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Epidemiology 
 
Multiple sclerosis (MS) is a chronic inflammatory demyelinating autoimmune disease of the 
central nervous system (CNS), usually beginning in early adulthood with a lifetime 
prevalence of approximately 0.1% in Western countries.  
 
Clinical manifestations 
 
During the disease course, MS may cause a variety of symptoms, including visual loss, 
sensory symptoms, limb weakness, brain stem symptoms, Lhermitte’s sign, ataxia, spasticity, 
bladder and bowel dysfunction, cognitive decline and fatigue.1 Based on the clinical course, 
different disease subtypes have been described (Figure 1).2 Relapsing remitting (RR) MS is 
the disease onset type in 80-90% of the patients, more women than men (2:1). Clearly defined 
disease relapses are alternated with periods that lack clinical disease progression. With time, 
recovery from each episode is incomplete and persistent symptoms accumulate. Eventually, 
around 65% of these patients enter the secondary progressive (SP) phase with or without 
occasional relapses. Primary progressive (PP) MS, occuring in 10-20% of patients, is 
characterized by progression from onset without relapses. It manifests at a later age (around 
40 years), more often as a chronic progressive myelopathy and there is no female 
predominance. In a very small proportion of these patients clear relapses occur: progressive 
relapsing (PR) MS. In the spectrum of demyelinating disease, myelitis transversa, 
neuromyelitis optica, acute disseminated encephalomyelitis, Marburg’s disease and Balo’s 
concentric sclerosis are considered to be variants of MS. The prognosis of MS is highly 
variable. Fifty percent of patients will need help walking within 15 years after the onset of 
disease.3 Disability is usually rated using the expanded disability status scale (EDSS), ranging 
from 0 (normal neurological examination) to 10 (death due to MS), highly dependent on 
ambulation.4   
 
Diagnosis 
 
The traditional clinical diagnosis of MS requires two or more episodes, lasting more than 24 
hours and at least 30 days apart, of symptoms attributable to demyelination at different sites in 
the CNS, i.e. dissemination in time and space. In the Poser criteria (1983) paraclinical 
evidence of a lesion (e.g. evoked response studies, tissue imaging procedures) and laboratory 

Figure 1 Clinical disease courses in MS based on the 
change in disability (Y-axis) over time (X-axis). 
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investigations (oligoclonal bands or increased IgG index in the cerebrospinal fluid) were 
incorporated. In the McDonald criteria (2001) and recent revisions (2005) magnetic resonance 
imaging (MRI) was formally integrated into the diagnosis of both relapsing and progressive 
onset MS (Table 1).5,6 
 
Etiology  
 
The cause of MS involves environmental exposure and genetic susceptibility.7 
Important suggested environmental factors include sunlight exposure, vitamin D status, 
smoking and infections. Of the infectious agents linked to MS, epidemiological evidence 
supports a role for Epstein-Barr virus.8 The prevalence of MS generally increases with 
latitude, although many exceptions exist. The risk of developing MS is being influenced by 
migration early in life, and is higher in northern European descendants. The latter favors 
genetic more than environmental influences.9 
Genetic susceptibility to MS is demonstrated by a familial recurrence rate dependent on the 
degree of relationship and a much higher concordance rate in monozygotic than in dizygotic 
twins (31 vs. 5%).10 A complex of genetic factors rather than a single gene is involved in MS 
susceptibility. Whole genomic screens in multiplex families indicate the human leucocyte 
antigen (HLA) class II locus within the major histocompatibility complex (MHC) on 
chromosome 6p21 as most attributable amongst many other regions,11-14 although effects are 
small. Many of these candidate genes, including HLA-DR2,15 may also influence disease 
course by exerting effects in the complex disease mechanism of MS. 
 
Pathogenesis  
 
The pathological hallmark of MS is a complex process involving inflammation, 
demyelination, astrocytosis and axonal degeneration, eventually leading to the formation of 
sclerotic plaques in the CNS white matter. More recent evidence shows that, especially in 
progressive phases of MS, changes are not confined to the white matter lesions, but also 
involve normal appearing white matter and grey matter. 
The inflammation is generally assumed to result from increased migration of autoreactive T 
lymphocytes that do not effectively apoptose because of regulatory defects.7 They pass 
through a disrupted blood-brain barrier and enter the CNS after contact with endothelial 
adhesion molecules and under influence of chemokines. Interaction with activated antigen 
(e.g. myelin components) presenting cells (macrophages, microglia) leads to a further 
differentiated immune cascade. T helper 1 (Th1) cells release more pro-inflammatory 
cytokines (e.g. tumor necrosis factor alfa (TNF- ), interferon gamma (IFN- )). Th2 
differentiated cells produce anti-inflammatory cytokines (e.g. interleukin (IL) 4, 10 and 13) 
that down regulate the cellular response, but stimulate antibody-producing B cells. If 
inflammation progresses, several processes may contribute to demyelination, including 
cytokine-mediated injury, digestion by macrophages, complement-mediated injury or direct 
injury by T cells.1 Myelin, a multilayer structure synthesized by oligodendrocytes, surrounds 
axons and facilitates depolarization and conduction. Demyelination leads to functional 
problems by impaired nerve conduction. Remyelination has been found in more than 40% of 
lesions, approximately 20% of patients have extensively remyelinated “shadow plaques”.16,17 
Demyelinated axonal segments may be vulnerable for further inflammatory injury, causing 
(irreversible) axonal transection and degeneration.18 This is probably a major contributing 
factor to irreversible disability in MS patients. Demyelination patterns during the early stage 
of disease (including T cell-mediated demyelination, antibody-mediated demyelination, 
hypoxia-like injury and primary oligodendrocyte death) have been described to be 
homogenous within but heterogenous between MS patients, suggesting fundamentally 
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Table 1 The 2005 Revisions to the McDonald Diagnostic Criteria for Multiple Sclerosis 
 

Clinical Presentation Additional Data Needed for MS Diagnosis 

Two or more attacksa; objective clinical 
evidence of two or more lesions 

Noneb 

Two or more attacksa; objective clinical 
evidence of one lesion 

Dissemination in space, demonstrated by: 
• MRIc or 
• Two or more MRI-detected lesions consistent 

with MS plus positive CSFd or 
• Await further clinical attacka implicating a 

different site  
One attacka; objective clinical evidence 
of two or more lesions 

Dissemination in time, demonstrated by: 
• MRIe or 
• Second clinical attacka  

One attacka; objective clinical evidence 
of one lesion (monosymptomatic 
presentation; clinically isolated 
syndrome) 

Dissemination in space, demonstrated by: 
• MRIc or 
• Two or more MRI-detected lesions consistent 

with MS plus positive CSFd and 
Dissemination in time, demonstrated by: 
• MRIe or 
• Second clinical attacka 

Insidious neurological progression 
suggestive of MS 

One year of disease progression (retrospectively 
or prospectively determined) and 
Two of the following: 
a. Positive brain MRI (nine T2 lesions or four or 

more T2 lesions with positive VEPf) 
b. Positive spinal cord MRI (two focal T2 lesions) 
c. Positive CSFd 

 

a An attack is defined as an episode of neurological disturbance for which causative lesions are likely to be 
inflammatory and demyelinating in nature. The (objectivated) event should last for at least 24 hours. 

b No additional tests are required; however, if tests (MRI, CSF) are negative, extreme caution needs to be taken 
before making the diagnosis of MS.  

c MRI demonstration of space dissemination if three of the following: 
1. At least 1 gadolinium-enhancing lesion or 9 T2 hyperintense lesions 
2. At least 1 infratentorial lesion 
3. At least 1 juxtacortical lesion 
4. At least 3 periventricular lesions 
Note: a (gadolinium-enhancing) spinal cord lesion can replace some of these brain lesions. 

d Positive cerebrospinal fluid (CSF) determined by intrathecal production of oligoclonal bands or by an increased 
IgG index. 

e MRI demonstration of time dissemination: 
- Detection of gadolinium enhancement at least 3 months after the onset of the initial clinical event, if not 

at the site corresponding to the initial event or 
- Detection af a new T2 lesion if it appears at any time compared with a reference scan done at least 30 

days after the onset of the initial clinical event. 
f Abnormal visual evoked potential (VEP) of the type seen in MS. 
 

 different pathogenic mechanisms.19 However, recent studies report universal presence of 
antibody-mediated demyelination and coexistence of different patterns within the same 
patient.20,21 
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different pathogenic mechanisms.19 However, recent studies report universal presence of 
antibody-mediated demyelination and coexistence of different patterns within the same 
patient.20,21 
In progressive MS forms, active demyelinating lesions are rare, although some lesions show 
slow and gradual expansion and demyelination. In addition, the normal appearing brain tissue 
(NABT) outside the lesions shows a mild, but diffuse inflammatory reaction and profound 
microglia activation, associated with diffuse axonal injury and degeneration. Besides, cortical 
demyelination has been found with very little inflammatory activity, but associated with 
meningeal inflammation.22 Another study identified an association between the development 
of cortical lesions and the presence of B cell follicle-like structures in the cerebral meninges 
in SP, but not PP MS patients.23 This might indicate a compartmentalized inflammatory 
reaction within the CNS behind the blood-brain barrier. 
 
MRI  
 
MRI is playing an increasing role in diagnosis, management and research of MS. Since 2001 
MRI is implemented in the diagnostic criteria.5,6 It may help to rule out other abnormalities 
and to make an early diagnosis. MRI features of disease activity are used for making 
therapeutic choices and for effect monitoring in clinical trials. Furthermore, scientific research 
focusses on MRI as bio-marker as it reflects in vivo pathology to some extent. 
Conventional MRI measures include T2- and T1-weighted imaging. T2 hyperintensity 
provides an impression of overall disease burden but lacks histopathological specificity: it 
may reflect edema, demyelination, remyelination, reactive gliosis and axonal loss. T1 
hypointense lesions (“black holes”) have been found to correlate specifically with axonal 
loss.24 Gadolinium(Gd)-enhancing lesions represent extravasation of the contrast agent 
through the disrupted BBB, which may be seen in active inflammation. Brain atrophy 
represents tissue loss, although it may also be influenced by aging, osmotic agents and 
treatment.25 It correlates with abnormalities in the NABT (including both white and grey 
matter), much more than with T2 lesion load.26,27 Non-conventional MRI includes magnetic 
resonance spectroscopy (MRS), magnetization transfer imaging (MTI) and diffusion-weighted 
imaging (DWI). MTI and DWI can provide information on the structural changes in lesions 
and NABT, MRS can add information on the biochemical nature of these changes.25 
Although clinical disability and MRI lesions are both the result of disease activity, their 
association is generally poor.28 Lesions may appear in non-eloquent areas or may reflect non-
destructive pathology or even remyelination. Diffuse abnormalities in NABT and spinal cord 
correlate much better with disability.29,30 Clinical subtypes can not be discerned by MRI, but 
on group level there are some differences. During the RR and SP phase of disease, increasing 
lesion loads, atrophy and diffuse changes of NABT are seen. PP MS patients have fewer and 
smaller brain lesions and less Gd-enhancement, often combined with diffuse spinal cord 
abnormalities.25,30  
 
Treatment 
 
A short course of high-dose corticosteroids accelerates recovery of acute relapses, but does 
not affect relapse outcome or disease progression. 
Disease modifying treatment may be beneficial in RR (and sometimes SP) MS patients with a 
high relapse rate. IFN (-1a/b) and glatiramer acetate have immune-modulatory activities and 
reduce annual relapse rate with approximately 30%, but at best minor effects on accumulation 
of disability. IFN  neutralizing antibodies (Nabs) develop in up to about 35% of patients and 
reduce treatment efficacy, glatiramer acetate Nabs appear to lack such negative effect.31 
Natalizumab is an anti- 4 integrin antibody that reduces BBB passage of lymphocytes. 
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Relapse rate is reduced with 68% over 1 year, chances of acquiring fixed disability over 2 
years are reduced by 42%.32 Nabs persist in 6% of patients, reducing treatment efficacy.31 
Natalizumab is registered as second line therapy for severe RR MS, partly due to a small risk 
of inducing progressive multifocal leucoencephalopathy. Mitoxantrone is an antineoplastic 
drug that may be used in rapidly worsening MS with frequent relapses. It slows the 
accumulation of disability, but has toxic side effects (cumulative cardiotoxicity and 0.2% risk 
of acute leukaemia).7 
Symptomatic treatment is important, especially in the progressive phase of MS. It can include 
medication to treat spasticity, pain, depression, fatigue or bladder dysfunction. Rehabilitation, 
aids and appliances for daily life and psychological treatment may help to handle limitations 
and handicaps.  
 
Heterogeneity in MS – Outline of this thesis 
 
MS is a heterogeneous disease, clinically, radiologically, immunologically, pathologically as 
well as genetically. This might indicate more than one pathogenic mechanism, for which 
different treatment approaches may be required.1 Many genetic, immunopathological and 
radiological investigations have been performed to further elucidate disease mechanisms and 
prognostic and therapeutic consequences. Ideally, this would lead to the ability to classify the 
individual patient. So far, the most obvious and commonly applied classification is based on 
clinical disease course. Although the clinical subtypes differ in respect to certain radiological, 
immunological and pathological properties on a group level, heterogeneity remains large. A 
recently proposed pathological classification suggesting fundamentally different pathogenic 
mechanisms19 is not applicable in vivo in the vast majority of patients.  
In this thesis several investigations are presented about various possibly useful disease 
markers in an attempt to detect clinically relevant associations or subgroups and thereby order 
the heterogeneity to some extent. 
Chapter 2 describes several studies assessing the influence of the apolipoproteine E (APOE = 
gene, apoE = protein) polymorphism, a genetic marker, on MS. First, the association with 
both disease susceptibility and disease course was assessed in a large group of MS patients 
using clinical and MRI measures. In addition the data were combined with available data from 
the literature. Secondly, the sex-specificity of the association of the APOE polymorphism 
with disease severity was examined in the same group. Thirdly, APOE polymorphism 
influence on disease susceptibility and severity was investigated by meta- and pooled analyses 
using large patient groups. 
Chapter 3 focusses more on immunopathological markers of disease. First, linking on to the 
previous chapter, it is investigated whether CSF apoE concentration is associated with cross-
sectional and longitudinal disease characteristics in MS. Secondly, a study is presented 
assessing the prognostic value of immunological factors for the long-term progression of 
disability. 
Chapter 4 focusses on MRI measures. First, it is attempted to make a restricted classification 
of MS patients based on a combination of quantitative and qualitative MRI characteristics and 
to test whether the resulting subgroups are associated with clinical and laboratory 
characteristics. Secondly, cases are presented, indicative of PP MS with a specific pattern of 
MRI abnormalities. 
Chapter 5 comprises a summary and discussion of the results and suggestions for future 
directions.  
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Abstract 
 
Background: Whereas a number of studies suggest that the ApoE polymorphism is not 
associated with disease susceptibility in multiple sclerosis (MS), results with regard to disease 
severity, however, are conflicting. Some studies suggest an unfavorable role of the 4 allele. 
This study was performed to assess the association of the APOE polymorphism with both 
disease susceptibility and disease course in a large group of MS patients using clinical and 
MRI measures. In addition the data were combined with available data from the literature.  
Methods: In a group of 408 patients with clinically definite MS, genotype distribution was 
compared with that of 144 healthy controls. Combined analysis of published data on the 
association of APOE polymorphism with MS was performed. Demographic and clinical 
findings were recorded and related to the APOE genotype. In a subgroup longitudinal MRI 
findings were available and related to the APOE genotype. 
Results: No significant differences were found in the distribution of genotypes between MS 
patients and controls in our patients. Combined analysis of published data showed a slightly 
increased susceptibility for MS in 2-carriers. Disease characteristics (including age at onset 
and onset type), disease severity (progression index, time to reach EDSS 6) and MRI findings 
(lesion volumes and atrophy measures) were not associated with carriership of 2 or 4. 
Conclusions: In this cohort no association of the APOE genotype with disease susceptibility 
nor clinical and MRI measures could be identified. However, combined analysis of published 
data could not definitely exclude the possibility of a minor role for 2-carriership in MS. 
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Introduction 
 
Apolipoprotein E (apoE) is involved in lipid and cholesterol transport and plays a role in 
growth and regeneration of neurons.1-4 The polymorphic APOE gene is located on 
chromosome 19q13, a region which was identified by linkage analysis in multiplex families 
as a region where genes influencing susceptibility to multiple sclerosis (MS) are likely to be 
located.5-8 The most common alleles 2, 3 and 4 encode for the three major isoforms E2, E3 
and E4, each with different receptor-binding affinity.  
Experimental and clinical evidence exists for a role of apoE in different neurological 
disorders. The neuroprotective effect of apoE is allele-specific ( 2 > 3 > 4).9 The 4 allele is 
a major risk factor for development of Alzheimer’s disease (AD).10,11 Further, brains from 4–
positive AD patients show more severe neuronal degeneration and less efficient dendritic 
remodeling than brains from 4-negative patients.12  4-Positive patients are more likely to die 
after severe head injury and have a worse prognosis after intracerebral hemorrhage or 
tromboembolic stroke, although the risk for either disease is not influenced.4,13 The 2 allele is 
described to have a protective role in AD.10,14,15 
MS is a chronic inflammatory and demyelinating disease of the central nervous system. 
Several studies concerning the APOE polymorphism in MS have been published. Evidence 
about susceptibility being associated with it is contradictory. One study found that 4 
homozygosity was a risk factor for developing MS16 while other studies did not.17-24 With 
regard to disease severity in MS, results so far are also conflicting, maybe due to the variety 
of ways used to measure disease severity in the different studies or to the relatively small 
number of patients in some studies. However, even when only taking into account the larger 
studies (more than 100 patients),16-21,25-29 results were contradictory. Some studies found a 
significant unfavorable association of the 4 allele with clinically measured disease 
severity.16-18,25,29 Others couldn’t confirm this,19-21,26-28 although some did find a trend.27 A 
favorable association for the 2 allele was described in two large26,29 and one smaller study,22 
whereas one study found an unfavorable association.30 The 3 allele is not described to be 
associated with disease severity in MS. 
MRI (i.e. T1- and T2-lesion volumes, their ratio and atrophy measures) can also be used as a 
measure of disease severity in MS. T2-lesion volume (T2LV) is a very sensitive marker for 
the total burden of disease, as many changes associated with MS are visible on T2-weighted 
images.31 T1 lesions reflect severe tissue destruction and axonal damage. 32 In addition, the 
black hole ratio (BHR=T1LV/T2LV) may reflect disease aggressiveness or quality of repair.33 
Atrophy measures have been associated with disease progression in MS. 34-36 The relation 
between the APOE polymorphism and MRI measures has been investigated in only a small 
number of studies. In one cross-sectional study an unfavorable association of the 3/ 4 
genotype and 4 allele was found with lesion loads and BHR.33 Similar results on lesion loads 
were found at baseline of a follow-up study, however differences were not statistically 
significant. During follow-up, higher BHR’s in 4-positive patients were seen, partly because 
of a relatively unaltered T2-lesion load.37 Schreiber et al. found no relation between APOE 
polymorphism and T2-lesion load.38 Atrophy measures by Amato et al. showed decreased 
normalized brain volumes (NBV) in relapsing-remitting (RR) MS patients carrying the 4 
allele.39,40  
In the present study, we examined the relation of APOE genotypes with disease 
characteristics in a large number of MS patients, using clinical as well as MRI measures. In 
addition, to assess the association of the APOE polymorphism with MS more accurately, we 
combined our data with available published data. We focused especially on carriers of the 2 
or 4 allele, because some literature indicates these alleles might be related with MS. 
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Patients and Methods 
 
Subjects 
A total of 408 Dutch patients with clinically definite MS41 were recruited from the MS Center 
at the Vrije Universiteit Medical Center (VUmc) Amsterdam. The mean age of the patients 
was  46 years (SD 11 years), and there were 250 (61%) women. 39 % Of the patients had RR-
MS, 39 % were in the secondary progressive (SP) phase, and 22 % had a primary progressive 
(PP) form of the disease. Mean age at onset was 32 years (SD 10 years), and mean disease 
duration was 13 years (SD 8 years). Disability was measured with the expanded disability 
status score (EDSS)42 by raters who were blinded to APOE genotyping. Median EDSS was 
5.0 (interquartile range: 3.1-6.5). An EDSS score of 6.0 was reached by 43 % of the patients. 
The control group consisted of 144 healthy volunteers. Of these, 50 % were women, and the 
mean age was 41 years. All subjects were unrelated Dutch Caucasian individuals. This study 
was carried out with the approval of the Medical Ethical Committee of the VUmc, 
Amsterdam, and informed consent was obtained from all subjects. 
 
Magnetic Resonance Imaging 
In 174 of the 408 subjects longitudinal MRI findings were available. MRI examinations were 
performed as previously described.43 MRI raters were blinded to APOE genotyping. For 
measuring T2-weighted lesion load, hyperintense lesions (compared to the surrounding white 
matter) were marked, whereas for measuring T1-weighted lesion load in a subgroup of scans, 
lesions hypointense compared to grey matter were marked. To assess the rate of lesion 
development, relative annualized T1LV and T2LV were calculated by dividing the 
difference in lesion volume by the time between the scans and the LV at first measurement. 
Further, the black hole ratio (BHR) was calculated, defined as T1LV/T2LV. In a partially 
overlapping subgroup, two measures of atrophy were obtained: 1) the parenchymal fraction 
(PF = whole brain parenchymal volume/intracranial volume) as a measure of global brain 
atrophy and 2) the ventricular fraction (VF = ventricular volume/whole brain parenchymal 
volume) as a measure of central atrophy. Also for the atrophy measures  relative annualized 

PF and VF were calculated. 
 
Genotyping 
Genomic DNA was extracted from peripheral EDTA-blood using a standard cell lysis and 
proteinase K digestion protocol. After cell lysis in a hypotonic buffer and centrifugation, 
followed by proteinase K digestion in a hypertonic SDS-buffer system, nuclear DNA was 
obtained by ethanol precipitation. The APOE genotype was determined using the APOE 
Mutation Detection Kit (codon 112 and 158) as developed for the LightCycler instrument 
(Roche Molecular Biochemicals). Briefly, a 265 bp fragment, containing the 112 and 158 
codons, of the APOE gene is amplified from human genomic DNA by PCR with specific 
primers. The genotype of the amplicon is determined from the fluorescent signal, obtained by 
a melting curve analysis after hybridization with specific fluorophore-labeled probes. 
 
Combined analysis of published data on MS susceptibility 
Publications were obtained by means of Medline searches and relevant references in these 
publications. All available published data on APOE genotypes in both MS patients and 
controls were taken into a combined analysis together with our own data. 
 
Statistical Analysis 
Primary data were the APOE genotype frequencies, as observed in patients and healthy 
controls. Distribution of genotypes was analyzed by Chi-square analysis. Combined analysis 
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of published data on the impact of the APOE polymorphism on MS susceptibility was done 
by using the Mantel-Haenszel 2 test for multiple cross-tabs.  
We investigated possible relationships between patient characteristics and carriership of allele 
4 and 2 respectively by stratifying for gender, onset type of disease (relapsing or 

progressive), age at onset of disease, and disease progression index (EDSS/duration of 
disease). In addition, we investigated the possible relationship between carriership of allele 4 
and 2 respectively and time to reach an EDSS score of 6.0 using Kaplan-Meier survival 
analysis. The Mann-Whitney U-test was used to assess the difference of non-normally 
distributed data (T1- and T2-lesion volumes, parenchymal and ventricular fractions) between 
carriers and non-carriers of allele 4 and 2. To correct for gender, age, onset type of disease 
(relapsing-remitting or progressive onset), disease duration and interferon(IFN)-β treatment, 
linear regression analysis was performed, with each of the MRI parameters as the outcome 
measure, and carriership of allele 4 and 2 as the determinant. When appropriate, MRI 
parameters were log-transformed.  
Significance levels were set at 5% (p<0.05). 
 
 
 
Table 1 Characteristics of patients and subgroups included in the MRI analysis 
 
Characteristics Total MS  

(n=408) 
Δ T2-LV 
(n=174) 

Δ T1-LV 
(n=109) 

Δ atrophy 
(n=98) 

Gender (percent women) 61 58 55 56 
Age a 46  (11) 46  (11) 48  (10) 48  (12) 
Age at onset a 32  (10) 32    (9) 34  (10) 35  (11) 
Disease duration a 13    (8) 14    (7) 14    (6) 13    (7) 
Type     
  RR MS b 39 35 25 29 
  SP MS b 39 43 48 31 
  PP MS b 22 22 27 40 
EDSS ≥ 6.0 b 43 47 52 44 
Time to EDSS 6.0 c   9  (5-14) 10  (6-15) 10  (6-15)   9  (5-13) 
 
Longitudinal MR data were available on lesion volume and brain volume parameters in different subgroups of 
our patients. 
a Years, expressed as mean (SD), b Expressed as %, c Years, expressed as median (interquartile range) 
 
 
 
Table 2. Genotype frequencies of APOE in healthy controls and in MS patients 
 
Genotype Controls MS 
 all 

n (%) 
male 
n (%) 

female 
n (%) 

all 
n (%) 

male 
n (%) 

female  
n (%) 

2/ 2     0    (0)     0    (0)     0    (0)     5    (1.2)     1    (0.6)     4    (1.6) 
2/ 3   14    (9.7)     7    (9.7)     7    (9.7)   55  (13.5)   21  (13.3)   34  (13.6) 
2/ 4     2    (1.4)     1    (1.4)     1    (1.4)     7    (1.7)     2    (1.3)     5    (2.0) 
3/ 3   78  (54.2)   35  (48.6)   43  (59.7) 233  (57.1)   93  (58.9) 140  (56.0) 
3/ 4   45  (31.3)   24  (33.3)   21  (29.2)   93  (22.8)   34  (21.5)   59  (23.6) 
4/ 4     5    (3.5)     5    (6.9)     0    (0)   15    (3.7)     7    (4.4)     8    (3.2) 
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Results 
 
Patients 
Table 1 shows clinical characteristics of our patients. Different (but partially overlapping) 
subgroups are shown, representing patients for whom longitudinal MRI data were available. 
In 174 patients, we had data on lesion volumes on T2-weighted images and in 109 of them 
lesion volumes on T1-weighted images were available, allowing BHR's to be calculated. In 
another partially overlapping subgroup serial measurements of atrophy were available (n=98). 
 
APOE genotypes in cases and controls 
The distribution of the APOE genotypes in healthy controls and patients with MS is shown in 
Table 2. These genotype distributions did not deviate from Hardy-Weinberg equilibrium. 
There were no significant differences in genotype distribution between cases and controls. 
Comparing relapsing onset MS patients to patients with a progressive onset showed no 
significant differences in genotype distribution either (data not shown).  
There was also no significant difference between patients and controls with respect to 4-
carriership (p=0.09) or 2-carriership (p=0.14). 
 
Combined analysis of published data on MS susceptibility 
Table 3 shows the available studies in which APOE genotypes in MS patients and controls 
were published, together with our own data. 4-Carriership is not significantly different 
between MS patients and controls (p=0.10). With respect to 2-carriership there is a 
significant difference between patients and controls at the 5% level (p=0.01) suggesting an 
increased susceptibility for MS in 2-carriers. The 95% confidence interval (CI) of the odds 
ratio (OR) in most studies includes values above 2.0. However the 95%CI of the pooled OR 
(1.38, 95% CI 1.07 -1.78) indicates that the increased susceptibility for MS in 2-carriers is 
most probably minor (Figure 1). 
 
Carriership of 4 and 2 and clinical characteristics 
We analyzed the association between carriership of 4 and 2 respectively and age at onset, 
onset type, progression index and time to reach EDSS 6.0. No significant association was 
observed (p≥0.31) (data not shown). 
 
Carriership of 4 and 2 and MRI parameters 
The Mann-Whitney U-test revealed no differences in T2LV, T1LV, BHR, relative annualized 

T2LV and T1LV, VF, PF and relative annualized VF and PF between carriers and non-
carriers of the 4 allele (p≥0.25), nor did it between carriers and non-carriers of the 2 allele 
(p≥0.22) (data not shown). We performed linear regression analysis to compare MRI 
parameters between carriers and non-carriers of allele 4, corrected for gender, age, onset type 
of MS, duration of disease and IFN-  treatment. No significant differences were found in 
(changes in) LV in T2- and T1-weighted MR images nor in (changes in) PF and VF (p≥0.28). 
Comparing carriers and non-carriers of the 2 allele showed similar results (p≥0.29) (data not 
shown). 
In a post hoc analysis we explored approaches chosen by studies showing positive results. 
Using the Mann-Whitney U-test, we found no significant differences in MRI measures 
between genotypes, especially not between 3 3 and 3 4 (p≥0.27). Expanding our analysis to 
T1-, T2-LV and BHR at baseline, follow-up and the differences between baseline and follow-
up, or analyzing only the RR-MS patients for lesion volumes or atrophy measures, did not 
reveal any significantly unfavorable association with the 4 allele (p≥0.15) (data not shown). 
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Table 3 2 and 4 carriership from previously published and our own data 
 
Study Controls  MS  
   2 / total (%)   4 / total (%)   2 / total (%)   4 / total (%) 
Ferri et al.  
(1999) 

  16 / 153 (10.5)   18 / 153 (11.8)   18 /  161 (11.2)   15 /  161   (9.3) 

Oliveri et al. 
(1999) 

  14 / 107 (13.1)     9 / 107   (8.4)     7 /    89   (7.9)   12 /    89 (13.5) 

Hogh et al. 
(2000) 

  48 / 361 (13.3) 115 / 361 (31.9)   47 /  240 (19.6)   76 /  240 (31.7) 

Weatherby 
et al. (2000) 

  20 / 159 (12.6)   43 / 159 (27.0)   65 /  370 (17.6)   88 /  370 (23.8) 

Ballerini et 
al. (2000) 

  11 /   67 (16.4)   15 /   67 (22.4)   15 /    66 (22.7)     6 /    66   (9.1) 

Zwemmer et 
al. (present 
study) 

  16 / 144 (11.1)   52 / 144 (36.1)   67 /  408 (16.4) 115 /  408 (28.2) 

     
Total   85 / 991   (8.6) 252 / 991 (25.4) 182 /1334 (13.6) 312 /1334 (23.4) 

 
 
 
 
Figure 1 Odds ratio for 2-carriership from previously published and our own data with 
respect to disease susceptibility in MS 
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Discussion 
 
One of the main results of our study is that we did not find significant differences in APOE 
genotype or allele frequencies between MS patients and healthy controls, which is in 
accordance to a series of previously reported findings.17-24 However, combined analysis of 
published data on the association of the APOE polymorphism with MS showed a slightly 
increased frequency of MS in 2-carriers versus non-carriers which reached statistical 
significance at the 5% level (p=0.01). In most of the published studies such a trend was 
already presented without reaching statistical significance, which may be caused by lack of 
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power. Retrospectively assessing the power of our study, defining a 0.05 level of significance 
to detect a difference, we found a power of 27 and 39% concerning the 2 and 4 allele 
respectively. Probably due to an increased power in the combined analysis significance was 
reached for 2-carriership. Since in the combined analysis we only focused on 2 comparisons 
( 2- and 4-carriership) the observed effect may be beyond chance. However, as can be 
concluded from the low OR and especially the low value of the upper boundary of the 95% 
CI, the impact of 2 carriership on MS susceptibility is minor at best. 
This study was mainly performed to investigate the possible relation between the APOE 
polymorphism and disease severity. Firstly, comparing the clinical features of carriers and 
non-carriers of the 4 and 2 alleles, no significant differences were found for age at onset or 
onset type. Disease severity based on clinical features is often measured as some form of a 
combination of EDSS score and time. In the different studies this has lead to a variety of 
severity measurements, the most commonly used being a progression index and 
dichotomization based on EDSS score and disease duration. As has been suggested before,17 
survival analysis offers a more reliable assessment of disease severity. We performed analyses 
of both the progression index as well as survival analyses of time to reach EDSS 6.0. Neither 
type of analysis revealed differences between carriers and non-carriers of the 4 or 2 alleles 
respectively. Despite the fact that we did not correct for multiple comparisons, none of the 
comparisons reached significance at the 5% level, indicating that these findings are truly 
negative. This absence of a significant relation between the APOE polymorphism and the 
clinical features of MS patients has also been found in other studies, though not in all. 
Additionally, we investigated a possible relation between the APOE polymorphism and MRI 
parameters and, using linear regression, found no influence of the APOE polymorphism on 
any MRI parameter. Also when comparing the lower and upper quartiles per parameter (post 
hoc, data not shown), no significant differences were found concerning 4- or 2-carriership. 
Our results, therefore, are not in line with previous findings, most of which do suggest a 
relation between 4-carriership and disease activity as defined by MRI.33,37,38,40,44 In a post 
hoc analysis using identical approaches we were not able to confirm the results of these 
studies. We have no obvious explanation for these differences in results. Although our group 
contains a relatively high percentage of SP- and PP-MS patients (characterized by higher age 
and EDSS and longer disease duration), correcting for these features or analyzing only RR-
MS patients does not change our ultimate conclusions.  
In conclusion, in our cohort, so far the largest in which the possible association of the APOE 
polymorphism with MS has been analyzed by both clinical and MRI measures, no evidence of 
any relation of the APOE genotype with disease susceptibility could be identified. However, 
when combining our data with previously published data, a role for 2-carriership in MS 
susceptibility could not be excluded, but this role is probably minor at best. Further, our data 
suggest no relation between the APOE polymorphism and disease severity as measured by 
clinical and MRI features.  
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To the Editor:  
 
We read the article by Kantarci et al. with great interest. It examined the sex-specific 
association of APOE polymorphisms with disease severity in multiple sclerosis (MS).1 Sex 
specificity is important and has not been previously addressed. We recently analyzed and 
described APOE polymorphisms in relation to MS susceptibility, disease characteristics 
(including age at onset and onset type), disease severity (progression index, time to reach 
Expanded Disability Status Scale [EDSS] 6), and MRI findings (lesion volumes and atrophy 
measures) in a cohort of 408 MS patients, but did not focus on sex specificity. 2 
In an attempt to validate the findings by Kantarci et al., we re-analyzed our data applying 
similar methods. Our cohort included 250 women and 158 men, mean age at onset (± SD) 
32.3 ± 9.5 years, mean disease duration 13.4 ± 8.0 years, median time to EDSS 6 9.2 (IQR 5.4 
to 14.0) years, and 39% relapsing remitting, 39% secondary progressive, and 22% primary 
progressive. Genotype and carrier frequencies were not significantly different between sexes 
but they did contain a smaller percentage of epsilon 2 carriers (16.4%) compared to the cohort 
of Kantarci et al. and the absolute number was larger. After stratification for sex, no favorable 
role for epsilon 2 carriership was found in women. In fact, a trend in the opposite direction 
was found: time to EDSS 6 in women was shorter in epsilon 2 carriers than in noncarriers 
(median [IQR]: 6.8 [3.7 to 9.3] vs 10.0 [5.8 to 12.9] years, p = 0.10). This unfavorable 
association of epsilon 2 carriership was supported by MRI measures in partially overlapping 
subgroups for which repeated T2 (n = 174) and T1 lesion loads (n = 109) were available. 
Compared to noncarriers, female epsilon 2 carriers had a significantly higher relative increase 
in T2 (p = 0.02) and T1 (p = 0.03) lesion loads (linear regression with correction for age, 
onset type, disease duration, and interferon therapy). In men, no significant differences were 
found between epsilon 2 carriers and noncarriers. 
We were unable to confirm the findings by Kantarci et al. that in women epsilon 2 carriership 
is associated with a more favorable disease course. In contrast, by applying likewise analysis 
we found a trend in the opposite direction. The findings from these two studies can be added 
to an increasing pool of controversial results regarding the association of APOE 
polymorphisms and MS. Larger studies or meta-analyses of existing data are necessary and 
caution should be taken when interpreting results regarding the association of the APOE 
polymorphism and MS, also with respect to sex specificity. 
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Abstract 
 
Background: Previous studies have examined the role of APOE variation in multiple sclerosis 
(MS), but have lacked the statistical power to detect modest genetic influences on risk and 
disease severity. The meta- and pooled analyses presented here utilize the largest collection, 
to date, of MS cases, controls, and families genotyped for the APOE epsilon polymorphism. 
Methods: Studies of MS and APOE were identified by searches of PubMed, Biosis, Web of 
Science, Cochrane Review, and Embase. When possible, authors were contacted for 
individual genotype data. Meta-analyses of MS case-control data and family-based analyses 
were performed to assess the association of APOE epsilon genotype with disease risk. Pooled 
analyses of MS cases were also performed to assess the influence of APOE epsilon genotype 
on disease severity.  
Results: A total of 22 studies (3,299 MS cases and 2,532 controls) were available for meta-
analysis. No effect of 2 or 4 status on MS risk was observed (summary OR 1.14, 95% CI 
0.96–1.34 and OR 0.89, 95% CI 0.78–1.01). Results obtained from analyses of APOE 
genotypes in 1,279 MS families were also negative (p = 0.61). Finally, results from pooled 
analyses of 4,048 MS cases also argue strongly that APOE epsilon status does not distinguish 
a relapsing-remitting from primary progressive disease course, or influence disease severity, 
as measured by the Expanded Disability Status Scale and disease duration.  
Conclusion: Overall, these findings do not support a role for APOE in multiple sclerosis, and 
underscore the importance of using large sample sizes to detect modest genetic effects, 
particularly in studies of genotypephenotype relationships. 
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Introduction 
 
Multiple sclerosis (MS) is a heterogeneous, chronic inflammatory disorder of the CNS  
defined by demyelination and neurodegeneration. There is strong evidence in MS for the 
involvement of autoimmune mechanisms mediated by complex genetic and environmental 
risk factors.1,2 A large number of studies have investigated the role of the APOE gene in MS. 
APOE encodes a 299-amino acid polypeptide, apolipoprotein E (apoE), that functions as a 
major lipid carrier protein in the brain and nervous system.3-5 Exon 4 within APOE contains 
two single nucleotide polymorphisms (SNP) at codons 112 and 158, with three common 
alleles, epsilon or 2, 3, 4 (e2, e3, e4 for simplicity) that produce three functionally distinct 
isoforms.6  
The majority of APOE studies in MS have not provided evidence for disease association7-16; 
however, none was large enough to detect small genetic influences — most have utilized 
fewer than 300 MS cases. Similarly, researchers have tried to determine whether APOE 
variation functions as a disease modifier in MS. Results have been inconclusive, owing also to 
the use of small study samples. Because of the importance of identifying both susceptibility 
and prognostic factors in MS, we performed, for the first time, meta- and pooled analyses 
using large sample sizes to determine whether APOE variation influences susceptibility or 
disease severity. In addition to providing clinicians with the ability to identify cases who 
might benefit from earlier and more aggressive therapy, clarification of the role of APOE in 
MS would help increase our understanding of disease pathogenesis and could lead to 
development of improved therapeutics for this disease. 
 
Methods  
 
Meta-analysis of APOE in disease susceptibility 
Search strategy. Five search strategies were used to identify appropriate articles for meta-
analysis. Articles were initially identified via a PubMed search of the literature for articles 
containing the MeSH terms [Apolipoproteins E] and [Multiple Sclerosis]. The search for 
Apolipoproteins E retrieved 6,982 articles and the search for Multiple Sclerosis 28,525 
articles. To narrow the number of studies for review, these two searches [Apolipoproteins E 
AND Multiple Sclerosis] were combined and produced 49 articles. A similar approach 
(“APOE” term used rather than “Apolipoproteins E” because of increased article retrievals) to 
search databases Biosis and Web of Science produced 46 and 58 articles. The same approach 
to the Cochrane Review retrieved only one article, and thus in this case all 91 articles 
retrieved via the “APOE” search were screened. A search of Embase for the terms “Multiple 
Sclerosis” and “APOE” or “Apolipoproteins E” retrieved 19 articles. No articles were 
excluded from the initial retrieval process due to lack of significant findings, failure to reject 
the null hypothesis, small sample sizes, or non-English publication. 
The 263 articles obtained through the search engines (PubMed, Biosis, Web of Science, 
Cochrane Review, and Embase), as described above, were screened by two reviewers (R.M.B. 
and L.F.B.). Initially, duplicate retrievals from the different search engines were removed, and 
abstracts were assessed for relevance to our topic. Thirty abstracts that referred to the role of 
APOE, or to the role of genes, in humans with MS, were selected for secondary review 
involving the assessment of the full published article. The excluded articles referred to a 
variety of non-relevant topics such as the role of ApoE in mice, ApoE levels in the CSF, 
reviews on the pathology of MS, and studies of APOE in Alzheimer disease (AD). Of the 30 
articles identified for further review, six more were excluded because they did not include any 
actual APOE genotypes. Two were linkage studies,17,18 one was an association study,19 two 
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were reviews,20,21 and one was a commentary.22 Thus, a total of 24 articles underwent the 
extensive inclusion/exclusion criteria as described below. 
Study selection criteria. The goal of this meta-analysis was to utilize all published studies that 
examined associations between exposure (specific APOE polymorphisms) and outcome (MS). 
The articles selected for consideration in this analysis were included if they fulfilled a number 
of criteria in the publication, or if the contact author responded to a request to supply any 
missing information. 
First, case subjects in the studies had to be diagnosed with MS using established criteria. The 
majority of studies defined diagnosis according to the classification system proposed by Poser 
et al.23 that allows for diagnosis of clinically definite MS (CDMS) or laboratory-supported 
definite MS (LSDMS). Under this classification system CDMS is defined by the following: 1) 
at least two attacks and clinical evidence of two separate lesions or 2) at least two attacks, 
clinical evidence of one lesion, and paraclinical evidence of another, separate lesion. LSDMS 
expands the definition to include the presence of IgG oligoclonal bands in the CSF, a finding 
that may replace evidence of one lesion. One study12 defined MS cases using the new revised 
criteria proposed by McDonald et al.24 that is updated for the use of MRI technology in 
diagnosis. Here, dissemination of lesions in space, demonstrated by MRI, can take the place 
of one attack or evidence of one lesion under the classic definition of CDMS. Cases derived 
from US family-based MS studies25 also utilized stringent criteria.26 Both CDMS and LSDMS 
cases were included in the meta-analysis according to the above criteria. 
Second, controls, if listed, had to be derived from a population within the same geographic 
area and with the same ethnic background as the cases. Several studies did not recruit their 
own controls, but did reference control populations from other studies.27-31 After a careful 
review of these studies, it was determined whether the control populations met our criteria for 
inclusion in the meta-analysis. 
Third, in published studies, authors had to provide APOE genotype distributions. This study 
focused specifically on the APOE epsilon polymorphism. Exon 4 of the APOE gene contains 
two single nucleotide polymorphisms (SNP) at codons 112 and 158, with three common 
alleles, epsilon (designated as e2, e3, e4) that produce three functionally distinct isoforms: E2 
(cysteine at 112, 158), E3 (cysteine at 112, arginine at 158), and E4 (arginine at 112, 158).6 
Ideally, genotyping results were presented for the three common APOE alleles e2, e3, and e4 
and corresponding genotypes e2/e2, e2/e3, e2/e4, e3/e3, e3/e4, and e4/e4. When specific 
genotypes were not listed for individual studies, it was assumed that there were no cases in the 
study with these genotypes. This would be expected in smaller studies due to the low 
frequencies of e2 and e4 alleles and even lower frequency of specific genotypes e2/e2, e2/e4, 
and e4/e4. In reports where only allele frequencies for e2, e3, and e4 were provided, the 
proportion of specific APOE genotypes was determined under the assumption of Hardy-
Weinberg equilibrium (this applied to only one case and two control groups). In a few studies, 
only e4 allele frequencies were provided. If incomplete data were presented in a particular 
report, raw APOE genotype data were obtained from authors when possible. 
Fourth, for the meta-analysis of overall disease susceptibility, MS cases were required to be 
heterogeneous. Studies that specifically restricted cases according to clinical criteria (for 
example, using only PPMS or only RRMS cases) were excluded from the meta-analysis (but 
were eligible for the pooled analysis described below). 
Fifth, both case and control populations had to be unique for inclusion in the meta-analysis. 
That is, it had to be evident that there was no overlap among studies. MS cases and controls 
were determined to be unique based on an evaluation of recruitment techniques, location, and 
date of study. 
After applying the inclusion/exclusion criteria, 16 of the 24 MS APOE case studies were 
included in the final meta-analysis, along with 5 APOE control studies. Additionally, one 
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report7 included genotype data for both US white and Chinese cases and controls, and thus 
two datasets were provided. Seven studies were excluded according to the above criteria 
because 1) identifiable overlap was present between studies for MS cases, controls, or both 
groups,13,27,32-34 2) cases were limited to only those with benign or severe disease,35 or 3) a 
control population was not provided or referenced.36 When overlap was present between 
studies, those with larger numbers of individuals were chosen for the metaanalysis. Finally, 
one study was excluded because it was published in a non-English journal and we were 
unable to obtain the full article for translation in time for publication.37 The application 
of inclusion/exclusion criteria was performed by two reviewers (R.M.B. and L.F.B.). A total 
of 17 paired-data sets were included in the final meta-analysis and are summarized in table 1. 
Data abstraction and quality assessment. APOE genotype data were abstracted for MS cases 
and controls for each included study by one individual (R.M.B.), who was not blinded to 
study author or journal. Raw genotype data were available in some cases,7,11,38,108,109 or 
abstracted from a scatterplot figure.39 Data were abstracted as absolute counts for the six 
APOE genotypes, and then into counts for the total number of e4 carriers (e2/e4 + e3/e4 + 
e4/e4) and e2 carriers (e2/e2 + e2/e3 + e2/e4) for both cases and controls. APOE genotypes 
for controls were examined for deviation from expected proportions based upon Hardy-
Weinberg equilibrium using the exact test implemented in the PYPOP program.40 
Statistical analysis. In order to perform a meta-analysis of the 17 data sets, sets of 2 x 2 tables 
were developed for each study using abstracted raw data counts, with exposure cells defined 
by the presence or absence of the e2 or e4 allele in MS cases vs controls. These 2 x 2 tables 
were imported into the Stata package (Version 9.0; StataCorp LP, College Station, TX) to 
calculate OR and 95% CI for each individual study using the “metan a b c d” command. 
Mantel-Haenszel summary ORs and 95% CI for all studies combined were also calculated. 
For the summary OR, individual studies are weighted by the inverse of the standard error 
(SE) squared, and these study weights are included as outputs through the metan command. 
Forrest plots were also generated. Summary results were compared through both a fixed 
effects and a random effects model (data not shown), and both analyses produced identical 
results. A test for heterogeneity was also performed for each analysis. If the p value for this 
test was >0.05, then datasets were sufficiently homogeneous and therefore the combination of 
data for meta-analysis was appropriate. Finally, weights for each individual study in the meta-
analysis were determined to confirm that no study comprised more than 30% of the total 
weight. In order to determine whether e4 homozygotes, specifically, were at increased risk for 
disease, case and control groups were each pooled and individuals were categorized by 
genotypes. Statistical significance was determined using a 2 test for heterogeneity. 
 
Family-based association analysis of APOE 
The pedigree disequilibrium test (PDT v. 5.1)41 was employed to test APOE for linkage and 
association to MS risk in families recruited in the United States (n = 577) and United 
Kingdom (n = 702). The cases from these families (n = 1,400) are independent from those 
used in the meta-analysis described above. Two PDT statistics were used: the PDT-sum 
statistic,42 which examines allelic effects, and the genotype-PDT, which examines genotypic 
effects.43 PDT utilizes genetic information from both nuclear family and discordant sibpairs. 
The entire dataset for this analysis was comprised of 1,279 families: 1,127 trios and 721 
discordant sibpairs. Clinical characteristics and diagnostic criteria for these datasets have been 
described elsewhere.25,44-46 Appropriate institutional review boards (IRB) approved all studies 
and written informed consent was obtained from all participants. Prior to analysis, family 
genotypes were examined for Mendelian inconsistencies using PEDCHECK.47 In addition, 
APOE genotypes for a single affected and all unrelated unaffected family members were 
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tested for Hardy-Weinberg equilibrium using the exact test implemented in the PYPOP 
program.40 
 
Pooled analysis of APOE and disease severity in MS 
Data collection. All first or senior coauthors from each study of APOE and MS identified 
through our systematic review detailed above were contacted for inclusion in a pooled data 
analysis of APOE and disease severity if they used Expanded Disability Status Scale (EDSS) 
as a severity measurement. This excluded studies in which MRI measurements34,48 or 
cognitive impairment13 were examined. A total of 12 de-identified datasets were included in 
this analysis (table 2), including unpublished data from UK MS cases (S. Sawcer and A. 
Compston), and were comprised of the following variables: 1) sex, 2) MS disease type 
(RRMS, PPMS, or other), 3) APOE genotype, 4) age at disease onset, 5) duration of disease, 
and 6) EDSS measured at last examination. Data were collected by R.M.B. and L.F.B. and 
coded by one person (R.M.B.). Cases were excluded if full information was not provided for 
APOE genotype, EDSS, or disease duration. A few published studies were not included in the 
pooled analyses for the following reasons: authors were not able to provide data due to IRB 
constraints or could not be reached after repeated attempts.8,9,32,36,37,49 Appropriate IRB 
approval was in place for all included studies and written informed consent was obtained from 
all participants. 
Statistical analysis. Cases were categorized according to several phenotype designations to 
identify APOE genotypic effects influencing disease severity in MS. While several measures 
of severity have been proposed in MS, our initial analyses utilized mild and severe 
designations (most extreme phenotypes)25,45 as well as PPMS and RRMS forms of MS. EDSS 
scores were used in conjunction with disease duration to define mild or severe forms of MS. 
Mild disease (or the ability to walk normally or only mild gait disability) was defined as those 
cases with an EDSS  3 after 15 years. Similarly, for severe disease (or need for bilateral 
assistance to walk or wheelchair dependency) groupings, we examined cases who reached an 
EDSS > 6, within 10 years of disease duration. Disease duration was measured as the number 
of years between the year of onset of first symptom and year of last examination with EDSS 
assessment (in most cases this is at entry of study, given the cross sectional nature of these 
published investigations). APOE genotypes were coded individually, and by e2 and e4 carrier 
status. Logistic regression models were used to determine the odds of e2 or e4 carrier status in 
selected MS case groups (mild vs severe, and RRMS vs PPMS) using the “logistic” command 
implemented in the Stata Package (Version 9.0; StataCorp LP, College Station, TX). Methods 
that take into account the correlation of multiple affected members from the same families 
were used. Specifically, a variance estimation based on generalized estimating equations was 
determined using the “cluster famid” command in Stata. Age at onset and sex for each case 
were included as covariates in all models. Age at onset was defined as the first episode of 
neurologic dysfunction suggestive of demyelinating disease. This information was obtained 
via individual recall and verified through review of medical records. Case APOE genotypes 
from each dataset were examined to identify deviation from expected proportions under 
Hardy-Weinberg equilibrium as described above. Each data set was considered 
independently, and all datasets were also combined for analysis as a single group. Genotype 
and carrier frequencies were generated in Stata using the “tabulate” command, and histograms 
were produced in Microsoft Excel. Two-sample t tests to compare age at onset distributions in 
cases grouped according to APOE genotype were also performed in Stata (t test, Stata v. 9.0; 
StataCorp LP). 
In addition, we also characterized cases in this study according to the Global MS severity 
score (MSSS)50 to identify APOE effects. Briefly, the MSSS algorithm is a simple method for 
adjusting  disability for disease  duration.  Data obtained from a  collection of  approximately 
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Table 1 Summary of studies included for meta-analyses of APOE and multiple sclerosis (MS) 
susceptibility 
 

Ref.*  MS cases/controls  Case population Control population 

  39 71/41 1981–2000: Autopsy cases Glasgow, UK; 
58% female 

1981–2000: Glasgow UK neuropath 
archives 

    8 66/67 1992–1997: Outpatient referrals to MS 
Clinic, Florence, Italy; 70% female, 
mean age 43 ± 10, 34 RRMS, 32 SPMS  

Healthy subjects, Florence University 
Hospital DNA Bank; 52% female, mean 
age 40 ± 5 

  10 95/91 1996–1997: Oxford, UK; 61% female, 
mean age at onset 29.8, 52 RRMS, 32 
SPMS, 11 PPMS 

1994: Rubinsztein et al.,27 East Anglia, UK 

  51 240/361 1996–1999: MS clinic, Copenhagen, 
Denmark; 65% female, mean age 41.7 ± 
10, 104 RRMS, 105 SPMS, 29 PPMS 

1964–1965: Hagerup et al.28 Population-
based controls, Copenhagen, Denmark; 
51% female, all age 50 

    7 120/107 1997: Northern California National MS 
Society, MD referrals, newsletters, 
California, US 

Healthy whites, US; primarily case spouses† 

    7 32/32 1997: Beijing Hospital, Beijing, China Healthy subjects, Beijing, China 
107 129/99 1998: Paris, France; 62% female, 70 

sporadic MS, 59 familial MS 
Healthy subjects from Centre d’Etudes du 

Polymorphisme Humain (CEPH); 47% 
female 

  49 161/153 1999: Milan, Italy; 67% female, mean age 
40.9 ± 11.3, 161 RRMS 

Healthy subjects, Milan, Italy; 32% female 

  16 370/159 1999: Royal Infirmary, Stoke-on-Trent, 
UK, and Walton Centre, Liverpool UK; 
87% female, mean age 43.8 ± 11.2, 162 
RRMS, 188 SPMS, 20 PPMS 

Healthy whites from general practice 
registries, blood donors, UK; 60% female, 
mean age 45.6 ± 12.8 

    9 205/133 2000: Three large MS clinics, Tel Aviv, 
Israel; 64% female, 33 progressive MS 

1994–1995: Treves et al.30 Tel Aviv, Israel 

  14 105/332 2000: Tampere University Hospital, 
Tampere, Finland; 68% female, mean 
age 39 ± 10, mean age at onset 34 ± 10, 
61 RRMS, 17 SPMS, 27 PPMS 

1995: Nikkila et al.31 Healthy subjects 
(Finland); 51% female, mean age 40 ± 9 

  11 374/280 2001: Major outpatient clinics at 
University of Graz, Innsbruck, and 
Vienna, and SMZ-Ost-Donauspital, 
Vienna, Austria; 70% female, mean age 
40 ± 10.8, mean age at onset 27.9 ± 9, 
253 RRMS, 97 SPMS, 24 PPMS 

1993–1994: Schmidt et al.29 Austrian Stroke 
Prevention Study (Graz, Austria); 
communitydwelling elderly subjects, mean 
age 60.1 ± 6.1 

  12 135/134 2003: Hokkaido, Japan; 72% female, 
mean age 34.9 ± 10.7, mean age of onset 
26.8 ± 9.3, 95 RRMS, 40 SPMS 

Healthy subjects, Hokkaido, Japan; 68% 
female, mean age 32.8 ± 8.9 

  15 428/107 2001: Recruited from Neurology Clinics, 
Bari, Catania, Catanzaro, Chieti, 
Messina, Napolie, Palermo, Rome, Italy; 
62% female, mean age 38 ± 9.3, mean 
age at onset 27.3 ± 8.1 

Healthy subjects, blood donors, Italy; 48% 
female 

  38 243/192 2004: Portugal; 70% female, mean age 
38.3 ± 10.8, mean age at onset 29.0 ± 9.7, 
73% RRMS, 12% SPMS, 14% PPMS 

Healthy subjects, Portugal; matched for age 
(± 2 years) and sex; 70% female 

108 117/100 2004: Poland; 63.2% female, mean age 
44.1 ± 11.8, 50% RRMS, 26% SPMS 

Healthy subjects, Poland; 59% female, mean 
age 74.2 ± 5.6 

109 408/144 2004: The Netherlands; 61% female, mean 
age 46.4 ± 10.9, 39% RRMS, 39% 
SPMS, 22% PPMS; mean age at onset 
32.3 ± 9.5 

Healthy subjects, The Netherlands; 50% 
female, mean age 41.4 ± 16.2 

Total 3,299/2,532   

 
* All studies included in the meta-analysis were published prior to 2005. 
† Two control groups were available for this study; however, only one (n = 107) was used in the meta-analysis to avoid 
overlap with another study (reference 107). 
RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; PPMS = primary progressive MS. 
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Table 2 Summary of studies for pooled analyses of APOE and multiple sclerosis (MS) 
disease severity 
 

Ref. MS cases Severity measure Female, % 
Mean age at 
onset, y Mild* Severe† PPMS 

35 264 Severe: EDSS  6, duration  8 y 
Mild: EDSS  3, duration  10 y 

65 32.1 74 47 39 

10 95 Severity score (duration/EDSS) 66 29.0 9 6 12 

12 138 PI EDSS > 6 or  6, duration  10 y 70 27.3 7 8 0 

11 290 PI, duration > 3 y Ranked Severity 
Score, duration  5 y relapse rate 

70 28.0 27 7 19 

15 428 PI, duration  3 y 62 27.3 33 11 19 

25 838 Severe: EDSS > 6, duration  10 y 
Mild: EDSS < 3, duration  10 y 
latency to EDSS 7.0 

76 30.2 52 37 35 

16 369 Severe: EDSS  6, duration  10 y 
Benign: EDSS  3, duration  10 y 
PI, duration  10 y 

75 31.0 27 33 20 

51 238 Progression rate (e4 + vs e4 -) 
Progression rate (e4/e4 vs non-
e4/e4) 

65 29.9 5 24 29 

38 131 PI, all cases; PI, duration < 10 y 66 29.2 20 0 19 

108 118 EDSS; MRI parameters 63 31.2 9 3 1 

109 381 PI; latency to EDSS 6.0 MRI 
parameters 

64 32.4 12 34 88 

UK data 
  unpublished 

758 Severe: EDSS > 6, duration  10 y 
Benign: EDSS  3, duration  15 y 

75 26.0 67 50 72 

Total 4,048  69 29.2 342 260 353 

 
* Mild MS: Expanded Disability Status Scale (EDSS)  3, duration  15 years. 
† Severe MS: EDSS > 6, duration  10 years. 
PPMS = primary progressive MS; PI = progression index. 
 
 
 
10,000 MS cases across the world were used to derive the Global MSSS.50 Cases were 
stratified by the number of whole years from first symptoms to assessment of EDSS, and to 
reduce the impact of stochastic fluctuations over time, each year was analyzed along with the 
2 years on either side. Within each year, EDSS scores were ranked and the average of the 
lowest and highest ranks for each possible EDSS value was calculated and normalized by 
dividing by 1 + the number of available assessments for that year. The normalized values 
were multiplied by 10 to provide a range from 0 to 10 and rounded to two decimal places; 
therefore, the Global MSSS is the decile of the EDSS within the range of cases who have had 
the disease for the same duration. We assigned cases in our study according to this global 
score and then tested for differences in median scores between cases grouped according to 
APOE genotypic categories using the nonparametric Wilcoxon rank sum test implemented in 
proc npar1way (SAS v. 9.0, Cary, NC). Cases who did not have an exact EDSS measurement 
(a portion of the US cases only, where EDSS scores were designated as <3, 3 to 5.5, 6.0, 6.5, 
and 7 or greater) or who had a disease duration of 0 years were excluded from these analyses 
(n = 530 cases). These analyses were performed for the entire dataset (total n = 3,518 cases) 
and in stratified analyses based on sex (n = 2,418 women and n = 1,100 men). Box-plots were 
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utilized to represent the MSSS distributions (including mean and median) graphically (proc 
boxplot, SAS v. 9.0). 
 
Results 
 
Meta-analysis of APOE in disease susceptibility 
Summary of included studies. Seventeen pairs of published data sets from MS cases and 
ethnically matched controls were included for the meta-analysis of APOE and MS 
susceptibility (see table 1). Twelve studies recruited both cases and controls, while five 
studies recruited cases but referenced ethnically matched controls from other published 
studies. Thus, data from a total of 22 published studies were used in our assessment. Data sets 
from 11 different countries were included, comprised of MS cases collected between 1980 
and 2004. The most well-represented countries were Italy (3 studies) and the United Kingdom 
(3 studies), and the cases and controls from each were collected from different cities and in 
different years. In total, 3,299 MS cases and 2,532 controls were utilized in our meta-analysis. 
As detailed in the Methods section, a total of eight studies were excluded (data not shown). 
The excluded studies were very similar to those that were included in regards to sample size, 
time frame for data collection, and in the diversity of countries they represented. None of the 
APOE genotype distributions in the control groups deviated from Hardy-Weinberg  
equilibrium (p > 0.20). 
Meta-analyses. The presence of e4 carriers in MS cases was compared to controls using meta-
analytical techniques. Sixteen of the 17 paired-data sets described above were utilized. For 
this analysis, the dataset for Chinese subjects7 was not included because less than five e4 
carriers were present in the MS cases. Results are shown in figure 1 and are not significant 
(M-H pooled OR = 0.89, 95% CI 0.78–1.01, p = 0.07). The heterogeneity test was not 
significant (p = 0.48, data not shown). In this analysis of e4 carriers, the largest study 
contributed an acceptable 13.4% to the total weight of the summary OR. A further 
examination to determine the largest contribution by country demonstrated that the three UK 
studies combined contributed only 18.0% of the total weight. We also utilized 16 of the 17 
paired-data sets to examine e2 carrier status in MS cases and controls. For this analysis, one 
study9 was excluded because the referenced control population did not include e2 carrier 
status.30 There was no evidence for association between e2 and MS susceptibility (figure 2; 
M-H pooled OR = 1.14, 0.96–1.34, p = 0.13). Similar to the e4 analysis, the test for 
heterogeneity was not significant (p = 0.13), therefore the datasets were sufficiently 
homogeneous. Additionally, no individual study dominated the summary OR. The largest 
individual contribution to overall weight was 15.5%, and the largest contribution by country 
was 16.7% from Italian studies. 
In order to eliminate any potential source of bias, we also removed from the analyses the 
studies for which e2 (n = 3) or e4 (n = 2) carrier status was estimated in either cases or 
controls (assuming Hardy-Weinberg equilibrium) from published e2, e3, and e4 allele 
frequencies. The results obtained from meta-analyses of e2 and e4 carrier status in the 
remaining studies (13 and 14 studies) were very similar (M-H pooled OR = 1.15; 0.97 to 1.36, 
p = 0.11; and M-H pooled OR = 0.90, 0.78–1.04, p = 0.14, data not shown). Further, no 
evidence for an increase in disease risk was observed in individuals carrying two copies of the 
APOE e4 allele (a total of nine studies were available for this analysis; OR = 1.28, 0.81–2.01, 
p = 0.29, data not shown). 
 
Family-based PDT analyses.  
The entire dataset for this analysis was comprised of 1,279 families: 1,127 trios and 721 
discordant sibpairs.  No deviation from  Hardy-Weinberg equilibrium  was observed  in either  
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Figure 1 Forrest plot of the ORs of APOE e4 carriers developing MS in the case-control 
studies, along with the meta-analysis summary estimate (diamond). The size of each box 
reflects the sample size of the study and the horizontal lines represent the 95% CIs. The 
weight for each individual study is listed in the column on the right side. Results from the test 
of heterogeneity are reported in the text. 
 
 
 
 

 
 
Figure 2 Forrest plot of the ORs of APOE e2 carriers developing MS in the case-control 
studies, along with the meta-analysis summary estimate (diamond). The size of each box 
reflects the sample size of the study and the horizontal lines represent the 95% CIs. The 
weight for each individual study is listed in the column on the right side. Results from the test 
of heterogeneity are reported in the text. *White dataset; **Chinese dataset. 
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affected or unaffected individuals (pedigree founders) for APOE genotypes (p > 0.80). PDT 
allelic and genotypic analyses revealed no evidence for association with APOE in the MS 
families (global p = 0.61 and global p = 0.13, data not shown). 
 
Pooled analyses of APOE and disease severity in MS 
Summary of included studies. We included 12 raw data sets (n = 4,048 MS cases) in a pooled-
data analysis of the APOE and disease severity in MS (see table 2). Similar to other published 
studies, 69% of cases were women (2.3:1 F:M) and the mean age at onset was 29.2 years. 
APOE allele frequencies varied among different individual datasets, but overall proportions of 
e2 and e4 carriers were 16% and 25%, and are consistent with published frequency ranges 
worldwide.53,54 Additionally, the distribution of the six APOE genotypes did not deviate from 
expected proportions under Hardy-Weinberg equilibrium. This was true for each individual 
case dataset (p > 0.10), and for all datasets analyzed together as one group (p > 0.20) (data 
not shown). APOE genotypes (e2, e4, and e4/e4) were not associated with sex (p > 0.50) or 
age at onset (p > 0.50; data not shown). Five of 11 published studies originally reported 
evidence for an association between e4 carriers and severe disease, using diverse severity 
measurements. Seven studies presented data on e2 carriers, and one demonstrated an 
association with a mild form of MS. Results (and severity measures utilized) from excluded 
studies were very similar to included studies (data not shown). 
APOE variation in mild and severe MS. From the dataset of 4,048 MS cases, 342 (or 8.4%) 
cases were classified as mild MS and 260 (or 6.4%) were classified as severe MS (see table 
2). Both age at onset and sex were associated with disease course (data not shown) and were 
therefore included as covariates in all statistical models. Results obtained from logistic 
regression modeling in cases of APOE e2 or e4 carrier status as a predictor of disease course 
are shown in table 3. 
Using a mild or severe MS categorization as disease outcome, no evidence for association 
between e2 or e4 carrier status was observed in MS cases. We compared e2 positive cases to 
both e2 negative cases and e3/e3 homozygotes, specifically, to identify APOE associations  
with a mild phenotype (OR = 0.91, 95% CI = 0.55–1.51, p = 0.72 and OR = 0.93, 95% CI = 
0.55–1.54, p = 0.76). Similarly, e4 positive cases were compared to e4 negative cases and 
e3/e3 homozygotes to determine whether e4 carrier status predicted a severe disease course 
(OR = 0.89, 95% CI = 0.59–1.35, p = 0.59 and OR = 0.92, 95% CI = 0.60–1.40, p = 0.70). 
All ORs in table 3 are adjusted for age at onset and sex. 
APOE variation and PPMS. A total of 353 (8.7%) patients with MS were diagnosed with 
PPMS (see table 2). Age at onset and sex were also associated with PPMS (data not shown), 
and were included as covariates in all regression models. No evidence for association between  
 
 
 
Table 3 APOE e2 or e4 carrier status in mild and severe multiple sclerosis (MS) 
 
Mild vs severe MS* Total cases, n OR (95% CI)† p Value 

e2 carriers vs noncarriers 599 0.91 (0.55–1.51) 0.72 

e2 carriers vs e3/e3 453 0.93 (0.55–1.54) 0.76 

e4 carriers vs noncarriers 599 0.89 (0.59–1.35) 0.59 

e4 carriers vs e3/e3 524 0.92 (0.60–1.40) 0.70 
 
*Mild MS: Expanded Disability Status Scale (EDSS)  3, duration  15 
years. Severe MS: EDSS > 6, duration  10 years. 
†All ORs are adjusted for sex and age at onset. 
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Table 4 APOE e2 or e4 carrier status in PPMS 
 
PPMS vs all other MS subtypes* Total cases, n OR (95% CI)† p Value 

e2 carriers vs noncarriers 4,028 0.83 (0.60–1.14) 0.25 

e2 carriers vs e3/e3 3,125 0.88 (0.63–1.22) 0.43 

e4 carriers vs noncarriers 4,028 1.17 (0.91–1.53) 0.21 

e4 carriers vs e3/e3 3,491 1.16 (0.89–1.52) 0.26 

e4 homozygotes vs all others 4,028 1.64 (0.78–3.46) 0.19 
 
*A total of 98% of MS cases classified as “other” MS subtypes had an initial relaping-remitting disease course (relapsing-
remitting MS or secondary progressive MS). 
†All ORs are adjusted for sex and age at onset. 
PPMS = primary progressive multiple sclerosis. 
 
 
e2 or e4 carrier status was observed for PPMS (table 4). E2 positive cases were compared to 
both e2 negative cases and e3/e3 homozygotes to identify APOE associations with PPMS 
(OR = 0.83, 95% CI = 0.60–1.14, p = 0.25 and OR = 0.88, 95% CI = 0.63–1.22, p = 0.43). 
Similarly, e4 positive cases were compared to e4 negative cases and e3/e3 homozygotes to 
determine whether e4 carrier status predicted PPMS (OR = 1.17, 95% CI = 0.91–1.53, p = 
0.21 and OR = 1.16, 95% CI = 0.89–1.52, p = 0.26). Further, no increased risk for PPMS was 
observed for e4/e4 homozygous individuals. All OR are adjusted for age at onset and sex. An 
overall summary of APOE genotype frequencies in all MS cases, as well as cases stratified by 
the severity measures described above, are included in figure 3. 
 
 

 
Figure 3 APOE genotype frequencies in cases with multiple sclerosis (MS). Summary of 
APOE genotype frequencies in all MS cases (shown in gray), as well as cases stratified by 
severity measures described in the study. These included mild MS (black), severe MS (white), 
and primary progressive MS (stripes). Overall, the genotype frequencies were very similar 
across the different clinical categorizations. Total N = 4,048. 
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APOE variation and disease severity measured by the global MSSS. Using both EDSS and 
disease duration data, MS cases were assigned a Global MSSS50 and grouped according to 
APOE genotype to test for differences in MSSS distributions using the Wilcoxon rank sum 
test. A total of 3,518 cases (or 86.9% of the dataset) were used in this analysis. Results are 
shown in figure 4. APOE e2 positive and negative case distributions for the Global MSSS 
were statistically indistinguishable, overall (Z = 0.37, p = 0.71; figure 4A. Similarly, no 
evidence was observed to support a more severe disease course in e4 carriers or even e4/e4 
homozygotes, specifically, compared to noncarriers (Z = 1.79, p = 0.07, and Z = 1.57, p = 
0.12; figure 4, B and C). Interestingly, male e4/e4 homozygotes had a higher MSSS, on 
average, when compared to all others (Z = 2.88, p = 0.004, data not shown), but this result did 
not remain significant after correction for multiple comparisons. 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4 Box-plots for analyses of Global MS severity score (MSSS) and APOE genotypes in 
multiple sclerosis (MS) cases. Results obtained from analyses in cases are shown in (A) 
APOE e2+ vs e2– individuals, (B) APOE e4+ vs e4– individuals, (C) APOE e4/e4 
homozygotes vs all others. A total of 3,518 cases were investigated. Boxplots are used to 
summarize the results. The central box extends from the 25th to 75th percentile (quartiles of 
the data). The line running between the quartiles distinguishes the 50th percentile of the 
dataset. The lines projecting out from the box on either side extend to the adjacent values of 
the plot (most extreme observations in the dataset, smallest and largest). Results from Global 
MSSS are described in the text. The + indicated in the figure is the mean MSSS value for 
each distribution. 
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Discussion 
 
Studies of recurrence risk in families and twins provide the most compelling evidence for a 
genetic role in MS susceptibility,55,56 and whole genome screens for linkage have now been 
completed in 12 populations.57-68 The strongest evidence for an MS susceptibility gene is 
within the major histocompatibility complex (MHC) region on chromosome 6p21.3. Here, the 
human leukocyte antigen (HLA) system has been consistently associated with MS, and has 
been estimated to account for approximately 10 to 50% of the genetic component of MS 
susceptibility in individuals of northern European descent.2,69 It appears that the association 
with the HLA-DR2 haplotype (DRB1*1501,DQB1*0602) largely explains the MHC 
linkage68,70,71; however, the complex mechanisms by which particular MHC genes increase 
disease susceptibility are not known. 
ApoE, encoded by the APOE locus on chromosome 19q13, has been a subject of considerable 
interest in MS. While it was first recognized as a major determinant in lipoprotein metabolism 
and cardiovascular disease, apoE has also emerged as an important molecule in neurologic 
diseases, particularly AD,72,73 and possibly Parkinson disease and amyotrophic lateral 
sclerosis.74-76 A large body of evidence supports a role for apoE in neuronal repair, 
remodeling, and protection,77 where the three APOE encoded isoforms (e2, e3, and e4) 
facilitate the delivery of lipoproteins to cells. MS, like AD, is characterized by widespread 
damage to membrane-rich CNS cells; therefore, functional polymorphisms within APOE that 
differentially mediate apoE CNS repair processes might confer susceptibility or influence 
long-term outcome in MS. Plausibility for a role of ApoE in MS pathogenesis has also arisen 
from biologic observations that CSF ApoE concentration and intrathecal synthesis of ApoE 
are reduced in MS cases,78 and that increased ApoE immunoreactivity is present in areas of 
active demyelination.39 Results from experimental models have also shown that apoE levels in 
the nervous system are increased in response to both demyelination and axonal 
degeneration.79 
Given that the effect of APOE or other genetic factors on MS susceptibility may be quite 
modest (relative risk < 1.5), much larger studies are needed to determine whether these 
genotypic effects exist; for example, it has been suggested that at least 1,000 cases and 
controls (or 1,000 triad families) will have reasonable power to detect the existence of such 
disease alleles.80 This meta-analysis of APOE included data from 22 published studies with 
more than 3,200 MS cases and 2,500 controls, and is the largest investigation, to date, of 
APOE variation and disease risk. We found no evidence for genotypic or allelic associations 
between APOE and MS susceptibility. Specifically, e2, e4, and e4/e4 carrier status were not 
increased in MS cases. Further, no significant heterogeneity across analyzed studies was 
present, nor did control APOE genotype data from individual studies deviate significantly 
from expected genotypic proportions under Hardy-Weinberg equilibrium. Because APOE 
allele frequencies54 in addition to MS prevalence81,82 can vary greatly between different 
populations, it is possible that admixture and resulting population stratification could have 
influenced our findings83,84; however, cases and controls from studies included in this meta-
analysis were generally well-matched by ethnicity and geographic location. Further, the use of 
family-based analyses can overcome the possibility of a spurious genetic association due to 
population stratification.85 Here, we also included a pooled analysis of APOE variation in 
over 1,200 well-characterized MS families. Similar to the case-control study, family-based 
results do not support a role for APOE variation at the allelic or genotypic level in 
susceptibility to MS. 
Whether variation in APOE influences disease severity in MS has been controversial. It has 
been suggested, however, that carriers of the e4 allele have more severe MS, utilizing a 
variety of measures including progression index (PI), which is derived from EDSS86 divided 
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by disease duration,11 severity score (duration/EDSS),10 latency to an EDSS of 4.0 and 6.0,9 
attainment of an EDSS of _6.5 within 10 years,25 and annual brain volume loss by MRI.48 

Other investigators have failed to demonstrate an association between the e4 allele and severe 
MS, though, despite the use of similar severity measures.8,12,15,16,35,36,49 Contradictory results 
have also been shown for the e2 allele. A number of studies have reported that e2 carriers are 
more likely to experience a more mild MS disease course using a variety of measures such as 
latency to secondary progressive MS (SPMS),8 the persistence of an EDSS of 3 or less 
following at least 10 years of disease duration,25 and annual brain volume loss by MRI.48 

However, several other studies do not support a role for APOE e2 and disease course.9,15,34,49 

Using a pooled analysis of over 4,000 MS cases we uncovered no evidence for an APOE 
influence on extreme clinical phenotypes such as mild (8.4% of cases) or severe (6.4% of 
cases) courses defined by EDSS and disease duration.25,44,45 Even for these less common 
disease outcomes, our MS dataset was well powered to detect modest genetic effects; we had 
80% power to detect a RR as low as 1.8 and 1.7 (α = 0.05) for e2 and e4 carrier status. Cases 
with the primary progressive form of MS, or PPMS, have a unique clinical course and 
demonstrate additional demographic, pathologic, and imaging features,87 which may 
distinguish them from the relapsing/remitting form of the condition.88-90 Whether these 
features indicate a fundamental difference in disease etiology, or alternatively, represent 
opposite ends of a clinical spectrum, has not been determined. In either case, genetic 
influences may be contributing; however, APOE variation, specifically e2, e4, or e4/e4 
genotypic distributions, as described here, did not separate PPMS from a relapsing-remitting 
form of MS (the current dataset had 80% power to detect a RR as low as 1.5, 1.4, and 2.0; α = 
0.05). While both age at onset and sex were indeed significant predictors of disease severity 
characterized by mild or severe disease course or a PPMS diagnosis, neither clinical variable 
was associated with APOE variation. 
A new measure, the MSSS, was also utilized in this study to evaluate disease severity.50 The 
MSSS algorithm adjusts the most validated and widely accepted measure of disability, the 
EDSS,86 for disease duration by comparing an individual’s disability with the distribution of 
scores in cases having equivalent disease duration. Simulations have revealed that the MSSS 
may be more powerful than other methods for measurement of severity in MS,50 including 
mild and severe categorizations and two types of progression indices.20,91 Using the Global 
MSSS approach, we detected no significant difference in score distributions for cases 
characterized by e2, e4, or e4/e4 carrier status. 
Recent studies have examined sex-specific associations with APOE, MS, and disease severity 
with very conflicting results.36,92-94 The presence of APOE e2 has been associated with a more 
favorable disease course in female patients with MS36; however, we, along with others,94 
were not able to confirm those findings. In the current study, we did observe that male 
patients with MS who carried e4, particularly e4/e4 homozygous individuals, had, on average, 
a more severe disease course compared to female patients as measured by MSSS; however, 
after accounting for the multiple comparisons described here, this finding was not significant. 
Interestingly, an increased risk of PPMS in female patients with MS carrying the APOE e4 
allele has been reported, but only in those who were negative for the predisposing HLA 
DRB1-DQB1 haplotype.92 HLA data were not available for the analysis of MS cases in the 
current study, however, and this finding warrants further exploration. While we can conclude 
that no strong evidence was present in this study to support sexspecific APOE influences on 
disease severity in MS, we cannot exclude the potential role of other, yet unidentified, genetic 
or environmental factors interacting with APOE to modulate disease course. APOE 
interactions with exposure to tobacco smoke have been reported for other phenotypes 
including plasma lipid profiles.95 Whether this intriguing geneenvironment relationship is 
important in MS, given the strong evidence for smoking as a MS risk factor,96,97 will need to 
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be investigated. The characterization and inclusion of such cofactors in analyses of APOE in 
MS may help explain discrepancies between individual studies. 
MRI has played a key role in the diagnosis of MS, and more recently, in the measurement of 
cumulative disease burden. Not surprisingly, investigators have also attempted to correlate 
brain lesions, disease severity, and APOE genotype. Evidence is accumulating that e2 and e4 
alleles may influence brain volume loss by MRI,48,52 but it remains unclear how MRI changes 
in MS correlate with changes in EDSS scores. An association between T1-weighted MRI 
measures of tissue loss and clinical disability has been demonstrated.98 MRI changes may also 
be more consistent with cognitive deficits,99 and interestingly, cognitive decline in males has 
been associated with the APOE e4 allele.100 In order to identify genetic or other risk factors 
that influence disease severity in MS, it needs to be determined whether radiologic relapses on 
MRI, defined as the presence of gadolinium-enhancing lesions, are a better indicator of 
disease burden compared to a neurologic examination that characterizes specific disease 
phenotypes including EDSS. This is currently under debate.101 

Taken together, our results demonstrate that coding variation within APOE, alone, does not 
increase risk for MS; nor does it appear to significantly influence disease severity. It is 
important to note that candidate gene studies to identify phenotypic influences have not, as a 
rule, incorporated drug therapy information for MS cases. Treatment options now approved 
by the Food and Drug Administration for MS specifically target the inflammatory phase and 
include immunomodulators such as interferon betas and glatiramer acetate, and an 
immunosuppressant, mitoxantrone.102 Confounding remains possible in studies that do not 
include this information if MS cases with distinct genotypes respond differentially to 
particular treatments. Interestingly, APOE variation appears to influence response to statin 
therapy,103 which may also have implications for MS.104-106 In order to fully dissect the role of 
candidate genes like APOE as disease course modifiers in MS, large longitudinal studies that 
also include HLA class II data, sex, and history of therapeutics, and that capture 
comprehensive phenotypic information as well as serial MRI measurements, will be required. 
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Abstract 
 
Background: Apolipoprotein E (apoE) concentration in cerebrospinal fluid (CSF) has been 
found to be decreased in MS as well as in several other CNS diseases. In some diseases apoE 
concentrations correlate with disease outcome. Outcome might also be negatively associated 
with carriership of the APOE 4 allele. In MS, such an unfavorable association with disease 
susceptibility and progression of physical disability seems to be absent. However, there is 
some suggestion of a negative impact of APOE 4 on radiological and neuropsychological 
disease manifestations. The association between CSF apoE concentration and longitudinal 
clinical and MRI characteristics in MS has hardly been investigated. 
Objectives: To investigate whether the CSF apoE concentration is associated with cross-
sectional and longitudinal disease characteristics in MS. 
Methods: This prospective longitudinal study included 72 patients (44 MS, 28 controls). CSF 
apoE levels were measured using an inhouse developed ELISA. APOE genotyping could be 
performed in a subgroup of the MS patients. Follow-up of clinical, neuropsychological and 
MRI characteristics after a mean follow-up period of 3.2 years was obtained for a substantial 
subgroup of MS patients and ultimate follow-up of EDSS after a mean follow-up period of 
6.0 years for almost all patients.  Clinical and MRI characteristics, including changes, were 
correlated to CSF apoE concentration. 
Results: Mean CSF apoE level was lower in MS patients (7.0 mg/L) compared to controls 
(12.4 mg/L; p<0.001). There was no association between CSF apoE concentration and 
genotype. CSF apoE concentration was not associated with clinical, neuropsychological and 
MRI characteristics at baseline, neither with changes at follow-up.  
Conclusions: CSF apoE concentration is lower in MS patients, but no association with 
(changes in) clinical or MRI characteristics could be identified. 
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Introduction 
 
Apolipoprotein E (apoE), a polymorphic glycoprotein that is involved in lipid transport 
among cells in general,1 is thought to play a key role in cholesterol and lipid uptake and 
redistribution during normal development and after injury of the nervous system.2 There is 
evidence to suggest that apoE also has neurotrophic, immunomodulatory and antioxidant 
effects.3  
The APOE gene is located on chromosome 19q13, a region which was identified by linkage 
analysis as a region where genes influencing susceptibility to multiple sclerosis (MS) are 
likely to be located.4 The most common alleles 2, 3 and 4 encode for the three major 
isoforms E2, E3 and E4, each with different lipid- and receptor-binding affinity.1 Evidence is 
accumulating for a negative role of APOE 4 in CNS diseases, e.g. with a higher 
susceptibility to early onset Alzheimer disease and poor clinical outcome in several forms of 
acute brain injury.3,5-7 In MS, a recent meta- and pooled analysis did not support a prominent 
role for APOE in disease susceptibility and progression of physical disability.8 However, 
there is some evidence for a negative impact of APOE 4 on radiological and 
neuropsychological grounds.9,10 
In the brain, apoE is predominantly produced by astrocytes.11 Levels of apoE in cerebrospinal 
fluid (CSF) are much higher than would be expected from passive diffusion from serum12 and 
are unrelated to serum levels, indicating production in the central nervous system (CNS).13 

ApoE concentrations in CSF have been found to be decreased in Alzheimers disease,14-16 
although not unanimously.17,18 Kay et al. found lower apoE concentrations after subarachnoid 
hemorrhage and following acute brain injury in which it correlated with injury severity and 
clinical outcome measures.19,20 In MS, two studies reported decreased apoE concentrations in 
MS patients,21,22 whereas others found no difference compared to controls.23-26 Furthermore, 
associations with other disease characteristics in MS, in which inflammation/demyelination 
and neurodegeneration might be characterized as a more chronic brain injury, have scarcely 
been investigated so far. 
The goal of this study was to investigate possible associations of the CSF apoE concentration 
with several cross-sectional and longitudinal disease characteristics in MS. Therefore we have 
chosen to study a unique cohort of patients of whom extensive clinical and radiological 
information was available. 
 
Patients en Methods 
 
Subjects 
ApoE concentration was measured in CSF of 44 MS patients and 28 controls. Patients (for 
characteristics see Table 1) were participating in a previously described study,27 in which they 
underwent detailed neurologic examination including Expanded Disability Status Scale 
(EDSS) and neuropsychological tests, an MRI scan of the brain and a lumbar puncture within 
1 week. After a mean follow-up period of 3.2 years, combined neurologic and MRI 
examination were repeated in 29 and 26 patients, respectively. Final follow-up, consisting of 
EDSS by phone,28 was performed after a mean period of 6.0 years in 43 patients.  
The control group has been described previously20 and was selected from a larger group, who 
had undergone examination of CSF by lumbar puncture for investigation of suspected 
neurological disease. Selection criteria included no history of acute brain injury or impaired 
conscious level, normal neurological examination, negative imaging studies, no definitive 
diagnosis, CSF nucleated cell count of <5/mm3, CSF albumin and total protein within 2 SD of 
the mean, absent oligoclonal bands, and no xanthochromia.  
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Approval for the study was obtained from the Ethics Committee of the VU Medical Center 
and written informed consent was obtained from all subjects. 
 
CSF sample collection and apoE assay 
After collection, CSF samples were centrifuged, aliquoted, coded and stored at -80 °C. The 
concentration of apoE in CSF was determined using ELISA as previously described.20,29 The 
intra-assay and interassay coefficients of variation were 7.4% and 8.6%, respectively, and the 
lower limit of detection was 3 μg/L. 
 
APOE genotyping 
25 Patients had been genotyped for APOE as described previously.30 Genomic DNA was 
extracted from peripheral EDTA-blood using a standard cell lysis and proteinase K digestion 
protocol. After cell lysis in a hypotonic buffer and centrifugation, followed by proteinase K 
digestion in a hypertonic SDS-buffer system, nuclear DNA was obtained by ethanol 
precipitation.  The APOE genotype  was determined  using  the APOE Mutation Detection Kit  
 
 
 
 
 Table 1 Baseline characteristics of MS patients (n=44) 
 
Gender (female : male) 24 : 20 
RR : SP : PP 16 : 20 : 8 
Age at baseline a 43.8 (9.5) 
Disease duration at baseline a 14.3 (8.4) 
EDSS a  
   at baseline 4.0 (2.6) 
   at follow-up (n=29) 4.8 (1.8) 
   by phone at last follow-up (n=43) 4.9 (2.1) 
MRI characteristics at baseline (n=42) b  
   T2LV (cm3) 6.9    (3.2 – 11.2) 
   T1LV (cm3) 0.9    (0.3 – 3.3)o 
   BHR 0.19  (0.10 – 0.30) 
   NBV 1.43  (1.40 – 1.57) 
MRI characteristics at follow-up (n=28) b  
   T2LV (cm3) 6.3      (2.8 – 15.9)  
   T1LV (cm3) 0.6      (0.1 –   2.4) 
   BHR 0.10  (0.05 – 0.28) 
   PBVC/y (n=24) -1.3     (-1.5 – -0.9) 
BRB-N at baseline (n=42) a  
   SPART T 18.5   (4.5) 
   SPART D 6.4   (2.6) 
   SDMT 44.6 (12.1) 
   PASAT 3 35.8 (19.3) 
   PASAT 2 26.8 (15.2) 
   WLG 23.3   (5.5) 
a Mean (SD) 
b Median (IQR)  
SPART T/D, 10/36 Spatial Recall Test total/delayed; SDMT, Symbol Digit Modalities Test; PASAT 3/2, Paced 
Auditory Serial Addition Test, 3 or 2 seconds rate; WLG, word list generation 
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(codon 112 and 158) as developed for the LightCycler instrument (Roche Molecular 
Biochemicals). Briefly, a 265 bp fragment, containing the 112 and 158 codons, of the APOE 
gene is amplified from human genomic DNA by PCR with specific primers. The genotype of 
the amplicon is determined from the fluorescent signal, obtained by a melting curve analysis 
after hybridization with specific fluorophore-labelled probes. 
  
Neuropsychological testing 
Neuropsychological testing consisted of a selection of the Brief Repeatable Battery of 
Neuropsychological Tests (BRB-N)31 and was performed as previously described.32 Tests 
were administered by a single investigator, blinded to apoE or MRI data. 
 
MR imaging and analysis 
Baseline MRI examinations of the brain were performed using a 1.5 T system (Siemens AG, 
Erlangen, Germany) and consisted of an axial T1- and T2-weighted spin echo MRI with 3 
mm slice thickness and 1 x 1 mm in-plane resolution.27 Follow-up MRI (including 5 mm T1- 
and T2-weighted sequences) was performed in 26 of the 44 patients. T2- and T1-lesion 
volumes (T2LV and T1LV) were quantified using home-developed semiautomated seed 
growing software based on a local thresholding technique after lesion identification by an 
experienced reader, as described previously.33 To correct for differences in slice thickness, 
volumes were calculated by multiplying areas by interslice distance. The black hole ratio 
(BHR) was calculated, defined as T1LV/T2LV.  
Baseline Normalised Brain Volume (NBV) and percentage brain volume change (PBVC) 
were measeured on the (pre-contrast) T1-weighted images using an automated method called 
SIENAX and SIENA, respectively.34 
 
Statistical analysis 
Data analysis was performed with the SPSS software package (version 17.0 for Windows; 
SPSS, Chicago, IL). Significance levels were set at 0.05. Differences in mean apoE 
concentrations between (sub)groups were tested using an independent t-test or oneway 
ANOVA as appropriate. Correlation analysis between concentration and continuous 
demographic, clinical or MRI characteristics was performed by using Pearson correlation. To 
assess the possible correlation with relative change in disability or MRI characteristics, linear 
regression was used with correction for the baseline measurement and the time interval. 
 
Results 
 
CSF apoE concentration was significantly lower in MS patients compared to controls (7.0 ± 
4.8 mg/L (mean ± SD) vs. 12.4 ± 4.7 mg/L respectively; p<0.001) as is shown in figure 1. 
Demographical characteristics were comparable in both groups.  
25 MS patients were genotyped for APOE (4 2 3, 15 3 3 and 6 3 4), showing no 
correlation with apoE concentration in CSF (data not shown).  
CSF apoE concentrations were not correlated with any of the clinical characteristics (MS 
type, disease duration, time since last relapse, EDSS and neuropsychological tests) or MRI 
characteristics (T2LV, T1LV, BHR, NBV) at baseline, nor with relative changes in EDSS, 
lesion volumes or atrophy measures. 
 
Discussion 
 
Few and mostly small studies investigated CSF apoE concentration in MS patients and 
controls.  Decreased  CSF  apoE concentrations  in  MS  patients  were  found  by  Gaillard  et  



 

68 

Figure 1 CSF apoE concentrations in MS patients and controls. 
 

 
 
 
al.21,22, which is in accordance with our results. Carlsson et al. reported no difference,26 
neither did Rifai et al. and Gelman et al. in their group of MS patients23,25 Interestingly, these 
studies found that the apoE-index in MS patients in remission was significantly higher, mostly 
due to a decreased serum apoE concentration, which might be associated with a decrease in 
apoE mediated lymphocyte suppression leading to the restoration of normal lymphocyte 
function observed during remission.25 In a larger study Pirttilä et al. could not confirm any of 
the above mentioned findings, nor did they find correlations between CSF apoE levels and 
APOE genotype, MS type, disease duration or time after exacerbation.24 The latter 
observations are essentially confirmed in our study. Moreover, we did not find any correlation 
between CSF apoE concentration and disease severity, neuropsychological testing or MRI 
abnormalities. 
We found CSF apoE levels that are above the average reported levels, both for MS patients as 
well as for controls. This might be explained by methodological differences,35 although it is 
unlikely that relative differences are being influenced. Interindividual variation of CSF apoE 
levels is large, but longitudinal measurements show no significant fluctuations over time.14,24 
In general, CSF apoE levels are being influenced by several factors. Age, which has been 
associated with increased levels,36 was comparable between groups.  
Genetically, impact of the APOE gene has been investigated many times, but was not found in 
most studies, consistent with our findings. However, recently evidence has been published for 
influence of multiple loci in and around the APOE gene.36 Probably this does not provide a 
major explanation for the differences between MS patients and controls, as APOE is not 
clearly associated with MS susceptibility.  
One possible explanation for lower CSF apoE levels in MS is provided by in vitro evidence 
that proinflammatory cytokines (a hallmark in MS) decrease astrocytic apoE secretion.29  An 
other mechanism may be related to remyelination. Increased uptake of apoE from the CSF by 
adjacent glial lipoprotein receptors could play a key role in cholesterol and lipid uptake and 
redistribution, providing a possibility of recycling lipid components of degraded myelin by 
making them available for repair and regeneration.37 Such role is supported by increased apoE 
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immunoreactivity of astrocytes and macrophages in areas of active demyelination in MS,38 
but also following acute brain injury with subsequent increased immunoreactivity in 
neurons,39,40 This might be comparable to what is seen in peripheral neuronal damage, where 
cholesterol from degraded myelin becomes associated with lipoproteins containing apoE.41 
A limitation of this study is the relatively small number of patients and controls. Small 
differences are less likely to be seen due to lack of power.  
In conclusion, we found lower CSF apoE levels in MS patients compared to controls. In the 
light of previous reports in acute brain injury, this might suggest an increased utilization of 
apoE-lipid-complexes for repair processes in MS. 
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Abstract 
Background: TNF- , IL-12p35, IL-12p40, IL-4, IL-10, TGF- 1, CCR3, CXCR3, CCR5, Fas 
and FasL mRNA levels in PBMC of 25 multiple sclerosis (MS) patients were quantified at 
baseline by real-time PCR according to a post-hoc study design.  
Methods: The baseline values of the different markers were analysed with respect to their 
correlation with the increase in disability over a period of 10 years.  
Results: High levels of Fas mRNA were associated with a favourable disease course in 
relapsing-remitting (RR) MS (R2 =/0.74, P = 0.0001, n =/13), as measured by the Expanded 
Disability Status Scale (EDSS); high levels of FasL mRNA were associated with relatively 
mild disease progression (R2 =/0.86, P =/0.0001, n =/12) in secondary progressive (SP) MS.  
Conclusions: These findings suggest that Fas-mediated apoptosis plays a major role in the 
mechanism underlying long-term disease progression in MS. 
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Introduction 
 
Multiple sclerosis (MS) is a chronic disease with an unpredictable course. Therefore, there is 
a strong need for biological markers that have predictive prognostic value. Currently,  
magnetic resonance imaging (MRI) is regarded as one of the most reliable sub-clinical 
measures of disease activity. Although MRI is a highly sensitive method for detecting in vivo 
abnormalities related to MS, its predictive value for long-term clinical outcome remains 
uncertain.1 The correlation between conventional MRI lesion load and clinical evolution of 
the disease so far is modest and not consistent.2-5 Future studies will determine whether 
measurements of brain atrophy and investigations of normal appearing brain tissue are more 
relevant for future disability development.6-8 
A complex array of immunological reactions (eg, lymphocyte activation, cytokine production, 
migration and cytotoxicity) is likely to play a role in the pathogenesis of MS and some of 
these reactions are thought to be reflected in the peripheral blood. Therefore, many different 
immune mediators - cytokines, chemokines, apoptotic molecules - may have a prognostic 
value for the clinical evolution of MS. Some of the immunological markers have already been 
shown associated with a decreased or increased susceptibility to MS.9,10 
Previously, we were able to demonstrate that certain cytokines which are typical of type 1 
immunological responses, such as IL-12p40.11 and osteopontin,12 precede clinical 
exacerbations. Moreover, we demonstrated that changes in the expression of several 
chemokine receptors were associated with short-term clinical activity in relapsing-remitting 
(RR) MS.13 Also, the assessment of Fas and FasL in peripheral blood - a receptor-ligand pair 
that reflects a mechanism by which autoreactive T cells may become deleted - appeared 
useful in this regard.13-17 Currently, no or only limited data are available with regard to the 
prognostic value of immunological factors for the long-term progression of disability in MS 
patients. Because such data may contribute to a better understanding of the pathogenesis and 
identification of potential therapeutic targets in MS, we performed the current study and 
evaluated whether blood-derived mRNA, encoding various immunological markers, had a 
predictive value for the degree of disability progression over 10 years. Markers were selected 
because they represent the activity of pro- and anti-inflammatory cytokines, chemokine 
receptors and mediators of apoptosis, reflecting mechanisms that have been associated with 
short-term disease activity in previous studies.11,13,18-22  
 
Materials and methods 
 
Patients 
At the baseline visit of a randomized, double-blind, exploratory phase II clinical trial,23 of the 
anti-CD4 monoclonal antibody cM-T412, EDTA blood was obtained from all 30 MS patients 
participating at our centre, ie, 17 RR and 13 secondary progressive (SP) patients. At baseline, 
patients had never used interferons and had not recently used corticosteroids or other long-
term immunomodulatory treatment. The trial was ineffective in terms of clinical or MRI 
efficacy and, hence, we considered that the extent of Expanded Disability Status Scale 
(EDSS) progression over a long period of time was not influenced by the treatment. 
About 10 years after the start of the study, it was decided to try to obtain new, long-term 
clinical information on all patients who had participated. Over the period of 10 years, some 
patients received available disease-modifying therapy. Although these therapies, ie, 
interferon-beta and glatiramer acetate, have shown a beneficial effect on disease activity 
(relapse rate and MRI parameters), their effect on disease progression and disability remains 
modest.35 Therefore, we decided not to include these treatment options in our analysis. 
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The study was approved by the VU Medical Centre Institutional Review Board. Both the 
EDSS assessor and the researcher performing the laboratory analyses were blinded for each 
other’s data. Because the PBMC samples were selected according to the disease type, the 
researcher had access to this variable at all stages of the analysis, however, without 
knowledge of the EDSS score.  
 
RNA isolation and cDNA synthesis  
Peripheral blood mononuclear cells (PBMC) were isolated from EDTA-blood by Histopaque 
1077 (Sigma, St Louis, MO) density gradient centrifugation within 4 hours of venapuncture. 
PBMC were then cryopreserved in Iscove’s modified Dulbecco’s medium (IMDM, Gibco 
BRL, Gaithersburg, MD) supplemented with 20% fetal calf serum and 10% 
dimethylsulphoxide (Merck, Darmstadt, Germany) and stored at -/190°C. About 7 years after 
cryopreservation, total RNA was isolated from the PBMC using RNAzol B (Campro 
Scientific, Veenendaal, The Netherlands). Thereafter, cDNA was synthesized from total RNA 
using a Reverse Transcription System kit (Promega, Madison, WI).  
 
Real-time polymerase chain reaction (PCR) 
For the quantification of mRNA expression levels of the chosen markers on the cDNA level, 
the cDNA products were quantified in Multiplex real-time PCR, enabling the combination of 
two primer pairs - for the target gene and for an endogenous housekeeping gene - within the 
same tube. The markers under investigation are depicted in Table 1. Primer pairs for CCR3, 
CCR5, Fas, FasL, IL-4, IL-10, TNF-a, TGF-b1, IL-12p35, IL-12p40 and b-actin were 
purchased from PE Applied Biosystems (Foster City, CA, USA) as Pre-Developed TaqMan 
Assay Reagents. CXCR3 primer pairs, together with the corresponding labelled probe, were 
purchased from Isogen Bioscience BV (Maarssen, The Netherlands). From all tested markers, 
IL-12p40 levels were found to be on the borderline of the detection limit; therefore, 
information with respect to this marker is limited. The amplifications were performed in 
duplicate on an ABI Prism 7700 Sequence Detector equipped with a 96-well thermal cycler 
(PE Applied Biosystems). Data were collected and analysed with Sequence Detector v1.6 
software (PE Applied Biosystems). Primary data in this system consist of Ct values that 
represent the threshold cycles with the first detected statistically significant increase in 
amplification. Short-term effects of the parameters under investigation, ie, their association 
with relapse and MRI, have been published previously.11-13  
 
 
 
Table 1 Markers under investigation and patient groups 
 

Marker Total group of MS patients (n) RR patients (n) SP patients (n) 
CCR3 27 15 12 
CCR5 27 15 12 
CXCR3 27 15 12 
Fas 27 15 12 
FasL 27 15 12 
IL-4 27 15 12 
IL-10 27 15 12 
TNF-  27 15 12 
TGF- 1 27 15 12 
IL-12p35 25 13 12 
IL-12p40 Not done   5 Not done 
Osteopontin Not done 15 Not done 
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Quantification of the markers 
External standards were made out of total RNA isolated from unstimulated and 
phytohaemagglutinin-stimulated PBMC. These standards were assigned a value of 1000 
arbitrary units/mL of the marker under investigation and used to convert the results from Ct 
values into arbitrary units. According to the standard curve of the standard samples, we 
calculated the relative concentrations of products for each marker. Finally, the results were 
normalized for levels of b-actin. The test exhibited good reproducibility, with intra-assay 
coefficients of variation (CV) between 0.5 and 3.5% and inter-assay CV between 2 and 6.5% 
for the different markers. 
 
Data analysis 
All calculations during the data collection stage - mean values, normalization and 
quantification for the tested parameters, as well as intra-assay and inter-assay CV - were 
determined using MS-Windows Excel. All statistical tests were performed using the MS-
Windows SPSS 11.5 package. 
The association between biological markers and EDSS was analysed using categorical 
regression analysis (CATREG version 2.1). Categorical regression quantifies categorical data 
by assigning numerical values to the categories, resulting in an optimal linear regression 
equation for the transformed variables. CATREG extends the standard approach by 
simultaneously scaling nominal, ordinal, and numerical variables. Using non-linear 
transformations allows variables to be analysed at a variety of levels to find the best-fitting 
model. We used adjusted R2 in the description of the results of the current study, as it corrects 
R2 to reflect more closely how well the model fits in the population. In view of multiple 
testing, stringent Bonferroni correction was applied; P /0.0017 was considered significant. 
 
Results 
 
Clinical information after 10 years of follow-up (EDSS, either based on neurological 
examination or on telephone conversation, EDSS by phone) was obtained on 25 out of 30 
patients of the original cohort. Two patients withdrew from the trial and three were 
subsequently lost to follow-up. These five patients did not differ significantly from the others 
with respect to demographic, clinical, or immunological characteristics. In this post-hoc study, 
baseline levels of immunological markers could therefore be correlated to EDSS progression 
over 10 years in 25 MS patients (13 RR and 12 SP).  
At baseline, RR patients (six male and seven female) had a mean (±/SD) age of 33.1 ±/6.0 
years, a disease duration of 2.0 ±/1.2 years and an EDSS of 4.6 ±/1.3, while SP patients (six 
male and six female) had a mean age of 38.5 ±/7.8 years, a disease duration of 7.3 ±/7.1 years 
and an EDSS of 5.9 ±/1.2. At 10-year follow-up, mean EDSS was 6.4 ±/1.3 for RR patients 
and 7.2 ±/1.5 for SP patients. EDSS by telephone, using a standardized telephone 
questionnaire, has been shown to be a valid tool for assessing EDSS scores, especially in 
patients with higher EDSS scores, similar to those in this study.24 
First of all, the baseline values of the different markers (see Table 1) were analysed with 
respect to their correlation with the increase in disability, ie, EDSS =/EDSS after 10 years -
baseline EDSS. In the analysis of the total group of 25 patients, neither of the markers, 
measured at baseline, showed a significant correlation with the EDSS. 
However, when the data were stratified according to disease state, ie, RR versus SP, two 
markers, Fas and FasL, turned out to be of interest in view of their predictive value for disease 
progression. 
As shown in Figure 1, baseline levels of Fas showed a highly significant and strong negative 
correlation  (P </0.0001,  adjusted R2 =/0.75)  with  EDSS  progression  in  RRMS patients. A  
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Figure 1 High baseline levels of Fas mRNA correlate with less progression of disability in 
relapsing-remitting MS. Baseline mRNA levels of Fas were normalized for levels of -actin; 
the natural logarithms of these ratios were plotted against the increase in EDSS over a period 
of 10 years. Linear regression plots with 95%-confidence intervals are shown. 
 
 
 
 
 
 
 

 
 
Figure 2 Fas and FasL mRNA predict a beneficial disease course in relapsing-remitting and 
secondary progressive MS patients, respectively. Baseline mRNA levels of the markers under 
investigation were normalized for levels of -actin; the natural logarithms of the ratios were 
correlated with the proportional progression of disability, defined as [ EDDS/(10 - baseline 
EDSS)]*100. Linear regression plots with 95%-confidence intervals are shown. 
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Table 2 Predictive value of Fas and FasL for proportional progression of disabilitya 
 

Marker Total MS group RRMS SPMS 

Fas R2=0.248  
Coeff. =-0.498  
F=7.240 

Adjusted R2=0.213  
Std. Error=0.185  
P=0.0134 

R2=0.758  
Coeff. =-0.870  
F=34.376 

Adjusted R2=0.736  
Std. Error=0.148  
P=0.0001 

R2=0.032  
Coeff. =-0.180  
F=0.301 

Adjusted R2=0.075  
Std. Error=0.328  
P=0.5967 

FasL R2=0.143  
Coeff. =0.379  
F=3.680 

Adjusted R2=0.104  
Std. Error=0.197  
P=0.0681 

R=0.387  
Coeff. =0.622  
F=6.951 

Adjusted R2=0.332  
Std. Error=0.226  
P=0.0231 

R2=0.877  
Coeff. =-0.937  
F=57.224 

Adjusted R2=0.862  
Std. Error=0.124  
P<0.0001 

aEDSS progression was expressed as a percentage of the potential disease progression to a disability score of 10 in individual patients, 
ie, [ EDSS/(10 -/baseline EDSS] x/100. 
       
 
 
negative correlation was found between IL-12p35 and EDSS progression in these patients (P 
=/0.0006, adjusted R2 =/0.716; data not shown). 
We next corrected the extent of disease progression for baseline EDSS, taking into account 
that a given EDSS increase has more impact on patients with a relatively high baseline 
EDSScompared to patients with a relatively low baseline EDSS. We did this by expressing 
the EDDS as a percentage of the remaining possible disease progression to a disability score 
of 10, ie, [ EDDS/(10 - baseline EDSS)]*100. Again, neither of the markers showed a 
correlation with the relative EDSS increase if the total group of MS patients was taken into 
the analysis. In RR patients, Fas again showed a significant (P =/0.0001) negative correlation 
with the proportional increase in EDSS over 10 years (see Figure 2 and Table 2). Baseline 
values of Fas predicted 74% of future disability progression in RR patients. 
Interestingly, baseline levels of FasL showed a strong and highly significant negative 
correlation (R2 =/0.862, P =/0.0001) with EDSS progression in SP patients. 
No significant correlations were found for any of the other immune parameters studied. 
 
Discussion 
 
The pathogenesis of MS comprises complex mechanisms, each of which may become 
disturbed and, at a certain stage, contribute to the progression of the disease. It is suggested 
that a disturbed immune system, in particular, plays a role in the RR phase of the disease, 
whereas pathological immunological mechanisms may be subdued during the SP phase, 
where axonal damage and astrogliosis play pivotal roles in the development of chronic 
disability.  
To better understand those mechanisms that have major impact on long-term disease 
development and which, therefore, represent appropriate targets for therapy, we analysed 
whether certain markers that have been associated with disease activity in previous 
studies11,15,18-21 were predictive for disability progression over a period of 10 years. 
To our knowledge, this is the first study to evaluate the impact of these immunological 
mechanisms on long-term disease progression. We determined the levels of mRNA - as 
expressed in peripheral blood mononuclear cells – encoding pro- and anti-inflammatory 
cytokines, chemokine receptors and mediators of apoptosis. Stringent correction for multiple 
analyses was applied in order to reduce the likelihood that chance correlations were over-
interpreted. 
In this study, we did not observe any significant prognostic value of conventional cerebral 
MRI parameters (T2 or T1 lesion load) for EDSS progression (data not shown). One other 
study did show a correlation between T2 lesion load on MRI and long-term EDSS 
progression, but this study included many more patients and was performed in a highly 
selective subgroup, those with a clinically isolated syndrome suggestive of MS.5 
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Strikingly, several of the immune markers studied could be associated with the subsequent 
disease course, but only after the data had been stratified according to clinical course, ie, 
RRMS versus SPMS. This is most likely due to the fact that different pathological 
mechanisms underlie disease progression in these patient groups. 
Initial analysis identified Fas and IL-12p35 as markers with predictive value for the long-term 
clinical course in RRMS patients. The importance of IL-12p35 in this context is unclear, 
because functional IL-12 also requires IL-12p40, and this subunit rarely reached levels above 
the detection limit. 
After correction for individual progression capacity, only Fas predicted a favourable disease 
course in these RR patients. 
Importantly, it has been demonstrated previously that the Fas function is defective in MS,14,26-

28 suggesting that the defective elimination of autoreactive T cells represents a major 
determinant in the development and progression of MS.25 This hypothesis is very much in line 
with our present observation, that low expression levels of Fas mRNA predict an 
unfavourable disease course in RRMS. However, Fas did not show a correlation with the 
progression of disability in SPMS patients; possibly in these patients, Fas-positive cells have 
already been depleted by the involvement of FasL-expressing mononuclear cells in the 
periphery or by FasL-expressing astrocytes,29 or microglia,30 within the central nervous 
system. In this context, it is of interest that we found that FasL mRNA in peripheral blood was 
associated with the disease course in SP patients: patients with relatively low levels of FasL 
mRNA showed more EDSS progression than patients with high FasL mRNA levels. This 
suggests that in SP patients, Fas-mediated apoptosis is still a major event and that loss of this 
capacity contributes to enhanced deterioration. 
Of course, the involvement of the apoptotic pathway in MS is quite complex: on the one hand, 
pro-apoptotic functions play a central role in regulating homeostasis of immune cells and, on 
the other hand, anti-apoptotic interventions have been shown to increase oligodendrocyte 
survival MS.31,32 A recent study on brain tissue specimens of MS patients showed activation 
of both pro- and anti-apoptotic mechanisms, not only within, but also outside of plaques.33 
Additional studies are required to exclude the possibility that increased levels of Fas mRNA 
are reflected by increased serum levels of soluble Fas, which could mediate an opposite 
effect, ie, protection against apoptosis, as suggested by Zipp et al.17 Likewise, further 
characterization of the Fas- and FasL-expressing cells in the blood of MS patients will be 
helpful in establishing whether these molecules represent a true mechanism in the resolution 
of MS or surrogate markers that are representative of yet another mechanism. 
This explorative study indicates that - as opposed to various cytokines and chemokine 
receptors - the two markers of apoptosis Fas and FasL may have a predictive value for the 
progression of disability over a period of 10 years. Recently, Wandinger et al.,34 have 
demonstrated that the induction of TRAIL-mediated apoptosis may be involved in the 
efficacy of interferon-beta treatment in MS. Therefore, we conclude that the apoptosis process 
might be a major event in the progression of MS and a possible target for disease modifying 
treatment interventions. 



Immunopathology           Chapter 3.2 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

81 

References 
 
  1. Barkhof F. The clinico-radiological paradox in multiple sclerosis revisited. Curr Opin Neurol 2002; 15: 239-

45. 
  2. Kappos L, Stadt D, Keil W, Ratzka M, Heitzer T, Schneiderbanger-Grygier S. An attempt to quantify 

magnetic resonance imaging in multiple sclerosis - correlation with clinical parameters. Neurosurg Rev 
1987; 10: 133-35. 

  3. Kappos L, Moeri D, Radue EW, Schoetzau A, Schweikert K, Barkhof F, et al. Predictive value of 
gadolinium-enhanced magnetic resonance imaging for relapse rate and changes in disability impairment in 
multiple sclerosis: a meta-analysis. Lancet 1999; 353; 964-69. 

  4. Rovaris M, Agosta F, Sormani MP, Inglese M, Martinelli V, Comi G, et al. Conventional and magnetization 
transfer MRI predictors of clinical multiple sclerosis evolution: a medium-term follow-up study. Brain 2003; 
126: 2323-32. 

  5. Brex PA, Ciccarelli O, O’Riordan JI, Sailer M, Thompson AJ, Miller DH. A longitudinal study of 
abnormalities on MRI and disability from multiple sclerosis. N Engl J Med 2002; 346: 158-64. 

  6. Fisher E, Rudick RA, Cutter G, Baier M, Miller D, Weinstock-Guttman B, et al. Relationship between brain 
atrophy and disability: an 8-years follow-up study of multiple sclerosis patients. Mult Scler 2000; 6: 373-77. 

  7. Santos AC, Narayanan S, de Stefano N, Tartaglia MC, Francis SJ, Arnaoutelis R, et al. Magnetization 
transfer can predict clinical evolution in patients with multiple sclerosis. J Neurol 2002; 249: 662-68. 

  8. Kalkers NF, Bergers E, Castelijns JA, van Walderveen MA, Bot JC, Ader HJ, et al. Optimizing the 
association between disability and biological markers in MS. Neurology 2001; 57: 1253-58. 

  9. van Veen T, Kalkers NF, Crusius JB, van Winsen L, Barkhof F, Jongen PJ, et al. The FAS-670 
polymorphism influences susceptibility to multiple sclerosis. J Neuroimmunol 2002; 128: 95-100. 

10. Caillier S, Barcellos LF, Baranzini SE, Swerdlin A, Lincoln RR, Steinman L, et al . Osteopontin 
polymorphisms and disease course in multiple sclerosis. Genes Immunol 2003; 4: 312-15. 

11. van Boxel-Dezaire AH, Hoff SC, van Oosten BW, Verweij CL, Dräger AM, Ader HJ, et al. Decreased IL-10 
and increased IL-12p40 mRNA are associated with disease activity and characterize different disease stages 
in multiple sclerosis. Ann Neurol 1999; 45: 695-703. 

12. Vogt MH, Lopatinskaya L, Smits M, Polman CH, Nagelkerken L. Elevated osteopontin levels in active 
relapsing-remitting multiple sclerosis. Ann Neurol 2003; 53: 819-22. 

13. Lopatinskaya L, van Boxel-Dezaire AH, Barkhof F, Polman CH, Lucas CJ, Nagelkerken L. The 
development of clinical activity in relapsing-remitting MS is associated with a decrease of FasL mRNA and 
an increase of Fas mRNA in peripheral blood. J Neuroimmunol 2003; 138: 123-31. 

14. Comi C, Leone M, Bonissoni S, DeFranco S, Bottarel F, Mezzatesta C, et al. Defective T cell Fas function in 
patients with multiple sclerosis. Neurology 2000; 55: 921-27. 

15. Huang W-X, Huang MP, Gomes MA, Hillert J. Apoptosis mediators FasL and TRAIL are upregulated in 
peripheral blood mononuclear cells in MS. Neurology 2000; 55: 928-34. 

16. Ichikawa H, Ota K, Iwata M. Increased Fas antigen on T cells in multiple sclerosis. J Neuroimmunol 1996; 
71: 125-29. 

17. Zipp F, Otzelberger K, Dichgans J, Martin R, Weller M. Serum CD95 of relapsing-remitting multiple 
sclerosis patients protects from CD95-mediated apoptosis. J Neuroimmunol 1998; 86: 151-54. 

18. Kahl KG, Kruse N, Toyka KV, Rieckmann P. Serial analysis of cytokine mRNA profiles in whole blood 
samples from patients with early multiple sclerosis. J Neurol Sci 2002; 200: 53-55. 

19. Makhlouf K, Weiner HL, Khoury SJ. Increased percentage of IL-12+/ monocytes in the blood correlates with 
the presence of active MRI lesions in MS. J Neuroimmunol 2001; 119: 145-49. 

20. Balashov KE, Rottman JB, Weiner HL, Hancock WW. CCR5(+) and CXCR3(+) T cells are increased in 
multiple sclerosis and their ligands MIP-1a and IP-10 are expressed in demyelinating brain lesions. Proc 
Natl Acad Sci USA 1999; 96: 6873-78. 

21. Eikelenboom MJ, Killestein J, Izeboud T, Kalkers NF, van Lier RA, Barkhof F, et al. Chemokine receptor 
expression on T cells is related to new lesion development in multiple sclerosis. J Neuroimmunol 2002; 133: 
225-32. 

22. Baranzini SE, Elfstrom C, Chang SY, Butunoi C, Murray R, Higuchi R, et al. Transcriptional analysis of 
multiple sclerosis brain lesions reveals a complex pattern of cytokine expression. J Immunol 2000; 165: 
6576-82. 

23. van Oosten BW, Lai M, Hodgkinson S, Barkhof F, Miller DH, Moseley IF, et al. Treatment of multiple 
sclerosis with the monoclonal anti-CD4 antibody cMT412: results of a randomized, double-blind, 
placebocontrolled, MR-monitored phase II trial. Neurology 1997; 49: 351-57. 

24. Lechner-Scott J, Kappos L, Hofman M, Polman CH, Ronner H, Montalban X, et al. Can the Expanded 
Disability Status Scale be assessed by telephone? Mult Scler 2003; 9: 154-59. 

25. Pender MP. Genetically determined failure of activation-induced apoptosis of autoreactive T cells as a cause 
of multiple sclerosis. Lancet 1998; 351: 978-81. 



 

82 

26. Sharief MK. Impaired Fas-independent apoptosis of T lymphocytes in patients with multiple sclerosis. J 
Neuroimmunol 2000; 113: 236-43. 

27. Zang YC, Kozovska MM, Hong J, Li S, Mann S, Killian JM, et al. Impaired apoptotic deletion of myelin 
basic protein-reactive T cells in patients with multiple sclerosis. Eur J Immunol 1999; 29: 1692-700. 

28. Achiron A, Gurevich M, Friedman N, Kaminski N, Mandel M. Blood transcriptional signatures of MS: 
unique gene expression of disease activity. Ann Neurol 2004; 55: 410-17. 

29. Bechmann I, Steiner B, Gimsa U, Mor G, Wolf S, Beyer M, et al. Astrocyte-induced T cell elimination is 
CD95 ligand dependent. J Neuroimmunol 2002; 132: 60-65. 

30. Magnus T, Chan A, Savill J, Toyka KV, Gold R. Phagocytic removal of apoptotic, inflammatory 
lymphocytes in the central nervous system by microglia and its functional implications. J Neuroimmunol 
2002; 130: 1-9. 

31. Kanwar JR, Kanwar RK, Krissansen GW. Simultaneous neuroprotection and blockade of inflammation 
reverses autoimmune encephalomyelitis. Brain 2004; 127: 1313-31. 

32. Todaro M, Zeuner A, Stassi G. Role of apoptosis in autoimmunity. J Clin Immunol 2004; 24: 1-11. 
33. Banisor I, Kalman B. Bcl-2 and its homologues in the brain of patients with multiple sclerosis. Mult Scler 

2004; 10: 176-81. 
34. Wandinger KP, Lunemann JD, Wengert O, Bellmann-Strobl J, Aktas O, Weber A, et al. TNFrelated 

apoptosis inducing ligand (TRAIL) as a potential response marker for interferon-beta treatment in multiple 
sclerosis. Lancet 2003; 361: 2036-43. 

35. Farrell R, Heaney D, Giovannoni G. Emerging therapies in multiple sclerosis. Expert Opin Emerg Drugs 
2005; 10: 797-816. 

 



 

 

 
 
                           Chapter 4 
 
 
 
 

MRI 



 

 

 



 
 

 

 
 

                                                                                             Chapter 4.1 
 
 
 
 
Classification of MS patients by latent class analysis of MRI 
characteristics 

 
 
 
 

JNP Zwemmer 
J Berkhof 
JA Castelijns 
F Barkhof 
CH Polman 
BMJ Uitdehaag 
 
 
 
 
 
 
 
 
Multiple Sclerosis 2006; 12: 565-572 
 
 
 
 
 
 
 
 
 
 
 
 



 

86 

Abstract 
 
Background: Disease heterogeneity is a major issue in MS. Classification of MS patients is 
usually based on clinical characteristics. More recently a pathological classification has been 
presented. While clinical subtypes differ by MRI signature on a group level, a classification of 
individual MS patients purely based on MRI characteristics has not been presented so far. 
Objectives: To investigate whether a restricted classification of MS patients can be made 
based on a combination of quantitative and qualitative MRI characteristics and to test whether 
the resulting subgroups are associated with clinical and laboratory characteristics. 
Methods: MRI examinations of brain and spinal cord of 50 patients were scored for 21 
quantitative and qualitative characteristics. Using latent class analysis, subgroups were 
identified, for whom disease characteristics and laboratory measures were compared. 
Results: Latent class analysis revealed two subgroups that mainly differed in the extent of 
lesion confluency and MRI correlates of neuronal loss in the brain. Demographics and disease 
characteristics were comparable except for cognitive deficits. No correlations with laboratory 
measures were found. 
Conclusions: Latent class analysis offers a feasible approach for classifying subgroups of MS 
patients based on the presence of MRI characteristics. The reproducibility, longitudinal 
evolution and further clinical or prognostic relevance of the observed classification will have 
to be explored in a larger and independent sample of patients. 
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Introduction 
 
Multiple sclerosis (MS) is a heterogeneous disease, clinically, radiologically, 
immunologically, pathologically as well as genetically.1 In an attempt to bring order in this 
heterogeneity, and to better understand it, several classifications have been proposed. 
Clinically, the most commonly applied classification is based on disease course and 
distinguishes between relapsing-remitting (RR), secondary progressive (SP), primary 
progressive (PP) and progressive relapsing (PR) patients.2 Even though differences between 
these clinical subtypes have been documented in relation to other (i.e. radiological, 
immunological, pathological or genetic) characteristics of the disease, heterogeneity within 
the clinical subgroups remains large. This might be due to the fact that clinical characteristics 
of the disease are just an ultimate expression of the underlying disease process, which may be 
modulated by other, partly unknown, confounders. 
At a more basic level of the disease an immunopathological classification has been presented, 
comprising four different patterns of demyelination based on myelin protein loss, geography 
and extension of plaques, patterns of oligodendrocyte destruction and immunopathological 
evidence of complement activation in actively demyelinating lesions.3 Even though 
immunopathological homogeneity of lesions within patients as compared to between patients 
might provide opportunities for classifying patients, so far this approach is not feasible for the 
majority of patients during life. First attempts have been undertaken to link this classification 
to magnetic resonance imaging (MRI) and serum markers.4,5 
MRI is an easily applicable, reproducible and very sensitive method for detecting even 
clinically silent MS lesions in both brain and spinal cord. It has become increasingly 
important for diagnosing MS as well as for disease monitoring during clinical trials. 
Regarding conventional MRI, comparing subgroups of patients is done especially by 
quantitative measures rather than topographic or qualitative measures, although the latter can 
be quite typical for MS.6 T2-weighted MRI provides an impression of overall disease burden, 
but lacks histological specificity. On the contrary, T1-weighted hypointense lesions have been 
found to correlate specifically with axonal loss.7 Gd-enhancing lesions represent active blood-
brain barrier breakdown that may be seen in the early phase of lesion formation.8 Ring-shaped 
enhancement correlates with massive macrophage accumulation at the lesion border, might 
represent a specific plaque type and has been associated with disease severity.9,10 Correlations 
with physical disability are generally weak for abnormalities on T2-weighted MRI, but T1-
weighted MRI appears to be more specific for detecting clinically relevant lesions.11 Atrophy 
measures correlate moderately with clinical aspects.12 Various brain MRI measures, 
especially atrophy, correlate strongly with cognitive impairment.13 
With respect to clinical subtypes of MS differences in both quantitative and qualitative MRI 
measures have been reported. For example, RR-MS patients generally have mainly focal brain 
and spinal cord lesions on T2-weighted MRI. SP-MS patients show more, larger and more 
confluent brain T2 lesions, a larger proportion brain T1 hypointense lesions and more 
pronounced brain and spinal cord atrophy than RR-MS patients. PP-MS patients often have 
few and small T2 brain lesions, while this subtype often is associated with diffuse brain and 
spinal cord abnormalities.14,15 However, between the clinical subgroups, the range of imaging 
findings overlap. Beyond comparing subtypes of MS, different patterns of lesion development 
have been observed on serial MRI.16,17 However, no patient specificity of these findings was 
reported in these studies. So far, a classification of MS patients purely based on MRI 
characteristics has never been presented. 
The main focus of our study was to investigate whether a restricted classification of MS 
patients based on a large number of quantitative and qualitative MRI characteristics is 
feasible. We hypothesised that (groups of) patients might be characterised by (combinations 
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of) certain MRI characteristics. For lack of an external standard, hypotheses about possible 
distinguishing characteristics can only be made rather randomly. This problem can be solved 
by using latent class analysis, which yields clusters of patients with similar MRI 
characteristics without a priori hypotheses. To be able to investigate the clinical or biological 
relevance of an MRI based classification, we have chosen to study a unique cohort of patients 
of whom extensive clinical, radiological and biological information was available. 
 
Patients and Methods 
 
Subjects 
From 58 MS patients participating in a previously described study,18 all 50 patients of whom a 
per-protocol MRI scan of brain and spinal cord was available, were selected. Within 2 weeks 
of MRI they had all undergone detailed clinical assessment including EDSS and 
neuropsychological tests. From a vast majority blood and cerebrospinal fluid (CSF) was 
collected at the same time. The group consisted of 30 women and 20 men. Subjects had been 
classified as having RR (22 patients), SP (19 patients) or PP (9 patients) MS.2 Their mean age 
(± SD) was 45.1 (± 9.0) years, mean disease duration was 14.2 (± 8.0) years. The study was 
approved by the medical ethics committee of the VU University Medical Center and informed 
consent had been obtained from all subjects.  
 
MR imaging and analysis 
MRI examinations of the brain (including 3 mm T1- and dual-echo T2-weighted sequences) 
had been performed as previously described18 and MRI of the spinal cord consisted of sagittal 
dual-echo T2-weighted spin echo MRI with 3 mm slice thickness and 0.9 x 0.9 mm in-plane 
resolution.  
MRI scans were scored for 21 quantitative and qualitative characteristics, that were 
considered to be potentially relevant for distinguishing subgroups of MS patients. Many 
characteristics were scored relatively to the total number of brain lesions to correct for total 
disease burden, assuming that possible patterns would not be affected by total numbers of 
abnormalities. Most MRI characteristics were scored categorically, only a few on an interval 
scale. The scores were coded into three ordinal categories indicating absence (0) or presence 
of some or few (1) or much or many (2) per MRI characteristic. After scoring all scans this 
categorization was evaluated in retrospect. This revealed that for the majority of MRI 
characteristics for which relative values were scored the cut-off between 1 and 2 was 
approximately one third of the absolute value. Selected MRI characteristics are summarised in 
Table 1 and comprise lesion number, location and appearance on T2-weighted MRI of brain 
and spinal cord, as well as the pattern of enhancement, black holes and atrophy on T1-
weighted MRI of the brain. Initial scoring was performed by a trained researcher (J.Z.) and 
then by one of 2 neuroradiologists (F.B. or J.C., both blinded to clinical data) with one of 
whom a final consensus score was reached. Scoring took approximately 5 minutes per patient. 
After all scans had been scored, the first 10 were scored again to address intrarater variability. 
Scoring results regarding quantitative parameters were compared with available semi-
automatically quantified measures that had been performed for earlier studies.18 
 
Neuropsychological testing 
Neuropsychological testing consisted of a selection of the Brief Repeatable Battery of 
Neuropsychological Tests (BRB-N)19 and was performed as previously described.20 Tests 
were administered by a single investigator, blinded to MRI data. 
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Table 1 MRI characteristics 
 

 
 
 
 
 
 
 

Three ordinal categories   
0 1 2 

T2 weighted images of the brain     
Focal Brain: Absolute number of focal T2-hyperintense lesions in the brain  0 1-20 >20 
Infratentorial: Relative number of focal T2-hyperintense lesions in infratentorial structures, 

compared to the absolute number of focal T2-hyperintense lesions in the brain 
 absent some many 

Cerebellar Peduncles: Presence of focal T2-hyperintense lesions in cerebellar peduncles 
    Cerebellar peduncles: structures connecting pons and cerebellum, borders defined by lines at 

right angles to the fourth ventricle 

 absent some many 

(Juxta)cortical: Relative number of focal T2-hyperintense (juxta)cortical lesions, compared to 
the absolute number of focal T2-hyperintense supratentorial lesions 

    Juxtacortical lesions: lesions adjacent to the cortex, with involvement of the U-fibres 

 absent some many 

Periventricular: Number of focal T2-hyperintense periventricular lesions, compared to the 
absolute number of focal T2-hyperintense supratentorial lesions 

    Periventricular: within 1 cm of the ventricles 

 absent some many 

Perivenular: Number of focal T2-hyperintense perivenular lesions, compared to the absolute 
number of focal T2-hyperintense supratentorial lesions 

    Perivenular lesions: ovoid shaped lesions at characteristic localisations, where the known 
anatomical course of the surrounded vessel is followed (Dawson’s fingers) 

 absent some many 

Sharp: Relative number of sharply demarcated focal T2-hyperintense lesions, compared to the 
absolute number of focal T2-hyperintense lesions in the brain 

    Sharply demarcated lesions: lesions with a maximal sharp border, “punched” lesions 

 absent some many 

Fuzzy: Relative number of fuzzy demarcated focal T2-hyperintense lesions, compared to the 
absolute number of focal T2-hyperintense lesions in the brain 

    Fuzzy demarcated lesions: lesions with a border that is fuzzier than ‘average’ T2-
hyperintense lesions in MS 

 absent some many 

Over 2 cm: Absolute number of focal, non-confluent T2-hyperintense lesions in the brain, with 
a maximal axial diameter over 2 cm. 

 absent 1-4 >4 

Confluency: Major type of contingent confluency of focal T2-hyperintense lesions in the brain 
    No confluency: demarcated focal lesions, ‘punctate’ foci 
    Beginning confluency: originally focal lesions can be recognized, but ‘bridges’ of 

hyperintensity are present between them 
    Confluent lesions: lesions with a diameter more than 2 cm., in which originally focal lesions 

can’t be recognized anymore 

 absent beginning confluent 

Diffuse: Contingent presence of diffuse T2-hyperintense signal abnormalities of the white 
matter 

    Diffuse abnormalities of the white matter: abnormalities with intermediate hyperintensity 
(less than focal lesions) and very fuzzy borders 

 absent some much 

Vascular: Contingent presence of vascular lesions of the white matter  
    Vascular lesions: lesions which are almost certainly of vascular origin, because of their 

localisation and/or configuration 

 absent some many 

     
T1 weighted images of the brain     
Gd-enhancing: Absolute number of Gd-enhancing lesions in the brain  0 1-4 >4 
Ring Enhancement: Absolute number of lesions with ring-shaped or border enhancement in the 

brain 
 0 1-2 >2 

Black Holes: Relative number of “black holes” in the brain, compared to the absolute number of 
focal T2-hyperintense lesions in the brain 

    “black hole”: T1-hypointense lesion, that is more hypointense than grey matter and that is 
corresponding with a T2-hyperintense lesion 

 absent some many 

Cortical Atrophy and Central Atrophy: Degree of atrophy of the brain, expressed in the degree 
of cortical atrophy (sulci) and expressed in the degree of central atrophy (ventricles) 

 absent some much 

     
T2 weighted images of the spinal cord (caudally from foramen magnum)     
Focal Spinal Cord: Absolute number of focal T2-hyperintense lesions in the spinal cord  0 1-5 >5 
Confluent Spinal Cord: Presence of confluent T2-hyperintense lesions in the spinal cord  absent some much 
Segments Spinal Cord: Absolute number of segments of the spinal cord, affected by focal or 

confluent lesions 
    Small focal lesion = ½ segment 

 absent 0.5-7.0 >7.0 

Diffuse Spinal Cord: Contingent presence of diffuse T2-hyperintense signal abnormalities of the 
spinal cord 

    Diffuse abnormalities of the spinal cord: abnormalities with intermediate hyperintensity (less 
than focal lesions) and  very fuzzy borders 

 absent partly total 
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Serum- and CSF-markers 
Measurements of S100B, ferritin, GFAP and antibodies to neurofilaments in serum and in 
CSF of these patients have been described and published in earlier reports.18,21 
 
Statistical Analysis 
Correlations of categorical scores with their previously obtained corresponding lesion loads 
(LL) and atrophy measures were calculated using Spearman's rank correlation coefficient.  
We applied a Bayesian latent class model22,23 to find clusters of patients with similar MRI 
characteristics. The model is a probabilistic variant of K-means clustering, especially suitable 
when the scores are categorical. For each patient, the model yields probabilities of belonging 
to the different clusters. The patients were assigned to the cluster with the largest assignment 
probability. Models with increasing number of clusters were fitted until a model was found 
including a cluster to which less than two of the patients were assigned. To enable latent class 
analysis, categorical MRI scores were transformed into three ordinal categories. 
After identification of subgroups, demographical, neurological, cognitive function and 
laboratory test results were compared using independent sample t-tests for normally 
distributed data, Mann-Whitney U tests for non-normally distributed data and Chi-square tests 
for comparing proportions. In this explorative study, two-tailed significance levels were set at 
0.05. 
 
Results 
 
Rescoring of the first 10 MRI scans gave 88.8% (185/210) identical scores, suggesting that 
the overall intrarater variability was acceptable. The categorically scored total number of T2 
lesions and relative number of T1 lesions correlated well with previously obtained measures 
of corresponding T2-LL (rs = 0.65, p < 0.001) and T1-LL/T2-LL (rs = 0.62, p < 0.001). 
Similar correlations were found between the categorically scored cortical and central atrophy 
and parenchymal (rs = -0.68, p < 0.001) and ventricular fraction (rs = 0.74, p < 0.001), 
respectively. 
To obtain suitable data for processing with latent class analysis, raw scores were converted 
into three ordinal categories (0: absent, 1: some or few, 2: much or many), after which latent 
class analysis revealed two subgroups. As can be seen in figure 1, which shows the scores per 
subject and per MRI characteristic, the second subgroup is more heavily affected for most 
MRI characteristics. MRI characteristics that discriminate most between the resulting 
subgroups are atrophy and confluency; these characteristics are almost completely absent in 
the first subgroup, but prominent in the second subgroup. To a lesser extent black holes, 
periventricular lesions, perivenular lesions and focal lesions in both brain and spinal cord 
differ between subgroups; the probability of these characteristics having a score of 2 is much 
higher in the second subgroup. Again, these findings could be substantiated by the previously 
obtained quantitative MRI measures, which differed significantly between subgroups 1 and 2 
(T2-LL: median 3.6 cm3 (interquartile range 2.3 – 6.5) vs. 23.3 (11.0 – 39.4), p<0.001 (Mann-
Whitney U test); T1-LL/T2-LL: 0.13 (0.04 – 0.23) vs. 0.31 (0.21 – 0.39), p=0.001; ventricular 
fraction: 0.026 (0.019 – 0.032) vs. 0.050 (0.037 – 0.073), p<0.001; parenchymal fraction: 0.82 
(0.80 – 0.85) vs. 0.77 (0.76 – 0.79), p<0.001). Table 2 shows demographic and disease 
characteristics, cognitive function test results and CSF markers for all patients and for the 
subgroups. Disease characteristics were not significantly different between subgroups. 
Subjects in the second subgroup performed worse on most of the neuropsychological tests. No 
differences were found in serum (data not shown) and CSF markers. 
 



MRI             Chapter 4.1 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

91 

              

Fi
gu

re
 1

 M
R

I s
co

re
s i

n 
th

re
e 

or
di

na
l c

at
eg

or
ie

s 
Pr

es
en

ce
 a

nd
 e

xt
en

t o
f M

R
I c

ha
ra

ct
er

is
tic

s 
(le

ft 
co

lu
m

n)
 a

s 
sc

or
ed

 p
er

 s
ub

je
ct

 (u
pp

er
 ro

w
): 

 s
co

re
 0

 (a
bs

en
t);

 
 s

co
re

 1
 (s

om
e 

or
 fe

w
); 

 s
co

re
 2

 (
m

uc
h 

or
 m

an
y)

. H
or

iz
on

ta
l a

nd
 v

er
tic

al
 a

rr
an

ge
m

en
t i

s 
m

ad
e 

by
 th

e 
su

m
 o

f 
sc

or
es

 p
er

 s
ub

je
ct

 a
nd

 p
er

 M
R

I 
ch

ar
ac

te
ris

tic
 

re
sp

ec
tiv

el
y.

 C
le

ar
ly

, s
ub

je
ct

s t
ha

t a
re

 in
 su

bg
ro

up
 2

 a
ls

o 
ha

ve
 th

e 
hi

gh
es

t s
um

 o
f s

co
re

s. 



 

92 

Table 2 Demographic and disease characteristics, cognitive function test results and CSF 
markers. 
 
 Total MS (n=50)   
  Subgroup 1 (n=35) Subgroup 2 (n=15) 
female : male 30 : 20 20 : 15 10 : 5 
agea 45.1     (9.0) 44.5   (10.1) 46.5   (5.7) 
age at onseta 30.9     (7.3) 31.2     (6.9) 30.2   (8.3) 
disease durationa 14.2     (8.0) 13.2     (8.4) 16.3   (6.8) 
EDSSa   3.8     (2.4)   3.4     (2.4)   4.7   (2.2) 
Progression Indexb,c 0.26 (0.15 - 0.42) 0.26 (0.15 - 0.36) 0.27 (0.17 - 0.48) 
type of MS: RR 
                   SP 
                   PP 

22      (44%) 
19      (38%) 
  9      (18%) 

17 
14 
  4 

5 
5 
5 

Cognitive tests    
SPART Ta 18.9     (5.0) 19.8     (4.4) * 16.7     (5.8) * 
SPART Da   6.6     (2.7)   7.1     (2.3) *   5.4     (3.2) * 
SDMTa 46.3   (12.6) 50.0   (11.6) ** 38.1   (10.9) ** 
PASAT 3a 38.5   (18.0) 40.9   (18.6) 33.3   (16.0) 
PASAT 2a 28.3   (14.4) 30.8   (15.1) 22.7   (11.1) 
WLGa 23.5     (5.5) 24.8     (4.7) ** 20.6     (6.3) ** 

CSF markers    
S100Bc (ng/ml) 0.28 (0.21 - 0.38) 0.30 (0.22 - 0.41) 0.24 (0.20 - 0.31) 
ferritinc (ng/ml) 5.0   (3.0 - 7.3) 6.0   (3.0 - 11.0) 5.0   (2.0 - 6.0) 
GFAPc (pg/ml) 3.0   (0.0 - 9.3) 3.0   (0.0 - 10.0) 2.0   (0.0 - 9.0) 
anti-NfL indexc 0.21 (0.16 - 0.32) 0.19 (0.14 - 0.30) 0.25 (0.17 - 0.35) 
anti-NfH indexc 0.27 (0.21 - 0.37) 0.27 (0.21 - 0.37) 0.34 (0.21 - 0.36) 
 
 
 
Discussion 
 
In this explorative study we investigated whether a classification of MS patients could be 
made purely based on MRI characteristics. Using latent class analysis, we found two 
subgroups, that strongly differed with regard to the presence (and extent) of brain atrophy and 
lesion confluency. Further differences between the subgroups consisted of the relative amount 
of black holes, periventricular lesions, perivenular lesions and the amount of brain and spinal 
cord lesions. Obviously, one subgroup was more heavily affected than the other with respect 
to the above characteristics. 
Atrophy, which differentiates most between the subgroups, is generally assumed to result 
from neuronal loss and damage, which occur in focal lesions, but also in the normal appearing 
white matter and even in grey matter.13 Reflecting more severe tissue damage compared to 
lesions that are isointense on T1 weighted imaging,7 the relative higher amount of black holes 
in the second subgroup fits in the concept that the second subgroup suffers from more 
neuronal loss than the first. 
Confluency of lesions, another MRI characteristic which strongly differentiates between the 
subgroups, might be due to high lesion density in a certain area. In this respect the relative 
amount of periventricular lesions, correlating very well with the overall number of brain 
lesions, as well as the relative amount of perivenular lesions, which are predominantly 
periventricularly located, support this assumption. On the other hand, as not all patients with 
high lesion density show confluency, it might also reflect a specific process in which normal 
appearing white matter between lesions undergoes changes and becomes visible as “bridging” 
between those lesions and eventually confluency.  
Identifying two subgroups of which one is more heavily affected than the other with respect to 
the extent of almost all measured MRI abnormalities raises the question whether these 
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differences indicate that indeed the subjects in subgroup two exhibit a different, more severe 
type of disease or that this is just a reflection of the patients in one group being in a later 
phase of the disease. However, differences in disease duration are small and non-significant. 
Moreover, the ratio of RR versus SP patients is comparable between the subgroups. 
Nevertheless, to address this issue a longitudinal study is required. 
Significant clinical differences between the subgroups were found with respect to 
performance on several cognitive function tests, which was worse in the second subgroup. 
Cognitive impairment has been found to correlate with atrophy and lesional abnormalities,24,25 
both of which might relate to the differences between our groups. 
It is difficult to draw conclusions from the CSF findings in both groups. In line with previous 
results in the total group, which showed a correlation between antibodies to neurofilaments 
and atrophy,18 the slightly higher indexes of antibodies to neurofilaments in the second group 
are not surprising, although differences are not significant.  
The new approach we used to detect possible subgroups based on combinations of MRI 
characteristics inevitably harbours drawbacks. First, conventional cross-sectional MRI 
examination has limitations in providing complete information about some MRI 
characteristics. For example, (juxta)cortical lesions are hard to detect and occurrence of 
gadolinium enhancement should preferably be monitored longitudinally. It is unknown what 
effect a more accurate scoring of these characteristics would have on the eventual 
classification. Second, subjectivity plays a role in the semiquantitative scoring, especially in 
case of MRI characteristics that were scored relatively to the total number of brain lesions, as 
resulting ratios are not expressed as exact percentages and only roughly subdivided in 
categories per characteristic. However, this method is relatively quick and might be applicable 
clinically. The effect on the eventual ordinal score will be even smaller and only limited to 
cases in which there could be doubt between scores 1 (some or few) and 2 (much or many), as 
the definition of score 0 (absence) is clear. To diminish subjectivity regarding qualitative, 
lesion specific characteristics, definitions were made as specific as possible and scoring was 
being performed by 2 experienced neuroradiologists. In future studies the consequences of 
changing cut-offs between categories for the final clustering could be explored. 
In conclusion, we present a new approach to identify subgroups of MS patients purely based 
on presence of certain MRI characteristics. Latent class analysis identified two subgroups 
with comparable demographics and disease characteristics, that are differentiated by the 
extent of lesion confluency and MRI correlates of neuronal loss in the brain and 
accompanying cognitive deficits. Lack of power may have precluded identification of 
additional subgroups. Further investigations are required in a larger and independent sample 
of patients to explore reproducibility, longitudinal evolution of (patterns of) MRI 
characteristics, and associations with clinical, paraclinical and genetic parameters.  
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Abstract 
 
We present three patients with a clinical course and cerebrospinal fluid findings consistent 
with a diagnosis of primary progressive multiple sclerosis (PPMS). Extensive and repeated 
magnetic resonance imaging (MRI) examinations showed only diffuse abnormality in brain 
and spinal cord, but no focal lesions. We propose that these cases represent the most pure 
form of PPMS, even though according to currently applied criteria this diagnosis can not be 
made in the absence of focal lesions on MRI.  
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Introduction 
 
Traditionally, relapsing remitting multiple sclerosis (MS) can be diagnosed on the basis of 
clinical attacks that are disseminated both in time and in space.1 Such attacks are defined as 
episodes of neurological dysfunction for which causative lesions are likely to be inflammatory 
and demyelinating in origin, and located in the central nervous system (CNS). Newer criteria 
allow certain types of magnetic resonance imaging (MRI) lesions to be labelled as subclinical 
attacks and as such play a role in providing evidence for dissemination in space and time if 
clinical presentation alone does not yet allow a secure diagnosis. For dissemination in space, 
lesions must occur in certain specific locations, and for dissemination in time, criteria for new 
lesional activity have been developed.2,3 Primary progressive MS (PPMS) can be diagnosed 
based on progressive symptoms/signs during at least one year, in combination with the 
occurrence of focal MRI lesions in the brain or spinal cord and typical cerebrospinal fluid 
(CSF) abnormality. 
In 1997 Lyklama à Nijeholt et al.4 described a diffuse type of abnormality on dual-echo spin-
echo MRI of the spinal cord occurring in 43% of MS patients, especially patients in the 
progressive phase of the disease. Most of these patients had both focal lesions and diffuse 
abnormality, but in a small subset (14%) only diffuse abnormality in the spinal cord was 
found. Such patients were all in the progressive phase of the disease, most of them having 
PPMS. In a subsequent study, it was found that diffuse spinal cord abnormality was 
associated with higher disability.5 More recently, we found that in a cohort of newly 
diagnosed MS patients, only 13% had diffuse cord abnormality, suggesting that this 
phenomenon is associated with longer disease duration. Patients with diffuse abnormality in 
the spinal cord typically had brain lesions, which added to making or confirming the 
diagnosis.6 The most recent revision of the MS diagnostic criteria recognizes that diffuse cord 
changes occur in MS, but these changes were considered to be not sufficiently reliable to 
allow for their incorporation into the diagnostic criteria.3 
It has increasingly been recognized that also in the brain, in addition to focal lesions, there can 
be diffusely abnormal signal intensity in the white matter. Such abnormal areas display patchy 
and slightly higher signal intensity than surrounding normal appearing brain tissue but lower 
than focal lesions. This type of diffuse abnormality can often be better detected by newer, 
quantitative techniques such as magnetization transfer MRI, diffusion tensor MRI and proton 
MR spectroscopy.7,8 It is believed that these diffuse abnormalities may in part account for the 
disappointingly low correlation between lesion load and clinical disability. 
Here, we present three patients with a slowly progressive spinal cord syndrome, consistent 
with PPMS, in whom even after prolonged follow-up of many years only diffuse abnormality 
in (brain and) spinal cord was observed, in the absence of typical focal lesions. We propose 
that ‘diffuse abnormality only MS’ represents the most pure form of PPMS, without any 
evidence of clinical or subclinical (focal MRI lesions) attacks. 
 
Patients 
 
Patient A is a 38-year-old woman who presented with a two-year history of progressive 
paresthesiae, weakness and concomitant disturbed co-ordination of both arms and legs, 
together with fatigue, urinary hesitation and constipation. Past medical history included 
thyroid disease for which she used thyroid hormone substitution. Most important findings on 
neurological examination were a slight paresis of arms and legs, global sensory loss that was 
most pronounced in both legs and ataxia of both legs. Hyperreflexia was noted, plantar 
reflexes were indifferent. Extensive laboratory tests revealed no abnormalities indicative of 
infectious, metabolic or systemic inflammatory disease other than thyroid disease which was 
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adequately substituted. Cerebrospinal fluid showed a high-normal IgG-index (0.57) with 
oligoclonal bands that were not present in serum. Visual evoked potentials (VEP) were 
normal. Electromyography excluded peripheral neuropathy. Brain MRI showed only diffuse 
white matter signal increase, especially in the periventricular regions and in the medulla and 
cerebellar peduncle, which was essentially unchanged on repeated examination one year later 
(Figure 1A and 1B). Spinal cord MRI showed diffuse abnormality of the cervical spinal cord. 
Neither brain, nor cord MRI revealed focal lesions. 
Patient B is a 48-year-old woman who was referred 10 years ago because of a two-year 
history of fluctuating visual complaints of the left more than the right eye resulting in some 
residual visual loss. Cerebrospinal fluid showed an elevated IgG-index (1.56) with oligoclonal 
bands. Magnetic resonance imaging showed no (focal) abnormalities of the brain or spinal 
cord. No definite diagnosis was made at that time. Since, the patient developed progressive 
paresthesiae and tremor of both hands, weakness of both legs and urinary problems. 
Laboratory tests revealed no abnormalities indicative of infectious, metabolic or systemic 
inflammatory disease. About one year ago, the patient was referred again. Neurological 
examination showed pale optic discs (left more than right), a partial visual field defect of the 
left eye, slight ataxia, sensory loss and motor deficit of the distal legs. There was pronounced 
hyperreflexia. VEP showed a prechiasmatic conduction loss, left more than right. Magnetic 
resonance imaging showed a diffusely hyperintense spinal cord signal (Figure 1C and 1D). 
Brain MRI showed no abnormalities. 
Patient C is a 43-year-old woman who presented six years ago with progressive paresis, 
sensory loss and paresthesiae of the right leg, which was followed a few months later by 
essentially the same complaints of her left leg. Laboratory tests revealed no abnormalities 
indicative of infectious, metabolic or systemic inflammatory disease. Cerebrospinal fluid 
showed an elevated IgG-index (1.08)  with oligoclonal bands.  VEP showed no abnormalities. 
 
 
 
 

 
 
Figure 1 MRI images of patient A show diffuse hyperintensity of periventricular white matter 
(T2-weighted (A) and proton density-weighted (B) images). MRI images of patients B and C 
show diffuse hyperintensity of the spinal cord (proton density-weighted (C) and T2-weighted 
(D) images of patient B, proton density-weighted image (E) of patient C. The latter image is 
composed of different images because of the patient’s scoliosis). Brain MRI showed no focal 
abnormalities. For comparison (proton density-weighted (F) and T2-weighted (G) MRI 
images of a normal spinal cord are shown. It should be noted that on proton density-weighted 
MRI, spinal cord and CSF are equally hypointense. 
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Magnetic resonance imaging showed possible hyperintensity of the cervical spinal cord, but 
no focal lesions. No definite diagnosis was made. In the following years, her symptoms  
progressed until only standing and transfers were possible. Neurological examination showed 
increasing abnormalities over the years, resulting in a paresis Medical Research Council 
(MRC) grade 4 of the extensor muscles and MRC grade 1–2 of the flexor muscles of both 
legs, hyperreflexia, Babinski responses and hypesthesia below the level Th 11. The patient 
was referred again to our centre because still no definite diagnosis was made. A new MRI 
showed diffuse hyperintense signal of the complete spinal cord (Figure 1E), but no focal 
lesions. Brain MRI showed no abnormalities. 
 
Discussion 
 
The clinical presentation of these patients, the absence of any other disease after many years 
of follow-up, and the typical CSF findings make us feel confident that these patients indeed 
have PPMS, even though according to all recent versions of PPMS diagnostic criteria2,3,9 this 
diagnosis formally can not be made because MRI criteria, (that require certain types or 
numbers of focal lesions) are not fulfilled. 
In contrast to other clinical subtypes, PPMS patients typically show less and smaller brain 
lesions on MRI and less new lesions accumulating over time, suggesting a less inflammatory 
form of MS.10 
Previously, post-mortem correlative studies have been performed of high-resolution MRI of 
the spinal cord with conventional MRI, histopathology and clinical phenotype.11,12 Magnetic 
resonance images were scored for well delineated areas of high signal intensity (lesions) and 
poorly defined areas of mildly increased signal intensity (diffuse abnormality). Predominance 
of diffuse abnormality correlated with a primary progressive disease course. Furthermore, it 
was found that the type of diffuse abnormality seen on conventional MRI in situ was 
associated with a diversity of intermediate and high signal intensity abnormalities on high-
resolution MRI, correlating histopathologically with partial and complete demyelination, 
respectively. In certain cases, diffuse abnormalities on conventional MRI contained small 
focal lesions histopathologically.12  
An international consortium recently reported their findings when analysing global brain 
pathology in autopsy tissue from 52 MS patients and 30 controls.13 New and active focal 
inflammatory demyelinating lesions in the white matter were mainly present in patients with 
acute and relapsing MS, while diffuse injury of the normal appearing white matter and 
cortical demyelination were characteristic hallmarks of primary and secondary progressive 
MS. The normal appearing, though highly abnormal, white matter exhibited diffuse myelin 
pallor, diffuse axonal injury and diffuse inflammation with microglial activation. There was 
only a marginal correlation between focal lesion load in the white matter and diffuse white 
matter injury. That these diffuse changes may develop at early stages of disease and 
independently from focal lesions was already observed in MRI studies, where diffuse white 
matter damage and axonal loss can be very severe in spite of only few and small focal 
lesions.14–16 
Reliably identifying diffuse abnormalities on MRI, in brain or spinal cord, is less easy than 
focal abnormalities. Experience, a stronger magnetic field and newer techniques (e.g., MTR, 
MR spectroscopy) might provide better accuracy. 
Even though, at this moment, the identification of diffuse abnormalities is not sufficiently 
reliable and standardized to be included into diagnostic criteria for PPMS, we propose that 
‘diffuse abnormality only MS’ represents the most pure form of PPMS. 
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Summary 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating autoimmune disease of the 
central nervous system (CNS). Although the exact etiology of MS is unknown, environmental 
exposure and genetic susceptibility are involved. The pathological hallmark of MS is a 
complex process involving inflammation, demyelination, astrocytosis and axonal 
degeneration, eventually leading to the formation of sclerotic plaques in the CNS white 
matter. More recent evidence shows that, especially in progressive phases of MS, changes are 
not confined to the white matter lesions, but also involve normal appearing brain tissue and 
grey matter. Both demyelination and axonal loss in brain and spinal cord may cause impaired 
nerve conduction with temporary, (partially) reversible and/or gradually progressive 
neurological disability, expressing itself in relapsing remitting (RR), secondary progressive 
(SP), primary progressive (PP) or progressive relapsing (PR) MS. Conventional magnetic 
resonance imaging (MRI) can show the focal lesions, but has limited histopathological 
specificity and clinical correlation. Atrophy measures and non-conventional MRI provide 
information about the more diffuse abnormalities of the normal appearing brain tissue 
(NABT) and correlate better with disability. Disease course, prognosis and treatment 
responses are highly variable between patients. Current disease modifying treatment can 
reduce relapse rate, but probably not disease progression. 
The heterogeneity in MS, clinically, radiologically, immunologically, pathologically as well 
as genetically, might indicate more than one pathogenic mechanism, for which different 
treatment approaches may be required. Many genetic, immunopathological and radiological 
investigations have been performed to further elucidate disease mechanisms and prognostic 
and therapeutic consequences. Ideally, this would lead to the ability to classify the individual 
patient. So far, the most obvious and commonly applied classification is based on clinical 
disease course. Although the clinical subtypes differ in respect to certain radiological, 
immunological and pathological properties on a group level, heterogeneity remains large. A 
more recently proposed pathological classification suggesting fundamentally different 
pathogenic mechanisms is not applicable in vivo in the vast majority of patients.  
In this thesis several investigations are presented about various possibly useful bio-markers in 
an attempt to detect clinically relevant associations or subgroups and thereby order the 
heterogeneity to some extent. 
 
Chapter 2 describes several studies assessing the influence of the apolipoprotein E 
(APOE=gene, apoE=protein) polymorphism, a genetic marker, on MS. The APOE gene is 
located on chromosome 19q13, one of the regions that may contain genes influencing MS 
susceptibility. The most common alleles 2, 3 and 4 encode for the three major isoforms E2, 
E3 and E4. ApoE is involved in lipid and cholesterol transport and plays a role in growth and 
regeneration of neurons. Evidence is accumulating for a negative role of APOE 4 in CNS 
diseases, although in MS conflicting results have been reported.  
In chapter 2.1, the association of the APOE polymorphism with both disease susceptibility 
and disease course was assessed in a large group of MS patients, with subgroup analysis of 
MRI measures. In this cohort no association of the ApoE genotype with disease susceptibility 
nor clinical and MRI measures could be identified. However, combined analysis of published 
data could not definitely exclude the possibility of a minor negative role for 2-carriership in 
susceptibility to MS. 
In chapter 2.2, we examined the sex-specific association of the APOE polymorphism with 
disease severity in the same group of multiple sclerosis patients, in reaction to reported 
findings that in women 2-carriership is associated with a more favorable disease course. In 
contrast, by applying likewise analysis we found a trend in the opposite direction. In women, 
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2-carriership was associated with a shorter time to EDSS 6 and a higher relative increase of 
T2 and T1 lesion loads.  
Chapter 2.3 describes the results of extensive meta- and pooled analyses using large patient 
groups to determine whether APOE variation influences disease susceptibility or severity in 
MS. Meta-analysis of 22 studies (3299 MS patients and 2532 controls) showed no effect of 2 
or 4 status on MS risk. Results obtained from analyses of APOE genotype in 1279 MS 
families were also negative. Pooled analyses of 4048 MS patients showed no association with 
disease course or severity. The findings do not support a role for APOE in multiple sclerosis. 
Chapter 3 focusses on immunopathological markers of disease.  
In chapter 3.1, linking on to the previous chapter, it is investigated whether CSF apoE 
concentration is associated with cross-sectional and longitudinal disease characteristics in 
MS. Mean CSF apoE concentration in MS patients (n=44) was lower than in controls (n=28), 
maybe indicative of increased utilization of apoE-lipid-complexes for repair processes in MS. 
However, subgroup analyses showed no association with APOE genotype or (changes in) 
clinical, neuropsychological or MRI characteristics.  
Chapter 3.2 contains the results of a study assessing the prognostic value of immunological 
markers for the long-term progression of disability in 25 MS patients. Markers were selected 
because they represent the activity of pro- and anti-inflammatory cytokines, chemokine 
receptors and mediators of apoptosis, reflecting mechanisms that have been associated with 
short-term disease activity in previous studies. Baseline TNF- , IL-12p35, IL-12p40, IL-4, 
IL-10, TGF- 1, CCR3, CXCR3, CCR5, Fas and FasL mRNA levels in peripheral blood 
mononuclear cells (PBMC) were analysed with respect to their correlation with the increase 
in disability over a period of 10 years. High levels of Fas mRNA in RR MS and high levels of 
FasL mRNA in SP MS were associated with a favorable disease course, suggesting that Fas-
mediated apoptosis plays a major role in the mechanism underlying long-term disease 
progression in MS. 
Chapter 4 deals with MRI measures.  
In chapter 4.1, it is attempted to make a restricted classification of MS patients purely based 
on MRI characteristics and to test whether the resulting subgroups are associated with clinical 
and laboratory characteristics. MRI examinations of the brain and spinal cord of 50 patients 
were scored for 21 quantitative and qualitative characteristics. Latent class analysis revealed 
two subgroups that mainly differed in the extent of lesion confluency and MRI correlates of 
neuronal loss in the brain (atrophy, amount of ‘black holes’). Demographics and disease 
characteristics were comparable except for cognitive deficits. It was concluded that latent 
class analysis offers a feasible approach for classifying subgroups of MS patients based on the 
presence of MRI characteristics, although the reproducibility, longitudinal evolution and 
further clinical or prognostic relevance of the observed classification will have to be explored 
in a larger and independent sample of patients. 
Chapter 4.2 describes three cases with a clinical course and cerebrospinal fluid findings 
consistent with a diagnosis of primary progressive multiple sclerosis (PPMS). Extensive and 
repeated magnetic resonance imaging (MRI) examinations showed only diffuse abnormality 
in brain and spinal cord, but no focal lesions. From literature it is known that PP MS patients 
typically show less focal lesions on conventional MRI and that diffuse abnormalities are 
characteristic hallmarks of a (primary) progressive disease course. Therefore, it is proposed 
that these cases represent the most pure form of PP MS, even though according to currently 
applied criteria this diagnosis can not be made in the absence of focal lesions on MRI. 
 
Conclusion 
The studies presented in this thesis suggest that: 
- APOE genotype has no influence MS susceptibility or severity; 
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- CSF apoE might be utilized for repair processes in MS; 
- Fas-mediated apoptosis plays a major role in the mechanism underlying long-term disease 

progression in MS; 
- latent class analysis offers a feasible approach for classifying subgroups of MS patients 

based on the presence of MRI characteristics; 
- isolated diffuse abnormalities on conventional MRI may represent the most pure form of PP 

MS. 
 
Discussion 
Heterogeneity in MS is expressed genetically, immunopathologically, radiologically as well 
as clinically. A variety of genetic factors influence (susceptibility to) several 
immunopathological processes that lead to MRI and eventually clinical abnormalities. The 
current clinical characterization of MS patients into only a few subgroups, which remain 
heterogenous in many ways, might be improved when genetic, immunopathological and/or 
radiological aspects are taken into account. In this thesis several investigations are presented 
concerning various possibly useful bio-markers in an attempt to detect clinically relevant 
associations or subgroups and thereby order the heterogeneity to some extent. Covering 
several areas of research in MS, the topics in this thesis are heterogeneous themselves. 
 
Genetics 
There is no doubt about genetic influences on MS. For a long time, the human leucocyte 
antigen (HLA) class II locus, of which the DRB1*1501 allele is the most common subtype in 
northern Europeans, within the major histocompatibility complex (MHC) on chromosome 
6p21 has been the only locus that was significantly correlated with MS susceptibility. Lack of 
power precluded definite conclusions about the influence of other non-MHC candidate genes, 
which would be small at most.1 In recent years, some large genome-wide association studies 
have shown MS susceptibility to be associated with several single nucleotide polymorphisms 
(SNPs), e.g. SNPs associated with IL-7 receptor, IL-2 receptor and CD58, although ORs were 
low.2-4 In the first part of this thesis we focussed on the APOE polymorphism, which is 
located on chromosome 19q13, one of the regions likely to influence MS susceptibility as 
suggested by linkage analysis. ApoE and its receptors are involved in lipid and cholesterol 
transport and play a role in growth and regeneration of neurons,5,6 and may have 
immunomodulatory and neuroprotective effects in an allele-specific way.7,8 ApoE 4 has been 
associated with increased risk for early onset Alzheimer disease and poor clinical outcome in 
several forms of acute brain injury,6,9,10 whereas apoE 2 might have a protective role.11-13  
In MS, many contradictory results have been published about the influence of the APOE 
polymorphism both on susceptibility and disease severity. Several factors might play a role in 
the diversity of results. APOE frequencies vary to some extent between populations 
worldwide.14 The influence of the APOE genotype might be modulated by other genetic 
factors that may differ between populations. Sampling bias may occur in general, especially 
in the earlier studies with relatively small patient groups. Populations in secondary or tertiary 
referral centres may differ from general MS patient populations. Disease severity may be 
measured in different ways, clinically based on a combination of disability and disease 
duration, and paraclinically most often based on conventional MRI measures like lesion 
volumes and atrophy. Furthermore, publication bias might have prevented ‘negative’ results 
from being published. 
MS susceptibility has generally been found to be not associated with the APOE 
polymorphism, only one study suggested an increased risk in 4 homozygotes.15 Drawback of 
most studies was the limited number of patients. In one of the largest individual studies 
assessing the influence of the APOE polymorphism on MS susceptibility, we found no 
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influence (chapter 2.1). Combined analysis of available published data at that time showed a 
minimally increased susceptibility in 2-carriers. Finally, in an even more adequately powered 
meta-analysis, the APOE polymorphism was not associated with MS susceptibility (chapter 
2.3). In contrast with earlier studies, this study was the first adequately powered study to 
probably confidentially exclude a meaningful effect of a non-MHC locus on MS 
susceptibility.16 
With regard to the association between the APOE polymorphism and MS severity, clinical or 
paraclinical, results have been conflicting. Several studies found an unfavorable association of 
the 4 allele with clinically measured disease severity, expressed as disability acquired during 
disease duration.15,17-21 A favorable association for the 2 allele has been described,20,22,23 in 
one study confined to women,24 whereas one study found an unfavorable association.25 The 
majority of studies found no association between the APOE polymorphism and clinically 
measured MS severity,26-36 in line with the findings described in this thesis. In our first study, 
the APOE polymorphism was not associated with disease severity expressed as disability 
acquired during disease duration, nor with other clinical characteristics like disease course and 
gender (chapters 2.1 and 2.2). Again, our findings were confirmed by meta-analysis (chapter 
2.3). 
In recent years increasing interest has risen for the influence of the APOE polymorphism on 
MS severity as measured by cognitive impairment. Comparable with physical disability, 
cognitive impairment has been found to be associated with the 4 allele by some studies,37-39 
although others could not confirm this.35,40,41 As studies differ with respect to patient groups 
and cognitive tests, no final conclusions can be drawn. 
Disease severity, expressed as MRI abnormalities like lesion volumes and atrophy, has been 
found to be associated with the APOE 4 allele in some studies, 42-45 most of them from one 
institute. On the contrary, in other studies no association between the APOE polymorphism 
and MRI abnormalities was reported,35,40,41,46,47 in line with the findings of our individual 
study (chapter 2.1). Diversity of study methods precludes pooled or meta-analysis to elucidate 
this contradiction.  
 
Immunopathology 
Essential features of the disease process in MS include inflammation, demyelination, 
astrocytosis and neurodegeneration. The immune cascade is generally thought to involve 
peripherally activated autoreactive T lymphocytes entering the CNS and start an 
inflammatory process after re-encountering specific antigens, leading to demyelination, which 
in part is counteracted by remyelination. Neurodegeneration may occur secondary, although 
there is evidence for primary neurodegeneration also.48  
In chapter 3 we focussed on possible bio-markers that are involved in the 
immunopathological process, trying to elucidate parts of the disease process and find 
associations with clinical characteristics. 
The immune cascade described above is regulated to a major extent by cytokines (e.g. 
chemokines, interleukins) and their receptors, leading to lymphocyte activation and migration, 
up- or downregulation of the inflammatory respons, cytotoxicity and apoptosis.  
There is evidence that some of these reactions are reflected in peripheral blood and may be 
associated with short term disease activity in MS. Relapses and MRI activity have been 
associated with changes in interleukins (e.g. IL-1, 4, 10 and 12), chemokines (e.g. CCL-1, 2 
and 5, CXCL-8 and 10), chemokine receptors (e.g. CCR-3 and 5, CXCR3), TNF-α, IFN-γ, 
Fas and FasL.49-58 
In chapter 3.2 we assessed the prognostic value of expression of immunological markers in 
peripheral blood mononuclear cells (PBMC) for the long-term progression of disability in 
MS. In RR MS low levels of Fas mRNA were associated with a unfavorable disease course 
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during 10 years follow-up. This is in line with previously demonstrated defective Fas function 
in MS,59-62 suggesting defective elemination of autoreactive T cells to be a major determinant 
in development and progression of MS.63 In SP MS, disability progression was not 
significantly associated with Fas mRNA. Possibly in these patients, having reached a less 
inflammatory disease phase, a Fas-mediated compensatory mechanism to control 
overactivation of autoreactive immune cells becomes less pronounced. Alternatively, Fas 
positive cells could already have been depleted by the involvement of peripheral FasL-
expressing mononuclear cells, or by FasL-expressing astrocytes or microglia within the 
CNS.64,65 In this context, it is of interest that we found low levels of FasL mRNA to be 
associated with disease progression in SP patients. It suggests that in these patients, defective 
Fas-mediated apoptosis still plays a role in disease progression. 
So far, this has been the only study that found a long-term prognostic value of PBMC Fas and 
FasL mRNA in MS. Additional studies are required to exclude interference of soluble Fas and 
FasL, which may be derived from alternative mRNA splicing or partial proteolysis of the 
membrane forms, and have been found to inhibit apoptosis. 66,67 They have been associated 
with disease activity, as many other impaired apoptotic mechanisms have.58,67,68 Further 
characterization of the Fas- and FasL-expressing cells in the blood of MS patients will be 
helpful to establish whether these molecules represent a true mechanism, next to several 
others,69 in the complex apoptotic pathway. 
 
In addition to the factors that are primarily involved in the immune cascade, e.g. lymfocytes 
and cytokines, the immunopathological process is also influenced by many other factors. 
There is evidence that apoE downregulates CNS inflammation and also has neurotrophic and 
antioxidant effects.7,70,71 ApoE is important for lipid transport required for membrane repair 
and recycling in the CNS. Local apoE levels are increased following demyelination and 
axonal degeneration in experimental models.72,73 ApoE immunoreactivity of astrocytes and 
macrophages is increased in areas of active demyelination.25 CSF apoE levels are higher than 
explained by passive diffusion from serum, indicating intrathecal production. 
We found lower CSF apoE levels in MS patients compared to controls (chapter 3.1). This has 
previously been found,74-76 although others found no difference.77-79 Lower CSF apoE levels 
in MS might be explained by decreased astrocytic secretion, demonstrated in vitro after 
proinflammatory cytokines, 80,81 which are a hallmark in MS. Alternatively, there may be an 
increased utilization of apoE for the uptake of cholesterol and lipid components after 
demyelination and neurodegeneration, to make them available for repair and regeneration. 
Comparable findings have been reported in traumatic brain injury, in which the decrease was 
associated with severity and outcome,82,83 and in epilepsy, in which the decrease correlated 
with seizure severity.84 In our study the CSF apoE level was not associated with any clinical 
or paraclinical measures, that might be indicative of inflammatory, demyelinating or 
neurodegenerative processes. This issue has remained unsolved as no other study has been 
published on this subject so far and our study is probably underpowered to make firm 
conclusions. 
 
MRI 
MRI is a widely available and well studied tool that correlates to some extent with disability 
and clinical subtypes of MS. It can indirectly depict multiple aspects of the heterogeneous 
pathology in MS, although histopathological specificity is limited. MRI correlates have been 
found of an immunopathological classification of demyelination patterns,85 of which the 
suggested patient specificity has been questioned recently.86,87 
Concerning patient specific and pathological correlated MRI patterns, few previous studies 
have specifically reported on heterogeneity in lesion development and MRI abnormalities. T2 
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hyperintense lesions are not always preceded by T1 Gd-enhancement, but may arise from 
mechanisms other than those associated with BBB breakdown.88 Evolution of T1 
hypointensity of active lesions is variable and correlated with magnetization transfer imaging 
(MTI), indicating increased axonal loss.89 It appears to be a patient-specific phenomenon, 
although it varies with (secondary progressive) phase and severity of MS.90 In another study, 
regression analyses showed that MRI markers of inflammation (Gd-enhancement) and tissue 
loss (atrophy measures) were partly independent determinants of clinical disease 
progression.91 Based on these two determinants, patients could be separated into 4 clinically 
meaningful groups. Secondary progressive patients mainly belonged to the groups with above 
average atrophy, but not conversely. In a recent study on cognitive dysfunction in MS, 
patients were categorized based on lesion load and distribution.92 Total lesion load appeared 
to play only a minor role in predicting cognitive dysfunction, in contrast with central atrophy 
measures. Periventricular lesions were significantly related to decreased psychomotor speed. 
In the heterogeneity of MRI abnormalities we attempted to make a restricted classification of 
MS patients purely based on MRI characteristics (chapter 4.1). Latent class analysis of 
quantitative and qualitative characteristics of brain and spinal cord MRI of 50 patients 
discerned two subgroups that mainly differed in the extent of lesion confluency and MRI 
correlates of neuronal loss in the brain (atrophy, amount of ‘black holes’). Demographics and 
disease characteristics were comparable except for cognitive deficits. In line with some of the 
forementioned studies, our results indicated that lesional as well as diffuse abnormalities 
correlating to tissue loss were not merely a consequence of disease duration or phase, but 
discriminated meaningful subgroups, one of which suffers from more degeneration and/or less 
repair. This is substantiated by the cognitive impairment of this group, which is known to 
correlate with atrophy and lesional abnormalities.93-96 Lack of power may have precluded 
identification of additional groups and correlation with other clinical characteristics and 
laboratory measurements. Further investigations are required in a larger and independent 
sample of patients to explore reproducibility, longitudinal evolution and further clinical or 
prognostic relevance. 
Diffuse abnormality of (normal appearing) white and grey matter in MS has gained increasing 
interest in recent years, as it probably accounts for part of the clinico-radiological 
dissociation.97 It can be visualized especially by means of non-conventional MRI techniques. 
It occurs at the earliest stages of MS, but is most frequently found in the progressive phase 
and develops at least partially independent of lesional abnormalities.98-101 Diffuse abnormality 
visible on conventional MRI can be located in the brain and the spinal cord. The former is 
called diffusely abnormal or dirty-appearing white matter (DAWM) and is characterized by 
intermediate and significantly different non-conventional MRI as well as histopathological 
measures compared to those of NAWM and focal white matter lesions.102,103 Diffuse 
abnormality in the spinal cord is strongly correlated with progressive MS, PP MS specifically 
if it occurs without focal spinal cord lesions.104,105  
In chapter 4.2, three patients are presented with a specific pattern of MRI abnormalities: 
diffuse abnormality of the spinal cord (and brain) without any focal lesions. The clinical and 
laboratory findings and exclusion of other diseases were in accordance with the diagnosis of 
PP MS, even though this diagnosis formally could not be made, because MRI criteria are not 
fulfilled. PP MS patients typically show less and smaller brain lesions on MRI and less new 
lesions accumulating over time, suggesting less inflammation.106 Post-mortem correlative 
studies found that diffuse spinal cord abnormality seen on conventional MRI in situ was 
associated with a diversity of intermediate and high signal intensity abnormalities on high-
resolution MRI, correlating histopathologically with partial and complete demyelination, 
respectively.107,108 A recent post-mortem correlative study in chronic MS reported that 
DAWM is typically found periventricularly, not necessarily adjacent to focal lesions. It 
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consists of decreased myelin density, extensive axonal loss and chronic gliosis without signs 
of acute or active inflammation.103 Analysis of global brain pathology in MS showed diffuse 
injury of the normal appearing white matter and cortical demyelination as characteristic 
hallmarks of PP and SP MS, while new and active focal inflammatory demyelinating lesions 
in the white matter were mainly present in patients with acute and relapsing MS.109 It is 
suggested that in progressive MS inflammation has become compartmentalized behind a 
closed or repaired blood brain barrier, driving slow expansion of preexisting demyelinated 
lesions, as well as diffuse injury of the (normal appearing) white matter.110 Therefore, isolated 
diffuse abnormality on conventional MRI might represent the most pure form of PP MS, 
although, at this moment, the identification of diffuse abnormalities is not sufficiently reliable 
and standardized to be included into diagnostic criteria for PP MS.  
 
Future perspectives 
MS remains a challenging disease with an unknown cause and complex and heterogeneous 
disease processes and manifestation. Despite increasing knowledge and therapeutical options 
of the past few decades, many questions have still not been answered. Future research should 
focus on basic genetic, immunopathological and radiological knowledge as well as their 
mutual associations combined with clinical characteristics.  
 
For a long time, the human leucocyte antigen (HLA)-DR2 haplotype within the major 
histocompatibility complex (MHC) on chromosome 6p21 has been the only locus that was 
significantly correlated with MS susceptibility. Lack of power precluded definite conclusions 
about the influence of other non-MHC candidate genes, which would be small at most. The 
study described in chapter 2.3 is probably the first exception,16 excluding influence of the 
APOE gene on MS susceptibility and making its influence on physical disability unlikely. 
Whether APOE plays a role in cognitive impairment in MS requires further investigation 
since the current results are contradictory and based on a diversity of  patient groups and 
cognitive measures. Recently, a combined analysis of more than 12.000 samples confirmed 
several single nucleotide polymorphisms (SNPs) to be associated with MS susceptibility, 
although ORs were low.1 Future large scale genome-wide association studies will probably 
show several genes that play a minor role in MS susceptibility, but may also influence disease 
course by exerting effects in the complex disease mechanism of MS. Likewise, genetic 
background of treatment response will be useful for individualizing therapeutic strategies.  
 
Besides genetic profiling, expression profiling (up- or downregulation of transcripts, proteins 
or metabolites) in different tissues and stages of disease will be helpful in unravelling disease 
mechanisms. As obtaining CNS tissue is not an option in most patients during life, effort 
should be made to find adequate bio-markers in blood and CSF. They might reflect immune 
system activity (e.g. cytokines, indicators of oxidative stress, apoptosis related markers), 
neurodegeneration (e.g. neurofilaments, tau, 14-3-3 proteins, N-acetyl aspartic acid (NAA)) or 
remyelination/regeneration (e.g. brain derived neurotrophic factor (BDNF)).111,112 Although 
CSF apoE has not been proven as a good bio-marker in our study (chapter 3.1), future 
research of its role in MS pathogenesis should be continued since apoE and its receptors have 
neuroprotective properties, as is also indicated by apoE-based therapeutics.6,113 In addition to 
providing more knowledge of immunopathological mechanisms, bio-markers might be of 
some prognostic value. The results of the exploratory study in chapter 3.2 give some clues for 
this, although reproducability of our results, further characterization of Fas(L)-expressing 
cells and the role of soluble Fas(L) should be investigated.  
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Newer (non-conventional) MRI techniques, higher field MRI and newer contrast agents will 
probably depict MS pathology with more detail and specificity, and improve the ability to 
make an early diagnosis and prognosis. Different (types of) MRI abnormalities might discern 
different types of patients or pathology, as indicated in chapter 4. It would be interesting to 
explore reproducibility, longitudinal evolution and further clinical or prognostic relevance of 
our results. Comparable data-driven cluster analyses might reveal new insights, not 
necessarily confined to MRI measurements. 
 
Ultimately, large scale investigation with integration of information from the genetic, 
pathological, immunological, radiological and clinical characteristics might provide the best 
opportunities to find relevant associations or subgroups of patients within the heterogeneity of 
MS. Hopefully this will lead to increased understanding of MS and further individualization 
of prognosis and treatment options for MS patients. 
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Samenvatting 
 
Multiple sclerose (MS) is een chronische inflammatoire demyeliniserende auto-immuunziekte 
van het centrale zenuwstelsel (CZS). Hoewel de exacte oorzaak van MS onbekend is, spelen 
milieufactoren en genetische factoren een rol. Pathologisch kenmerk van MS is een complex 
proces met ontsteking, demyelinisatie, astrocytose en axonale degeneratie, uiteindelijk leidend 
tot de vorming van sclerotische plaques in de witte stof. Het is gebleken dat, vooral in 
progressieve fasen van MS, afwijkingen niet beperkt zijn tot de witte stof afwijkingen, maar 
ook aanwezig zijn in normaal ogend hersenweefsel en grijze stof. Zowel demyelinisatie als 
axonaal verlies in de hersenen en het ruggenmerg kan leiden tot een verminderde 
zenuwgeleiding met tijdelijke, (deels) reversibele en/of geleidelijk progressieve neurologische 
uitvalsverschijnselen, zich uitend in relapsing remitting (RR), secundair progressieve (SP), 
primair progressieve (PP) of progressieve relapsing (PR) MS. Conventionele “magnetic 
resonance imaging” (MRI) kan focale laesies tonen, maar heeft een beperkte 
histopathologische specificiteit en klinische correlatie. Atrofie metingen en niet-conventionele 
MRI-technieken geven informatie over de meer diffuse afwijkingen van normaal ogend 
hersenweefsel en correleren beter met handicaps. Ziektebeloop, prognose en reactie op 
behandeling zijn zeer variabel tussen patiënten. Huidige ziektemodulerende therapieën 
kunnen het aantal relapses met tijdelijke, (deels) reversibele uitvalsverschijnselen 
verminderen, maar waarschijnlijk niet progressie van de ziekte. 
De heterogeniteit in MS, zowel klinisch, radiologisch, immunologisch, pathologisch als 
genetisch, kan duiden op meer dan één pathogeen mechanisme, waarvoor verschillende 
soorten behandeling nodig zijn. Er is veel genetisch, immunopathologisch en radiologisch 
onderzoek verricht om inzicht te krijgen in het ziekteproces en prognostische en 
therapeutische consequenties. Idealiter zou dit leiden tot de mogelijkheid om de individuele 
patiënt te classificeren. Echter tot nu toe is de meest voor de hand liggende en meest 
toegepaste classificatie op basis van het klinisch ziektebeloop. Hoewel de klinische subtypes 
verschillen met betrekking tot bepaalde radiologische, immunologische en pathologische 
eigenschappen op groepsniveau, blijft de heterogeniteit groot. 
In dit proefschrift worden onderzoeken gepresenteerd over verschillende mogelijk nuttige bio-
markers in een poging om klinisch relevante associaties of subgroepen te onderscheiden en 
daarmee de heterogeniteit enigszins te ordenen. 
 
Hoofdstuk 2 bevat enkele studies waarin de invloed is onderzocht van het apolipoproteïne E 
(APOE = gen, apoE = eiwit) polymorfisme, een genetische marker, op MS. Het APOE gen 
ligt op chromosoom 19q13, een van de regio's die mogelijk genen bevatten die van invloed 
zijn op MS gevoeligheid. De meest voorkomende allelen 2, 3 en 4 coderen voor de meest 
voorkomende isovormen E2, E3 en E4. ApoE is betrokken bij transport van lipiden en 
cholesterol en speelt een rol bij de groei en regeneratie van neuronen. Er bestaan steeds meer 
aanwijzingen voor een negatieve rol van apoE 4 bij CZS ziekten, hoewel bij MS 
tegenstrijdige resultaten worden gemeld. 
In hoofdstuk 2.1 werd de associatie van het APOE polymorfisme met zowel MS 
gevoeligheid als ziektebeloop onderzocht in een grote groep MS-patiënten, met subgroep 
analyse van MRI metingen. In deze groep werd geen associatie van het ApoE genotype met 
MS gevoeligheid, klinische of MRI metingen gevonden. Met gecombineerde analyse van 
gepubliceerde gegevens kon de mogelijkheid van een kleine negatieve rol voor 2-
dragerschap bij gevoeligheid voor MS echter niet met zekerheid worden uitgesloten. 
In hoofdstuk 2.2 onderzochten we in dezelfde groep MS patiënten de seksespecifieke 
associatie van het APOE polymorfisme met ziekte-ernst in reactie op gerapporteerde 
bevindingen dat bij vrouwen 2-dragerschap in verband wordt gebracht met een gunstiger 
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ziektebeloop. Echter, in onze groep vonden we met dezelfde analyse een tegenovergestelde 
trend. Bij vrouwen was 2-dragerschap geassocieerd met een kortere tijd tot EDSS 6 en een 
hogere relatieve toename van T2- en T1-laesies op MRI. 
Hoofdstuk 2.3 beschrijft de resultaten van uitgebreide gepoolde en meta-analyses met behulp 
van grote groepen patiënten om te bepalen of APOE-variatie ziektegevoeligheid of -ernst 
beïnvloedt in MS. Meta-analyse van 22 studies (3299 MS-patiënten en 2.532 controles) 
toonde geen effect van 2- of 4-status op MS risico. Resultaten van analyses van APOE 
genotype in 1279 MS-families waren ook negatief. Gepoolde analyses van 4048 MS-patiënten 
toonde geen associatie met ziektebeloop of -ernst. De bevindingen bieden geen ondersteuning 
voor een rol voor APOE bij MS. 
 
Hoofdstuk 3 gaat over immunopathologische markers van de ziekte. 
In hoofdstuk 3.1, in aansluiting aan het onderwerp van het vorige hoofdstuk, is onderzocht of 
apoE-concentratie in hersenvocht geassocieerd is met transversale en longitudinale 
ziektekenmerken bij MS. De gemiddelde apoE-concentratie in MS-patiënten (n = 44) was 
lager dan in de controlegroep (n = 28), wellicht indicatief voor een verhoogd gebruik van 
apoE-lipide-complexen voor reparatieprocessen bij MS. Echter, subgroepanalyses toonden 
geen associatie tussen APOE genotype en (veranderingen in) klinische, neuropsychologische 
of MRI metingen. 
Hoofdstuk 3.2 bevat de resultaten van een studie naar de prognostische waarde van 
immunologische markers voor de lange termijn progressie van invaliditeit bij 25 MS-
patiënten. Als markers werden pro- en anti-inflammatoire cytokines, chemokine-receptoren en 
mediatoren van apoptose geselecteerd, allen betrokken bij mechanismen die in eerdere studies 
zijn geassocieerd met korte termijn ziekte-activiteit. TNF- , IL-12p35, IL-12p40, IL-4, IL-10, 
TGF- 1, CCR3, CXCR3, CCR5, Fas en FasL mRNA in perifeer bloed mononucleaire cellen 
(PBMC) werden geanalyseerd met betrekking tot hun correlatie met de toename van 
invaliditeit gedurende 10 jaar. Een hoog niveau van Fas mRNA in RR MS en een hoog niveau 
van FasL mRNA in SP MS werden geassocieerd met een gunstig beloop, wat suggereert dat 
Fas-gemedieerde apoptose een belangrijke rol speelt in het onderliggende mechanisme van 
lange termijn ziekteprogressie van MS. 
 
Hoofdstuk 4 gaat over MRI metingen. 
In hoofdstuk 4.1 wordt getracht om een louter op MRI kenmerken gebaseerde indeling van 
MS-patiënten te maken en om te testen of de daaruit voortkomende subgroepen geassocieerd 
zijn met klinische en laboratorium kenmerken. MRI onderzoeken van hersenen en 
ruggenmerg van 50 patiënten werden gescoord op 21 kwantitatieve en kwalitatieve 
kenmerken. Latente klasse analyse toonde twee subgroepen die vooral verschilden in de mate 
van confluentie van afwijkingen en MRI correlaten van neuronaal verlies in de hersenen 
(atrofie, hoeveelheid 'black holes'). Demografie en ziektekenmerken waren vergelijkbaar, 
behalve met betrekking tot cognitieve beperkingen. Geconcludeerd werd dat latente klasse 
analyse een haalbare aanpak biedt om subgroepen van MS-patiënten te onderscheiden op 
basis van MRI kenmerken, hoewel de reproduceerbaarheid, longitudinale evolutie en verdere 
klinische of prognostische relevantie van de gevonden indeling zal moeten worden 
onderzocht in een grotere en onafhankelijke groep patiënten. 
Hoofdstuk 4.2 beschrijft drie patiënten waarbij klinisch beloop en hersenvocht bevindingen 
passen bij een diagnose PP MS. Uitgebreid en herhaald MRI onderzoek toont slechts diffuse 
afwijkingen in de hersenen en het ruggenmerg, maar geen focale laesies. Uit de literatuur is 
bekend dat PP MS-patiënten meestal minder focale laesies op conventionele MRI laten zien 
en dat diffuse afwijkingen karakteristiek zijn voor een (primair) progressief ziektebeloop. 
Daarom wordt gesteld dat deze gevallen de meest zuivere vorm van PP MS 
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vertegenwoordigen, hoewel volgens de huidige criteria deze diagnose niet kan worden gesteld 
door het ontbreken van focale laesies op MRI. 
 
In hoofdstuk 5 worden de resultaten uit het proefschrift samengevat en bediscussieerd, 
waarbij suggesties worden gedaan voor toekomstig onderzoek. 
 
Conclusie 
 
De studies in dit proefschrift suggereren dat: 
- APOE genotype geen invloed heeft op gevoeligheid voor of ernst van MS; 
- apoE in hersenvocht wellicht gebruikt wordt voor reparatieprocessen in MS; 
- Fas-gemedieerde apoptose een belangrijke rol speelt in het onderliggende mechanisme van 

de lange termijn ziekteprogressie van MS; 
- latente klasse analyse een haalbare aanpak biedt om subgroepen van MS-patiënten te 

onderscheiden op basis van MRI kenmerken; 
- geïsoleerde diffuse afwijkingen op conventionele MRI kunnen de meest zuivere vorm van 

PP MS vertegenwoordigen. 
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