by 
Y − δ̂ YŜy

â’Ŝy

where γ̂ and δ̂ are the regression coefficient estimates of regressing X on XŜx
 b̂Ŝx

 and Y on 
YŜy

â’Ŝy
, respectively. Having removed the effect of the selected variables in the current rank 

of the sRRR model, we then repeat the same procedure to obtain the results for the next 
rank of the model.

Summary of methods

We use three regression approaches to association mapping with multivariate quantitative 
phenotypes. The first one, MULM, consists of fitting a massive number of linear models, 
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regressing each phenotype on each SNP one at a time, performing hypothesis testing 
and then ultimately correcting for multiple testing. This approach is appealing because 
of its simplicity and because univariate regression models can be easily fitted even when 
only small sample sizes are available. However, for studies of common complex diseases 
which are caused by joint effects from multiple genetic markers, testing one SNP at a time 
is expected to be less powerful in uncovering the true disease mechanism. The second 
approach, Lasso regression, is based on a multiple regression model where each univariate 
phenotype is regressed on multiple genetic markers. In this formulation, SNP selection is 
achieved by imposing a penalty on the size of the regression coefficients during the estima-
tion procedure and shrinking some coefficients to zero. In contrast to the MULM approach, 
this model is able to simultaneously model the effect of multiple SNPs on one quantitative 
trait phenotype. However, each phenotype is still modelled independently of each other. 
Finally, the sRRR model extends Lasso regression by regressing multiple quantitative traits 
jointly on multiple genetic markers. By borrowing strength from correlated phenotypes we 
expect to achieve higher statistical power. Sparsity is also imposed by adopting penalties 
on the model.
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Nederlandse samenvatting

Sinds de eerste pathologische beschrijving van multiple sclerose (MS) door Jean-Martin 
Charcot (1868) zijn er bijna twee eeuwen gepasseerd. Vandaag de dag worden patiënten 
en artsen echter nog steeds geconfronteerd met MS als een ziekte met onbekende oorzaak 
en geen mogelijkheid tot definitieve genezing. Succesvol onderzoek heeft in de afgelopen 
jaren geleid tot een nauwkeuriger en snellere manier van het diagnosticeren van MS. Helaas 
is het bij het stellen van de diagnose nog niet mogelijk om een betrouwbare prognose 
van het ziektebeloop te geven. Om meer inzicht te krijgen in hoe MS zich ontwikkelt bij 
individuele patiënten is het belangrijk om te begrijpen wat de verschillende kenmerken 
zijn van MS.

MS onder de microscoop: het perspectief van de neuropatholoog

De neuropathologie identificeert de (patho)fysiologische mechanismen achter MS. De 
belangrijkste pathologische kenmerken van MS zijn te vinden in de laesies: gebieden van 
demyelinisatie met kenmerken van ontsteking, verlies van axonen en verlittekening. Lae-
sies worden gevonden in de witte en grijze stof van hersenen en ruggenmerg, en komen 
voor in een aantal verschillende stadia. Acute laesies worden gekenmerkt door massale 
aanwezigheid van ontstekingscellen. Wanneer de ontsteking verdwijnt en er geen herstel 
van het weefsel optreedt ontstaan in deze gebieden chronische laesies: gebieden van 
volledige demyelinisatie en verlittekening zonder grote hoeveelheden ontstekingscellen. 
Naast ontsteking en demyelinisatie is er bij mensen met MS ook sprake van neuro(axo)nale 
degeneratie, het verdwijnen van zenuwbanen. In chronische laesies is de axonale dichtheid 
verlaagd tot 20-30% van de normale axonale dichtheid in ‘gezonde’witte stof. Deze afname 
wordt vaak gezien als teken van neurodegeneratie, én kan zelfs optreden buiten de laesies. 
Een ander belangrijk proces is remyelinisatie, waarbij afgebroken myeline weer opnieuw 
aangemaakt wordt. Dit is een belangrijk proces waarbij aangedaan hersenweefsel weer 
voor een deel hersteld kan worden. Voor succesvolle remyelinisatie is de aanwezigheid van 
voldoende en goed functionerende oligodendrocyten en de voorlopercellen hiervan – oli-
godendrocyt voorloper cellen – cruciaal. Het is op dit moment niet duidelijk waardoor dit 
herstelproces toch vaak faalt. 

MS en MRI: het perspectief van de neuroradioloog

Waar de neuropatholoog zich voornamelijk bezig houdt met het identificeren van ziekte-
mechanismen en processen op celniveau, beoogt de neuroradioloog de ziekteprocessen te 
visualiseren. MRI (Magnetic Resonance Imaging) is een zeer gevoelige methode voor het in 
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beeld brengen van laesies. Door de verschillenden technieken waarop MRI-beelden worden 
gemaakt en de verschillenden mogelijkheden van het analyseren van de beelden, kunnen 
met MRI de verschillende pathologische processen (zoals boven beschreven) in beeld 
worden gebracht. De witte stof laesies kunnen bijvoorbeeld met behulp van T2-gewogen 
en FLAIR sequenties goed gezien worden. Daarnaast kunnen met behulp van T1-gewogen 
sequenties, met en zonder contrast, gebieden met acute ontsteking (i.e. met gadolinium 
aankleurende laesies) en definitieve weefselschade (black holes) in beeld gebracht worden. 
Een andere inmiddels zeer belangrijke techniek is het meten van hersenvolumes als maat 
voor atrofie (de afbraak van zenuwweefsel) veroorzaakt door neuro(axo)nale degeneratie.

Klinische kenmerken van MS: perspectief van de neuroloog

De klinische kenmerken die uiteindelijk het gevolg zijn van de doorgaande ontsteking en 
neurodegeneratie zijn divers en worden gekenmerkt door een breed spectrum van neuro-
logische symptomen. Patiënten worden onderverdeeld in een aantal klinische subtypes. 
Het meest voorkomende subtype is relapsing-remitting MS (RRMS), dat voorkomt bij 80% 
van alle MS-patiënten. Dit subtype wordt gekenmerkt door aanvallen van acute neurologi-
sche verslechtering (de relapsing fase, ofwel een exacerbatie/schub/relapse). Deze periode 
van verslechtering wordt gevolgd door een periode van (on)volledig herstel (de remitting 
fase). Bij een deel van de patiënten met een relapsing-remitting begin van MS worden de 
relapses uiteindelijk minder frequent en treedt er een langzame progressieve neurologische 
achteruitgang op. Het ziektetype wordt dan geclassificeerd als secundair progressieve MS 
(SPMS). Een derde subtype, primair progressieve MS (PPMS), wordt gekenmerkt door lang-
zame progressieve neurologische achteruitgang vanaf het begin van de ziekte. Tenslotte is 
er nog benigne MS (BMS), een subdiagnose die retrospectief wordt gesteld wanneer MS 
een goedaardig, niet-invaliderend beloop kent.

Onderzoek naar MS: etiologie en ziektebeloop

Het onderzoek naar MS wordt verricht door de combinatie van disciplines, waaronder 
neurologen, radiologen en pathologen. Voor iedere discipline gelden verschillende ma-
nieren van kijken naar dezelfde processen, zoals hierboven beschreven: de patholoog ziet 
ontsteking als laesies met ontstekingscellen, de radioloog ziet ontsteking als aankleurende 
laesies op MRI-scans en de neuroloog ziet ontsteking vaak als exacerbatie/schub. Het is 
inmiddels bekend dat de klinische, radiologische en pathologische kenmerken van MS 
grote variatie tonen (bijvoorbeeld een ziektebeloop met veel relapses, versus een ziek-
tebeloop met weinig relapses, of veel laesies op MRI-beelden versus juist weinig laesies). 
Op dit moment is deze variatie nog grotendeels onbegrepen. De precieze oorzaak van MS 
is eveneens onbekend, maar waarschijnlijk gaat het om een combinatie van omgevings-
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factoren, zoals roken en vitamine D expositie, en genetische factoren. De variatie in het 
menselijk leukocyt antigen ( HLA )-gen op chromosoom 6p21.3 (DRB*1501 allel) is de meest 
prominente risicofactor. Opvallend genoeg zijn de factoren die worden geassocieerd met 
een vergroot risico op het ontwikkelen van MS (zoals de DRB*1501 variant) slechts matig 
geassocieerd met het ziekteverloop. Dit doet vermoeden dat de processen die bepalend 
zijn voor het ontstaan van de ziekte anders zijn dan de processen die bepalend zijn voor 
het ziekteverloop. MS is dus allesbehalve een eenduidige ziekte; MS wordt gekenmerkt 
door heterogeniteit, waardoor klinische, pathologische, en radiologische bevindingen niet 
gezamenlijk een verklaring voor ontstaansmechanismen of ziekteverloop kunnen bieden 
tot op heden. Juist het begrijpen van de variatie in ziektebeloop is voor artsen en patiënten 
in de spreekkamer zo belangrijk: waar een deel van de patiënten uiteindelijk te maken krijgt 
met immobiliteit en ernstige neurologische beperkingen, is er ook een patiëntengroep met 
alleen milde klachten zonder belemmeringen in het dagelijks leven. Het kunnen geven van 
een prognose en zelfs het bepalen van een het behandelschema gericht op het verwachte 
ziektebeloop is van groot belang. Een van de belangrijke vragen is nu op welke manier 
het dan toch mogelijk is, om na decennia onderzoek dan toch manieren kunnen vinden 
om het wetenschappelijk onderzoek naar MS zodanig in te richten dat de heterogeniteit 
uiteindelijk wel begrepen wordt. 

De manier waarop onderzoek uitgevoerd wordt – en de problemen daarin

Over het algemeen wordt het onderzoek naar de oorzaak en het beloop van MS gericht op 
de vraag hoe de hersenen van mensen met MS verschillen van gezonde mensen. Boven-
dien wordt er vaak gekeken naar de verschillen tussen de klinische subtypes. Een van de 
hypotheses is dat mensen genetisch van elkaar verschillen: mogelijk dat genetische variatie 
tussen mensen met MS, uiteindelijk op een subtiele manier de pathologische processen 
kan beinvloeden, en daarmee bij kan dragen aan een milder danwel ernstiger ziektebeloop. 
Het onderzoek wat hiernaar in het verleden verricht is, heeft helaas ook teleurstellende 
resultaten gekend omdat het niet eenduidig genetische varianten  heeft kunnen identifi-
ceren die het ziektebeloop van MS beïnvloeden. Een van de mogelijk redenen hiervoor is 
dat wanneer er gekeken wordt naar het ziektebeloop, én de verschillen tussen de subtypes 
van MS er een aantal aannames gedaan worden over de combinaties tussen radiologische, 
klinische en pathologische kenmerken van MS. Om te beginnen wordt er vaak veronder-
steld dat ontsteking het primaire proces is achter relapsing-remitting MS. Ook wordt vaak 
aangenomen dat neurodegeneratie verantwoordelijk is voor de progressieve fase. Deze 
aannames zijn echter niet zo maar gerechtvaardigd. MRI-studies die kijken naar het verloop 
van MS en die de verschillen tussen de klinische subtypes onderzoeken laten zien dat de 
mate van afwijkingen op T2- en T1-gewogen beelden (als maat voor ontsteking) slechts 
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in bescheiden mate zijn geassocieerd met de mate van klinische achteruitgang bij RRMS. 
Atrofie (als maat voor neurodegeneratie) in brede zin en vooral van de cerebrale grijze stof 
in engere zin, lijkt beter geassocieerd met de mate van uiteindelijke handicap bij progres-
sieve MS. Het blijkt alleen niet mogelijk dit als een voorspeller te gebruiken in de dagelijkse 
klinische praktijk. Bovendien komt atrofie al voor bij RRMS, en wordt ontsteking ook gezien 
in chronische laesies bij progressieve MS patiënten. Daarbij komt dat pathologische studies 
die zoeken naar  verschillen in pathologische mechanismen tussen de MS subtypes, tot op 
heden grotendeels teleurstellend zijn geweest. Er zijn weliswaar kleine verschillen op het 
gebied van de pathologie gevonden, maar deze lijken onvoldoende om oorzakelijke me-
chanismen te kunnen identificeren. Bovendien is het niet duidelijk in hoeverre ontsteking 
en degeneratie met elkaar geassocieerd zijn en zijn ze bijzonder moeilijk los van elkaar 
te meten en analyseren. Kortom, de diversiteit van MS in de kliniek en de verschillende 
disciplinaire aandachtspunten in onderzoek cirkelen heen om een gedeeld probleem: de 
heterogeniteit van MS.

De basis van dit proefschrift - richting het endofenotyperen van MS

Om uiteindelijk een antwoord te krijgen op de vragen welke factoren nu de variabiliteit in 
ziektebeloop bepalen, en of het uiteindelijk mogelijk is om voor een individuele patiënt 
een prognose te geven van het ziektebeloop, beoogt dit proefschrift duidelijk te maken 
dat het aanbrengen van het huidige veelal gehanteerde onderscheid – namelijk die van de 
klinische subtypes- hier niet geschikt voor is. Het is mogelijk veel beter om onderzoek te 
baseren op onderscheid in andere subtypes – ofwel fenotypes – gebaseerd op verschillen 
tussen patiënten in radiologische of pathologische karakteristieken. Simpel gezegd beargu-
menteert dit proefschrift dus de noodzaak van, en doet het een voorstel voor een andere 
manier van nadenken over MS als ziekte.
Dit proefschrift  beoogt dit doel aan de hand van twee hoofdvragen: valt de heterogeniteit 
van MS wel uit te drukken door ziekte-fenotypes gebaseerd op radiologische en pathologi-
sche kenmerken? En is het vervolgens toch mogelijk genetische varianten te identificeren 
– ook wel endofenotyperen genoemd – die een rol kunnen spelen in de verschillende 
expressievormen van MS? Hiertoe zijn drie stappen gezet: A ) fenotyperen van MS op basis 
van radiologie (hoofdstuk 2), B ) fenotyperen van MS op basis van pathologie (hoofdstuk-
ken 3 en 4), C ) het endofenotyperen van MS (hoofdstuk 5 en 6) .

Resultaten

In hoofdstuk 2 is een fenotypische stratificatie geprobeerd, gebaseerd op MRI- kenmerken van 
zowel ontsteking als neurodegeneratie. De mate van neurologische uitval is uiteindelijk het 
resultaat van zowel ontsteking als neurodegeneratie die beide voorkomen bij MS. Over het 
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algemeen wordt aangenomen dat ontsteking de grootste bijdrage levert aan de invaliditeit 
in de vroege fase van de ziekte (de remitting fase), terwijl aanzienlijke neurodegeneratie 
later de overhand neemt (de progressieve fase).  Vaak wordt aangenomen dat er een lineair 
verband bestaat tussen beiden: hoe meer van de hersenen aangedaan is door ontsteking, 
hoe uitgesprokener de atrofie. De mate van atrofie neemt inderdaad aanzienlijk toe tijdens 
de progressieve fase van MS, maar komt echter ook in de vroege fase van MS voor. Zelfs 
in CIS–patiënten, mensen die één periode van neurologische klachten hebben gehad, is 
de mate van ontsteking een prognostische factor voor het krijgen van RRMS. De hoeveel-
heid ontsteking draagt ook bij aan de klinische handicap, maar in het algemeen zijn de 
associaties tussen grijze stof atrofie en de klinische beperking sterker. Studies die deze twee 
samen besturen zijn helaas zeldzaam. 
Hoofdstuk 2 toont ten eerste aan dat er geen lineair verband bestaat tussen de mate van 
ontsteking en neurodegeneratie. Uitgebreide ontsteking is weliswaar geassocieerd met 
neurodegeneratie (uitgedrukt als atrofie) bij een deel van de patiënten, maar er zijn ook 
patiëntengroepen die juist meer een ontstekingsprofiel (veel ontsteking en relatief weinig 
atrofie), dan wel een degeneratief profiel (veel atrofie en weinig inflammatie) vertonen 
ongeacht de duur van de ziekte. Wanneer patiënten artificieel onderverdeeld worden in 
vier radiologische subgroepen blijkt dat patiënten met weinig ontsteking en weinig neu-
rodegeneratie relatief weinig klachten hebben. Is er echter sprake van een degeneratief 
profiel, dan neemt de ernst van de uitvalsverschijnselen toe. Bij een combinatie van veel 
ontsteking en degeneratie blijkt er sprake van de meeste klinische beperking. Dezelfde 
analyse in een subgroep van patiënten met slechts een korte ziekteduur (< 10 jaar) laat 
overeenkomende resultaten zien. Deze radiologische onderverdeling in fenotypes blijkt dus 
niet alleen klinisch informatief, maar voorspelt ook een slechtere prestatie na een relatief korte 
ziekteduur. Bovendien blijkt dat neurodegeneratie niet alleen een belangrijke bijdrage levert aan 
klinische invaliditeit in latere stadia van de ziekte, maar ook in de jaren direct na de diagnose.
In lijn met de onderverdeling op basis van radiologische kenmerken (radiologische 
fenotypes), is er in hoofdstuk 3 en 4 gekeken naar een onderverdeling gebaseerd op 
histopathologische kenmerken (pathologische fenotypes). Hiertoe is door autopsie ver-
kregen hersenweefsel bestudeerd op de aanwezigheid en kenmerken van remyelinisatie 
(hoofdstuk 3) en ontstekingseigenschappen van corticale laesies (hoofdstuk 4 ).
Onderzoek beschreven in Hoofdstuk 3 toont aan dat remyelinisatie vaker voor komt in 
grijze stof laesies, dan in witte stof laesies. Mogelijkerwijs komt remyelinisatie vaker voor bij 
patiënten met een primair-progressief beloop (PPMS). Bovendien zijn er verschillen in het 
aantal oligodendrocyt-voorloper cellen en volwassen oligodendrocyten tussen witte stof 
en grijze stof laesies. Hoofdstuk 4 beschrijft een fenotypische stratificatie gebaseerd op 
de aanwezigheid van grijze stof laesies en witte stof laesies met specifieke aanwijzingen 
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voor ontsteking. Er blijkt geen verschil te bestaan tussen patiënten met en zonder grijze 
stof laesies met betrekking tot leeftijd bij overlijden of duur van de ziekte. Een deel van 
de patiënten met grijze stof laesies heeft echter een rand van geactiveerde microglia 
(rim-activated microglia – RAM, een kenmerk van ontsteking). Deze RAM-groep vertoont 
significant meer demyelinisatie van de hersenschors, de buitenste laag van de hersenen, dan de 
patiënten zonder enig teken van microglia-activatie. Bovendien zijn patiënten in de RAM-groep 
aanzienlijk jonger bij overlijden, en hadden zij een een kortere ziekteduur. Dit verschil wordt niet 
gezien wanneer patiënten-groepen niet specifiek gecategoriseerd worden in verschillende 
fenotypes. 
Remyelinisatie is een interessante kandidaat als fenotype. Het is eerder aangetoond dat het 
variabel voorkomt en lijkt uitgebreider aanwezig te zijn in bepaalde subgroepen van pa-
tiënten. Een interessante vraag is of deze heterogeniteit zou kunnen worden veroorzaakt 
door verschillen in het aantal oligodendrocyten. Met betrekking tot de mechanismen 
hierachter vonden we drie aanwijzingen die kunnen wijzen op verschillende pathofysio-
logische functies in grijze en witte stof: een aanzienlijk lager aantal jonge en volwassen 
oligodendrocyten in witte stof laesies ten opzichte van normale witte stof, meer jonge 
oligodendrocyten en volwassen oligodendrocyten in grijze stof laesies in vergelijking met 
witte stof laesies, en meer jonge oligodendrocyten in geremyeliniseerde grijze stof laesies 
in vergelijking met grijze stof laesies zonder tekenen van remyelinisatie. Samenvattend: de 
grijze en witte stof zijn substantieel anders en mogelijkerwijs bepalen omgevingsfactoren in deze 
weefsels de gevonden verschillen.
Als laatste is er gekeken of genetische variatie zou kunnen bijdragen aan de fenotypische 
verschillen die worden waargenomen bij MS-patiënten. De hoofdstukken 5 en 6 be-
schrijven studies naar de eventuele invloed van genetische variatie in pathofysiologische 
mechanismen die mogelijk belangrijk zijn bij MS, op fenotypische variabiliteit (gemeten 
met MRI) in MS. Omdat genetische studies vaak beperkt worden door de grootte van de 
datasets, in grote mate gekarakteriseerd worden door fout-positieve uitkomsten, en tevens 
te lijden hebben onder de complexiteit van de relatie tussen genetica, pathofysiologie en 
de te gebruiken fenotypes, is er gebruik gemaakt van twee nieuwe statische methodes om 
de data te analyseren. Er werd gekeken naar genen die betrokken zijn bij glutamaat meta-
bolisme en genen die betrokken zijn bij epigenetische mechanismen. Beide genen variaties 
werden bekeken in relatie tot 7 MRI-bepaalde fenotypes. In het onderzoek dat beschreven 
staat in hoofdstuk 5 zijn consistente associaties gevonden tussen variatie in het  ionotrope 
glutamaat receptor 2A (NMDA receptor sub-unit 2A , GRIN2A) gen en globaal hersenvolume. In 
het onderzoek dat staat beschreven in hoofdstuk 6 is gevonden dat genetische variabiliteit 
in histon-deacetylase 11 en 9 (HDAC) en sirtuin 4 (SIRT4) en 5 (SIRT5) genen voorspellend zijn voor 
verschillen in hersenvolumes. 
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Concluderend

Het op andere gronden dan klinische subtypes definiëren van verschillen tussen mensen 
met MS – namelijk radiologisch of pathologisch – maakt het mogelijk om de van de ef-
fecten van subtiele bevindingen beter te kunnen zien. Waar kleine verschillen vaak verloren 
gaan in het onderzoeken van grote groepen met een heterogene ziekte, maakt dit onder-
verdelen in radiologische en pathologische fenotypes het mogelijk om de relevantie van 
subtiele verschillen te onderzoeken. Het onderverdelen in radiologische fenotypes biedt de 
mogelijkheid een verschil in klinisch functioneren te identificeren ongeacht het subtype en 
ongeacht de ziekteduur. Het fenotyperen op pathologische kenmerken heeft het mogelijk 
gemaakt een subgroep van patiënten te identificeren die ontstekingskenmerken in de 
grijze stof laat zien. Hieruit volgde de belangrijke observatie dat deze mensen op jongere 
leeftijd overlijden. Het onderzoek naar genetische varianten laat ook subtiele verschillen in 
radiologische fenotypes zien. Hier moet echter de klinische relevantie nog van blijken. 
Hoewel het antwoord op de vraag welke factoren bijdragen aan een variabel ziektebeloop 
nog niet is beantwoord, laat dit proefschrift wel zien dat door het anders inrichten van 
onderzoek, namelijk op basis van een onderverdeling in fenotypes, subtiele verschillen 
uitgelicht kunnen worden. Deze eerste stap draagt daarmee bij aan het uiteindelijke 
doel: het ontrafelen van de heterogeniteit van MS mogelijk zelfs de relatie tussen subtiele 
genetische variatie tussen mensen met MS en het uiteindelijke ziektebeloop- richting het 
endofenotyperen van MS. 
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