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ABSTRACT 
Multiple sclerosis (MS) is a chronic neurological disease. Epidemiological studies have shown 
evidence for both environmental and genetic involvement of the disease. The contribution of genes 
versus environment is complex, in that there is not one major gene causing the disease, but more likely 
several genes each contributing to a modest extent and most likely interacting in a complex manner. 
 
Studies on genetic susceptibility in complex traits mainly rely on either of two principally different 
methods; Candidate gene analysis, where potential candidate genes are chosen based on the existing 
knowledge of pathogenic mechanisms; or genome-wide screens, where an unbiased selection of 
markers covering the genome with a density of about 10-15 cM between the markers (300-400 markers 
to cover the genome) is used for linkage analysis without previous assumption about the underlying 
pathology of the disease.  
 
The high prevalence of multiple sclerosis (~130/100,000) in Scandinavia and the striking correlation 
between its global geographical distribution and the migration pattern of Northern Europeans suggest 
that important susceptibility alleles may initially have arisen in Scandinavia. In order to facilitate 
analysis of the disease in this founding population, a collaborative group was formed in 1994 (the 
Nordic MS Genetics Group) involving eight  Nordic research centers with the aim to identify familial 
multiple sclerosis in Scandinavia in order to establish a resource for genetic analysis.  
 
Study I was a genome-wide screen for linkage in 136 Nordic sib-pairs with multiple sclerosis that had 
been identified through the Nordic collaboration. Although the results showed no regions of genome-
wide significance, 17 regions were identified where the lod score exceeded 0.7 (the 5% nominal 
significance level). These regions include 1q11-24, 2q24-32, 3p26.3, 3q21.1, 4q12, 6p25.3, 6p21-22, 
6q21, 9q34.3, 10p15, 10p12-13, 11p15.5, 12q21.3, 16p13.3, 17q25.3, 22q12-13 and Xp22.3. In a 
genome wide screen of this density, only ten such regions would be expected by chance alone. The fact 
that our results exceed expectation suggests that some of these peaks are likely to be genuine. 
 
One of the regions showing potential linkage in the Nordic screen was located on the short arm of 
chromosome 10. This region has also shown partially overlapping peaks in several of the genome-wide 
screens including the screens from Italy, Sardinia, United Kingdom, as well as the latest meta-analysis 
of all genome-wide screens performed in multiple sclerosis. In study II we explored this region by 
genotyping 13 microsatellites in 449 sib-pairs with MS from the Nordic populations as well as United 
Kingdom, Sardinia and Italy. This study showed increased support for suggestive linkage on 10p15 
(MLS 2.5). 
 
Study III is an association analysis of the gene coding for the alpha-receptor of IL-15 (IL-15RA). This 
gene is located in the area of the peak on 10p15 that was found to give suggestive linkage in Study II. 
In this study, six single-nucleotide polymorphisms (SNPs) were genotyped in 553 patients with 
multiple sclerosis and 530 healthy controls. The study did not show any association for IL-15RA to 
multiple sclerosis, neither in single-point analysis nor haplotype analysis, making it less likely that this 
is the gene responsible for the peak in this region in the linkage analysis. 
 
In parallel with the published genome-wide screens for linkage in multiple sclerosis, a genome-wide 
linkage screen had been performed in a cohort of Icelandic families with multiple sclerosis. This screen 
showed a haplotype on chromosome 10p12, potentially associated with multiple sclerosis in these 
Icelandic families. As this region overlaps with our previous findings, we in study IV decided to 
investigate this chromosomal area in a cohort of Swedish patients with MS and controls. Although we 
could not show any definite significantly associated haplotypes, we detected a marginal significant 
core haplotype in the Swedish MS cohort overlapping a haplotype shared in four affected sibs in one 
Icelandic family, giving some support for continuing the genetic research in the region as one of the 
candidate regions on the short arm of chromosome 10 for susceptibility genes for MS. 
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INTRODUCTION 
MULTIPLE SCLEROSIS 

Multiple Sclerosis (MS) is a chronic neurological disease affecting the central nervous 
system (CNS). The disease mainly has its onset in young adults between the age of 20 
and 40 years. There is a female predominance with about two thirds of the affected 
being women (reviewed in [1, 2]). The disease is heterogeneous. The disease course 
varies and is difficult to predict on the individual level. About 80% of the patients have 
a relapsing-remitting disease (RR-MS) at onset. Usually there is good recovery from 
the initial relapses/bouts, but over the time most patients will eventually move into a 
progressive phase with remaining neurological disability between the bouts: secondary 
progressive MS (SP-MS). About 15 to 20% of patients with MS have a progressive 
disease already from the disease onset without any relapses: primary progressive MS 
(PP-MS) [1, 2]. 
 
It has been debated whether primary progressive multiple sclerosis is a distinct different 
disease than the other forms of multiple sclerosis [3-5]. However, recent 
epidemiological data have indicated that the progressive phase of the disease is very 
similar regardless of the disease-course at onset as reviewed by Confavreux [6] and this 
view is probably the most accepted among neurologists today.  
 
There are a variety of clinical symptoms and signs associated with multiple sclerosis 
including sensory disturbances, optic neuritis, limb weakness, unsteadiness due to 
ataxia, neurogenic bladder and bowel symptoms. Studies attempting to find factors 
predicting the disease course have shown indications that younger age at onset, female 
gender, optic neuritis or sensory disturbances as first bouts as well as complete 
recovery from individual episodes would predict a more benign course, while older age 
at onset, male gender, motor involvement together with only partial recovery from 
bouts would indicate a more severe course [7]. It has however also been shown that 
most important factor determining disability is onset of a progressive phase [8]. 
 
Diagnosing multiple sclerosis 

The general basis in the diagnosis of multiple sclerosis is that the patient should have 
had two or more clinical bouts of neurological symptoms and signs affecting more than 
one anatomical site, i.e. the disease should show dissemination in time and space 
(anatomically). The definition of a relapse or “bout” is an episode of neurological 
symptoms with a duration of at least 24 hours. Clinical history and examination has 
been the basis in the diagnosis of multiple sclerosis for a long time. Other paraclinical 
investigations used for establishing the diagnosis include Magnetic Resonance Imaging 
(MRI), investigation of cerebrospinal fluid (CSF) and (to a lesser extent) evoked 
potentials. 
 
MRI is nowadays regarded as “gold-standard” in the diagnosis of multiple sclerosis. A 
typical MRI-image of a patient with MS usually shows multifocal white matter lesions 
of different age and size. The lesions are often found in the periventricular white 
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matter, corpus callosum, cerebellum and brainstem as well as the spinal cord. 
Gadolinium-enhancement is regarded as an indication of active lesions (sites with 
inflammation). MRI-criteria to aid in the diagnosis have been established [9, 10]. 
Investigation of cerebrospinal fluid in patients with multiple sclerosis, shows 
abnormalities including presence of oligoclonal IgG bands on isoelectric focusing 
(without any concomitant bands in serum), and / or the presence of an elevated IgG 
index [11, 12]. Lymphocytic pleocytosis should generally not exceed 50/mm³. In some 
instances evoked potentials can be used to assist in diagnosis. 
 
The heterogeneity of clinical symptoms and signs between the individual patients with 
multiple sclerosis together with the fact that there is not one single feature or test that is 
sufficient for the diagnosis has lead to a need for clear diagnostic criteria. Stringent 
diagnostic criteria are also important in order to be able to design and evaluate clinical 
trials for new treatments. Through-out the years, three main criteria have been used. 
The first, the “Schumacher criteria” were published in 1965. They were later replaced 
by the “Poser-criteria” in 1983 [13] which are still widely used today. The latest 
revision of the diagnostic criteria of multiple sclerosis was published in 2001; the so 
called “McDonald-criteria” [14]. In these criteria, MRI has received a more prominent 
role, in establishing dissemination in time and space. The basis for diagnosis in all three 
criteria is the fact that, for the diagnosis of multiple sclerosis, the person should have 
neurological symptoms typical for multiple sclerosis with dissemination in time and 
space and other differential diagnoses should have been ruled out. 
 
Current treatments 

In Sweden there are currently four pharmaceutical products approved for disease 
modifying treatment in multiple sclerosis; three are β-interferons (IFN-β1a: Avonex® 
[15] and Rebif® [16]; and IFN-β1b: Betaferon® [17]) and the fourth is glatiramer 
acetate (Copaxone®) [18, 19].  (The modes of action of these substances are described 
later in this thesis.) The effect of the treatment is mainly a reduction in the number and 
severity of bouts. All substances registered as disease modifying treatments in MS 
today are approved only for disease with symptoms and signs indicating active 
inflammation for instance by frequent relapses. There is currently no substance 
registered for treatment of the progressive phase of the disease. 
 
Very recently (Nov 24, 2004), a new drug, Natalizumab [20](Tysabri®), with a slightly 
different mode of action was approved in the United Stated by the FDA (U.S. Food and 
Drug Administration). http://www.fda.gov/cder/drug/infopage/natalizumab/default.htm    
 
Immunology and Pathology 

Multiple sclerosis is usually regarded as an autoimmune disease, where inflammatory 
factors play an important role in the disease pathogenesis. However, the exact events of 
these mechanisms are still the focus of intense research. 
 
Studies in the animal model of multiple sclerosis; EAE (experimental autoimmune 
encephalomyelitis) have played an important role in deciphering the underlying 
immunological mechanisms behind MS. EAE is induced by immunization of the 
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animal (most often rodents; mice or rats) with myelin antigens and Freund’s adjuvant. 
This initiates an inflammatory disease of the central nervous system leading to variable 
degrees of demyelination. The disease course and severity of EAE are strain dependent, 
which has been utilized for genetic linkage analysis. 
 
T-cell mediated disease 

Multiple sclerosis is considered as a predominantly T-cell mediated inflammatory 
disease. There are several lines of evidence supporting this; the probably most well-
known is that EAE can be passively transferred by myelin-reactive T-cells [21], the so 
called “adoptive transfer” concept. Reviews by Noseworthy et al. [2] and O’Connor et 
al. [22] describe the chain of events involved in the disease process. The first step is an 
activation outside the CNS of autoreactive T-cells by for instance foreign microbes or 
self proteins. These autoreactive T-cells are specific for myelin antigen (e.g. myelin-
associated protein (MAG), myelin basic protein (MBP), myelin oligodendrocyte 
glycoprotein (MOG) or proteolipid protein (PLP)). The expression of endothelial 
adhesion molecules (e.g. ICAM-1 and VCAM-1) is upregulated. Activated T-cells 
express integrins that bind to the adhesion molecules. This complex interaction between 
the T-cell and the adhesion molecules in the endothelial wall together with local 
chemokines and metalloproteinases enables the passage of T-cells through the 
otherwise tightly regulated blood-brain barrier (BBB) into the central nervous system 
(CNS) [23, 24]. Once inside the CNS, the T-cells encounter their target antigens again 
and are re-activated by local antigen presenting cells (APC). T-cells may be classified 
into Th1 or Th2 cells [25]. Th1 and Th2 cells each have a distinctive cytokine secretion 
pattern [26]. Th1 cells produce the pro-inflammatory cytokines: interferon-gamma 
(IFNγ), tumour necrosis factor alpha (TNFα) and interleukin-2 (IL-2), which are 
disease promoting. Th2 cells on the other hand produce anti-inflammatory cytokines 
such as IL-4, IL-5, IL-6, IL-10 and IL-13, which down-regulate local inflammation and 
regulate humoral immunity.  
 
Antigen presentation 

An important step in T cell mediated immunity is the antigen presentation. T cells are 
activated by an interaction between its T cell receptor, the MHC molecule on an 
antigen presenting cell (APC) and a peptide bound to the MHC (the “first signal”). 
However, the activation is dependent also on a second signal largely provided by an 
interaction between CD28 molecules on the T cell with the corresponding ligands on 
the antigen presenting cell: B7-1 (CD80) and B7-2 (CD86). 
 
Major Histocompatibility Complex (MHC) class I molecules which are expressed on 
most nuclear cells in the body, present endogenous antigens to CD8+ T cells (cytotoxic 
T-cells). MHC class II molecules present exogenous antigens to CD4+ T cells (helper 
T-cells). MHC class II molecules are however only expressed by professional antigen 
presenting cells (APC), for instance dendritic cells, monocytes/macrophages and B 
cells. Microglia can also act as APCs [27]. 
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The human MHC is also referred to as HLA (human leukocyte antigen). As discussed 
later in this thesis, genetic studies have shown association between multiple sclerosis 
and HLA class II (and class I) alleles. 
 
Demyelination 

Demyelination is the result of several mechanisms, including immune-mediated effects 
by inflammatory cytokines, macrophages or T cells, as well an antibody-mediated 
damage to the myelin and complement-mediated injury. The destruction of the myelin 
sheath leads to reduced conduction velocity (loss of saltatory conduction) in the 
affected nerve, giving rise to clinical symptoms and signs typical of the disease. It is 
hypothesized that fast initial recovery from a relapse is due to an increase in the number 
of sodium-channels to restore the conduction, before remyelination can take place.   
 
Th1-Th2 

Multiple sclerosis has generally been regarded as a Th1 type mediated autoimmune 
disease [28], caused by an imbalance between Th1 and Th2 responses. It appears 
however that the underlying mechanism is not simply a shift from Th1 to Th2. 
Although a deviation from Th1 to Th2 has been shown to ameliorate EAE, studies also 
point towards an involvement of Th2 in the disease pathogenesis as well. One apparent 
evidence against a pure Th1 model is the fact, that when patients with multiple sclerosis 
were given anti-TNFα treatments, their disease was aggravated [29]. 
 
B-cells 

Despite the strong evidence for involvement of T cells in the pathogenesis of multiple 
sclerosis, there is increasing support for the involvement of B cells as well (reviewed by 
Cross [30] and [31]). The presence of oligoclonal bands in the cerebrospinal fluid (and 
concomitant absence of oligoclonal bands in peripheral blood) has for a long time been 
part of the diagnostic procedure. However, the most persuasive evidence for a role of B 
cells and antibody mediated demyelination is based on histopathological studies 
showing that B cells and plasma cells are found in areas of active myelin destruction as 
well as in chronic lesions.  
 
Mechanisms of disease modifying treatments 

As described earlier, there are currently four different pharmaceutical products 
approved as disease modifying treatment in multiple sclerosis in Sweden; interferon-β 
(IFN-β1a: Avonex® [15] and Rebif® [16]; and IFN-β1b: Betaferon® [17]) and 
glatiramer acetate (Copaxone®) [18, 19]. Interferon- β exerts its effect in several ways; 
decreased production of TNFα, decreased antigen presentation, a general shift towards 
a Th2 environment with increased secretion of IL-10. It also affects movement of T 
cells into the CNS by inhibiting the activity of T-cell matrix metalloproteinases. 
Glatiramer acetate is a synthetic polypeptide that promotes the proliferation of Th2 
cytokines and inhibits antigen-specific T-cell activation.  
Natalizumab, recently approved in USA (Tysabri®), is a humanized monoclonal 
antibody against α4 integrin [20]. Its mechanisms of action are by disturbing the 
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adhesion molecule interaction, thereby inhibiting the migration of leukocytes through 
the BBB, and by interfering with T-cell activation/re-activation. 
 
Pathology / Atrophy 

The typical histopathological features of MS lesions are multifocal, large, demyeliated 
plaques with reactive glial scar formation together with inflammatory infiltrates. 
 
Multiple sclerosis is often defined as a demyelinating disease with relative sparing of 
axons. It was however shown already in the late 1800s [32] that there is axonal 
destruction as well. It has later been shown that axonal damage and transection occurs 
in both acute and chronic plaques as a consequence of demyelination. Axonal loss can 
indirectly be observed as atrophy (for instance on MRI). There is an increased rate of 
atrophy in the brain and spinal cord at all stages of the disease, evident already early in 
the disease course [33]. 
 
Lassmann and Lucchinetti et al. have performed detailed pathological studies [34, 35] 
on MS lesions and found heterogeneity in lesion “patterns”. They defined four patterns 
of lesions: Type I with macrophage mediated demyelination, Type II with antibody 
mediated demyelination, Type III with distal oligodendrogliopathy and Type IV pattern 
involving primary oligodendrocyte damage with secondary demyelination. Pattern IV 
was only found in a few patients with a primary-progressive disease, whereas all 
patients with Devic’s neuromyelitis optica had pattern II. Otherwise there was no 
specific association any specific pattern and clinical disease course. 
 
Epidemiology 

The prevalence of multiple sclerosis varies considerably around the world. Kurtzke 
classified regions of the world according to prevalence: low prevalence was considered 
less than 5 cases per 100,000; an intermediate prevalence was 5 to 30 per 100,000, and 
high prevalence more than 30 per 100,000 inhabitants (reviewed in [36]). Generally, 
the prevalence is highest in northern Europe, southern Australia and the middle part of 
North America. The prevalence and incidence of multiple sclerosis varies with latitude 
with highest figures at the extremes of latitude in both the northern and southern 
hemispheres. 
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Figure 1  Prevalence of multiple sclerosis in the countries discussed in this thesis. The following 
publications  are cited: Norway: Dahl et al. [37], Celius et al. [38], Sweden: Svenningsson et al. [39], 
Sundström et al. [40], Finland: Sarasoja et al. [41], Sumelahti et al. [42], Iceland: Benedikz et al. [43], 
Denmark: Koch-Henriksen et al. [44], United Kingdom: Fox et al. [45], Robertson et al. [46], Italy: 
Pugliatti et al. [47], Sardinia: Pugliatti et al. [47, 48]. 
 
The cause of the variation in the prevalence and incidence of multiple sclerosis 
worldwide is not completely understood. Environmental and genetic explanations have 
been put forward, and both factors probably have a role. 
 
The high prevalence of multiple sclerosis in Scandinavia (Fig 1) and the striking 
correlation between its global geographical distribution and migration pattern of 
northern Europeans, could suggest that susceptibility genes may have arisen in 
Scandinavia and been disseminated by their descendants. This idea was suggested as 
the so-called “Viking hypothesis” by Poser [49, 50] favouring a genetic component of 
the disease. Kurtzke on the other hand [36] interpreted this as being caused by an 
“acquired, exogenous, environmental disease with a prolonged incubation period” 
originating from Scandinavia and spread overseas by migrations. Kurtzke partly bases 
his conclusion on studies of MS prevalence in the Faroe Islands. The studies of the 
Faroe Islands showed no cases of multiple sclerosis before 1943. The appearance of the 
first cases of MS occurred a few years after British troops had occupied the islands 
during World War II. Kurtzke hypothesize that these cases of multiple sclerosis were 
caused by a transmissible infection with a prolonged incubation period between 
acquisition and clinical expression with a thus-far unidentified agent.  
 
Other “clusters” or “epidemics” have been claimed, for instance in Iceland [51, 52], 
Shetland and Orkney Islands [53] and Key West (Florida, USA) [54]. Many of these 
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reports including the “Faroe epidemic” have however been widely questioned and re-
examination have often not supported the initial observation [55, 56]. It has also been 
put forward that “true” increase in prevalence rates are more likely caused by an 
improved ascertainment and increased awareness among physicians [56].  
 
Interestingly, within areas with high prevalence of multiple sclerosis, there are some 
sub-populations in which multiple sclerosis is very rare, for instance the Sami 
population of northern Scandinavia [57] and the Maoris in New Zealand [58]. 
 
Studies of people who migrate from high- to low risk areas have shown that those 
migrating after the age of 15 keep the risk of their birthplace, while those migrating 
before the age of 15 acquire the lower risk of their new residence (reviewed in [59]). 
These migration studies have been regarded as support for an environmental factor 
responsible for the disease. The validity of the migration studies have however been 
criticized with the notion that migrants seldom are representative of the general 
population of the country which they have left [60]. 
 
Another factor that has been regarded as support of an environmental factor involved in 
disease pathogenesis is the fact that the prevalence of multiple sclerosis tends to follow 
latitudinal gradients with highest prevalence figures furthest away from the equator. 
This latitudinal gradient is supported by studies from both the northern hemisphere 
(USA) [61, 62] and the southern hemisphere (Australia) [63-65]. Critics however point 
to the importance of population ancestry rather than strict geographical factors [66]. 
 
Among the environmental agents studied in multiple sclerosis, most of the studies have 
investigated different viruses and the possible involvement in the disease. Some of the 
viruses most often discussed in this aspect are human herpes virus 6 (HHV-6) [67, 68], 
Epstein-Barr virus (EBV) [69-71] and Chlamydia pneumoniae [72, 73]. The results of 
the studies are somewhat conflicting and so far, no viruses have unequivocally been 
confirmed to be causative. 
 
In a recently published article, Ebers [74] et al. found a seasonal birth effect, in that 
there was a higher risk of getting MS for people born in the month of May. They 
hypothesize that this could be explained by environmental factors, such as exposure to 
sunlight and its interaction with vitamin D.   
 
Genetic Epidemiology 

Different epidemiological methods have been applied in order to establish a genetic 
component in the aetiology of multiple sclerosis. About 15 to 20 % of patients with MS 
have one or more affected relative [75, 76]. Familial aggregation of a disease is often 
evaluated by studying the relatives of the affected person (proband) and establishing 
whether they are at higher risk of getting the disease than the normal population. This 
alone however, can not differentiate between shared environment and genetic aetiology. 
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Recurrence risk is one method often used to describe familial aggregation of a disease. 
Studies of relatedness in multiple sclerosis have shown that first, second and third 
degree relatives of people with multiple sclerosis are more likely to have the disease 
than the normal population. These recurrence risks vary with relatedness. One 
measurement often used to evaluate recurrence risk is λR (the ratio of the risk to 
relatives of type R (e.g. siblings, offspring) compared to the population risk. The most 
commonly used is λs (recurrence risk in siblings): 
 
 λs =             risk for siblings of an affected individual
       general population prevalence 
 
In multiple sclerosis λs is estimated to be 20-40 (0.02-0.04/0.001) [77]. (Some 
examples of λs in other diseases are: λs ~ 500 for Cystic fibrosis; λs 15 for IDDM and 
λs 4-5 for Alzheimer’s disease). In general, a λs >2.0 is thought to indicate a genetic 
component. However, as λs is dependent on both the increased risk in related 
individuals and the general population risk, a strong effect in a very common disease 
will have quite a small λs. 
 
Identical (monozygotic – MZ) twins are genetically identical, whereas fraternal 
(dizygotic – DZ) twins share on average half of their genes, just like siblings. 
Comparing concordance rates between MZ and DZ twins gives an estimation of the 
role of genetic factors involved in the disease. If the concordance rate of a disease is 
100% in MZ and 25-50% in DZ twins, the disease would be regarded as strictly genetic 
and probably due to a single gene. In diseases where genetic factors are important, 
although not the only underlying factor, the concordance rate for MZ twins is greater 
than for DZ twins. In twin studies, ascertainment is an important issue, and the studies 
should preferably be population-based. Several twin studies have been performed in 
multiple sclerosis, most of which show a higher concordance rate in MZ twins (25-
30%) compared to DZ twins (2-5%) [74, 78, 79] indicating the involvement of genetic 
factors.  
 
Adoption-studies in multiple sclerosis [80] have shown that an adoptive relative raised 
together with a person affected by multiple sclerosis is no more likely to develop 
multiple sclerosis than the general population. This indicates that the familial 
aggregation of multiple sclerosis is related to genetic factors rather than to shared 
familial environment.  
 
Half-siblings share on average 25% of their genetic background compared to 50% in 
full siblings. This difference enables a test of the effect of genetic sharing on recurrence 
risk. One can also compare half-siblings reared together with or apart from the index 
patient. In multiple sclerosis, the half-sibling recurrence risk (1.32%) is significantly 
less than that for full-siblings (3.46%) in the same family [81] giving support to genetic 
sharing instead of environmental factors. 
 
Two studies [82, 83] have shown a significantly higher risk for off-springs of two 
persons with multiple sclerosis compared to that for offspring with only one affected 
parent (30.5% compared with 2.49% respectively in the Canadian study [83]). In a 
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study of 13,000 spouses of multiple sclerosis patients, Ebers et al. [83] showed that the 
rate of multiple sclerosis among them was no different from that expected, based on the 
general population risk. 
 
COMPLEX GENETIC TRAITS 

Definition of a Complex Genetic Trait 

The term “complex genetic disease” refers to any phenotype that does not exhibit 
classic Mendelian inheritance attributable to a single locus. Most of our common 
diseases such as diabetes mellitus, hypertension etc. are regarded as complex genetic 
diseases. The underlying background to complex diseases is most probably an interplay 
between several susceptibility genes interacting with other factors for instance 
environment and probably stochastic factors as well. The genes involved in complex 
genetic traits are often referred to as susceptibility genes to distinguish them from the 
causative genes in Mendelian monogenic diseases. 
 
Today over 1,200 gene variations responsible for human diseases have been identified, 
almost all of which are Mendelian diseases. For complex genetic diseases or traits 
however the work has been less rewarding. In Mendelian diseases where a disease 
“runs in a family” it is not uncommon to find large pedigrees with many affected 
family members. In complex diseases, large pedigrees with many affected family-
members are only rarely encountered. If a large pedigree with an assumed complex 
disease is found, the first question to ask is whether the members of this pedigree 
actually have the complex disease in question or whether they are affected by another 
less common Mendelian trait. In these situations it is particularly important to consider 
other differential diagnoses. 
 
Genetic Markers 

Genetic markers reflect natural sequence variations in the genome. The two main 
markers used for genetic analysis today are microsatellites and SNPs (single nucleotide 
polymorphisms). 
 
Microsatellites 

Microsatellites are short (2-6 bp), tandemly repeated DNA sequences that are widely 
spread in the genome. Based on the size of the tandem repeat unit, the microsatellites 
are divided into di-, tri- and tetranucleotide repeats. Dinucleotides are most frequent, 
followed by tetranucleotides while trinucleotides are the least common form. 
Microsatellites are highly polymorphic and have been widely used for genetic analysis, 
especially in genome wide screens. The predominant mutational mechanism underlying 
the development of microsatellites is thought to be DNA polymerase slippage during 
replication. The mutation rate is much higher than for SNPs: up to 10 -3 per site per 
generation [84] compared to an average of 10 -8 for SNPs [85]. The rate of mutation 
however differs between genetic locations.  
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Single-nucleotide polymorphisms (SNPs) 

Polymorphisms are variations in the genome sequence. The most abundant and 
commonly used polymorphisms are the SNPs (single nucleotide polymorphism). SNPs 
are single base pair positions in the genomic DNA at which different alleles exist in 
normal individuals. The effect of a SNP is dependent on its location in the genome; e.g. 
whether located in coding sequences, non-synonymous/synonymous etc. SNPs can be 
disease-causing, but are most commonly a part of the human variation. They are more 
common than any other polymorphisms and occur at a frequency of approximately 1 in 
1,250 base pairs throughout the genome. The bi-allelic nature of SNPs has made them 
amenable to high-throughput genotyping. There are currently (Dec 4th, 2004) 10 
million (5 million validated) SNPs identified and publicly available at NCBI – dbSNP 
build 123 (http://www.ncbi.nlm.nih.gov/SNP/snp_summary.cgi). 
 
Genetic analysis is commonly divided into “Linkage analysis” and “Association 
analysis”. 
 
Linkage Analysis 

In multigenerational pedigrees with many affected family-
members, classical linkage analysis (model-dependent) is 
commonly used to find the gene responsible for the disease in 
this specific family. Linkage is the tendency for two loci on 
the same chromosome to be inherited together more often  

than by chance alone. Linkage analysis can be very powerful, provided that one can 
specify the correct model (mode of inheritance) in terms of parameters such as 
penetrance and disease allele frequency. As mentioned above, large multigenerational 
families with a complex trait are rare, therefore the focus has instead turned towards 
smaller nuclear families, especially affected sib-pairs. In this case, no mode of 
inheritance can be determined and classical linkage analysis is not fully adequate. 
Instead, non-parametric (or model-free) methods have been developed.  
 
Non-parametric sib-pair methods were first developed by Penrose already in 1935 
(reviewed by Holmans [86]). Over the years, Penrose’s method has been further 
developed but the basis is still the same: if there is linkage, affected individuals will be 
more similar in those parts of the genome close to a disease susceptibility gene than 
would be expected by chance [86]. 
 

The sib-pair methods are often referred to as allele-sharing 
methods. The most common allele-sharing method is the 
“affected sib-pair test”, which compares the observed number of 
affected sib-pairs sharing zero, one or two alleles identical by 
descent (IBD) with that expected under no linkage: ¼, ½ and ¼ 

(for 0, 1 or 2 alleles IBD respectively). IBD-status can however often not be determined 
unequivocally, for instance when genotyping data from parents and grandparents is not 
available. Therefore, the most commonly used programs today are based on a 
likelihood-ratio method developed by Risch [87, 88], which maximizes the likelihood 
of the data with respect to the probabilities of pairs sharing 0, 1 or 2 alleles IBD. 
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Risch’s method was further developed by Holmans [89] who restricted the 
maximization to the set of IBD probabilities consistent with possible genetic models 
(the “possible triangle” method). This method is implemented in SPLINK [90] and 
MAPMAKER/SIBS [91]. 
 

Association Analysis 

Association studies test whether a particular allele 
occurs at higher frequency among affected than 
unaffected individuals. Basically, there are two main 
types of association studies. The first is case-control 

studies, in which a comparison is performed between the allele 
frequencies in a set of unrelated affected individuals to that in a set of 
unrelated controls.  

 
The other type of association study is the family-based approach; 
most commonly the TDT-test (transmission disequilibrium 
testing) in which trios (an affected individual + both parents) are 
studied. TDT investigates whether the frequency of alleles 
transmitted from heterozygous parents to affected offspring is 
significantly different to the frequency of the non-transmitted 

alleles [92]. In general, family-based methods are less powerful than case-control 
studies, but because of the intra-familial comparisons, they are less susceptible to 
population stratification, which potentially can be a problem in case-control studies. 
 
From a methodological point of view genetic studies can be categorized into genome-
wide screens and candidate gene approaches. 
 
 
 
 
 
 
 
Figure 2 Different applications of linkage and association analysis. Hitherto, genome-wide 
screens have mainly been based on linkage. In the near future it is likely that more studies (especially for 
complex genetic traits) will be based on association. Linkage has been used for candidate gene studies, 
however today most candidate gene studies are based on association analysis.  
 
Genome-wide Screens 

Genome-wide screens for linkage have been successfully used to locate disease-causing 
genes for monogenic/Mendelian diseases. Although the genetics is more complicated in 
complex genetic diseases, performing a genome-wide screen is usually the first step 
towards gene identification here as well. Genome-wide screens or scans are performed 
by typing a set of microsatellite markers evenly spread along the genome. The markers 
should preferably be highly polymorphic to increase the likelihood of informative 
meioses. An average marker-density of one microsatellite every 10cM (a total of 300-
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400 markers) has been accepted as a “gold standard” for genome-wide screens. Today 
there are commercially available pre-designed “Genome-mappings sets”. Wherever a 
region of interest is found the scientist usually saturates the region with a denser set of 
markers in an extended number of families.  
 
Genome-wide screening has the advantage that it is performed in a hypothesis 
independent manner and therefore does not require any prior knowledge of the 
underlying disease mechanisms.  
 
There are different ways of performing genome-wide screens in order to use the data as 
efficiently as possible in a cost-effective way. Hauser [93] suggested dividing the work 
into two stages. In the first stage an unbiased genome-wide screen is performed. 
Regions of interest from the first stage is then followed-up by either typing additional 
families or family members in these regions, or by adding additional markers in the 
region of interest (or both). One can choose whether or not to include other family 
members than the affected sib-pairs in the screening phase [89, 93]. Parents or 
unaffected siblings contribute to the information content by adding information about 
phase. However, this gain in information also has a cost as there is an increase in 
genotyping effort. Therefore one approach is to genotype these additional family 
members (where available) in a second stage. Apart from contributing to information 
about the phase, genotyping unaffected relatives also helps in detecting genotyping 
errors. 
 
In the case of pedigrees with a seemingly Mendelian mode of inheritance, parametric 
methods are more powerful and should be used for analysis. In other cases, such as 
studies with affected sib-pairs, parametric methods can still be used, however, if there 
is no clear mode of inheritance, non-parametric methods are more commonly used. To 
further increase the information from the data and to facilitate the localization of the 
peaks, multi-point analysis, can be performed. 
 
Statistical significance levels in genome-wide screens 

One important issue often discussed regarding genome-wide screens is how to define 
the level of statistical significance when so many statistical tests are performed at the 
same time. Lander and Kruglyak stated in an often cited article from 1995 [94] the 
difference between point-wise significance levels and genome-wide significance levels. 
The point-wise or nominal significance level is the probability that one would 
encounter a peak with such LOD-score at a specific locus just by chance. The genome-
wide significance is the probability that one would encounter such a LOD score 
somewhere in the whole genome scan. 
 
Lander and Kruglyak [94] stated the following guidelines for assigning genome-wide 
significance: 

• Suggestive linkage – statistical evidence that would be expected to occur one 
time at random in a genome scan. 

• Significant linkage - statistical evidence expected to occur 0.05 times in a 
genome scan (that is with probability 5%) 
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• Highly significant linkage - statistical evidence expected to occur 0.001 times in 
a genome scan. 

• Confirmed linkage – significant linkage from one or a combination of initial 
studies that has subsequently been confirmed in a further sample, preferably by 
an independent group of investigators. For confirmation, a nominal p-value of 
0.01 should be required. 

 
In the case of sib pair studies the first three categories would correspond to point-wise 
lod scores of 2.2; 3.6 and 5.4. These levels have later been regarded as slightly too 
conservative. Sawcer et al. [95] performed simulations based on the first UK genome-
wide screen in MS. These simulations were based on real data and were slightly less 
conservative. They also reported a maximum lod score level (MLS) for nominal 
significance of MLS > 0.7, which is consistent with the level predicted theoretically 
[89]. 
 
Candidate Gene Approach 

Instead of performing an unbiased non-hypothesis driven screen of the whole genome 
in search for susceptibility genes, the candidate gene approach focuses on genes chosen 
on the basis of existing knowledge of the pathogenic mechanisms. Association studies 
can be based on either positional or functional candidate genes (or both). Positional 
means that the gene of interest is located in a region of a peak from a genome-wide 
screen. Functional candidates are chosen based on their expected involvement in the 
disease process or pathways (based on results from other biological studies). Candidate 
gene studies are today almost exclusively based on association analysis.  
 
Association analysis can be performed as either a direct test of association, i.e. it is the 
polymorphisms in question that may have the functional consequences that gives rise to 
the phenotype (or disease) in question. The alternative is to perform an indirect test, 
which means that the marker tested is in very close genetic proximity to the variant or 
mutation that is responsible to the functional outcome. Indirect testing relies on so 
called linkage disequilibrium (LD).  
 
Linkage Disequilibrium (LD) 

Linkage Disequilibrium (LD) is the non-random association of alleles at adjacent loci, 
i.e. two specific alleles at two closely located loci are found together on the same 
chromosome more often than would be expected by chance. The extent of LD is 
dependent on several factors both on the molecular level such as recombination and 
mutation rate as well as demographic and evolutionary factors such as migration, 
population growth and admixture between populations. LD is expected to be higher in 
populations derived from relatively few founders, so called “population isolates”. 
Example of populations that in this sense have been regarded as population isolates are 
Sardinians [96], French Canadians [97] and some parts of Finland [98, 99]. 
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There are two main ways of measuring the level of linkage disequilibrium, both of 
which are based on Lewontin’s D [100]: 
 

• | D' |   ( the absolute value of D') 
• r² 

 
The first frequently used measure of linkage disequilibrium is | D' | as illustrated in  
Fig. 3. D is the difference between the observed haplotype frequency “A-B”, and the 
frequency it would be expected to have if the alleles were randomly segregating  
[f (A1) f (B1)]. D' is obtained by dividing D with Dmax (the maximum D possible for a 
given set of allelic frequencies at the two loci).  
 
 
 

               A      B 
 

 
 

D = x1 – f (A1) f (B1) 
 

D' = D / Dmax

 
| D' | = the absolute value of D' 

 
 
Figure 3a Two loci named “A” and “B” are located close to each other on the same chromosome. 
The formula above describes the calculation of | D' |. The term “x1” is the observed haplotype frequency 
of the haplotype “ A-B “.   f (A1) is the frequency of allele A1 and  f (B1) the frequency of allele B1. 
 
| D' | = 1 is called complete LD. One main drawback is that | D' | values can be highly 
inflated, in the case of small sample sizes. It is also sensitive to allele frequencies, and 
can be inflated for SNPs with rare alleles. Intermediate values of | D' | < 1 can be rather 
difficult to interpret. 
 
The other commonly used measure of linkage disequilibrium is r² (or ∆²). 
 

 
D² 

r² =     ——————————— 
f (A1) f (A2) f (B1) f (B2) 

 
 
Figure 3b Formula for calculating r². Based on the same loci “A” and “B” as above,  f (A1) and   
f (A2) are the alleles at locus “A”  while f (B1) and f (B2) are the alleles at locus “B”.  
( “Genetics of Populations” 2nd edition Philip W. Hedrick. Jones and Bartlett Publishers 2000, p398-402) 
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r² is the correlation of alleles at the two loci as described above. r² = 1 is called perfect 
LD. The term r² has the advantage that it does not show the same inflation for rare 
alleles or small sample sizes. Intermediate values of r² are more easy to interpret than 
for | D' |. 
 
The degree of LD between two alleles is dependent on how old the two polymorphisms 
are i.e. when they appeared in the population and the degree of recombination between 
them. Reich et al. [101] estimated the mean | D' | in the genome to be 60kb by studying 
unrelated individuals from Utah, of north European descent. A study by Gabriel et al. 
[102] indicated that in European or Asian population half of the human genome exists 
in blocks of 44 kb or larger, while in African or African-American populations the 
figure was 22 kb. 
 
Markers that are located close to each other, generally have higher LD than those 
located far apart. It has however recently been shown, that there is a high degree of 
variation in the extent of LD, so that “the variation overwhelms the mean”.  There are 
regions with blocks of markers with high LD, so called “Haplotype blocks”. These 
block are broken up by areas with high recombination rates, “recombination hot-spots”.  
 
Haplotypes 

As a result of linkage disequilibrium, alleles located close to each other tend to be 
inherited together. A haplotype consists of a number of alleles that are inherited from a 
single parent. The length and number of involved alleles of the haplotypes varies 
between regions of the genome and is decreased by each generation (meiosis).  
 
During the last few years there has been an increased interest in the use of haplotypes in 
the analysis of complex genetic traits. Empirical studies show that common haplotypes 
can capture most of the genetic variation in the region. If we for example have four bi-
allelelic markers (SNPs): A, B, C and D, they could theoretically form 24 = 16 possible 
haplotypes. In a haplotype block however, about three to five haplotypes account for 
more than 90% of the observed chromosomes in a population.  
 
Haplotypes can be deduced in family-based analysis by studying the inheritance 
patterns from parents to offspring. In case-control studies however, where the “phase” 
is unknown, the haplotype distribution has to be inferred by statistical methods. One of 
the most commonly used statistical algorithm for inferring haplotypes in phase-
unknown data is the EM-algorithm (Expectation-Maximization), which is implemented 
in several haplotype-analysis programs. 
 
The genome-wide extent of LD and the haplotype distribution in the genome has 
become the focus of intense studies in the hope that it might facilitate whole-genome 
association studies in complex human diseases. The success of this idea is highly 
dependent on a comprehensive knowledge of the patterns of LD throughout the 
genome. To facilitate this, “The International HapMap Project” [85] 
(http://www.hapmap.org/) was founded in 2002. This is an international consortium 
with the goal: “to determine the common patterns of DNA sequence variation in the 
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human genome and to make this information freely available in the public domain”. 
Through the HapMap project 600,000 “common” SNPs will be genotyped in 270 
individuals from four different populations (European ancestry, Yoruban (Nigeria), 
Japanese and Han Chinese), followed by additional genotyping in selected regions.  
 
Statistical Significance in Association Analysis 

The appropriate level of p-value in order to declare statistical significance is widely 
debated. Traditionally, when performing a test, a significance level of α < 0.05 has been 
accepted as a level for declaring significance. This however, assumes that there is only 
one test performed which is rarely the case in genetic analysis, where many markers are 
tested, often under different models and with different sub-group analyses. In a study 
where k independent analyses are performed, the type I error rate is 1-(1-α)k. In order to 
correct for the increase in risk of type I errors when multiple tests are performed, the 
“Bonferroni correction” is commonly used. In Bonferroni correction, the significance 
level is divided by the number of independent tests performed (α / k). This correction, 
however assumes that the tests performed are independent of each other, which is not 
the case when haplotypes or markers in LD are analysed. The level of significance is 
discussed further in “General Discussion”. 
 
Summary Genetic Analysis of Complex Traits 

Many factors contribute to the complexity of complex genetic traits. There is not a 
straight forward correlation between genotype and phenotype; i.e. carrying a 
susceptibility allele does not fully predict disease status. There are individuals who 
carry the susceptibility allele, but who do not get the disease (reduced penetrance). 
There are also individuals who get the disease without having the susceptibility allele 
(phenocopies). 
 
Two other important factors are locus- and allelic heterogeneity. In locus heterogeneity, 
a disease is caused by mutations or polymorphisms at more than one locus. Allelic 
heterogeneity on the other hand means that there are several alleles at the same locus 
that are causing the disease. Association analysis will be hampered by both of these 
forms of heterogeneity, while linkage analysis only will suffer if there is locus 
heterogeneity. 
 
However, in some complex diseases, for instance breast cancer, families with many 
affected members have been found. In these specific families, the disease onset is 
usually very early in life. By focusing on families with early onset, scientists managed 
to find genes (BRCA1 and BRCA2) associated with hereditary susceptibility to breast 
cancer (reviewed in [103]). These genes are responsible for the disease in some of the 
families with early onset, but is not responsible for the sporadic cases of breast cancer. 
This illustrates one difficulty in what conclusion that can be drawn from pedigrees with 
many affected individuals (i.e. how representative a single-gene from a Mendelian 
pedigree is for the general “sporadic” population of patients). It is however important to 
note that even if the identified gene is not causing the disease in the majority of the 
patients; it can still give important information about the underlying disease 
mechanisms.  
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In conclusion the background of complex genetic traits is intricate. Apart from the 
already mentioned factors such as phenocopies, reduced penetrance, locus- and allelic 
heterogeneity, there are other factors influencing the phenotype of a complex genetic 
trait, such as clinical heterogeneity and complex interactions, both between genes and 
with environmental factors, and stochastic events.  
 
MULTIPLE SCLEROSIS AS A COMPLEX GENETIC TRAIT 

As described in the paragraph about genetic epidemiology, multiple sclerosis fulfills the 
”criteria” of being a complex genetic disease. A large number of candidate genes have 
been studied. Apart from studies in the HLA-complex, most candidate genes that have 
been claimed to be associated with susceptibility to multiple sclerosis have not been 
subsequently confirmed. Unfortunately, many studies have used small sample sizes and 
therefore suffer from lack of power to detect the effect we could expect to find for a 
gene associated with multiple sclerosis. Several recent reviews [104-107] have 
described and listed candidate gene studies in multiple sclerosis.  
 
Candidate Gene Studies in Multiple Sclerosis 

Already in the early 1970’s, an association between multiple sclerosis and HLA 
complex was shown [108-110]. This association has been replicated and confirmed 
several times (reviewed in [110]). About 60% of people with multiple sclerosis have 
DRB1*1501,DQA1*0102,DQB1*0602, commonly called DR15, compared to 25-30% 
of the general population. These figures are based on people of Northern European 
descent. In Sardinia however, the main HLA-class II association is with DR3 
(DRB1*0301,DQA1*0501,DQB1*0201), with 32% in patients and 22% in controls, 
followed by DR4 (DRB1*0405,DQA1*0501,DQB1*0301), with 6.6% in multiple 
sclerosis and 3.2% in controls. Interestingly, DR15 is also associated in the Sardinian 
multiple sclerosis-population, but to a much lesser extent and the prevalence is much 
lower (2.5% in multiple sclerosis and 1.5% in controls) [111-113]. 
 
In relation to clinical characteristics, DR15 has been shown to be associated with 
female gender and younger age at onset, but not to disease course [114-116]. Barcellos 
et al. [117] has demonstrated a dose effect of the HLA-class II haplotype DR15 
(DRB1*1501,DQB1*0602) on the risk of multiple sclerosis. Carriage of one or two 
copies of the DR15-haplotype conferred a 2.7-fold and 6.7 fold risk respectively, 
compared to carrying no DR15-haplotype. These results have been confirmed in a 
Swedish population where a 3.0-fold and 8.3-fold risk respectively was shown [118]. 
 
A number of groups have also found indication of a second susceptibility locus 
including both alleles conferring an increased risk as well as protective alleles in the 
HLA-region class I region [119-121]. 
 
Another candidate gene that has been extensively studied in several neurological 
diseases, especially in relation to neurodegeneration is apolipoprotein E (APOE). It is 
well established that homozygous carriage of allele ε4 is associated with an increased 
risk of developing Alzheimer’s disease [122, 123]. Studies in multiple sclerosis have 
shown conflicting results regarding disease susceptibility, however in studies looking at 
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disease-severity or progression instead of susceptibility; some studies show that the ε4 
allele confers an increased risk of severe disease [124, 125]. (Both of these studies used 
MRI parameters indicating tissue destruction as an indicator of disease severity.) 
Another study, looking at clinical parameters, did not find any association with disease 
severity [126]. 
 
Many other candidate gene studies have been performed in multiple sclerosis, but the 
results have been either negative, conflicting or not confirmed in other populations. 
 
Genome-wide Screens for Linkage in Multiple Sclerosis 

The first three genome-wide screens for linkage performed in multiple sclerosis were 
published “back-to-back” in Nature Genetics 1996 [127-129]. Three independent 
research groups had studied American, British and Canadian families with multiple 
sclerosis. The first reaction on the results of these screens was somewhat negative as no 
regions with linkage of genome-wide significance were seen in any of the three screens. 
There were however, more regions with suggestive and potential linkage than expected 
by chance. 
 
To date (Dec 2004), 12 full genome-wide screens for linkage from different 
populations have been published [127-138]. Two meta-analyses have been performed; 
the first one was based on the raw-data from the three original screens of the American, 
British and Canadian families [139], a total of 241 families (381 pairs) with multiple 
sclerosis. The following meta-analysis [140] is the largest to date and is based on the 
raw-data from 719 families (944 pairs) from the initial three screens together with the 
screens from Finland, Sardinia, Italy, the Nordic countries, Turkey and Australia. In 
contrast to the previous screens and the first meta-analysis, the second meta-analysis 
could show genome-wide significant linkage for the HLA-region on chromosome 
6p21. 
 
Table 1 (p19) The table shows all published genome-wide screens for linkage in out-bred populations  
in multiple sclerosis (Dec, 2004). The columns show the population studied, year of publication, number 
of families/sib-pairs genotyped in the first stage of respective screen. Some of the screens were performed 
in two stages (with different study-design between the studies). The number of families/sib-pairs included 
in the second stage (where applicable) is noted in the right-most column. Further, the number of markers 
typed in the screening phase is given, together with the analysis method used in each study. Depending 
on study-design and choice of analysis program, each study used different criteria for calling a peak 
“suggestive” (Level A) or “potential” (Level B) linkage. Note that as these criteria vary, it is not possible 
to directly compare them   
 
Figure 4 (p20-22) An illustration the location of peaks from the genome-wide screens for linkage listed 
in table 1. Each study is depicted with a letter referring to the first column in table 1 (the references are 
also listed at the end of this figure). The open arrows on the right side of each respective chromosome 
refer to peaks of “potential linkage”, while the filled arrows on the left side represent peaks of 
“suggestive” linkage. The larger filled arrows show the peaks from the latest meta-analysis [140].  
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Apart from the genome-wide screens in out-bred populations, two genome-wide 
screens in multigenerational pedigrees with multiple sclerosis have been published. 
Vitale et al. genotyped 613 markers in 18 members (7 affected and 11 unaffected) of a 
multigenerational family of Pennsylvania Dutch background [141]. In this family, the 
disease seemed to segregate with an autosomal dominant inheritance pattern. A peak of 
suggestive linkage (maximum multipoint LOD score 2.71) was found on 12p12. Modin 
et al. studied a family of Middle Eastern origin, with a possible autosomal recessive 
inheritance and found a LOD score of 2.29 on 9q22 [142]. 
 
Genome-wide Screens for LD in Multiple Sclerosis 

Alongside with the disappointments of the initial genome-wide screens, the thoughts of 
novel ways of performing unbiased screens emerged. In Cambridge, UK, Stephen 
Sawcer and Alastair Compston founded a collaborative project called “Genetic 
Analysis in Multiple sclerosis in EuropeanS” or “GAMES”. The aim of this project was 
to take advantage of the linkage disequilibrium in the genome. The GAMES-project 
was based on the idea of genotyping 6000 microsatellite markers evenly spread across 
the genome in order to perform an indirect genome-wide screen [143, 144].  
 
To make the genotyping possible, the study was based on typing pools of DNA [145]. 
The first study was performed in the British population [146] by typing four pools of 
DNA from cases (n=216), controls (n=219) and trio families index patients (n=745 
affected) and their parents (n=1490). This experiment was thereafter followed by 
similar studies in pools from the participating countries (18 groups from 17 countries) 
[147-163]. Each study contributed one pool of DNA from patients with MS and one 
pool of DNA from control individuals (some groups also used trio-families). The pools 
contained DNA from around 200 individuals, with concentrations carefully measured 
to make sure that each individual gave equal contribution to the pool. 
 
Over 80% of the screens found significant association with at least one marker located 
in the HLA-region, which can serve as a positive validation or “proof of principle” of 
the method. The analysis in the individual groups also provided ranking of markers. 
The main problem encountered in the GAMES study was that the density of 6000 
microsatellites (on average 1 / 500 kb), which at the time of the design of the study was 
regarded as an appropriate density, turned out not to be sufficient [144]. Recent studies 
have shown that the extent of LD is shorter than expected and that there is a huge and 
unpredictable variation in LD across the genome. Another problem was the artifacts 
inherent in microsatellites. These artifacts turned out to be technically more challenging 
than initially anticipated. The GAMES-project has however provided the basis for 
many future collaborative studies. 
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AIMS OF STUDY I – IV 
 
Study I 
To perform a genome-wide screen for linkage in 136 sib-pairs with multiple sclerosis 
from four Nordic countries (Denmark, Finland, Norway and Sweden). 
 
 
Study II 
To refine the linkage in an area on chromosome 10, found in study I, by linkage 
analysis in four European populations (Italy, Sardinia, United Kingdom and the Nordic 
countries). 
 
 
Study III 
To study a potential candidate gene, interleukin 15 receptor alpha (IL-15RA) located in 
the refined region from study II. 
 
 
Study IV 
Fine-mapping of a region on chromosome 10 in a Swedish population based on results 
from a genome-wide screen for linkage in Icelandic families with multiple sclerosis. 
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MATERIALS AND METHODS 
 
PATIENTS AND CONTROLS 

All patients with multiple sclerosis in study I-IV fulfilled the criteria for definite 
multiple sclerosis according to the Poser-criteria [13] and/or McDonald-criteria [14]. 
All patients (study I-IV), their family members (in study I & II) and controls (study III 
& IV) gave informed consent to participate in research. Ethical permission was 
obtained from the local ethical committee. 
 
Sib-pair Families (Study I & II) 

For study I, a total of 136 families with affected sibling pairs were included in the 
statistical analysis (Table 2). From the beginning 138 sib-pairs were genotyped, but 
after performing SIBERROR-test (as described under “Statistical analysis”), two pairs 
had to be excluded. All families had been identified by the members of “The Nordic 
MS Genetics Group” (see Acknowledgements for participating groups). Where 
available, DNA was also obtained from parents or unaffected siblings. 
 
      
Nordic Danish Swedish Norwegian Finnish  TOTAL 
      
Families      
Affected sibling pairs 50 41 33 12 136 
- n with both parents    8 7 2 0 17 
- n with one parent 13 7 4 0 24 
- n with no parents 29 27 27 12 95 
      
- n of unaffected siblings 0 4 0 20 24 
      
 
Table  2 Family characteristics of sibling pairs in the Nordic linkage screen (study I).  
 
 
 
Study II contained the families from study I plus sib-pair families from United 
Kingdom, Italy and Sardinia (Table 3). 
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 UK (UK1/UK2) Sardinian Italian Nordic   TOTAL 
Families      
- total 226 (129/97) 49 38 136 449 
- number with pairs 215 (122/93) 46 37 136 434 
- number with three affected sibs 11 (7/4) 3 1 0 15 
      
- families with both parents 59 (40/19) 22 21 17 119 
- families with one parent 72 (34/38) 21 13 24 130 
- families with no parents 95 (55/40) 6 4 95 200 
      
Individuals      
- total 765 (447/318) 220 163 354 1502 
- affected siblings 463 (265/198) 101 77 272 913 
- unaffected siblings 112 (68/44) 54 31 24 221 
- parents 190 (114/76) 65 55 58 368 
      
 
Table  3 Family characteristics of the individual populations and total number of individuals 
genotyped in study II. 
 
Patients and Controls (Study III & IV) 

The patients with multiple sclerosis were diagnosed by neurologists at the Karolinska 
University Hospital – Huddinge and Solna sites (tertiary referral centres in Stockholm). 
The corresponding control group consisted of ethnically matched blood donors residing 
in the Stockholm area. All patients and controls were Caucasians residing in the 
Stockholm area (Sweden), who were born and raised in either Sweden or one of the 
neighboring Nordic countries (Denmark, Finland or Norway). 
 
GENETIC ANALYSIS 

DNA Extraction 

Total genomic DNA was extracted from leukocytes using either the salting-out method 
described by Miller [164], QIAmp DNA extraction kit (QIAGEN; Hilden, Germany) or 
Puregene (Gentra systems). 
 
Genetic Markers 

Microsatellites 

In study I, a total of 399 microsatellites from the Applied Biosystems Medium Density 
Linkage Mapping Set (LMS-MD10) were used for the genome-wide screen. All 
microsatellites were dinucleotide repeats and the mean heterozygosity was 78%, mean 
PIC 76%.  For study II, 13 microsatellites (dinucleotides) from Applied Biosystems 
High Density Linkage Mapping Set (LMS-HD5) were genotyped (mean heterozygosity 
78%). An additional 5 microsatellites (dinucleotides) located on the long arm of 
chromosome 10 were genotyped only in the Sardinian families. 
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In study IV, 42 di- or tetranucleotide microsatellite were genotyped (Table 1 in Paper 
IV). 
 
Single-nucleotide polymorphisms (SNPs) 

In study III, eleven SNPs in the gene coding for IL-15RA were initially selected from 
dbSNP (http:// www.ncbi.nlm.nih.gov/SNP/) and run in a test-sample. Priority was 
given for markers that had been annotated more than once and showed a high 
heterozygosity.  Six of these SNPs were polymorphic and had high success rates 
(>85%) in the test-run and were therefore selected for further analysis.  
 
In study IV, six SNP located in the “core”-region of the haplotype-analysis were 
selected (Table 1 in Paper IV).  
 

Genotyping 

In study I & II, polymerase chain reaction (PCR) was performed by either of three 
methods: (1) “Touch Down” PCR [165, 166] on either GRI Tetrad or a Hybaid 
Omnigene thermal-cycler, (2) an 877 Integrated Thermal Cycler (Applied Biosystems) 
with up to two markers in each reaction or (3) “True Allele” (Applied Biosystems) 
PCR on a GRI Tetrad machine using ABI recommended conditions. 
The PCR products were electrophoresed on either a 373A Sequencing machine 
(Applied Biosystems) using 6% acrylamide slab gels, or a 3700 Genetic Analyser 
(Applied Biosystems) by capillary electrophoresis. Internal size standard was used for 
fragment sizing. In order to ensure accurate allele calling across the various gels, alleles 
were normalized against a CEPH-individual (1347-02). Allele calling was performed 
using the GENESCAN and GENOTYPER software.    
 
In study IV, microsatellite genotyping at decode Genetics was performed in the 
following way: The PCR reactions were set-up on Cyberlab C-400 (Cyberlab, Inc; 
Brookefield, Conn USA), run on MJR PCR machines (MJ Research Inc., Boston, 
Mass, USA) and pooled on Cyberlab C-400, with a similar protocol for each marker. 
The pooled DNA products were separated and detected on an Applied Biosystems 
model 3700 or 3730 Sequencers. Alleles were called automatically with the DAC 
(deCODE Allele Caller) program, and the program deCODE GT was used to 
fractionate the readings according to quality and to edit the called genotypes [167]. 
 
The SNP-genotyping in study III was performed by the “Mutation Analysis Facility” 
(MAF) core facility at Karolinska Institutet (C. Lindgren, J Kere) using matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry 
(Sequenom Inc., San Diego, California) [168, 169]. Assays for the PCR and associated 
extension reaction were designed using the SpectroDESIGNER software (Sequenom 
Inc., San Diego, California). All amplification reactions were run under the same 
conditions. Allele-specific primer extensions were conducted using 5 pmol of a 
extension primer and the Mass EXTEND Reagents Kit and cleaned using 
SpectroCLEANER (Sequenom Inc., San Diego, California) on a MULTIMEK 96 
automated 96-channel robot (Beckman Coulter, Fullerton, California). Primer extension 
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products were loaded onto positions of a 384-element chip with a nanoliter pipetting 
system (SpectroCHIP, SpectroJet; Sequenom) and analysed using a MassARRAY mass 
spectrometer (Bruker Daltonik GmbH, Bremen, Germany). The resulting mass spectra 
were processed and analysed for peak identification using the SpectroTYPER RT 2.0 
software (Sequenom). For each SNP, two independent scorers confirmed all genotypes. 
In study IV the SNP-genotyping at decode Genetics was performed using an in-house 
developed fluorescence based method (not published).  
 
HLA-typing 

In study I, each of the affected individuals was tested for the presence or absence of the 
DR15 alleles as described in Paper I. 
 
Genetic Maps 

In the Nordic screen (study I), the Genethon map [170] was used. The other 
populations included in study II had in their respective original screens used the 
following genetic maps; the Italian and Sardinian screens had used marker positions 
from the location database (LDB) [171] together with the map used by Davies et al 
[172], while the UK screen used the Genethon-map [170] and the map by Davies et al 
[172]. In study II, the Marshfield map [173] was used for all population groups. In 
Study IV, marker locations were defined according to the deCODE map [174] and the 
NCBI build 34 physical location. 
 
STATISTICAL ANALYSIS 

Linkage Analysis (Study I & II) 

Non-parametric (model-independent) linkage analysis was performed using the 
MAPMAKER/SIBS program [91] (version 2.0). This program was also used to 
calculate the information extraction along each chromosome. The SPLINK program 
[90] (version 1.07) was used to estimate the allele frequencies from the data. As no 
parents were genotyped in the first stage of the genome-wide screen in study I, the 
SIBERROR program [175] was used to test for the presence of pedigree errors. In the 
SIBERROR analysis, one sib-pair was identified as identical twins and one other pair 
as unrelated. These two pairs were therefore excluded from the analysis, leaving 136 
affected sib-pairs used in the analysis. The analysis of possible interaction with HLA in 
study I was performed by Peter Holmans [176]. The TRANSMIT program [177] 
(version 2.5.2) was used for transmission disequilibrium testing in study II.  
 
Association Analysis (Study III & IV) 

In study III, genotype frequencies in cases and controls were compared using a χ²-
analysis. There were no deviations from Hardy-Weinberg Equilibrium for any SNP in 
the control group. Haplotype frequencies were estimated by the Expectation 
Maximization (EM)-algorithm [178] and haplotype p-values were obtained by 
Monte-Carlo simulations (performed by G. Jonasdottir).  

In study IV, both single-point and haplotype analysis were performed by the NEMO-
program as described in [179]. Haplotype-analysis in NEMO is based on the EM-
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algorithm. To assess the significance of the haplotype data after correcting for multiple 
testing, a randomization test was carried out using the same genotype data. 
 
Estimation and Illustration of LD (Linkage Disequilibrium) 

In study III, linkage disequilibrium (LD) between the markers were quantified by 
the measure D' [100], obtained by Haploview [180] version 2.05: (http://www.broad. 
mit.edu /personal/jcbarret/haploview)  
 
In study IV, D' and corresponding p-values were obtained by NEMO [179]. For the 
microsatellites, we applied an extension to the definitions of D' and its statistical 
significance for biallelic markers (described in Paper IV). The data for 252 SNPs 
genotyped in 90 CEPH individuals by the International HapMap Consortium [85] 
(http://www.hapmap.org/) were used as comparison to the Swedish data.  
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RESULTS AND INTERPRETATIONS 
 
STUDY I 

The first study was a genome-wide screen for linkage in 136 Nordic sib-pairs with 
multiple sclerosis. Although the results showed no regions of genome-wide 
significance, 17 regions were identified where the lod score exceeded 0.7 (the 5% 
nominal significance level). These regions include 1q11-24, 2q24-32, 3p26.3, 3q21.1, 
4q12, 6p25.3, 6p21-22, 6q21, 9q34.3, 10p15, 10p12-13, 11p15.5, 12q21.3, 16p13.3, 
17q25.3, 22q12-13 and Xp22.3. In a genome wide screen of this density, only ten 
such regions would be expected by chance alone. The fact that our results exceed 
expectation suggests that at least some of these regions are likely to be genuine. 
 
The results show both overlap and differences with previous screens in multiple 
sclerosis and other autoimmune complex traits. The differences with respect to other 
linkage screens in multiple sclerosis may reflect type I error (false positive findings), 
or result from differences in the ethnic genetic background of the populations studied. 
 
In the beginning of 2000, when the laboratory-work for “Study I” was started, four 
genome-wide screens for linkage in multiple sclerosis had been published [127-130]. 
Meanwhile, the “Nordic MS Genetics Group” had since its inception in 1994, on a 
collaborative basis collected DNA from families with several members affected by 
multiple sclerosis. The high prevalence of multiple sclerosis in the Nordic countries 
together with the relative genetic homogeneity of the Nordic population encouraged us 
to perform a genome-wide screen for linkage in these families. The number of sib-pairs 
included in the study (136 sib-pairs) was according to power estimations at the time of 
the start of the study regarded to be sufficiently high. 
 
Disappointingly however, this screen, similar to other screens of different sizes in other 
populations did not show any regions of genome-wide significance [94]. With the 
increased knowledge we have today, we now know that a study size of 136 sib-pairs is 
not enough to be able to find peaks of genome-wide significance in multiple sclerosis. 
The results from the Nordic screen has however contributed to the general scientific 
knowledge in the field of genetic analysis of multiple sclerosis and should be viewed as 
one of several pieces in a large jig-saw puzzle. 
 
For stage 1 of the screen, we had decided not to genotype parents or unaffected sibs. 
This decision was based on suggestions by Hauser [93] and Holmans [89]. As a second 
stage we typed the available parents for the 31 best markers from the first stage. 
Genotyping the available parents and unaffected sibs resulted in only a minor increase 
in information extraction (3%). This very low level of information increase, could 
probably largely be explained by the fact that the number of unaffected relatives in 
stage 2 was low (see Table 2) and the increase in information might have been slightly 
higher if there had been more unaffected relatives available. 
 
When planning the screen, we decided not to include families with more than two 
affected siblings. Our hypothesis was that these families (with > 2 affected sibs) are 
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more likely to include parents who are homozygous for potential susceptibility alleles, 
and therefore not informative for linkage. This effect was suspected in the 
Inflammatory Bowel Disease meta-analysis [181], where excess sharing on 
chromosome 16 only was seen only in the group of families with a single affected sib-
pair and not in dense families with clustering of Crohn disease, although in fact this 
was subsequently shown not to be the case. 
  
Although the results were somewhat disappointing in that there were no regions of 
genome-wide significance, the number of regions reaching nominal significance is 
higher than expected by chance alone, suggesting that some of the regions are likely to 
be true peaks containing disease genes. There is however no easy way of telling the true 
peaks from the false positive ones. Basically there are two main strategies for moving 
forward based on these results. One is to put together the raw-data from all screens and 
perform a meta-analysis. This has been done and the data from the Nordic screen was 
included in the latest meta-analysis [140]. Another way forward is to compare the 
results from the Nordic screen with the screens from other populations and look for 
similarities indicating overlapping results (Table 1 & Fig. 4). This is what was 
performed in Study II. 
 
STUDY II 

One area with partially overlapping peaks appearing in several of the genome-wide 
screens including the Nordic, Italian, Sardinian, the second screen from United 
Kingdom, as well as the second meta-analysis of genome-wide screens in multiple 
sclerosis, is the short arm and centromere of chromosome 10 (Fig. 5a). This region had 
not previously been pinpointed as a candidate region harbouring genes of interest in the 
genetic susceptibility for multiple sclerosis. 
 
Study II therefore aimed at exploring these partially overlapping regions on 
chromosome 10. The aim of the study was to better delineate the peak(s) in the region 
by increasing the marker density and thereby get increased information extraction. 
This study was not confined to the Nordic population, but also included the families 
from United Kingdom, Sardinia and Italy that had been used in each original screen 
(Table 3). All sib-pairs (n=449) were genotyped for a high-density set of 13 
microsatellite markers (average distance between markers 5.3 cM) in an area covering 
64 cM on the short arm and centromere of chromosome 10. The first step was to 
analyse all the original data using the same genetic map for each of the individual 
populations thereby making it easier to compare the data. We thereafter added the 
additional genotyping and re-analysed the data.  In order to look for both domestic 
and ubiquitous genes, the data was analysed in two ways: a) each population 
separately and b) all populations together. 

The additional genotyping led to an increase in the average information extraction in 
the region from 52% to 79% (Fig. 5b). This narrowed the fairly wide peak somewhat 
to be focused on the more p-telomeric end of the chromosome and revealed increased 
support for linkage (MLS 2.5), with maximum at 10p15 (Fig. 5c).  
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Hypothesizing that there may be regional differences between the populations; we 
also performed an analysis with the results divided into “Northern European 
populations” – UK and the Nordic countries and “Southern European populations” – 
Italy and Sardinia. In this analysis (Fig. 5d), the peaks tend to split into one peak at 
the p-telomeric end, only present in the “Northern” group and one peak on the long 
arm (10q) only present in the “Southern” group together with some minor peaks in 
the area in between. This could indicate the presence of population specific genes. 
Sardinia for instance has a different HLA-association than Northern Europe. This 
result however should be considered with caution as the number of sib-pairs 
especially in the “Southern group” is small.  

 
STUDY III 

In complex disease genetics it is not possible to define a critical linkage region that is 
certain to contain a candidate gene, but only to give a confidence interval with a certain 
probability of containing a potential candidate gene [182]. Even if the peak on the short 
arm of chromosome 10 now is more well-defined, it still covers an area which is too 
wide to comprehensively screen by studying all potential candidate genes in the region. 
We therefore chose to focus on one candidate gene located in the region of the peak on 
10p15. We decided to study the gene coding for the alpha receptor of IL-15 (IL-15RA). 
This gene can be regarded as both a positional and functional candidate (thereby 
increasing the prior probability). 
 
IL-15 is a cytokine expressed at the mRNA level in numerous human tissues in a broad 
range of cell types, including activated monocytes, dendritic cells, macrophages, 
epithelial cells, activated astrocytes and microglia [183]. At high doses, IL-15 has been 
regarded as a general T-cell growth factor. The IL-15 receptor is heterodimeric and 
contains the IL-2 β-and γ chain, together with a unique α-chain (IL-15RA). Previous 
studies by colleagues in our laboratory have shown increased levels of IL-15 mRNA in 
patients compared to healthy subjects [184, 185]. Another interesting point is that 
human herpesvirus-6 (HHV-6), a virus implicated in the pathogenesis of multiple 
sclerosis, has been shown to be a potent stimulator of IL-15 expression [186, 187]. 
 
Study III was a case-control association study in which we genotyped 553 patients with 
multiple sclerosis and 530 controls (healthy blood donors). All patients and controls 
were Caucasians residing in the Stockholm area (Sweden), who were born and raised in 
either Sweden or one of our neighbouring Nordic countries (Denmark, Finland or 
Norway). 
 
Six out of eleven SNPs initially selected, met our criteria for continued genotyping. 
(The SNPs should be polymorphic in this population and have a high success rate 
>85% in the genotyping process.) These six SNPs were genotyped in the whole study 
material. We performed both single-point and haplotype analysis of the data. Neither 
genotype frequencies (Table 1 in the manuscript) nor allele frequencies (data not 
shown) showed any indication of association with multiple sclerosis. The four most 
common haplotypes together accounted for more than 90% of the variation (Table 3 in 
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the manuscript). No haplotype was found to be associated with the disease. The 
conclusion is that our data do not support the alpha-receptor of IL15 as a gene 
conferring susceptibility for multiple sclerosis, with the reservation of the possibility of 
a genetic contribution too small to prove with our study-design or other variations not 
tested.   
 
Despite the fact that the gene we studied had both positional and potential functional 
support, we failed to find a disease association. This illustrates the difficulties in 
choosing genes for candidate gene analysis.  
 
Deloukas et al. at the Sanger Institute recently published an article [188] on the 
sequencing of chromosome 10. They conclude that the finished sequence of 
chromosome 10 comprises a total of 131,666,441 base pairs. The sequence annotation 
revealed 1,357 genes of which 816 are protein coding. Excluding the pseudogenes, 
human chromosome 10 has an average gene density of 10.4 genes / Mb. A total of 
4,204 transcripts were annotated for the 1,357 genes emphasizing the abundance of 
alternative splicing. It is estimated that 73% of the protein-coding genes have more than 
one transcript (average: 5.8). Deloukas et al. mapped 143,364 SNPs (dbSNP release 
115) to the chromosome 10 sequence. These figures highlight the complexity of the 
genome, here represented by chromosome 10.  
 
STUDY IV 

In parallel with the published genome-wide screens for linkage in multiple sclerosis, a 
genome-wide linkage screen was performed in a cohort of Icelandic families with 
multiple sclerosis, by deCode Genetics, Reykjavik, Iceland (unpublished data). This 
screen showed a haplotype on chromosome 10p12 potentially associated with multiple 
sclerosis in these families. As this region overlaps with one of the peaks in Study I & II, 
we found it interesting to investigate this chromosomal area in our cohort of Swedish 
patients with multiple sclerosis and controls. This study was performed as an academic 
collaboration with researchers at deCode Genetics in Iceland. 
 
The approach in study IV was different from study III. Instead of choosing a gene from 
a peak as in study III, this study focuses on typing a relatively dense set of markers in a 
chromosomal region. The region was in this case chosen based on positional data from 
Icelandic families. 
 
A total of 48 markers were genotyped in the Swedish patients and controls. Thirty-nine 
of these (33 microsatellites and 6 SNPs) were located in the region of haplotype-
sharing that had been found to be possibly associated with MS in the Icelandic genome-
wide screen for linkage (unpublished data). We performed single-point and haplotype 
analysis based on the EM-algorithm and randomization testing. 
 
An LD-map was established based on the result from our analysis (Fig 1b in the 
manuscript). The estimations of LD in this figure were based on data from all Swedish 
individuals that were genotyped (both patients and controls). In order to compare the 
distribution and location of LD-blocks with that of a dense map of SNPs, we analysed 
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252 SNPs from same the same chromosomal region that had been genotyped in 90 
CEPH individuals by the Internationals HapMap Consortium [85], illustrated in Fig 1a 
in the manuscript. Although the three LD-blocks found in the Swedish data, with some 
difficulty can be recognized in the LD-map based on HapMap data, the latter map 
contains more and shorter blocks. The main difference between the two analyses is that 
the HapMap-data has a density of 6.7 kb between the SNPs compared to 46 kb in the 
Swedish data. Other differences include type of markers: the HapMap-set only 
contained SNPs, while the Swedish data mainly was based on microsatellites. The 
analyses are also based on different study-populations (Swedish versus CEPH-
individuals, which are Utah residents with ancestry from northern and western Europe).  
 
The analysis of our Swedish data showed several areas of D' values indicating 
intermediate LD. As mentioned earlier in this thesis, the interpretation of intermediate 
values of D' is more complicated than with high LD. Therefore it is difficult to give 
clear unambiguous haplotype-block boundaries. 
 
Although the study did not show any definite significantly associated haplotypes, we 
detected a marginal significant core haplotype in the Swedish multiple sclerosis cohort, 
overlapping a haplotype shared in four affected sibs in one Icelandic family (labeled 
“Swe hap” and “Ice 1 hap” respectively in Table 3 in the manuscript), giving some 
support for continuing the genetic research in the region as one of the candidate regions 
on the short arm of chromosome 10 for susceptibility genes for multiple sclerosis. 
 
Figure 6 gives an illustration of the regions on chromosome 10 that were investigated in 
this thesis. 
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GENERAL DISCUSSION 
As mentioned previously, extensive and thorough studies of the genetic epidemiology 
of multiple sclerosis have provided supporting evidence for multiple sclerosis being a 
complex genetic trait. This means that there are genes to be found. However, as in 
many other complex diseases, the research-field of genetics in multiple sclerosis has 
been faced with problems. Some of the important issues are discussed here. 
 
GENOME-WIDE SCREENS 

What reliable conclusions can we draw from the genome-wide screens for linkage 
performed to date in multiple sclerosis (including study I)?  
 
A review of the genome-wide screens for linkage performed to date in multiple 
sclerosis, shows a wide variety of genomic regions with different evidence of potential 
or suggestive linkage. Figure 4 illustrates the many overlapping as well as non-
overlapping regions of peaks on all the chromosomes. How can we decide which of 
these regions are linkage peaks containing a true susceptibility gene to multiple 
sclerosis? The screens are based on people with multiple sclerosis from different 
populations, the screens used somewhat different ascertainment criteria and have 
employed different statistical analysis methods, mainly non-parametric, but some 
groups with a higher number of multiple affected people also applied parametric 
methods. 
 
One way to get guidance is to look at the results from the latest (and so far the largest) 
meta-analysis [140]. This analysis was based on the raw-data from 719 families (944 
sib-pairs). It is the only screen that has shown a region of genome-wide significance. 
That the region showing genome-wide significance is the MHC-region on the short arm 
of chromosome 6 probably comes as no surprise to anyone working in this field. The 
association between HLA and multiple sclerosis was described already in the early 
1970s’ and is still the only unquestionable genetic association in multiple sclerosis. The 
question is rather; why haven’t any of the individual screens managed to show 
unequivocal linkage for this region? And why have the screens not shown significant 
linkage to any “non-MHC” region? 
 
It is well-known that linkage is less powerful than association analysis in finding 
modest genetic effects. But is that the sole answer to the question? How much power 
did the screens actually have? What factors could have influenced the power of the 
studies?  
 
One important aspect partly discussed with regard to study II is the information 
extraction. The results from the second meta-analysis [140] showed that the mean 
information extraction from the 719 families was 44% (highest level 68% in the MHC-
region, where a higher density of markers had been typed).  
 
Recent reports [189, 190] point to low information extraction as one important 
contributing reason to the lack of success for genome-wide screens for linkage in 
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complex diseases, despite the use of standard “state-of-the-art” sets of highly 
polymorphic microsatellite markers.  
 
Evans and Cardon have recently published suggested guidelines [191] for genotyping 
in genome-wide screens for linkage. They performed simulations whereby they tested 
marker maps with different densities for both microsatellites and SNPs. They showed 
that traditional maps of microsatellite markers with an average density of 1 marker / 10 
cM, are associated with a significantly lower information content than a dense map of 
SNPs or microsatellites. The information content associated with a traditional map of 
microsatellites (1/10cM) could be as low as about 30% in regions between markers! 
The results of Evans’ and Cardon’s study further pointed out that the information 
extraction was highly sensitive to lack of parental data. When parental data is missing, 
the loss of information is even higher. 
 
A study by “The International Multiple Sclerosis Genetics Consortium” [190] 
comparing the genotypes from the original UK genome-wide screen in multiple 
sclerosis from 1996 with modern linkage mapping sets showed a marked increase in 
information extraction with the new methods. The information extraction in the original 
UK screen ranged from an average of 32.4% (without parents) to 61.7% (with parents). 
These figures were increased to 54.4-58.4% (without parents) and 90.7-91.5% (with 
parents) with the use of high-density SNP-sets. 
 
Referring the issues of information extraction to the linkage studies in this thesis (Study 
I and II), gives the following figures: The average information extraction from the 
Nordic screen where no parental data was available (except for a few unaffected 
relatives typed for a few markers in stage 2) was 57%, ranging from 15% on the p-
telomeric region of chromosome 19 to 86% on a region on chromosome 22. The region 
on chromosome 10 that was investigated in Study II had an initial information content 
of 52% in the screen, which increased to 79% by typing of additional microsatellites. 
 
Another problem, which has previously not received much attention, is the impact of 
genotyping error on the power of detecting linkage. Abecasis et al. [192] used Monte-
Carlo simulations to study the influence of genotyping error on the analysis. The results 
of that study indicated that genotyping error can have devastating effects on the 
possibility of detecting an existing true linkage peak. They showed that a rate of 5% 
genotyping error eliminated virtually all evidence for a true linkage for a modest effect 
size. At a λs of 2.0, a rate of 2% error reduced the expected lod score by almost half. As 
an example, they also described that a study of 1000 ASPs with a locus of relatively 
small effect (e.g. λs = 1.25) which in simulations yielded an average peak lod score of 
2.90 in the absence of genotyping error, would be reduced to 1.40 by the introduction 
of 1% genotyping error. For affected sib-pair studies, genotyping errors have a greater 
impact on multipoint than two-point analysis. 
 
In the region on chromosome 10 investigated in Study II, two markers (D10S189 and 
D10S197) had been genotyped both in the respective original screens as well as in 
Study II. We therefore had the opportunity of comparing the concordance of 
genotyping results for these two markers. By comparing the original genotypes with the 
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results from Study II, we could get a measurement of the genotyping accuracy. With 
2565 and 2357 alleles called for respective marker, we found a mean error of allele 
calling of 1.8%. In this case all electrophoreses in the original screens had been 
performed on a 373A DNA sequencing machine (Applied Biosystems) using 
acrylamide slab gels, while in Study II a capillary based 3700 Genetic Analyser 
(Applied Biosystems) was used. This fact might have contributed to a difference in the 
quality of the traces. It is difficult to draw any generalized conclusions from this error 
rate of 1.8% as it merely describes the error rates for these markers. Nevertheless it 
gives a hint of the possible level of genotyping error.  
 
With these problems in mind, what can be done to increase the likelihood of finding the 
true peaks? With the development of high-density genome-wide SNP assays during the 
last few years, many researchers advocate that screens which have been performed with 
traditional low/medium density microsatellite 1/10cM marker sets should be re-
analysed with new SNP-assays in order to give a more reliable and true result [189, 
190]. An advantage of SNP-assays is that SNPs are more abundant in the genome than 
microsatellites. They are however less polymorphic, but studies have estimated that 2-3 
SNPs could be used to replace one microsatellite [193]. SNPs are associated with a 
lower genotyping error rate and are better amenable to high-throughput genotyping. If 
possible, one should aim to include parents or unaffected sibs, both in order to increase 
the information extraction and to reduce the genotyping error rate by being able to 
check for Mendelian inconsistencies. 
 
One important thing however is that, if an increase in marker density with the new 
techniques also increases the number of genotyping errors, the outcome might be a 
decrease in the power to detect true linkage. It is thus important to keep genotyping 
errors at a minimum. 
 
HAPLOTYPE-ANALYSIS  

How can we make the best use of linkage disequilibrium and haplotype analysis in 
future studies? 
 
As mentioned earlier, the last few years have shown a “hype” in studies using 
haplotype-analysis. What evidence do we have for using haplotypes in analysis? Why 
should we use it, and how? What can we gain from the HapMap project and what are 
its limitations? 
 
There are several reasons for using haplotype-analysis. In a review [194], Clark points 
out three main reasons why haplotype analysis confers an improvement compared to 
ordinary single-point analysis. The first, he says, is that the haplotype structure 
corresponds directly to the biologically functional unit (the protein sequence). 
Secondly, studies of population genetics have shown that population variation is 
structured into haplotypes. Finally he points out statistical advantages as haplotype 
analysis reduces the dimension of statistical tests involved.  
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However, the basis for using haplotype analysis in mapping genes with complex 
genetic background, assumes that the risk-enhancing SNP is a “common SNP”. This is 
the basis in the Common Disease Common Variant (CDCV) hypothesis. The CDCV 
hypothesis predicts that complex genetic diseases will be due to disease-predisposing 
alleles with relatively high frequencies, i.e. each of the contributing disease loci will 
only contain one or a few predominating alleles. Examples supporting this hypothesis 
include APOE ε4 in Alzheimer’s disease [122, 123, 195] and PPARγ in type II diabetes 
[196]. If the common disease – common variant is true, association mapping with the 
help of the data acquired through the HapMap project [85] has the prospect of being 
successful. 
 
Some scientists doubt whether the CDCV-hypothesis is generally applicable to 
complex genetic diseases [197]. It may be that there are rare interacting factors 
underlying the complex traits, and if that is the case, haplotype analysis and the use of 
“common” SNPs will not be able to locate the disease predisposing genes/variants.  
One could also argue that our knowledge of the genome-wide distribution of genetic 
variation still is too weak, with a very variable LD pattern throughout the genome. 
Whether or not the CDCV is true, there are still many factors regarding the genomic 
pattern that are unknown, which complicates the study-designs.  
 
With future genotyping studies to an increasing extent being based on large-scale 
genotyping, one important factor for designing a study is how to cut the genotyping 
cost without losing power. Many scientists advocate the use of haplotype-tagging SNPs 
“htSNPs” as one way of cutting the costs of large scale genotyping. Haplotype-tagging 
means that only a few “tagging” SNPs need to be genotyped in order to cover the 
majority of the haplotype information from a region. There are many algorithms by 
which these “ht-SNPs” can be chosen. With the emerging work of the HapMap project, 
the hope is that the publicly available information will help in choosing the correct 
“tagging”-SNPs. 
 
Another issue is the definition of a “haplotype block”. As described in a review by Wall 
et al. [198], different methods have been proposed for defining haplotype blocks. These 
methods can be classified into two main groups depending on the way they define the 
blocks. The first group of methods defines a block as a region with limited haplotype 
diversity [199-202], while the other group uses pair-wise disequilibrium to identify 
regions with evidence for extensive historical recombination [102, 203-205]. A 
different approach was used by Jeffreys et al. [206], who performed a single-sperm 
study to show that very much of the recombination in the MHC class II region was 
restricted to narrow recombination “hot-spots”.  
 
Cardon and Abecasis discuss this issue and the problem with comparing blocks 
between studies [207]. Their opinion is that: “It is clear that “observed” haplotype 
blocks summarize a mixture of the underlying haplotype structure and the whims of 
the investigator reporting them. Presently, methods for detecting blocks remain 
subjective and no single approach is appropriate for all datasets”. 
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LACK OF REPLICATION AND PUBLICATION BIAS 

How to deal with the issue of significance levels, lack of replication and publication 
bias in association studies? 
 
One main issue that has become an important concern regarding the results from 
genetic association studies is that many of the initially reported positive significant 
associations fail to be replicated, despite several independent follow-up studies. A 
related problem is that of publication bias, i.e. that fact that scientific journals 
preferentially publish studies with a positive finding regardless of study design. 
Therefore there is a risk that the articles published give a “skewed” picture of true 
genetic associations. The tendency to only publish “positive” findings is not restricted 
to the scientific journals, but is also present with the investigator themselves, who often 
have less or no interest in submitting results that are not positive. As a result of this, 
there is also a risk that scientists, when not encountering a positive finding in the first 
round, continue to perform “post-hoc” sub-analysis, by stratifying the results in many 
different ways, until a result with a p-value of <0.05 appears. 
 
What are the reasons for the failure to replicate positive findings? In a review by  
Colhoun et al. [208], the authors suggest that the most important factors behind the 
inability to replicate previous positive associations are: “publication bias, failure to 
attribute results to chance and inadequate sample sizes”. 
 
How stringent criteria should be used to be able to exclude “chance” as an explanation 
for failure to replicate initial positive studies? It is crucial to find an appropriate method 
of correcting for multiple testing. As mentioned in the “association” chapter, the 
Bonferroni correction is often applied to give the correct α-value when multiple tests 
have been performed. There are however disadvantages with the Bonferroni method. 
There are different opinions about which number of tests to correct for: Is it the number 
of tests that were performed and presented in the present study? Is it the number of all 
tests, the scientist intended to perform? Or, is it the number of tests that ALL scientists 
intend to perform??? [209]. The Bonferroni method has been criticized for being too 
conservative, leading to a risk of missing true associations (type II errors). It is 
important not only to avoid false positive results, but also false negative results, as 
negative results are less likely to be reconsidered. As the Bonferroni method assumes 
that the tests performed are independent, it is not really well suited for haplotype 
analysis. For haplotype analysis, permutation tests are therefore commonly used 
instead. These however, are often computationally intense but lately new methods, not 
based on permutation tests have been developed (for instance the SNPSpD approach by 
Nyholt) [210].  
 
Another important issue is the power of the study-design. In a recent article, Zondervan 
and Cordon [211] discuss important factors influencing the power of an association 
study. They point out the importance of taking into account the following factors: the 
effect size of the susceptibility locus, the frequencies of the marker alleles as well as the 
disease alleles and finally, the extent and distribution of linkage disequilibrium in the 
region. 
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Many scientific journals have posted guidelines for the study-design of genetic analysis 
studies [212, 213]. Some of the points made are: to use a sufficient number of subjects, 
a carefully chosen control group to avoid population stratification, adjustments for 
multiple testing, provide power calculation and effect size estimates and that there 
should be a plausible biological role for the gene in question. Finally, before an 
association is proclaimed, the association should be confirmed in an independent 
sample with appropriate power. 
  
In summary, it is important to design a study in an accurate way to be able to draw the 
correct conclusions from the outcome.  
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 
 
It is very likely that complex genetics will be of increasing importance in many areas in 
the near future. Future studies are likely to involve analysis of possible interactions, 
including both gene-gene interaction as well as and gene-environment interaction, 
requiring methods to analyse and handle large dataset to an ever increasing extent. 
 
Already now, the need for large samples in order to study complex genetic traits, have 
given rise to collaborations between research groups. With a growing demand for 
increasing sample sizes and large number of markers to be genotyped, work on a 
collaborative level is likely to play an even more important role. 
 
The article “Prospects for whole-genome linkage disequilibrium mapping of common 
disease genes”, by Kruglyak was published in 1999 [214]. In this article it was 
estimated that around 500,000 SNPs would be required in order to perform whole-
genome association studies. At that time, the possibility of genotyping half a million 
SNPs sounded like a utopia. Today, five years later, this is close to reality. In a talk 
titled: “The road to 500k” at the 54th annual meeting of The American Society of 
Human Genetics, October 2004, a speaker from Affymetrix described the next 
generation of SNP-chips containing assays for 500,000 SNPs, which should be 
available within the next year. 
 
One can only speculate what progress in the genetic analysis of complex traits the next 
five years will reveal, but it is worthwhile to remember that what might sound like a 
utopia today might be a reality in a not too far future…  
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