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MIGRAINE EPIDEMIOLOGY AND PATHOPHYSIOLOGY

INTRODUCTION

What constitutes migraine, is not a trivial question. The characteristics of
migraine vary greatly, both between patients and between attacks. A diagnosis
of migraine used to be based on clinical experts’ opinions. No precise criteria
existed as to which number and combination of symptoms were required for a
diagnosis. This made it difficult to compare one case to another. For this
reason, it was decided that operational diagnostic criteria were necessary to
improve and advance headache research. This was achieved in 1988 with the
publication of the first edition of the International Classification of Headache
Disorders (ICHD) by the International Headache Society (IHS; Headache
Classification Committee of the International Headache Society, 1988). In 2004,
a revised edition (ICHD-II) was published (Headache Classification Committee
of the International Headache Society, 2004). The ICHD classification
distinguishes primary and secondary headaches: primary headaches are
headaches with no cause other than the headache disorder itself, whereas
secondary headaches are headaches resulting from another disorder. The most
common primary headaches are migraine and tension type headache. Other
primary headaches are cluster headache and various other, less prevalent
headache subtypes. This thesis will focus entirely on migraine. Migraine has
various subtypes, the most common being migraine with aura (MA; ICHD-II
1.2) and migraine without aura (MO; ICHD-II 1.1). This distinction will be
discussed in more detail in Chapter 5. Table 1.1 shows the diagnostic criteria for
these subtypes, according to the second edition of the IHS classification. About
one third of migraineurs have attacks of migraine with aura, but most MA
patients have a relatively low aura frequency (Kelman, 2004).

THE PHASES OF A MIGRAINE ATTACK

Typically, a migraine attack has several phases. The headache phase is often
preceded by a prodrome (sometimes called pre-headache or premonitory
phase), during which patients experience premonitory (‘warning’) symptoms,
such as changes in mood or behavior (Bigal et al., 2009). Specific symptoms
often reported are fatigue, yawning, and phonophobia (Schoonman et al.,
2006). Craving certain foods can also be part of the prodrome (Blau, 1992).

In a subgroup of patients, the headache phase is preceded by aura
symptoms. Auras can occur in different modalities; by far the most common is
the visual aura, which is reported by almost all patients who experience some
form of aura, (Eriksen et al., 2004), but sensory and aphasic auras are also
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CHAPTER 1

reported. Visual aura symptoms are often described as ‘flickering lights’,
‘zigzag patterns’, ‘blind spots’ (also called scotomas), or other visual
disturbances, that slowly move through the visual field. Sensory aura symptoms
are commonly characterized as ‘tingling sensations in the limbs’ or ‘numbness’.
Some patients experience aphasic speech disturbances (e.g. having trouble
finding the right words). While visual aura symptoms frequently occur alone,
sensory and aphasic aura usually occur in combination with at least one other
type of aura. Usually, the different types of aura occur in succession (Eriksen et
al., 2004), with the visual aura occurring first, followed by the sensory aura, and
then by the aphasic aura (Cutrer & Huerter, 2007).

During or after the aura, the headache phase sets in. This phase can last
several hours to several days. Migraine headaches are typically characterized by
pounding, pulsating headache, which is often unilateral, moderate or severe in
pain intensity and aggravated by routine physical activities such as walking
stairs. Migraine headaches are commonly accompanied by nausea and/or
vomiting, photophobia (hypersensitivity to light) and phonophobia
(hypersensitivity to sound). The headache phase is followed by a resolution
phase and often a postdromal ‘hangover’ (Blau, 1992).

TABLE 1.1

The diagnostic criteria for migraine with and without aura, as defined by the
International Headache Society (2004)

Migraine without aura (1.1)

A. At least 5 attacks fulfilling criteria B-D
B.  Headache attacks lasting 4-72 hours (untreated or unsuccessfully treated)
C. Headache has at least two of the following characteristics:
1. unilateral location
2. pulsating quality
3. moderate or severe pain intensity
4. aggravation by or causing avoidance of routine physical activity (e.g., walking
or climbing stairs)
D. During headache at least one of the following:
1. nausea and/or vomiting
2. photophobia and phonophobia
E.  Not attributed to another disorder
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MIGRAINE EPIDEMIOLOGY AND PATHOPHYSIOLOGY

TABLE 1.1 (CONTINUED)

Migraine with aura (1.2)

A. At least 2 attacks fulfilling criterion B
B. Migraine aura fulfilling criteria B and C for one of the subforms 1.2.1-1.2.6*
C.  Not attributed to another disorder

Typical aura with migraine headache (1.2.1)

A. At least 2 attacks fulfilling criteria B-D
B.  Aura consisting of at least one of the following, but no motor weakness:
1. fully reversible visual symptoms including positive features (e.g., flickering
lights, spots or lines) and/or negative features (i.e., loss of vision)
2. fully reversible sensory symptoms including positive features (i.e., pins and
needles) and/or negative features (i.e., numbness)
C. At least two of the following:
1. homonymous visual symptoms and/or unilateral sensory symptoms
2. atleast one aura symptom develops gradually over >= 5 minutes and/or
different aura symptoms occur in succession over >= 5 minutes
3. each symptom lasts >= 5 and <= 60 minutes
D. Headache fulfilling criteria B-D for 1.1 Migraine without aura begins during the
aura or follows aura within 60 minutes

E. Not attributed to another disorder

*1.2.1 Typical aura with migraine headache; 1.2.2 Typical aura with non-migraine
headache; 1.2.3 Typical aura without headache; 1.2.4 Familial hemiplegic migraine

(FHM); 1.2.5 Sporadic hemiplegic migraine; 1.2.6 Basilar-type migraine. 1.2.1 is the

subtype referred to as 'migraine with aura' throughout this thesis.

IMPACT AND COSTS TO SOCIETY

Migraine is a disabling condition with a big impact on patients’ lives. During a
migraine attack, patients are usually unable to continue their normal activities
and will typically stay in bed for the duration of the attack. Therefore, especially
when the attack frequency is high, the disorder can badly interfere with the
patient’s work and social life.

Migraine headaches are undertreated and underdiagnosed; many patients
never consult a physician, although estimates differ across studies and
populations. For instance, in a French study (Lantéri-Minet et al., 2005), it was
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reported that around 40% of migraineurs had never consulted a physician for
their migraine, whereas a study in a US population reported almost 80% for
headaches in general (Linet et al., 1989).

Due to the fact that many patients do not seek medical attention, the
direct costs of migraine are comparatively low, but still quite substantial due to
the high prevalence of the disorder. The indirect costs due to lost or reduced
productivity are enormous. In a 2004 study the total annual costs of migraine
were estimated at around 2 billion euros per year in the Netherlands only, and
around 27 billion euros for all European countries together; 1.5 billion due to
direct (healthcare) costs and 25.5 billion due to indirect costs (Andlin-Sobocki
etal., 2005).

PREVALENCE AND RISK FACTORS

One of the reasons for the high costs of migraine is its high prevalence. In a
large US population-based study (N = 20,468) a 1-year prevalence of 18% in
females and 6% in males was observed (Stewart et al., 1992). A study in a Dutch
population sample (N = 6491) reported a lifetime prevalence of 33% in women
and 13.3% in men. The 1-year prevalence was 25% and 7.5%, respectively
(Launer et al., 1999). These are only the individuals who meet full IHS criteria
for migraine with or without aura. Including individuals with probable migraine
(i.e. migraine fulfilling all but one of the A-D criteria) results in a prevalence
almost twice as high. A French study reported a prevalence of strict migraine of
16% in females and 6% in males; another 12% and 8% fulfilled criteria for
probable migraine, respectively (Lantéri-Minet et al., 2005).

The onset of the disorder is usually in early adolescence, with a peak
incidence between 10 and 15 years of age (Stewart et al., 1991). The prevalence is
highest between 30 and 40 and then gradually decreases (Stewart et al., 1992).
This pattern is most distinctive in females, with high prevalences between
adolescence and menopause. In addition, many women have migraine attacks
related to the menstrual cycle, which is referred to as menstrual migraine (Lay &
Broner, 2009). Together with the 2-3 times higher prevalence of migraine in
women, these observations strongly suggest a key role for hormones in the
pathogenesis of migraine. Migraine attacks appear to be triggered particularly
by sudden drops or increases in estrogen levels, which may explain the often
reported decrease in migraine frequency during pregnancy, followed by a return
of the migraine after delivery (Brandes, 2006).

The role of precipitating factors in causing migraine attacks remains
somewhat controversial. In a study of migraine precipitants in clinical migraine
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patients in the US, about three-quarters of all migraineurs reported that their
migraines were at least occasionally caused by triggers. The most reported
precipitating factors in this study were stress, hormones, not eating, weather
and sleep disturbances (Kelman, 2007). Although patient reports of triggers are
numerous, it is often unclear whether reported triggers are indeed causally
involved. For instance, Schoonman et al. (2007) investigated the relationship
between migraine and stress. They studied both perceived stress and objectively
measured biological stress reactions. Although patients reported an increase in
perceived stress in the days before an attack, they found no evidence for a
biological stress response before or during migraine. This might be due to study
limitations; however, one alternative explanation the authors suggest is that
prior to the attack patients may perceive situations as more stressful, as a
consequence of prodromal brain changes. The latter might also be the case for
some other reported triggers. For instance, craving for sweet food is known to
be a prodromal symptom; thus eating chocolate may be a symptom rather than a
cause (Blau, 1992). Clearly however, this does not exclude the possibility that
some reported trigger factors are truly causally involved in migraine attacks.

PATHOPHYSIOLOGY

It used to be thought that migraine was primarily a vascular disorder. Vascular
changes were viewed as the primary cause of migraine attacks. However, this
view became untenable when experiments showed that vasodilation can be
induced without necessarily causing a migraine attack (Kruuse et al., 2003),
while other studies showed that migraine can be induced without being
accompanied by any vascular changes (e.g. Schoonman et al., 2008). These
findings indicate that vascular changes are neither necessary nor sufficient for a
migraine attack to occur, suggesting they are merely an epiphenomenon
(Goadsby, 2009).

These days the dominating view is that migraine is a typical neurological
condition. Although it remains speculative how exactly they relate to each other,
three processes are important in migraine: 1) cortical spreading depression, 2)
the activation of the trigeminovascular system (TGVS) and 3) the sensitisaton of
peripheral and central brain areas.

CORTICAL SPREADING DEPRESSION AND THE MIGRAINE AURA

Through the years, evidence has accumulated that the migraine aura is most
likely caused by a brain event called cortical spreading depression (CSD). This
phenomenon was first observed in a rabbit (Leao, 1944), and can also be
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triggered in other laboratory animals. During CSD, a wave of intense
depolarization, starting in the occipital lobe, propagates through the brain at a
speed of approximately 2-5 mm/min., and is followed by a period of suppressed
activity. This corresponds well with the progression of aura symptoms and
explains both the positive (scintillations, tingling sensations) and the negative
symptoms (scotomas and numbness) of the migraine aura. It may also explain
why the different types of aura occur in succession, starting with a visual aura;
this is consistent with the progression of the CSD wave through the different
cortical areas, starting in the occipital lobe (Lauritzen, 2001).

Further evidence for the involvement of CSD in the migraine aura comes
from animal studies. Hadjikhani et al. (2001) showed that CSD in experimental
animals is associated with certain changes in cerebral blood flow (CBF), which
are very similar to those observed in humans during a migraine aura.

THE TRIGEMINOVASCULAR SYSTEM

Within the skull, pain sensitivity is primarily restricted to the meningeal blood
vessels (Pietrobon & Striessnig, 2003), and this is where the headache in
migraine is thought to originate. Most likely, the headache phase starts with
some neural disturbance that activates the trigeminovascular system [TGVS]
(Goadsby et al., 2002). The TGVS consists of the meningeal vessels, which are
innervated by the first (opthalmic) division of the trigeminal nerve. The
trigeminal nerve projects to nuclei in the brain stem, such as the trigeminal
nucleus caudalis (TNC), which in turn project to higher brain centers, including
thalamus, hypothalamus and cortex. Activation of the TGVS causes the release
of neuropeptides (including calcitonin gene-related peptide [CGRP] and
substance P) from the peripheral trigeminal nerve endings (Goadsby et al.,
1988). These neuropeptides are thought to play a role in causing and
maintaining the headache (Bigal et al., 2009). The trigeminal afferents carry the
pain signal via the brain stem to higher brain centers involved in the perception
of pain (Pietrobon & Striessnig, 2003).

PERIPHERAL AND CENTRAL SENSITIZATION

It is thought that the throbbing, pulsating nature of migraine headache, and the
aggravation of the headache by activities that increase cranial pressure (e.g.
walking stairs or coughing), are caused by a process of peripheral sensitization
(Silberstein, 2004). Another important symptom often observed in migraine
patients is cutaneous allodynia [i.e. a sensation of pain caused by stimuli that
are not normally painful (see Burstein et al., 2000)]. This is thought to result
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from central sensitization of neurons in the TNC, which receive input from dura
and skin (Silberstein, 2004). Central sensitization is thought to play an
important role in the later stages of the migraine attack (Bigal et al., 2009).

THE CONNECTION BETWEEN AURA AND HEADACHE

The view that the aura is caused by CSD has become generally accepted, and the
same is true for the view that activation of the TGVS underlies migraine
headache. However, the relationship between the aura and the activation of the
TGVS and the start of the headache remains elusive. It has been hypothesized
that CSD might activate the TGVS, and in a study with rats it was demonstrated
that this is indeed possible (Bolay et al., 2002). The aura might thus be the cause
of the migraine attack. This theory has been criticized, however, because it does
not explain what happens in the majority of migraineurs who do not experience
aura symptoms (Goadsby, 2001). It has been suggested that in these patients a
‘silent aura’ might occur, but there is limited evidence supporting this theory
(see Sanchez-Del-Rio et al., 2006). Others argue that aura cannot be the trigger
of migraine headache, due to the existence of aura without headache (ICHD-II
1.2.3; typical aura without headache) in some patients (Goadsby, 2009).
Interestingly, however, Hauge et al. (2009), who recently investigated the effect
of the newly developed CSD-inhibiting drug tonabersat reported that this drug
prevents attacks with, but not attacks without aura in MA patients. If tonabersat
indeed prevents migraine headache by preventing the aura, this would strongly
point towards a causal role of aura in the subset of migraine attacks that are
preceded by aura symptoms. However, the results of this relatively small study
require replication at a larger scale to assess the potential implications of these
findings.

COMORBIDITY

A fascinating feature of migraine is its higher than expected co-occurrence
(comorbidity) with many other disorders. A wide range of conditions have been
reported to be comorbid with migraine, including psychiatric disorders such as
bipolar disorder, panic disorder and phobias, but also non-psychiatric
conditions such as other chronic pain conditions, epilepsy, stroke, certain
congenital heart defects and endometriosis (e.g. P. Anttila et al., 2001; Breslau et
al., 1991; Hagen et al., 2002; Lamy et al., 2002; Merikangas et al., 1990;
Merikangas et al., 1997; Nyholt et al., 2009; Von Korff et al., 2005). The reasons
for these comorbidities remain largely unknown. The disorders could be
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causally related, or share genetic and/or environmental risk factors, but in
general, little is known about the mechanisms of comorbidity.

The disorder most studied in the context of migraine comorbidity is undoub-
tedly depression. It has been suggested that for instance the serotonin or
dopamine systems might be involved in both migraine and depression and
hence explain the association between them (Breslau et al., 1991; Frediani &
Villani, 2007). In a longitudinal study it was found that migraine and depression
were bidirectionally related; migraineurs had an increased risk of developing
depression, and vice versa (Breslau et al., 2000). Furthermore, it was recently
shown in a bivariate genetic study of migraine and depression that the two traits
were in part explained by shared genetic and non-shared environmental risk
factors (Schur et al., 2009). The comorbidity of migraine and depression is
investigated in more detail in Chapters 6 and 7 of this thesis.

GENETICS

The heritability of migraine is undisputed. It was observed long ago that the
disorder runs in families, and early twin studies noticed a higher concordance
rate for migraine in monozygotic than in dizygotic twins, pointing towards a
heritable component (Russell & Olesen, 1993). In a large analysis of twins in six
European countries, including a total of 29,717 participants it was estimated
that the heritability of migraine is approximately 40-50%. There was some
indication that non-additive genetic effects may play a role but most individual
studies lacked the power to detect this. Shared environmental factors do not
seem to be important in migraine (Mulder et al., 2003). The common migraines
(i.e. MO and MA) are most likely polygenic disorders. They do not show a
distinctive pattern of inheritance such as observed in a classical Mendelian trait,
influenced by a single gene. This is most likely the reason it has proven very
difficult to find causative genes for common migraine.

FAMILIAL HEMIPLEGIC MIGRAINE

Unlike common migraine, Familial Hemiplegic Migraine (FHM) follows a
Mendelian pattern of inheritance. This is the reason why most of our knowledge
of migraine genetics comes from FHM studies. FHM is a rare and severe type of
MA, characterized by temporary hemiplegia (i.e. motor weakness or loss of
motor function on one side of the body) during the aura phase. Several
mutations in 3 different genes have been identified that can cause FHM.

The first FHM gene was originally mapped to chromosome 19p13 in a
parametric linkage study on two large FHM pedigrees (Joutel et al., 1993).
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Several years later it was determined that the causative gene was the calcium
channel, voltage-dependent, P/Q type, alpha 1A subunit (CACNAzA; Ophoft et
al.,, 1996). Mutations in this gene are responsible for the disorder in a
substantial percentage of FHM families, although estimates differ between
studies (Joutel et al., 1994; Ophoff et al., 1994; Thomsen et al., 2007). The
second FHM gene is the ATPase, Na+/K+ transporting, alpha 2 polypeptide
(ATPIAz). This gene was identified in 2003 by De Fusco et al., after several
linkage studies had already reported linkage to chromosome 1q23 (Ducros etal.,
1997; Marconi et al., 2003). The A7PrA2 gene codes for the alpha-2 subunit of a
NA+/K+ pump. Finally, in a genome-wide linkage analysis, Dichgans et al.
(2005) mapped a third FHM locus to chromosome 2q24. They determined that
the causal mutation was located in the sodium channel, voltage-gated, type I,
alpha subunit (SCNIA) on chromosome 2q24. This gene codes for the alpha-1
subunit of a voltage-gated sodium channel. Interestingly, SCN1A has previously
been implicated in epilepsy, which is fascinating given the reported comorbidity
between migraine and epilepsy.

A possible mechanism by which these mutations affect FHM is by
increasing the glutamate and potassium levels in the synaptic cleft, thus
facilitating CSD (van den Maagdenberg et al., 2007). What the FHM mutations
have in common is that they are all related to the functioning of ion channels.
This has led to the hypothesis that not only FHM, but perhaps also common
migraine could be viewed as a channelopathy. Whether ion channels play an
important role in common migraine is still under investigation, however a
recent association study of 155 ion channel genes did not find convincing
evidence for their involvement in MO or MA (Nyholt et al., 2008).

COMMON MIGRAINE: GENE-FINDING STUDIES

The search for genes underlying common migraine has not been as successful
as for FHM. As mentioned earlier, this is most likely due to the fact that
common migraine is a complex disorder, influenced by many genes of small
effect. In addition, the disorder may be genetically heterogeneous, i.e. different
genes may underlie the phenotype in different individuals. Gene-finding studies
for migraine commonly apply several different methods such as linkage analysis
and candidate-gene association studies. These methods are described in more
detail in Chapter 2.
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LINKAGE

Through the years, many linkage studies of migraine have been conducted in an
attempt to localize genes for common migraine. Unfortunately, many results to
date have remained unreplicated. However, with the increasing number of
studies, several consistently replicated loci are beginning to emerge, for
instance on chromosome 4q24 (V. Anttila et al., 2006; Wessman et al., 2002)
and chromosome 10q22 (V. Anttila et al., 2006; V. Anttila et al., 2008; Nyholt et
al., 2005). Thus, evidence is increasing that these regions indeed harbour one or
more genes involved in common migraine. For a recent overview of migraine
linkage results, see Oedegaard et al. (2009). A disadvantage of linkage studies is
that they can often only provide a global indication of where a causative gene
might be located. To date, the actual genes causing the reported linkage signals
remain unidentified.

CANDIDATE GENE ASSOCIATION STUDIES

Association studies of migraine generally focus on several types of candidate
genes. Genes coding for ion channels are of interest due to the findings in FHM,
which all implicate ion channels. Genes involved in vascular function are
studied because of the vascular changes observed in migraine and the
association of migraine and stroke. Genes related to hormone function (e.g.
estrogen and progesterone receptors) are candidates because of the sex
differences in migraine prevalence and the observed changes related to
‘hormonal milestones’, and genes involved in neurotransmitter function (e.g.
dopamine and serotonin receptors), could be candidates due to the suspected
involvement of neurotransmitter pathways in migraine pathophysiology. One of
the more consistent findings is the association of migraine (particularly
migraine with aura) with the 5,10-methylenetetrahydrofolate reductase
(NADPH) /MTHFR] gene (e.g. Kowa et al., 2000; Rubino et al., 2009; Scher et
al., 2006). However, in general, many initially positive association results for
migraine failed to replicate consistently in follow-up studies (for a review, see
Colson et al., 2007; de Vries et al., 2009). A likely explanation for the lack of
success of the candidate gene method in migraine research is that our
knowledge of migraine etiology is too limited to allow the identification of good
candidates and/or the use of small samples with insufficient power.
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GENOME-WIDE ASSOCIATION

A recent promising development in genetics research has been the introduction
of genome-wide association (GWA) studies, the first of which started to be
published in 2005. Since then, hundreds have followed and many disease-
associated genes have been identified (Manolio & Collins, 2009). Due to the
increased resolution compared to linkage studies, and the fact that prior
hypotheses on the genes involved are not necessary, GWA studies hold some
promise to detect common variants associated with migraine. However, to
detect loci with a small effect, very large samples are needed (Visscher, 2008).
This has recently led to the formation of large GWA consortia, to bring together
the sample sizes necessary to identify significant disease associations.

OVERVIEW OF THE CHAPTERS IN THIS THESIS

In this thesis, I will first provide a short overview of the genetic epidemiological
methods used in the different chapters (Chapter 2). Chapter 3 summarizes the
ascertainment procedures for the data this thesis is based on, including details
on the headache questionnaire that was used to assess migraine status. In
Chapter 4, it is investigated whether and how a potential non-response bias
might influence the collected data.

In the second section, the migraine phenotype and its relationship with
depression is explored in more detail. Chapter 5 describes how the
questionnaire data were analysed with latent class analysis (LCA) to investigate
whether subtypes of migraine could be identified, and how the resulting
classification was used as the phenotype in an analysis of the genetic
architecture of migraine. In Chapter 6 migraine characteristics are compared
between depressed and non-depressed individuals, while Chapter 7 explores
whether migraine and anxious depression are genetically correlated, and how
this association might be explained.

The third section addresses the issue of gene finding for migraine. A
linkage study and a meta-analysis of genome-wide association studies are
described (Chapters 8 and 9, respectively). Finally, in Chapter 10, an attempt is
made to summarize the results of these studies into a coherent conclusion about
the outcomes of this thesis and suggest future directions of research aimed at
identifying genetic factors underlying an individual’s susceptibility to common
migraine.
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GENE TIC EPIDEMIOLOGY

INTRODUCTION

Individual differences in psychological or behavioral traits can be explained by a
combination of genetic and environmental differences between individuals.
When a trait is said to be highly genetic, this means that a large proportion of
the variance in the trait is explained by genetic factors, i.e. the effect of one or
many genes that each have their influence on the expression of the trait.
Environmental factors can range from intrauterine environment to the influence
of the family environment, school, friends and many other unidentified non-
genetic factors. In this chapter we will provide an overview of methods used to
model the contribution of genes and environment to variance in a trait or a set of
traits, and to localize and identify the regions of the genome that may be
involved. The area of research that focuses on quantifying genetic effects is
called behavior genetics or genetic epidemiology. Genes can be localized and
identified with genetic linkage and association methods. Finally, we will discuss
factors that influence the expression of genes (such as epigenetic modification)
and methods to study how gene expression is regulated and how genes interact.

The reader is assumed to have some basic knowledge of genetic
terminology. Genetic information is encoded in DNA (deoxiribonucleic acid)
molecules. The DNA code contains the units of genetic information we call
genes. There is no real agreement on what exactly defines a gene, the definition
has evolved along with the advances in science. Commonly used definitions of a
gene are: ‘a unit of inheritance’ or ‘a packet of genetic information that encodes
a protein or RNA’. The estimated number of genes in the human genome is also
a subject of debate. Not too long ago it was predicted that the human genome
contained around 100,000-150,000 genes (e.g., Liang et al., 2000). However,
more recent estimates have gone down to 20,000-25,000 (International Human
Genome Sequencing Consortium, 2004).

In humans, the DNA molecules are organised in 2 x 23 chromosomes: 22
pairs of autosomes and one pair of sex chromosomes. The genetic sequence as a
whole is called the genome, and a location in the genome that for instance
contains a gene or a genetic marker is referred to as a locus. A quantitative trait
locus (QTL) is a locus that harbours a gene influencing a quantitative trait, i.e. a
trait that varies on a quantitative scale. Assessment of the trait may be on an
interval or ordinal scale, in which case an underlying quantitative liability is
assumed.

The nuclei of nearly all human cells contain two versions of each
chromosome, and therefore of each gene. The two corresponding chromo-
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somes are called homologous chromosomes. One is received from the mother,
the other from the father. In addition, a small amount of DNA is contained in
the (maternally inherited) mitochondria. Although most of the human DNA
sequence is identical in all individuals, at some loci different versions of the
sequence occur. These variants are called alleles. The word allele can refer to a
gene variant, but also to versions of a genetic marker or any other fragment of
DNA sequence. Individuals who carry the same allele at both homologous
chromosomes are called homozygous. Individuals with two different alleles are
heterozygous. The two alleles together, either at one or at multiple loci, make up
a person’s genotype. The term haplotype is used to indicate a combination of
alleles at multiple loci that an individual receives from one parent (Ott, 1999). It
usually refers to a combination of alleles transmitted close together on the same
chromosome. Finally, the observed characteristics of an individual are called
phenotypes.

Alleles affecting quantitative traits can exert their effect in various ways.
When the alleles act independently, the effects simply add up, in which case we
speak of additive genetic effects. When the effect of one allele depends on the
effect of another, i.e. there is an interaction between them, they are referred to
as non-additive effects. There are several forms of non-additivity. Interactions
between two alleles at the same locus are referred to as dominance. When the
interaction is between alleles at two different loci, it is referred to as epistasis.
An excellent online tutorial by Shaun Purcell that addresses additivity and
dominance can be found on http://pngu.mgh.harvard.edu/~purcell/bgim/-

index2.html#sgene.

In this chapter we will provide an overview of genetic epidemiological
methods and developments, in three sections. The first part will describe the
estimation of heritability, as well as some more advanced modeling based on
twin methodology. In part II, methodology used to localize and identify genes
will be discussed. Finally, in part III, we will focus on the gene expression and
epigenetic modification of the DNA.
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PART I: ESTIMATING HERITABILITY

It is often observed that human traits run in families. This is not only the case
for diseases or physical appearance but can also apply to personality and
behavior. The mere fact that a trait is familial, however, does not tell us whether
the trait is heritable, since familial resemblance can also be the result of the
influence of a shared family environment.

One method to investigate genetic influences is by studying adopted
children and their biological and adoptive parents. Similarities between adopted
children and their biological parents reflect genetic influences, whereas
similarities between adopted children and their adoptive parents reflect the
effects of the family environment. However, there are some disadvantages to
adoption studies: adoptions are relatively rare, and adoptive children and
parents cannot be assumed to be representative of the general population.

THE CLASSICAL TWIN MODEL

For this reason many studies use data from twins and their families. In twin
studies, the resemblance between monozygotic (MZ) and dizygotic (DZ) twins is
compared to estimate the contribution of genes, shared environment and non-
shared environment to the variance in a trait. This is based on the fact that MZ
twins share 100% of their segregating genes, whereas DZ twins share on average
50%. [Note that this percentage refers to the portion of the genome in which
variation occurs, since >99% of the genome is identical between humans; this
part is therefore entirely shared in both MZ and DZ twins.] In contrast, both MZ
and DZ twins share the home environment. This means that differences
between MZ twins must be due to non-shared environmental influences,
whereas the extent to which MZ twins are more similar than DZ twins reflects
the influence of genetic factors. Using these principles, the variance in a trait
can be decomposed as due to additive genetic factors (A), common or shared
environment (C) and non-shared environment or measurement error (E). In the
absence of dominance or epistasis, the percentage of variance in a trait that is
explained by additive genetic factors equals the heritability of the trait, which
can be estimated by taking twice the difference between the MZ and DZ twin
correlation: h? = 2(rMZ - rDZ).

When rMZ > 2rDZ, there is evidence for a contribution of non-additive
genetic influences, also referred to as genetic dominance (D), which also
includes effects of epistasis. In this case, the percentage of variance explained by
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A and D together is referred to as the broad-sense heritability, A alone is called
the narrow-sense heritability.

The contribution of A, C, D and E to the trait variance can be estimated
based on biometrical genetic theory. Discussing the biometrical model in detail
is beyond the scope of this chapter, but it is the basis of a few important
principles twin models are based on. For a detailed introduction see Falconer
and Mackay (1996).

As explained above, the total phenotypic variance of a trait (P) can be
decomposed into components explained by A, C,Dand E: V,=V, +V_ +V_ +V,.
We here assume that there is no interaction or correlation between genetic and
environmental factors (the covariance between A and D is zero by definition).

The covariance between MZ twins is expressed as: cov(MZ) =V, +V,+ V..
Since V, is by definition non-shared variance, it cannot contribute to covariance
of family members. V, is, by definition, shared, and the genetic variance is also
entirely shared because MZ twins are genetically identical. The expectation for
the DZ twin covariance is expressed as: cov(DZ) = %= V, + %V, + V.. On average
%% of the additive genetic variance is shared between DZ twins (and between
non-twin siblings). In order to share non-additive variance, two relatives have to
share both alleles of a gene, an event that occurs with a probability of % in DZ
twins (or full siblings). Figure 2.1 shows a graphical representation of the model
that arises from these principles.

STRUCTURAL EQUATION MODELLING

To estimate the contribution of all genetic and environmental factors to a trait
and assess their significance, models can be evaluated and compared using
structural equation modelling (SEM). The parameters of a model (which include
means, variances and covariances) can be estimated using an optimization
approach such as maximum likelihood estimation. The relative goodness-of-fit
of different models can be assessed by calculating minus twice the log-
likelihood (-2LL) of the data given the model, and comparing these values
between models. By dropping or equating parameters, the fit of different
models can be compared with a likelihood ratio test. Genetic structural equation
modelling usually involves a multiple group design in which data from e.g. MZ
and DZ twins are analyzed simultaneously and parameters (a, ¢, d and e in
Figure 2.1) are constrained to be equal across groups to ensure identification of
the model. Usually, a fully saturated model that includes estimates for all
parameters is tested first. Then the significance of parameters can be tested by
constraining them to be zero. For instance, it can be tested whether the C factor
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has an effect on the variance of the trait, by fixing the ¢ path coefficient at zero
and then comparing the original model to the constrained model. When
dropping or equating parameters does not result in a significant deterioration of
the model fit, this indicates the more parsimonious model fits the data as well as
the more complex model. The best model is the most parsimonious model that
still provides a good explanation of the observed data. Significance is
determined based on the difference in -2LL between two models, which is
asymptotically distributed as y2. The degrees of freedom of the test are equal to
the difference in the number of parameters. For very large samples alternative fit
indices have been proposed, such as the RMSEA (Browne & Cudeck, 1993), the
Bayesian Information Criterion (BIC; Schwarz, 1978) and the Akaike
Information Criterion (AIC; Akaike, 1987).

TWIN MODELS AND CATEGORICAL DATA

In the case of a continuous variable, the trait is assumed to be normally
distributed [which is indeed expected for traits that are affected by many genes
(Fischer, 1918)]. Clearly, non-continuous phenotypes (e.g. presence or absence
of a disorder, or categories representing levels of severity of a phenotype) are not
normally distributed, and cannot be analyzed the same way. However, they may
reflect a categorization of an underlying normally distributed trait. In this
situation, a liability threshold model (Falconer, 1965) is often used. A threshold
model assumes that the categories of a variable reflect an imprecise
measurement of an underlying normal distribution of liability with a mean of
zero and a variance of one. One or more thresholds (expressed as Zscores)
divide this distribution into discrete classes (e.g. affected vs. unaffected for a
disease phenotype, or no symptoms/mild/moderate/severe for a trait measured
on a continuous scale, such as a neuroticism or depression score). The area
under the curve between two thresholds represents the proportion of cases
within a category (Figure 2.2). The resemblance of relatives (e.g. twins) is
expressed as tetrachoric or polychoric correlations, which represent the
correlation of relatives on the liability dimension.
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Mz:1/ DZ: 0.25

d/ e \ e
Phenotype Phenotype
Twin 1 Twin 2

FIGURE 2.1

Univariate twin model. The path diagram shows the A, C, D and E factors for a twin pair,
and the correlations between each of the factors for MZ and DZ twins. Following the
tracing rules of path analysis (Wright, 1934), the phenotypic variance explained by each
component is calculated as the squared path coefficient: the genetic variance for an
individual is calculated as a? the shared environmental variance equals c?, etc. The total
variance is derived by summing the variance explained by the individual components: a* +
c? + d* + €% The covariance between twins is calculated by tracing the path from twin T,
through the double-headed arrow, to twin 2. For instance, the genetic covariance between
MZ twins equals a - 1 - a = a%, whereas for DZ twins it equals a - 0.5 - a = 0.5a” The total
covariance is calculated by adding up all paths contributing to the covariance (i.e. all paths
which connect the two twins), which is a2+ ¢? + d? for an MZ pair and 0.5a% + c*+ 0.25d* for
a DZ pair. Note that when only data from twins reared together are available, it is not
possible to estimate C and D at the same time, because there is not enough information;
an ACDE model is not identified. Therefore, the twin correlations are used to decide

whether an ACE or an ADE model is more plausible.



GENE TIC EPIDEMIOLOGY

Single threshold model Multiple threshold model

/

unaffected affected no symptoms| mild
——- —_—
Disease liability Disease liability
A B
FIGURE 2.2

Threshold models. In both cases a normal distribution of liability underlies the observed
phenotypes, which have been categorized into discrete classes. A: single threshold model;
this represents a disease phenotype with affected and unaffected individuals. B: multiple
threshold model; in this case an ordinal variable with categories corresponding to different
levels of severity, in this case ranging from no symptoms, via mild and moderate, to a

severe phenotype.

EXTENSIONS OF THE CLASSICAL TWIN MODEL

The classical twin design can be extended to also include data from siblings,
parents and spouses. The genetic similarity between non-twin sibling pairs is
the same as the resemblance between DZ twins, i.e. on average 50% of the
segregating genes. Adding data from one or more non-twin siblings to the
model (often referred to as an extended twin design) results in a substantial
increase in power to detect genetic and shared environmental effects (e.g.,
Posthuma & Boomsma, 2000).

The similarity between parents and children is 50% for additive genetic
effects but 0% for dominance; since dominance reflects an interaction between
two alleles at the same locus, to share these effects two individuals have to share
both alleles. However, parents by definition transmit only one allele to their
children.

Data from parents and spouses can be used to account for the effects of
parental influence (i.e. cultural transmission) and assortative mating (i.e.
phenotypic correlations between spouses; Fulker, 1982). An example of this
method can be found in e.g. Distel et al. (2009), who investigated whether
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cultural transmission from parents to offspring had an effect on borderline
personality features. They found that cultural transmission did not play a role;
however, there was some evidence for assortative mating, although this
explained only a small amount of the variance in the trait.

MULTIVARIATE MODELS

A useful extension of the models described above is to analyze multiple traits
simultaneously. Bivariate or multivariate models can be used to quantify the
genetic and environmental overlap in correlated traits, and explore the etiology
of the association (or comorbidity) between traits. For example, it is possible to
test whether the same genes affect different correlated traits, or whether a
similar environment is responsible for the correlation.

In addition to the MZ and DZ twin correlations, a multivariate model also
includes the phenotypic correlation between traits (within a person), and the
cross-twin cross-trait correlation (the correlation between trait 1 in twin 1 and
trait 2 in twin 2). The function of the cross-twin cross-trait correlations is
similar to that of the regular twin correlations in a univariate model: if the cross-
twin cross-trait correlation is higher in MZ than in DZ twins, this indicates the
two traits share a genetic component, in other words, there is a genetic
correlation between them. Shared and non-shared environmental correlations
are calculated similarly. Figure 2.3 shows an example of a bivariate ACE model.
The cross-twin cross-trait correlations are modeled by adding the cross-paths

a,, c, and e,. If the a  path is significant, this implies that a genetic correlation

20
is present, and similarly, significance of c,, and e, indicates shared and non-
shared environmental correlations, respectively. For instance, following the
tracing rules of path analysis (Wright, 1934), the genetic covariance between
phenotype 1 in twin 1 and phenotype 2 in twin 2 in DZ twins is given bya_ - 0.5 -
a,.

An example of a bivariate twin analysis is described in Chapter 7. In this
analysis, the relationship between migraine and depression was investigated, to
test the hypothesis that the often-reported comorbidity of these disorders is due
to a shared underlying genetic factor. The phenotypic correlation between the
two traits was estimated at .28. Most of the shared variance (54%) was explained
by genetic factors, the remaining variance was due to non-shared environment.
There was a significant genetic correlation between the traits (r = .30). Thus, it
can be concluded that migraine and depression are in part influenced by the
same genetic and non-shared environmental factors, but that the proportion of

variance explained by this relationship is modest.
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Example of a bivariate twin model: a bivariate ACE model, with two twins and two

phenotypes (P1 and P2).

Another application is the extension to longitudinal models. By measuring
correlations between repeated measures at different time points, it can be
determined whether stability over time is due to genetic or environmental
factors. An example can be found in Bartels et al. (2004), who investigated the
contribution of genes and environment to stability in internalizing and
externalizing problem behavior in children aged 3 to 12 years old. They found
that genetic factors were responsible for both stability and change over time,
while a common set of shared environmental factors mostly accounted for
stability in problem behaviour across different ages. Non-shared environment
played only a modest role in explaining stability or change in problem
behaviour.

39



CHAPTER 2

SEX BY GENOTYPE AND AGE BY GENOTYPE INTERACTION

The influence of genetic and environmental factors may differ for males and
females. Therefore it may be useful to first test a full model in which all
parameter estimates are different for the two sexes, and then test whether the
estimates for males and females can be constrained to be equal. In many
situations means or thresholds have to be modeled separately for males and
females, for instance because a trait (e.g. migraine or depression) is more
prevalent in women. Apart from that, several different hypotheses can be tested:

1. The variance components (i.e. V,, V,, V. and V,) are the same for males
and females.

2. The variance components are proportionally the same in males and
females, but in one sex the total trait variance is larger. A way to model
this is by constraining all variance components in one sex to be a scalar
multiple of the variance components in the other sex.

3. The variance components differ, for instance when a trait is more
heritable in one sex than in the other. In this case, the variance
components have to be estimated separately for men and women. Note
that a decrease in heritability may arise for different reasons: the genetic
variance can be the same in the two sexes, but the environmental
variance could be larger in men than in women. Since heritability is
expressed as a ratio (genetic variance over total variance) this would
lead to a lower heritability estimate in men.

To test which of these models fits the data best, one starts with a full model in
which all parameters are estimated separately for males and females. Then, by
constraining the parameters step by step, it is tested whether parameter
estimates differ significantly between men and women. This same method can
be applied when data are available for different age groups (e.g. adolescents vs.
adults), to test whether estimates of heritability differ depending on age. The
actual implementation of the model depends on whether data have been
collected in a cross-sectional design in subjects of different ages, or in a
longitudinal study in which the same subjects are measured repeatedly across
time.

Finally, when data from DZ opposite sex (DOS) twins are available, it is
possible, in addition to quantitative differences, to also test whether qualitative
sex differences are present (i.e. whether different genes affect the trait in males
and females). This is tested by estimating the correlation between the latent
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genetic factors in DOS twins, while this correlation remains fixed at o.5 in the
same sex pairs. If the correlation in DOS twins is significantly lower than o.5,
this is an indication that the genetic factors affecting males and females are
(partly) different. It is also possible that different environmental factors
influence a trait in men and women. In this case the correlation between the C
factors (see Figure 2.1) would be estimated in DOS twin pairs (or in opposite-sex
siblings). It is not possible to estimate the correlations for genetic and shared
environmental factors simultaneously using a classical twin design, as there is
only one data point available that is informative for this test.

GENOTYPE BY ENVIRONMENT INTERACTION

The expression of genes may also depend on environmental factors - sometimes
referred to as moderators. For example, the expression of the genotype may be
more clearly seen in a permissive environment. An interesting case of gene-
environment interaction (GxXE) was found in a study by Boomsma et al. (1999),
who observed that a religious upbringing reduced the influence of genetic
factors on disinhibition, one of the dimensions of the Sensation Seeking Scales.
In a study of female twins Heath et al. (1998) found that being in a marriage-like
relationship served as a protective factor by reducing the impact of a genetic
liability to depression.

When it is known which genes influence a particular phenotype it is also
possible to test for interaction of the environment with a specific gene variant.
In a famous study, Caspi et al. (2003) investigated the association between the
serotonin transporter gene and depression in individuals who had experienced
stressful life events and individuals who had not. It was found that stressful life
events were associated with depression, but only in individuals who carried at
least one copy of the short allele of the serotonin transporter gene. The
strongest effect was observed in individuals who carried two copies of the short
allele, while the effect was non-significant in carriers of two long alleles. As
spectacular as these results were, these days it is thought they may have been
chance findings, since few studies since have succeeded in reproducing them. A
large meta-analysis of the many replication studies failed to show significant
evidence of either a main effect of the serotonin transporter gene or an
interaction between this gene and stressful life events (Risch et al., 2009).
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PART 2: GENE-FINDING

Once it has been established that a trait is heritable, the next step is to find the
genes involved. The two primary statistical methods for gene-finding are
linkage and association. Unlike the methods described above, linkage and
association require the collection of DNA samples and the measurement of
genotypes.

Linkage analysis is a method that localizes regions possibly influencing
the trait of interest by using pedigree information. In short, the objective is to
determine whether relatives who are phenotypically similar, are also
genotypically similar in a particular region of the genome. If this is the case, this
region may harbour a gene involved in the trait of interest. Linkage is based on
the principle that two loci that are physically close together (e.g. an observed
fragment of DNA and an unobserved disease locus) are more likely to be co-
inherited. How this works will be discussed in more detail below. Because the
information in a linkage study comes from the pedigree structure, it is necessary
to collect family data.

Association analysis can go one step further: not only can the location of
the involved regions be determined but also which genetic variant (allele) is
associated with the phenotype. In other words: do individuals with a certain
phenotype have a different frequency of allele X than individuals who do not
have this phenotype? This can be tested with a straightforward chi-squared or
regression test. Association studies have a higher resolution than linkage
studies and have often been used to follow up promising linkage results. As we
will see, using family data has certain advantages; however, association studies
can also be performed using data from unrelated individuals.

MARKERS

Because - due to technical and financial limitations - it is currently not feasible
to characterize the entire human DNA sequence in large numbers of individuals,
gene-finding studies rely on markers. Markers are genetic variants (also called
polymorphisms) with a known location which can be used as indicators of the
approximate location of the real, usually unmeasured locus of interest. When we
say an individual is genotyped for a linkage or association study, this means
their DNA is characterized at a selected number of marker loci, either in a
specific region (in candidate gene studies), or throughout the genome (in
genome-wide studies).
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Several types of markers are used in gene-finding studies. Single nucleotide
polymorphisms (SNPs) are single base pairs with two variants (e.g. some
individuals have an A, others have a C). Theoretically (if single base pair
mutations have occurred multiple times at the same locus) there can be 4
variants (A, C, T and G), but for practical reasons only SNPs with two variants
are selected for gene-finding studies. Microsattellites are sequence length
polymorphisms that consist of a varying number of repeats of a short (usually 1-
4 bp) sequence of DNA, e.g. ‘CACACACACACACA’. A third and more recently
recognised type of polymorphism is the copy number variant (CNV). CNVs are
DNA fragments ranging from kilobases (Kb) to even megabases (Mb) in size, of
which different numbers of copies are present in different individuals.

PARAMETRIC LINKAGE

Broadly speaking, two types of linkage analysis can be distinguished: parametric
and nonparametric linkage. Parametric (or model-based) linkage requires the
specification of a genetic model, i.e. allele frequencies and penetrances (3
parameters specifying the probability that an individual expresses the phenotype
given o, 1 or 2 copies of the risk allele) Genotype and phenotype data from
multiple generations are required to perform this type of analysis.

An important concept in parametric linkage analysis is the recombination
fraction. Recombination occurs when during meiosis the maternal and paternal
chromosome cross over, break and rejoin, resulting in gametes with
chromosomes that are a combination of the maternal and paternal
chromosome.

The recombination fraction, used in linkage analysis, is the probability
that the alleles at two loci are recombinant (i.e. an odd number of
recombination events has occurred between them). This depends on the
distance between the loci. When two loci are located on different chromosomes,
or on the same chromosome but far apart, the probability of the individual being
a recombinant is around 50%, i.e. the recombination fraction (0) is o.5. The
smaller the distance between the two loci, the lower the probability of a
recombination event between them, and the lower 0 will be, with 6 = o
indicating perfect linkage.

To test for linkage, a genetic model is assumed, and the likelihood of the
observed pedigree data under the alternative hypothesis of linkage (0 < o.5) is
compared to the likelihood under the null hypothesis of no linkage (6 = o.5)
between the measured marker locus and the hypothetical trait locus. The result
of this test is expressed as the logarithm of odds, called the LOD score. The
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higher the LOD score, the stronger the evidence for linkage. A detailed
discussion of parametric linkage methods can be found in Ott (199g).

Parametric linkage is most suited for traits that are influenced by a single
gene and follow a relatively simple pattern of inheritance, because in this
situation it is relatively easy to specify a genetic model. A good example of a
successful parametric linkage study is described by Joutel et al. (1993), who used
data from two large multigenerational families to map the first locus for familial
hemiplegic migraine (the FHMr locus) to chromosome 19. A few years later,
Ophoff et al. (1996) identified several mutations in a gene in this area
(CACNAIA) which caused the FHM phenotype. However, for many behavioral
and psychological traits, specifying the correct genetic model is not
straightforward.

NONPARAMETRIC (MODEL-FREE) LINKAGE

Most behavioral and psychological phenotypes are complex, i.e. they are
influenced by many genes that each have a small effect. In this case it is difficult
to specify a genetic model. Therefore, complex traits are usually analysed using
non-parametric (also called model-free) linkage techniques. The non-
parametric approach does not require the specification of a genetic model. In
short, in non-parametric linkage, it is tested whether relatives with similar
phenotypes also have similar genotypes. Genotypic similarity is expressed in a
measure called identity by descent (IBD). Two alleles are said to be IBD if they
not only have the same DNA sequence (referred to as identity by state, or IBS),
but were also inherited from the same ancestor. Because there are two alleles for
each locus, a pair of individuals can share o, 1 or 2 alleles IBD. The expected
probabilities for these values are %, *» and %, respectively (Figure 2.4).

To test for linkage, the IBD values for all pairs of related individuals in the
sample are estimated. For IBD estimation, the availability of parental genotypes
greatly increases the accuracy of the estimates. For this reason, parental
genotype data are used in linkage analysis, even when the actual LOD scores are
based on data from siblings only.
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Possible allele combinations and identity by descent. A: all possible genotypes for the
offspring of two parents with genotypes A,A, and B,B,. There are four possible genotypes
for the offspring which all occur with equal probability of %4. B: the IBD value for all
possible sibling pairs resulting from the mating depicted in A. An IBD value of 0 or 2
occurs in 4 out of 16 possibilities. Thus the probabilities are %4, 2 and %a for IBD 0, 1 and
2, respectively. In this example, where both parents are heterozygotes, the IBD values of
the offspring can easily be determined. However, in many situations there is insufficient
information to know the IBD status with certainty. In this case IBD probabilities have to be

estimated.

Several algorithms have been developed for the estimation of IBD values. The
Elston-Stewart algorithm (Elston & Stewart, 1971) is suited for analysis of very
large pedigrees but only for a limited number of markers at a time, because the
complexity of the calculations increases exponentially with the number of
markers. The Lander-Green algorithm (Lander & Green, 1987) is better suited to
handle the large numbers of markers included in most modern linkage studies,
but is limited to smaller pedigrees. A useful discussion of IBD estimation can be
found in, e.g., Ferreira (2004).

Haseman-Elston regression

One of the first non-parametric linkage methods based on IBD estimation was
introduced by Haseman & Elston (1972). This method is now known as
Haseman-Elston (HE) regression. The idea was to take the squared difference in
trait values for each sibling pair and regress it on the estimated IBD values at a
given marker locus. There is evidence for linkage when high IBD values are
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associated with strong phenotypic similarity (i.e. small squared trait
differences). Thus, a significant negative regression slope indicates the presence
of linkage. A drawback of HE regression is that fairly large samples are needed
for sufficient statistical power to detect linkage. One method to increase power
is by selecting only the most extreme cases from a population (Carey &
Williamson, 1991; Dolan & Boomsma, 1998). This is possible because HE
regression has the advantage that it does not rely on assumptions about the trait
distribution.

Several extensions to HE regression have been proposed through the
years, which improve power by using not only the squared trait differences but
also the squared trait sum (e.g., Sham et al., 2002).

Variance components linkage

A non-parametric linkage method developed in the 1990’s is based on variance
components (VC; e.g., Almasy & Blangero, 1998; Amos, 1994). VC linkage is
based on an approach similar to that described in the section about heritability
estimation. In addition to the genetic and environmental components A, C, D
and E, we can model the effect of a specific QTL (Q), using IBD estimations.
Figure 2.5 shows a model that incorporates A (background genetic effects), Q
(QTL effect) and E (environment). The correlation between the QTL factors of
DZ twins and siblings equals the estimated proportion of alleles IBD, which is
referred to as 77 (‘pi-hat’).

To test whether there is significant linkage at a certain locus the path
coefficients for the Q-factor (q) are constrained to be zero. A significant
deterioration of the model fit is taken as evidence for linkage. This procedure is
repeated for all loci and significance levels should be adjusted accordingly. The
advantage of VC linkage is that, unlike HE regression, it can be used with any
type of pedigree, and it is generally more powerful. An important disadvantage,
however, is its reliance on the assumption of normality of the trait distribution.
Hence, the analysis of data from selected samples with variance components
linkage is more involved than when HE regression is used.
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FIGURE 2.5

AQE model to test for linkage using a variance components approach. The correlation
between the QTL effects for sibling 1 and sibling 2 equals 7 (= IBD/2), whereas the
correlation between the background genetic factors of siblings or DZ twins is .5. If the
mode of inheritance of the trait is largely unknown, the remaining familial variance that
cannot be attributed to Q can also be modelled as simply ‘familial’. If data on MZ twins are
also available the familial variance can be decomposed into A and C. Note that MZ twins

do not contribute any information to detect linkage (as they are perfectly correlated for all

QTLs).

The affected sib pair method

For disease phenotypes (i.e. affected vs. unaffected) a commonly used linkage
method is the affected sib-pair (ASP) test. In an ASP design, it is tested whether
sibling pairs who are both affected for a disorder share more alleles IBD than
expected in the absence of linkage (in which case the distribution should be
roughly %, -, % for IBD values of o, 1 and 2, respectively).

As mentioned earlier, parametric linkage was successfully used to map a
gene for familial hemiplegic migraine, which is a monogenic form of migraine.
Common migraine, however (i.e. MO and MA) is polygenic in nature. Therefore,
nonparametric methods are more suited to investigate this disorder. Chapter 8
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of this thesis describes a study in which an affected sib-pair approach was used
to analyse migraine in a sample of Dutch twins and their parents and singleton
siblings. Suggestive linkage was detected on chromosomes 1, 13 and 20, and a
previous finding by Nyholt et al. (2005) on chromosome 5 was replicated.

THE MULTIPLE TESTING PROBLEM (1)

These days linkage is usually performed genome-wide, in an exploratory
fashion. Because in a genome-wide linkage study several hundreds of markers
are tested simultaneously, a multiple testing burden is inevitable. Therefore,
stringent significance thresholds have to be applied. Based on a simulation
study, Lander & Kruglyak (1995) proposed using a LOD score of 3.6 to indicate
significant linkage, which corresponds to a p-value of 2 x 10” and should be
roughly equivalent to a genome-wide significance level of 5%. This has become
a widely used threshold to define significance in linkage studies. Alternatively,
permutation or simulation approaches using the observed data can be used to
determine empirical p-values. This has the advantage that no assumptions need
to be made about the null distribution of the linkage statistic.

ASSOCIATION

In an association study, it is tested whether a particular allele or genotype is
more prevalent in individuals with a certain phenotype. For instance, do
individuals with allele C at a given SNP have a higher depression score than
individuals with allele A?

Association analysis can be performed in unrelated individuals or in
family-based samples. Studies in unrelated samples are often set up as case-
control studies: allele or genotype frequencies are compared between a selection
of cases and a group of matched controls. It is also possible to test for
association with a continuous phenotype: in this case mean trait values are
compared between individuals with different genotypes. The advantage of case-
control association studies is the relative ease of collecting samples and the
straightforward statistical tests that can be used. The disadvantage, however, is
that the presence of an underlying population substructure can lead to spurious
results, a phenomenon referred to as ‘population stratification’. This
phenomenon is illustrated in a famous paper by Hamer & Sirota (2000). The
paper describes a hypothetical study in a student population consisting of
Caucasian and Asian subjects, in which a gene is identified for eating with
chopsticks. However, this is not a true association, but the result of the fact that,
for all sorts of reasons, allele frequencies can differ between the two
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populations. The two populations happen to also differ in terms of eating with
chopsticks, which is entirely culturally determined. However, from the
association analysis it falsely appears that the gene has something to do with the
chopsticks.

One way to deal with stratification issues is by using a family-based
association test, such as the haplotype relative risk (Falk & Rubinstein, 1987;
Terwilliger & Ott, 1992), or the transmission disequilibrium test (Spielman et
al., 1993), which use data from heterozygous parents and affected children to
determine which parental alleles are transmitted to an affected child and which
are not. Thus, the non-transmitted alleles serve as ‘internal’ control genotypes,
which eliminates the need for external controls and the risk of stratification
issues. The disadvantage is that family-based samples are more difficult to
collect, because both parents have to be present (which can be particularly
challenging for late-onset phenotypes such as Alzheimer’s disease or ageing).

An alternative approach, suitable for quantitative traits, was developed by
Fulker et al. (1999). With this method, which uses data from sibling pairs, the
effects of genes on phenotypic means are partitioned into a between and within-
family component. A within-family association test is not affected by population
stratification because siblings within a family belong to the same stratum. Thus,
it is tested whether an allele is associated with the phenotype in siblings within
the same family, whether they are associated in siblings from different families,
and whether the effect size of these tests is the same. If the gene effect is
different between families than within families, there is evidence for population
stratification. If, however, the within-family effect alone is significant,
regardless of the between-family effect, this means there is still evidence for a
true association effect, not due to population substructure (Fulker et al., 1999).
This method has been implemented in the QTDT program (Abecasis et al.,
2000).

In situations where unrelated individuals are used for association
analysis, other methods are available to assess and control for population
stratification, such as calculating the genomic inflation factor and applying
genomic control. These will be discussed in more detail later.

LINKAGE DISEQUILIBRIUM

An important concept in association studies is the phenomenon of linkage
disequilibrium (LD). When two loci are in linkage equilibrium, the genotype at
locus 1 is independent of the genotype at locus 2. This is usually the case when
loci are on different chromosomes or far apart on the same chromosome.
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However, if two loci are close together and over generations little recombination
has taken place between them, the genotype at locus 1 may be associated with
the genotype at locus 2. Therefore, when an association is found, this can be
due to either direct or indirect association. In the case of direct association, the
association signal comes from the actual causal variant. An association that
arises because the marker is in LD with the causal variant, it is called indirect
association.

CANDIDATE GENE STUDIES VS. GENOME-WIDE ASSOCIATION

Until recently, association studies focused on smaller candidate regions. Based
on existing knowledge (e.g. theories about biochemical pathways or evidence
from linkage studies), candidate genes were identified and genotyping was
restricted to the region of interest. Good examples are association studies of the
serotonin receptor and transporter genes in both depression and migraine
studies. Both conditions are often successfully treated with drugs that interact
with the serotonergic system (selective serotonin reuptake inhibitors [SSRIs]
and triptans, respectively), suggesting a possible causal involvement of
serotonin in the etiology of the disorders. However, in spite of the large number
of studies conducted, it has proven difficult to unequivocally demonstrate a role
of serotonin receptor or transporter genes in the pathogenesis of depression
(Anguelova et al., 2003; Risch et al., 2009). A similar conclusion can be drawn
for migraine (Colson et al., 2007). Although there is limited evidence for a
possible role of certain serotonin-related genes in migraine and depression, the
majority of candidate-gene association studies have returned negative results.
This may be illustrative of the main weakness of the candidate gene approach:
usually our knowledge about the pathways involved is very limited, making it
very difficult to determine which genes are good candidates.

Due to the availability of faster and cheaper genotyping techniques it has
now become feasible to genotype enough markers (from 300.000 up to 1
million) to cover most of the common variation in the entire human genome,
and perform genome-wide association analysis (GWA). Several companies (e.g.
Ilumina, Affymetrix) produce pre-designed SNP chips that include a selection
of carefully chosen ‘tag SNPs’. Tag SNPs are selected based on LD patterns, in
such a way that a minimum number of SNPs captures a maximum amount of
genetic variation in the population it is designed for. In contrast with candidate
gene studies, a GWA study is exploratory in nature; no prior hypothesis about
the location of causative genes is necessary. Indeed, many of the associations
identified through GWA studies to date were not previously regarded as
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candidates, which demonstrates the use of exploratory gene-finding studies
(Manolio & Collins, 2009).

THE MULTIPLE TESTING PROBLEM (2)

Due to the large numbers of markers used, the multiple testing burden in a
GWA study is even larger than in a linkage study, which makes it crucially
important to use appropriate significance thresholds. The exact multiple testing
burden depends on the set of SNPs included in the study and on the population
studied. For instance, African populations are known to have less LD and more
SNPs, and therefore the multiple testing burden will be higher than in a
European population. Several authors have proposed cut-oft values for
significance in GWA studies. Pe'er et al. (2008) recommended multiplying the
nominal p-value by the genome-wide testing burden, which, according to their
calculations is roughly half a million tests when all common SNPs are tested in a
European (Hapmap CEU) population. To obtain a genome-wide significance
level of 5%, this means a nominal threshold of P = 1 x 10”7 should be used.
Dudbridge & Gusnanto (2008) used a permutation approach to estimate the
genome-wide significance threshold in the UK Caucasian population. They
estimated that genome-wide significance at the 5% level corresponded to a
nominal P-value of 7.2 x 10", and state that any P-value below 5 x 10” can be
considered “convincingly significant”.

It should be noted that even the use of strict significance thresholds has
not been able to avoid that many candidate-gene association studies have
produced results that could not be replicated, possibly because many of them
were false positive findings (Hirschhorn et al., 2002). Since the credibility of a
finding increases considerably when it is replicated in multiple independent
samples, it is now a common requirement for GWA studies that results be
replicated internally (i.e. in an independent sample described in the same
study), in order to be published.
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FIGURE 2.6

Examples of Q-Q plots. The expected distribution of p-values (x-axis) is plotted against the
observed distribution (y-axis). For convenience, p-values in a GWA study are often shown
on a logarithmic scale, i.e. -log;,(P). A: The observations closely follow the expected
distribution (shown in grey), indicating there is probably no association and no inflation of
the distribution either. B: Inflation across the whole distribution, which may indicate
population stratification. C: An excess of small p-values in the tail of the distribution,

possibly indicating some true associations.

GENOMIC INFLATION

As mentioned before, population substructure is a factor that can lead to
spurious results in an association study. Therefore, in the design of a GWA
study it is important to carefully select the individuals to be genotyped to avoid
problems related to stratification within the sample. Once the data have been
collected, it is common practice to run some quality control checks to scan for
potential problems. A good way to get a first impression of the results is by
creating a quantile-quantile plot (also called Q-Q plot). In a Q-Q plot, the
expected distribution of p-values is plotted against the observed distribution
(Figure 2.6). Under the assumption of no true association signals, this should
result in a straight diagonal line. An excess of small p-values, resulting in a
deviation in the tail of the distribution, may indicate true association signals.
However, if the observed findings are inflated (i.e. show an excess of small p-
values) across the entire distribution, this may indicate population stratification
(McCarthy et al., 2008). The extent to which the distribution is inflated can be
expressed in a statistic called the genomic inflation factor, A (lambda), which is
calculated as the median 2 of the observed distribution, divided by the median
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x> of the expected distribution. Ideally, A should approach a value of 1. Based on
the value of A, the test statistic can be rescaled to correct it for inflation. This
procedure is called genomic control (Devlin & Roeder, 1999).

META-ANALYSIS

GWA studies have shown to be effective and associations have been successfully
identified for quite a number of human traits, such as Crohn’s disease (Barrett et
al., 2008), type 2 diabetes (Zeggini et al., 2008), bipolar disorder (Ferreira et al.,
2008) and obesity (Lindgren et al., 2009). However, it has become clear that for
most complex traits the observed effects are small and therefore very large
samples are needed. Visscher (2008) estimated that to detect a variant that
explains 0.1-0.5% of the variance in a quantitative trait (which may be a realistic
effect size for genes affecting complex traits), tens of thousands of individuals
are necessary for sufficient power. Since no single study has the budget to
collect these enormous amounts of data, it is a necessity to combine GWA
studies. For this reason, large consortia have been formed in recent years to
enable meta-analyses of GWA results (e.g., Barrett et al., 2008; Lindgren et al.,
2009; Zeggini et al., 2008). In a meta-analysis, the results of multiple individual
studies are combined into one overall test statistic. Two types of meta-analysis
can be distinguished: methods that assume fixed effects and those that assume
random effects. Fixed effects methods assume there is one common effect in all
studies (homogeneity), and that between-study variability is due to chance. Two
frequently used fixed-effects methods are the inverse-variance weighted method
and the pooled Zscore method. The inverse-variance weighted method pools
the betas and standard errors from all studies, weighting each study by the
inverse of the variance of beta. The outcome is an effect estimate for each SNP,
pooled across all studies. This method is most suitable when the phenotype is
measured on the same scale in all studies, so that beta can be interpreted the
same way for all samples. The pooled Zscore method does not pool effect sizes
but Z-scores, weighted by sample size. It provides information on the direction
and significance of the pooled effect, but not about the effect size. This method
is more appropriate when the phenotype is not measured on the same scale
across studies and hence the effect sizes are not directly comparable.

In cases where different genetic effects are expected across studies
(heterogeneity), for instance because the populations have a different genetic
background, random effects methods are more appropriate. Various metrics are
available to assess the presence of heterogeneity, such as Cochran’s Q statistic
or 12 (Kavvoura & loannidis, 2008). The main drawback of random effects
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methods, however, is that they are more conservative and thus have low power
compared to fixed effects models. A useful practical guideline for meta-analysis
of genome-wide association studies is provided by de Bakker et al. (2008).

HAPMAP & IMPUTATION

One problem in meta-analysis of GWA results is the fact that different studies
use different SNP chips, which tend to be largely non-overlapping. As a
consequence, the number of SNPs genotyped in all studies is limited. This can
be overcome by imputing the genotypes of SNPs that were not measured, using
data generated by the International HapMap project (2003; www.hapmap.org).
The HapMap project was launched in 2002 with the purpose of creating a
‘haplotype map’ of the human genome that describes common patterns of

genetic sequence variation. In phase I and II of the project 270 individuals from
4 populations (European, Nigerian, Japanese and Han Chinese) were genotyped
to obtain information on more than 3.1 million SNPs. In phase III the project
was expanded to include data from another 7 populations.

The HapMap data can be used to infer a missing genotype at one marker
from available genotypes at other markers. This is possible because, due to the
presence of LD, only a limited number of haplotypes frequently occur in the
population, even though theoretically much more variation would be possible.
To infer missing genotypes, a genotyped individual is compared to a HapMap
reference sample. Because the LD structure in the HapMap sample is known it
can be determined, given the available genotypes, what the most likely genotype
is for the missing SNP. For instance, if all reference individuals with a certain
haplotype have a C allele at SNP X, and SNP Xis in high LD with this haplotype,
an individual with the same haplotype but a missing genotype at SNP Xis highly
likely to also have a C allele.

Clearly there is some uncertainty involved in determining the most likely
genotype for a missing SNP. For this reason, imputation programs calculate a
probability for each possible genotype, and provide a quality measure that
indicates how reliable the imputation is for each SNP, so that in the analysis
stage, the researcher can decide to remove SNPs that were poorly imputed. In
addition, the probability scores for the different genotypes can be used to
account for the uncertainty of the imputations.

One limitation of the HapMap is that it covers only common variation.
Therefore, if a trait is primarily influenced by rare alleles, associations will not
be detected using the HapMap SNPs. The aim of the more recently started 1000
Genomes Project (www.1000genomes.org) is to provide coverage of the rarer
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variants as well, and to provide a more detailed map of the human genome. In
order to do this, whole genomes of approximately 1200 individuals will be
sequenced (i.e. their entire DNA sequence will be determined).

BOX: Genetics software on the internet

VARIOUS TYPES OF ANALYSIS:

Merlin (Abecasis et al., 2002): http://www.sph.umich.edu/csg/abecasis/merlin/
For various types of parametric and non-parametric linkage, and association analysis in
family data.

Mx (Neale et al., 2003): http://www.vcu.edu/mx/
Package for structural equation modelling, especially suitable for twin modelling and
variance components linkage analysis.

GENOME-WIDE ASSOCIATION:

Plink (Purcell et al., 2007): http://pngu.mgh.harvard.edu/~purcell/plink/
GenABEL (R package) - http://mga.bionet.nsc.ru/~yurii/ABEL/GenABEL/

IMPUTATION:

MACH (Li & Abecasis, 2006): http://www.sph.umich.edu/csg/abecasis/mach/
IMPUTE (Marchini et al., 2007): http://mathgen.stats.ox.ac.uk/impute/impute.html

ANALYSIS OF IMPUTED DATA:
SNPTEST (Marchini et al., 2007):

http://www.stats.ox.ac.uk/~marchini/software/gwas/snptest.html
ProbABEL: http://mga.bionet.nsc.ru/~yurii/ABEL/

META-ANALYSIS:

METAL: http://www.sph.umich.edu/csg/abecasis/metal/
MetABEL (R package): http://mga.bionet.nsc.ru/~yurii/ABEL/

OTHER USEFUL WEBSITES:

Shaun Purcell’s behavioral genetic interactive modules:
http://pngu.mgh.harvard.edu/~purcell/bgim/

Greg Carey's interactive learning exercises on behavior genetics:
http://psych.colorado.edu/~carey/hgss/hgssapplets/hgssapplets.htm
Mx script library (example scripts for twin modelling):
http://www.psy.vu.nl/mxbib/
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PART III: BEYOND GENE-FINDING

A person’s phenotype depends on more than simply the genetic code. Genes
exert their effects through their products, usually proteins. For proteins to be
produced, a gene has to be expressed. The main steps in gene expression are
transcription and translation. During transcription, the DNA molecule serves as
a template to construct an RNA copy of itself (an RNA molecule resembles DNA
but contains Uracil (U) instead of Thymine (T) bases, and is single-stranded).
The RNA codes for a sequence of amino acids, together forming a protein. The
construction of a protein, based on the RNA code, is called translation.

The expression of genes is affected by various factors, such as epigenetic
modifications (see below) and regulation by other genes or transcription factors
(proteins that bind to DNA, thereby controlling the expression of genes). In this
last section, we will discuss the effects of epigenetic modification on gene
expression, and the use of genome-wide expression data in gene-finding
studies. Finally, a closely related area of research is the study of interactions
between genes in biological networks and pathways. Identifying these pathways
is an important step from statistical linkage or associations to understanding
the biology underlying human traits and diseases.

EPIGENETICS

Epigenetics is the study of heritable changes in gene expression that are
unrelated to changes in the DNA sequence. Epigenetic changes are caused by
chemical modifications that affect the expression of genes. There are two types
of modification that cause epigenetic changes: DNA methylation and histone
modification. DNA methylation is the addition of a methyl group to a cytosine
base that is followed by guanine (a so-called CpG site, where the p refers to the
phosphodiester bond that connects two bases). CpG sites tend to occur in large
repetitive sequences which are highly methylated, or in short CpG-rich DNA
stretches called CpG islands, which are mostly unmethylated. CpG islands
frequently overlap with the promoter region of genes (i.e. a region close to the
gene where the transcription process is initiated). It is thought that methylation
affects gene expression by controlling whether or not proteins that affect
transcription can bind to the DNA (Jaenisch & Bird, 2003).

The second type of alteration is the modification of histones. Histones are
the proteins around which DNA molecules are wrapped. There are various types
of chemical modification of histones, including methylation and modifications
affecting how densely the DNA is ‘packed’. A tightly packed structure of the
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DNA prevents gene expression, whereas in relaxed DNA gene expression is
active.

One might say that the epigenome has a lifecycle. After fertilization, most
of the DNA is demethylized and a new wave of methylation occurs. This
methylation pattern is inherited from parent to daughter cells during cell
division, providing what might be called an ‘epigenetic memory’. Later in
development, tissue-specific changes in methylation occur, which aid the
differentiation of different cell types. At present, not much is known about how
these changes occur (Feinberg, 2008). An interesting aspect of this
phenomenon is that epigenetic changes are easier to reverse than genetic
mutations, which may offer possibilities for the treatment of disease with drugs
(e.g., Smith et al., 2007).

An additional factor that influences methylation patterns during the
lifespan is the environment. Diet, for instance, has been suggested as an
environmental factor that influences epigenetic processes. Diet-mediated
epigenetic effects have been implicated in a variety of conditions, such as
cancer, cardiovascular disease, but also depression and other psychiatric
disorders (Van den Veyver, 2002). In recent years, it has become clear that
epigenetics may explain part of the differences observed in genetically identical
MZ twins. These differences will be part of the non-shared environmental
component in a twin study. An interesting study in MZ twins showed that twins
who were older, had more different lifestyles and spent less of their lifetimes
together displayed more different epigenetic profiles than younger twins who
shared most of their environment and lifestyle (Fraga et al., 2005). On the other
hand, Heijmans et al. (2007), who combined an epigenetic study with a classical
twin design, found that most of the variation across individuals in DNA
methylation at the locus they investigated (/GFz2/Hrig) could be attributed to
heritable factors. The influence of environmental factors did not increase with
age, suggesting at least some loci are relatively unaffected by age-related
changes in methylation.

GENE EXPRESSION

The genome-wide study of gene expression is a rapidly developing area of
research. To measure gene expression, the transcript (RNA) content of a tissue
sample is analyzed to determine which genes are being transcribed and in which
quantities. One application of gene expression analysis is to combine it with the
regular GWA approach. In this type of study, gene transcript abundance is
treated as a phenotype, and can be mapped to genomic loci, called ‘expression
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QTLs’ (eQTLs). This approach identifies markers that are associated with the
expression of a gene and is useful to identify genetic variants that regulate the
expression of other genes (Gilad et al., 2008). An example of how this might
work is the situation where a strong association signal is found with an area that
contains no genes (a so-called gene desert), a phenomenon that is regularly
observed (Manolio & Collins, 2009). This region may harbour some regulatory
sequence that influences the expression of a gene located at some distance from
the associated SNP. An expression study might reveal this mechanism by
detecting an association between the SNP in the gene desert and the expression
level of the distant gene, which would otherwise go unnoticed.

A complicating factor in the collection of expression data is that
expression levels differ depending on the type of tissue. Ideally, gene expression
is measured in the tissues involved in the disease or trait of interest, however, in
many cases (e.g. brain disease) it is not an easy task to obtain the right tissue
samples in sufficient quantities. One possible solution could be to use more
easily accessible tissues as a surrogate for the tissue of interest. For instance,
Sullivan et al. (2006) compared gene expression in whole blood and 16 different
tissues from the central nervous system (CNS) to assess the feasibility of using
whole blood samples as a surrogate for brain tissue samples. They concluded
that, although imperfect, there is a correlation between CNS and whole blood
gene expression (with a median around o.5), and that in some situations the
cautious use of whole blood gene expression data could be a useful proxy
measure of CNS gene expression.

To investigate the feasibility of large scale expression data collection, a
pilot project called the Genotype-Tissue Expression project (GTEx;
http://nihroadmap.nih.gov/GTEx/) was recently announced. The aim of this

project is to develop a database containing expression data from approximately
1000 donor individuals in 30 different types of tissue. These individuals will also
be genotyped at high density. It is hoped that with these data a comprehensive
database of human eQTLs can be developed.

PATHWAY ANALYSIS

Variation or disruptions in different genes can have similar phenotypic
consequences if the genes are involved in the same pathway. Disruptions at
different stages of a pathway might all, independently or in interaction, lead to
an increased risk of disease or expression of a complex trait. Pathway-analysis
investigates whether a number of genes that have been found in e.g. a genetic
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association study, are more often involved in a certain biological pathway than
expected by chance (Wang et al., 2007).

Studies that have employed GWA and pathway analysis have reported
some promising results (Ritchie, 2009). For example, Vink et al. (2009)
searched for genes that may be involved in smoking behaviour, both initiation
and persistence. Genes that showed an association with smoking behaviour in
multiple samples were analyzed in terms of biological function, cellular location
and possible interactions of the gene products. Using this approach they
identified several groups of genes of similar function which may affect smoking
behaviour. Several other phenotypes have been investigated using similar
approaches, including multiple sclerosis (Baranzini et al., 2009), type 1 and 2
diabetes and bipolar disorder (Torkamani et al., 2008). Many others will
undoubtedly follow. This type of analysis may be an important new step towards
understanding the biological mechanisms underlying a trait.

Clearly, the introduction of genome-wide SNP arrays initiated many rapid
developments in the field of gene-finding, and this may only be the beginning.
New approaches such as the gene network and pathway-based analyses are only
just starting to be developed. Although there have been many successes, there
are also plenty of challenges left, especially in terms of the management and
analysis of the huge amounts of data that are available already, and the even
larger amounts of new data that are currently being collected, such as whole
genome sequence data. Given the promising results published in recent years,
we can only expect more to come.
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INTRODUCTION

The majority of the data this thesis is based on were collected by the Netherlands
Twin Registry (NTR), within the framework of an ongoing longitudinal study of
lifestyle, health and personality in Dutch twins, their parents, siblings, partners
and children (Boomsma et al., 2006; Boomsma et al., 2002). Between 1990 and
1993, twin families were recruited by asking city councils to provide details of
twins aged between 13 and 20 years of age. Later, additional recruitment was
based on advertisements and a yearly newsletter, and in addition to twins,
parents and siblings, recruitment was extended to also include partners and
children of twins. Since 1991, adult members of the NTR have received mailed
surveys every two to three years. These surveys include sections about physical
and mental health, lifestyle, and personality. Table 3.1 provides a summary of
the number of participants in all NTR surveys.

TABLE 3.1

Number of participants across all adult NTR surveys

Year of survey 1991 1993 1995 1997 2000 2002 2004
Twins/triplets 3386 4224 3413 3231 4610 4523 5382
Siblings 0 0 1478 1517 1474 1454 1691
Parents 3045 3694 3260 5 3 2795 3264
Spouse 0 0 0 0 708 1527 1012
Offspring 0 0 0 0 0 0 342

6431 7918 8151 4753 6795 10,299 11,691

Note that it is possible for one person to have multiple ‘roles’, e.g. the fact that an

individual is a twin does not exclude the possibility that this individual is also a spouse

or a parent of a twin. For convenience, only one role is listed here for each person.

DATA COLLECTION IN THE NETHERLANDS TWIN REGISTRY

This thesis is based on data from the 6th and 7th surveys, sent to the adult
participants of the Netherlands Twin registry in 2002 and 2004, respectively.
Survey 6 (2002) was mailed to 29,217 individuals (14,162 twins and multiples,
3606 non-twin siblings and 11,449 parents of twins). Twins also received a
survey for their spouses. The 2002 survey was completed and returned by a total
of 10,299 individuals (Table 3.1). Survey 7 (2004) was sent to 28,859 individuals:

69



CHAPTER 3

13,322 twins and multiples, 3420 siblings, 10,156 parents and 1961 partners. In
total these individuals came from 7202 different families. Non-responders
received a reminder in March 2005. The data collection was continued for
several years, and by July 2009, the survey had been completed by a total of
11,691 individuals (Table 3.1). Survey 7 was also sent to the Dutch speaking
families registered with the East Flanders Prospective Twin Survey in Belgium
(Derom et al., 2006). By July 2009, 1800 Belgian participants had returned the
survey. The data from the Belgian families were not included in this thesis.

At the time the datasets for this thesis were prepared, the data collection
was still ongoing. For this reason, not all data could be included in the analyses.
Chapter 8 includes the survey 7 data from 8645 individuals. Additional efforts
were made in a later stage to collect questionnaire data in individuals who had
not returned the questionnaire and whose questionnaire data were of particular
importance, for instance because of their participation in the GAIN study, which
involved the collection of DNA samples (Boomsma et al.,, 2008). These
individuals received a new invitation and survey. As a result, additional
questionnaire data of 254 participants could be included in Chapters 6 and 7,
which are therefore based on a total sample size of 8899 for survey 7.

In total, this thesis includes data from a total of 10,299 participants for
survey 6 and 8899 participants for survey 7. Of these individuals, 6794
participated in both surveys and 12,404 participated in at least one. After
removal of individuals who did not answer the headache section (N = 84) and
some individuals with unknown sex (N = 17) this resulted in a total number of
12,303 participants (5607 twins, 1772 siblings, 3280 parents and 1644 partners)
who provided migraine data in at least one of the two surveys.

Migraine data

A detailed section about headache symptoms was included in surveys 6 (2002)
and 7 (2004). Table 3.2 provides an overview of the headache items in each
survey, and the number of respondents per item. The questions were identical in
both surveys, although in survey 7 some minor additions were made. The
questionnaire items can be translated to correspond with the International
Headache Society (IHS) diagnostic criteria for migraine (Headache
Classification Committee of the International Headache Society, 2004), as
described in Table 3.3.
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Two different methods are used to define affection status for migraine. The
primary method is based on latent class analysis (LCA, see e.g. Lazarsfeld &
Henry, 1968; McCutcheon, 1987), and is described in detail in Chapter 5. For
reference to other studies, many results are also reported for the conventional
IHS definition. This classification was made as follows: for a diagnosis of MO
the individual was required to have symptom A, B, at least 2 of C2, C3 and Cg,
and at least 1 of D1 and D2. Individuals who met criteria for MO and also
reported visual aura symptoms were classified as having MA. Note that an
approximation of the IHS diagnostic criteria was used; an exact diagnosis was
not possible due to the fact that no information on unilateral location of the
headache was available. In addition, it was not possible to determine whether an
individual had both photo- and phonophobia, or whether only one of the two
was present. Therefore, the diagnosis made based on our data may differ
slightly from the official IHS diagnosis of migraine.

Test-retest reliability of the migraine data

In July 2005, a subset of 240 participants of survey 7 who completed the survey
in November 2004 (one per family, aged 30-40) were asked to complete a
shortened version of the survey a second time, to investigate the reliability of the
surveys. A total of 200 individuals returned the shortened version of the survey,
and received a pedometer as a reward. 199 participants answered the headache
section in both versions of the questionnaire. The tetrachoric test-retest
correlation between the full and the shortened version of the questionnaire was
.87 for the screening question (“Do you ever experience headache attacks, for
instance migraine?”), and ranged between .82 (pulsation) and .92
(nausea/vomiting) for the IHS migraine symptoms (assuming the individuals
who screened negative did not have the symptom). Similar correlations were
observed between surveys 6 and 7: the correlation for the screening question
was .87, and for the IHS migraine symptoms the correlations ranged between
.82 (pulsation) and .87 (moderate to severe pain intensity), based on the data of
the 6794 individuals who participated in both surveys.
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TABLE 3.2

for each item

The headache items included in surveys 6 and 7 and the number of responses

Survey 6

1 Do you ever experience attacks of headache, for instance 10,183
migraine? (no/yes)
2 How often do you have these attacks of headache? 2960
less than once a year
about once a year
several times a year
about once a month
several times a month
about once a week
several times a week
almost continuously*
3 How long do these headaches usually last? 247

__ hours and minutes

4 The headache is usually (if multiple answers are 2729
applicable, only mention the most important one)
pounding or stabbing
pressing, as if a heavy weight is pressing on your
head
c. squeezing, as if there is a tight band around your
head
5 How intense is the headache during most attacks? 2944
The intensity of the headache is usually:
Mild
Moderate

Severe

Headache items Availability (N)

Survey 7

8811

2635

2095

2474

2569
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TABLE 3.2 (CONTINUED)

6 During a headache attack, do you experience: (no/yes)

a. aversion of light, sound or smell? 2875 2499
b. nausea or vomiting? 2846 2463
c.  partial loss of vision, seeing flashes of light or 2839 2422

(zigzag) patterns?
d. tingling sensations in arm or mouth, or speech 2779 2365
disturbances?
e. muscle weakness causing difficulty walking or using 0 2331
your arm normally?*
f.  aggravation of headache by physical activity? 2857 2483
Total number of respondents in survey 10,299 8899

* |tem included in survey 7 (2004) only.

Measures of depression

In the analyses of the comorbidity of migraine and depression (Chapters 6 and
7), several indicators of (anxious) depression were used. A measure available for
the majority of the NTR sample (N = 9813) was an anxious depression factor
score, calculated according to the approach developed in the Netherlands twin
family study of anxious depression (NETSAD, Boomsma et al., 2000). This score
was based on four variables measured in survey 6: the anxious depression scale
from the Young Adult Self Report questionnaire (YASR, Achenbach, 1990), the
somatic anxiety and neuroticism subscales of the Amsterdamse Biografische
Vragenlijst (ABV, Wilde, 1970), and the Spielberger Trait-State Anxiety Inventory
(STAL Spielberger et al., 1970). A second measure used in Chapter 6 was the
neuroticism scale of the NEO Five Factor Inventory (Costa & McCrae, 1992).
This measure was available for 8567 individuals.

In addition, a subset of NTR participants underwent the Composite
International Diagnostic Interview, version 2.1 (CIDI, Peters & Andrews, 1995;
Wittchen, 1994), either as part of the NETSAD study or as part of the selection
procedure for the GAIN study (Boomsma et al., 2008; Middeldorp et al., 2006).
The CIDI is a standardized diagnostic interview designed to diagnose mental
disorders, including major depressive disorder (MDD), based on the definitions
of the ICD-10 (World Health Organization, 1993) and DSM-IV (American
Psychiatric Association, 2001). Data from 112 individuals diagnosed with MDD
based on a CIDI interview were included in Chapter 6.
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TABLE 3.3

Correspondence between IHS migraine criteria and questionnaire items

IHS criteria Question* Unaffected  Affected

A. At least 5 attacks fulfilling criteria 2 < several >= several
B-D times ayear times a

year**

B. Headache attacks lasting 4-72 3 < 4hor between 4
hours (untreated or unsuccessfully > 72h and 72h
treated)

C. Headache has at least two of the

following characteristics:

1. unilateral location - n/a n/a

2. pulsating quality 4a no yes

3. moderate or severe pain 5 mild moderate
intensity or severe

4.  aggravation by or causing 6f no yes

avoidance of routine physical
activity (e.g., walking or
climbing stairs)

D. During headache at least one of

the following:

1. nausea and/or vomiting 6b no yes
2. photophobia and 6a No yes T
phonophobia
E. Not attributed to another disorder - n/a n/a
Aura See Table 1.1 6ci no yes

* Number refers to the questionnaire items listed in Table 3.2.

** Probably somewhat conservative, given the age of the sample.

T the criteria state that photo AND phonophobia should be present; however, the
question in these surveys is not phrased such that this can be determined and might
therefore give an overestimation of the number of individuals that satisfy D2.

i to maintain consistency over survey 6 and 7, only the visual aura question was used,

although survey 7 also includes questions (items 6d and 6e in Table 3.2) intended to

measure sensory aura and muscle weakness.
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Genotyping

Linkage

A subset of NTR participants (3944 individuals from 841 nuclear families) was
genotyped for linkage analysis. The DNA was extracted from either whole blood
or buccal swabs, using standard protocols (Meulenbelt et al., 1995; Miller et al.,
1988). The genotyping was done by the Mammalian Genotyping Service in
Marshfield (400 microsattelites at 10 cM intervals) and the Molecular
Epidemiology Section of the Leiden University Medical Centre (10 cM Applied
Biosystems Human Linkage Set v2.5 MDi1o with some additional markers; 419
microsattellites). These two screens were combined into one dataset. Headache
data were available for 2536 of the genotyped individuals (1146 twins, including
188 MZ twin pairs, 858 parents and 532 siblings). The data of these participants
were used in the linkage study described in Chapter 8.

Genome-wide association

Two subsets of NTR participants were genotyped at genome-wide SNP markers
and included in the meta-analysis of genome-wide association (GWA) studies
for migraine, described in Chapter g.

The first NTR sample (N = 1863) was genotyped for the Genetic
Association Information Network (GAIN) project. The genotyping was
performed for a GWA study on MDD (Boomsma et al., 2008; Sullivan et al.,
2008). This sample included 1703 non-depressed controls and 160 individuals
with a lifetime diagnosis of DSM-IV MDD. After quality control, a total of 1593
individuals were left for whom genotypes and migraine data were available (112
with MDD, 1481 without MDD). DNA was extracted from whole blood samples
and genotyping was performed by Perlegen Sciences, using a set of four
proprietary, high-density oligonucleotide arrays (~600K SNPs). Genotypes were
delivered for 599,156 SNPs, of which 435,291 (including 427,024 autosomal
SNPs) survived quality control. Genotyping and quality control procedures are
described in detail in Sullivan et al. (2008).

The second NTR sample was genotyped at 657,366 SNP markers, using
the Human660oW-Quad BeadChip. Quality control cut-offs were similar to those
used with the first sample. SNPs were excluded based on MAF < o.01, missing
genotype rate > 0.05 or a p-value < 1 x 10° in a test of Hardy-Weinberg
equilibrium. After quality control, 515,781 SNPs were left. Samples were
excluded based on sample contamination (17 samples) or insufficient quality
DNA (32 samples). A total of 1173 individuals were left after quality control;

75



CHAPTER 3

migraine data were available for 1094 subjects. These data were included in the
meta-analysis described in Chapter g.

DATA COLLECTION IN THE NETHERLANDS STUDY OF DEPRESSION AND
ANXIETY (NESDA)

Chapters 6 and ¢ include headache data collected in the context of the
Netherlands Study of Depression and Anxiety (NESDA, Penninx et al., 2008).
The total number of NESDA participants was 2981. Of these participants, 2,601
provided headache data. Chapter 6 includes data of 1636 NESDA participants
with MDD, who also provided headache data. Data from 1530 NESDA
participants (1383 with MDD, 147 without MDD) were included in the meta-
analysis of GWA studies, described in Chapter g.

Measurement of migraine in NESDA

In the NESDA study, migraine was assessed with the same questionnaire items
included in the 2002 survey of the NTR (Table 3.2). The items were included in a
questionnaire that was part of a baseline assessment at the beginning of the
NESDA study, to collect data on mood, lifestyle, medical history, and
medication use (Licht et al., 2008).

Measurement of depression in NESDA

MDD was diagnosed based on version 2.1 of the Composite International
Diagnostic Interview (CIDI, Peters & Andrews, 1995; Wittchen, 1994), a
standardized diagnostic interview designed to diagnose mental disorders, based
on the definitions of the ICD-10 (World Health Organization, 1993) and DSM-IV
(American Psychiatric Association, 2001). Of the 2981 NESDA participants, 2601
completed a self-report questionnaire that provided information on migraine.
Of these individuals, 1636 were diagnosed with lifetime MDD (1017 of whom
had a diagnosis of MDD in the past year). The lifetime MDD variable was
included in Chapter 6, in which migraine symptomatology is compared in
lifetime and current MDD patients versus controls with a low risk of depression.

Genotyping

A subset of 1859 NESDA participants was genotyped according to the
procedures described above for the NTR sample (Sullivan et al., 2008). After
quality control, 1530 individuals were left for whom headache data were
available. The data of these individuals were included in the meta-analysis of
GWA studies for migraine (Chapter g).
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OTHER SAMPLES INCLUDED IN GWA META-ANALYSIS

In addition to the NESDA sample and the two NTR samples, the meta-analysis
of GWA studies (Chapter 9) included data from three European samples, the
AGES-Reykjavik study (AGES-RS), the Erasmus Rucphen Family study (ERF)
and the Rotterdam study.

AGES-RS

The AGES-Reykjavik study is a population-based cohort study established in
1967 to prospectively study cardiovascular disease in Iceland (Harris et al., 2007;
Jonsdottir et al., 2002; Scher et al., 2009; Sigurdsson et al., 1995). Migraine data
and genotypes were available for 3219 subjects, including 357 migraine cases
and 2862 controls. Genotyping was performed on the Illumina 370CNV
platform.

ERF

The Erasmus Rucphen Family study (ERF) is a family-based study in a
genetically isolated population in the southwest of the Netherlands (Santos et
al., 2006; Stam et al. 2010). The meta-analysis includes data from 1546 ERF
participants; 330 migraineurs and 1216 controls. Genotyping was performed on
several different platforms (Illumina HumanHap3zoo, HumanHap3yo,
Affymetrix 250K Nsp array).

Rotterdam Study

The Rotterdam study is a prospective population based cohort study among
persons 55 years or older who were living in Ommoord, a well-defined district
of Rotterdam, the Netherlands (Hofman et al., 2007). Migraine data were
available for 1998 unrelated individuals from this study, including 349 cases and
1649 controls. Genotyping was performed using the Illumina Infinium II
HumanHapsso chip.
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ABSTRACT

The effect of non-response on health and lifestyle measures has received
extensive study, showing at most relatively modest effects. Non-response bias
with respect to personality has been less thoroughly investigated. The present
study uses data from responding individuals as a proxy for the missing data of
their non-responding family members to examine the presence of non-response
bias for personality traits and disorders as well as health and lifestyle traits. We
looked at the Big Five personality traits, borderline personality disorder (BPD)
features, attention-deficit/hyperactivity disorder, anger, and several measures of
health (body mass index, migraine) and lifestyle (smoking, alcohol use). In
general, outcomes tend to be slightly more favorable for individuals from highly
cooperative families compared to individuals from less cooperative families. The
only significant difference was found for BPD features (p = .oor1). However, the
absolute difference in mean scores is very small, less than 1 point for a scale
ranging from o to 72. In conclusion, survey data on personality, health and
lifestyle are relatively unbiased with respect to non-response.



COMPARING HIGHLY COOPERATIVE AND LESS COOPERATIVE FAMILIES

INTRODUCTION

If non-response influences data collected in survey research, this may seriously
limit the validity of the findings. As such, non-response has received much
attention and several methods have been used to estimate non-response bias in
population studies. In some studies, respondents and non-respondents were
compared with respect to information that was already available, using data
from official population statistics registers or health insurance databases
(Bergstrand et al., 1983; Etter & Perneger, 1997; Reijneveld & Stronks, 1999; van
den Berg et al., 2000). In other studies, non-respondents were contacted by
telephone or reply card to obtain information on the characteristics of interest.
This information was used to estimate non-response bias (Hill et al., 1997;
Korkeila et al., 2001; Vink et al., 2004). Longitudinal studies also provide
information on differences between non-respondents and respondents. In some
cases, non-respondents in a follow-up study can be characterized using
information obtained at the beginning of the study (Eerola et al., 2005; Heath et
al., 2001; van Loon et al., 2003). Vink and colleagues (2004) proposed an
additional method to study non-response bias in family samples. When a trait
has a familial component, a possible non-response bias can be estimated by
using data from respondents as a proxy for the missing data of their non-
responding family members. Data from highly cooperative families (i.e. many
invited family members participate) are compared to data provided by the
participating members of less cooperative families (i.e. few invited family
members participate). A difference between these two groups indicates a
possible non-response bias.

These various study designs tend to show that non-respondents smoke
more often and drink more alcohol (Barchielli & Balzi, 2002; Heath et al., 2001;
Hill et al., 1997; Kotaniemi et al., 2001; Macera et al., 1990; van Loon et al.,
2003) . Also, non-respondents tend to be less educated, more often divorced or
widowed, have lower annual incomes, and a lower socio-economic status
(Barchielli & Balzi, 2002; Goyder, 2002; Korkeila et al., 2001). In most studies,
no differences between respondents and non-respondents were found for body
mass index (BMI), major depression and social anxiety (Eerola et al., 2005;
Korkeila et al., 2001). Vink et al. (2004), however, found an effect for anxious
depression. In conclusion, non-response has been found to influence a variety
of traits, but in general the effects were small.

Non-response bias with respect to personality has been less extensively
investigated than lifestyle variables such as smoking behaviour and alcohol use.
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The few studies that examined the effect of non-response on personality focused
on the Big Five personality traits. Dollinger and Leong (1993) investigated
differences in personality between individuals who volunteered to be followed
up in longitudinal research and individuals who did not. They found volunteers
to be more agreeable, more open to experiences and a little more extraverted.
Rogelberg et al. (2003) showed that respondents were more agreeable and more
conscientious than non-respondents. These results suggest that non-response
may be associated with personality as well as with lifestyle and other
demographic factors. It is not unlikely that individuals with high scores on
personality traits such as impulsivity, affective instability, relationship problems
and identity problems, which are the core features of borderline personality
disorder (BPD; American Psychiatric Association, 2001), are less likely to
complete a survey. If this is true, non-respondents will exhibit more BPD
features, resulting in an underrepresentation of individuals with BPD features in
the study sample.

It is particularly important to quantify the effect of response bias in much
needed population-based studies of personality and mental health. Most studies
on personality and other mental health variables utilize clinical samples, but
although clinical samples are very important, for example in characterizing the
syndromes of a disorder and evaluating treatment programs, there are also
some limitations. Clinical samples are always biased to some degree and not
representative of the disorder as it appears in the community. In clinical
settings, the most severe cases (the individuals seeking treatment) are more
likely to be selected in a study sample. Thus while clinical studies tend to sample
the most severe cases, non-response bias might cause affected individuals to be
underrepresented in population studies.

In the present article we describe data from a Dutch family study on
personality, health, and lifestyle and compare data on family members from
highly cooperative and less cooperative families (Vink et al., 2004) to investigate
to what extent non-response bias affects questionnaire data on personality.

METHODS

PARTICIPANTS

This study is part of an ongoing study on personality, health and lifestyle in twin
families registered with the Netherlands Twin Register (NTR; Boomsma et al.,
2006). Surveys on personality, health and lifestyle were sent to the twin families
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every 2 to 3 years. For the present study data from the 2004 to 2005 survey were
used. Twins and their siblings, parents and spouses were contacted by mail and
invited to complete a survey which was enclosed with the letter. Questionnaires
were sent to 27,606 individuals from 7036 families. The average number of
family members in the families that were invited to complete a questionnaire
was 3.9 (SD =1.6).

Figure 4.1 shows an overview of the number of participants and the
response rates in the study. The figure is subdivided into two groups;
individuals who participated before (left side) and individuals who did not
participate before (right side). Of those 16,612 individuals who participated at
least once before in a study of the NTR, 7662 individuals (46.1%) returned the
questionnaire. Of those who were sent the questionnaires, 11,054 had never
before participated in NTR research, because they never returned a
questionnaire or because they registered only recently and therefore were invited
to complete a questionnaire for the first time. In this group 955 (8.6%)
individuals completed the questionnaire. A group of 1378 individuals informed
us after they received the invitation that they were not willing to participate for
various reasons (e.g. death of co-twin, illness, lack of time, lack of interest). For
the remaining non-respondents reasons for not participating are unknown. Part
of the invited individuals did not actively register but were recruited in 1991 by
contacting city councils in the Netherlands for the addresses of twins. It is
therefore plausible that some of these individuals received the invitation but
were unwilling to participate. Others, however, might not have received the
invitation because they moved to a different address without informing the
NTR. We therefore contacted a subgroup of each of the two groups of non-
respondents for which the reason for non-response was unknown (those who
participated at least once before [N = 8117] and those who never participated [N
= 9554, see Figure 4.1]) by telephone and asked whether they received the
questionnaire and what their reason was for not participating. Addresses were
incorrect in 23.8% and 42.0% of the two groups, respectively. In other words, a
substantial group of targeted participants never received the questionnaire. After
adjusting for these estimated rates of incorrect addresses by subtracting the
number of incorrect addresses from the number of sent questionnaires, the
estimated ‘true’ response rates for the two groups were 52.2% and 13.6%,
respectively.
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Questionnaire completed
N= 3,518 Twins N= 499
N= 1,092 Siblings N= 177
N= 2,166 Parents N= 225
N= 886 Spouses N= 59
N = 7,662 Total N= 955
Questionnaire sent to: No response, reason known Questionnaire sent to:
7,712 Twins N= 362 Twins N= 195 5,073 Twins
2,387 Siblings N= 132 Siblings N= 78 936 Siblings
4,652 Parents > N= 339 Parents N= 272 4,945 Parents
1,861 Spouses N= 0 Spouses N = 0 100 Spouses
Total: 16,612 N 833 Total N— 545 Total: 11,054
who participated before who did not participate before
No response, reason unknown
N = 3,832 Twins N= 4,379
N=1,163 Siblings N= 686
N = 2,147 Parents N = 4,448
N= 975 Spouses N = 41
N=28117 Total N = 9,554
Estimated response rate Estimated response rate
Twins 51.7% Twins 15.4%
Siblings 51.8% Results non-response study Siblings  26.5%
Parents 52.3% — 76.2%| Address correct 56.8% Parents  7.3%
Spouses 54.4% 23.8%| Address incorrect 42.0% Spouses  71.1%
Total 52.2% 0.0% Deceased 1.2% Total 13.6%
FIGURE 4.1

Overview of the number of participants in the study. The left side of the figure depicts the
number of invited individuals who participated before and the right side depicts the

number of invited individuals who did not participate before.

MEASURES

Personality-related traits

Bordetline personality disorder features. BPD features were measured using the
Personality Assessment Inventory-Borderline Features scale (PAI-BOR; Morey,
1991). The PAI-BOR consists of 24 items that are rated on a 4-point scale (o to 3;
false, slightly true, mainly true, very true). The items were scored according to
Morey’s test manual (Morey, 1991), which states that at least 80% of the items
must have been completed to calculate a sum score and that missing and
ambiguous answers should be substituted by a zero score. The English PAI-BOR
was translated into Dutch and then translated back into English by a native
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English speaking translator. This translation was reviewed and approved by the
test author and publishing company (Psychological Assessment Resources).
Because the data showed a somewhat right-skewed distribution, a square root
data transformation was performed.

ADHD. The Conners’ Adult ADHD Rating Scales (CAARS; Conners et al., 1999)
was used to assess attention-deficit/hyperactivity disorder (ADHD). In this
study, the subscales Inattentive and Hyperactive/Impulsive were used.

Big Five personality traits. The personality dimensions Neuroticism, Extraversion,
Openness, Agreeableness and Conscientiousness were assessed using the NEO
Five-Factor Inventory (NEO-FFI) which is the shortened version of the Revised
NEO Personality Inventory (NEO-PI-R) developed by Costa and McCrae (1992).

Anger. Anger was measured using the Dutch adaptation of Spielberger’s State-
Trait Anger Scale (STAS; Spielberger et al., 1983; van der Ploeg et al., 1982). The
trait version of the anger scale was administered, which measures how
frequently an individual experiences state anger over time and in response to a
variety of situations.

Health and lifestyle

Body Mass Index. BMI was calculated from self-reported height and weight by the
formula: weight in kg | height in m2.

Smoking. From the questions “Have you ever smoked?” (no/a few times to
try/yes), and “How often do you smoke at present?” (7 have quit smoking since
.../once a week or less/several times a week but not daily/daily) lifetime and
current smoking status were determined. Lifetime smoking status was coded as
‘smoked’ (yes) versus ‘never smoked’ (no/a few times to try). Current smoking
status was coded as ‘non-smoker’ (mever smoked/a few times to try/quit
smoking) versus ‘smoker’ (once a week or less/several times a week but not
daily/daily).

Alcohol use. Regular alcohol use was determined by asking participants how often
they used alcohol (7 don’t drink alcohol/once a year or less/a few times a
year/about once a month/a few times a month/once a week/several times a
week/daily). Several times a week or more was treated as ‘regular alcohol use’.
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Also included in the survey were four items which together constitute the CAGE,
a questionnaire designed to screen for possible alcohol problems (Ewing, 1984).
Participants positive for two or more CAGE-items were classified as potentially
having alcohol problems.

Migraine. Participants who screened positive for the question “Do you ever
experience headache attacks, for instance migraine?” answered a series of
follow-up questions concerning the characteristics of their headaches
(frequency, duration, pulsating quality, pain intensity, aggravation by physical
activity, and accompanying nausea and photo- or phonophobia). Based on this
detailed symptom information a migraine diagnosis consistent with the
International Headache Society criteria for migraine could be obtained
(Headache Classification Committee of the International Headache Society,
2004).

Perceived health. Participants were asked to rate their general health on a 5-point
scale (poor, fair, reasonable, good, excellent). This variable was dichotomised to
‘good’ (good, excellent) and ‘not good’ (poor, fair, reasonable).

DATA ANALYSES

Families in which at least one person completed the questionnaire were selected
and categorized as highly cooperative families and less cooperative families,
based on the percentage of invited family members that completed the
questionnaire. When less than 80% of the invited family members completed
the questionnaire, the family was considered a ‘less cooperative family’ and
when 80% or more of the family members completed the questionnaire the
family was considered a ‘highly cooperative family’. The dataset contained 4499
participants from less cooperative families in which the mean percentage of
participating individuals per family was 53% and 4118 participants from highly
cooperative families in which the mean percentage of participating individuals
per family was 94%. Multiple regression analyses (continuous measures) and
logistic regression (categorical measures) were carried out in STATA 9.2
(StataCorp, College Station, Texas, USA) to determine the association between
family cooperativeness and our selection of personality, health, and lifestyle
variables, taking age and sex into account. Dummy coding was used for sex (o =
male, 1 = female) and family cooperativeness (o = less cooperative, 1 = highly
cooperative). Age was included in the analyses as a covariate. STATA’s ‘robust
cluster’ option was used to account for the non-independence of family
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members. All other statistical analyses were performed in SPSS 13.0 for
windows.

Since the traits of interest are not independent of each other PRELIS 2.45s
(Joreskog & Sorbom, 1996) was used to compute a correlation matrix of
Pearson, polychoric and polyserial correlations for the 16 variables. We then
estimated the equivalent number of measured independent traits using the
matSpD interface (http://genepi.qimr.edu.au/general/daleN/matSpD/; Li & Ji,
2005; Nyholt, 2004). This analysis showed that the original 16 variables
correspond to approximately 13 independent traits. To correct for multiple
testing and to determine the significance of the results Bonferroni correction
was applied by dividing the significance level by the number of independent
traits. A p-value of 0.05/13 = 0.004 was considered significant.

RESULTS

Mean values and prevalences of the various health, lifestyle and personality
variables for individuals from highly and less cooperative families are shown in
Table 4.1, as well as the results of the regression analyses. Individuals from
highly cooperative families generally seem to have slightly more favorable
outcomes than individuals from less cooperative families, but with the exception
of BPD features, differences are not significant. Although BPD features are
significantly more present in less cooperative families, the difference in BPD
features between less cooperative and highly cooperative families is very small
(0.76 point for males and 0.64 point for females), especially when considering
the broad range of possible scores (o - 72).
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DISCUSSION

In the present study, the response bias for several personality traits was
investigated in a Dutch family sample. To examine whether non-response was
trait-specific we also determined the response bias for several health and
lifestyle measures. As expected, the participating members of less cooperative
families showed somewhat higher scores on the PAI-BOR scale, suggesting
non-response will be higher among subjects with more BPD features. However,
the difference between people from less cooperative and highly cooperative
families was relatively small, with a mean difference of less than 1 point (on a
scale ranging from o to 72). This indicates that although the difference is
statistically significant, its practical importance should not be overestimated.
For some of the other measures, such as lifetime and current smoking, a similar
trend was observed, with subjects from highly cooperative families having
slightly more favorable outcomes, consistent with previous reports on smoking
behavior. However, differences were very small; after correcting for multiple
testing, none of these effects remained significant.

To examine whether our cut-off criterion of 80% family participation
influenced our results we also examined 60%, 70% and 9o% cut-off criteria.
This did not significantly change the results.

Clearly, data from the relatives of non-respondents are only an
approximation of the true values in the group of non-respondents; the outcomes
of non-respondents may be less favorable than the outcomes of their
participating relatives. However, considering the minor differences between
participants from highly cooperative and less cooperative families, the true
effect is not expected to be substantial. In conclusion, these results confirm
previous findings that questionnaire data on personality, health and lifestyle are
relatively unbiased with respect to non-response.
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CHAPTER 5

ABSTRACT

It is often debated whether migraine with aura (MA) and migraine without aura
(MO) are etiologically distinct disorders. A previous study using latent class
analysis (LCA) in Australian twins showed no evidence for separate subtypes of
MO and MA. The aim of the present study was to replicate these results in a
population of Dutch twins and their parents, siblings and partners (N = 10,144).
Latent class analysis of International Headache Society (IHS)-based migraine
symptoms resulted in the identification of 4 classes: a class of unaffected
subjects (class 0), a mild form of non-migrainous headache (class 1), a
moderately severe type of migraine (class 2), typically without neurological
symptoms or aura (8% reporting aura symptoms), and a severe type of migraine
(class 3), typically with neurological symptoms, and aura symptoms in
approximately half of the cases. Given the overlap of neurological symptoms
and non-mutual exclusivity of aura symptoms, these results do not support the
MO and MA subtypes as being etiologically distinct. The heritability in female
twins of migraine based on LCA classification was estimated at .50 (95%
confidence intervals [CI] .27-.59), similar to IHS-based migraine diagnosis (h?
=.49, 95% CI .19-.57). However, using a dichotomous classification (affected—
unaffected) decreased heritability for the IHS-based classification (h? = .33,
95% CI .00-.60), but not the LCA-based classification (h? = .51, 95% CI .23—
.61). Importantly, use of the LCA-based classification increased the number of
subjects classified as affected. The heritability of the screening question was
similar to more detailed LCA and IHS classifications, suggesting that the
screening procedure is an important determining factor in genetic studies of
migraine.
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INTRODUCTION

Migraine is a neurovascular disease characterized by a broad spectrum of
symptoms, varying from headaches that are typically unilateral and have a
pulsating quality, to various neurological symptoms such as nausea, increased
sensitivity to light and sound (photophobia and phonophobia), and aura
symptoms, which may consist of visual, sensory or motor disturbances
(Headache Classification Committee of the International Headache Society,
2004).

A complicating factor in migraine research is the lack of clearly detectable
biological markers that can help diagnose migraine. Therefore, diagnosis relies
largely on symptomatology. The generally accepted diagnostic criteria for
migraine are those published by the International Headache Society (Headache
Classification Committee of the International Headache Society, 2004). These
criteria were developed in order to standardize headache definitions and thereby
facilitate comparisons between studies. The two main subtypes of migraine
distinguished in these criteria are migraine without aura (MO) and migraine
with aura (MA). However, it has been debated whether this distinction reflects
true etiological differences between the disorders. Russell and Olesen (1995)
found that first degree relatives of MA patients had a 3.8-fold risk of having MA,
but no increased risk of having MO, suggesting distinct etiologies. In a study
published in 1996, Russell et al. report different precipitating factors for MO
and MA, and a low co-occurrence (4%) of the two disorders (Russell et al.,
1996). However, other studies report higher co-occurrence of MO and MA.
Launer et al. (1999), who conducted a large population-based study of migraine,
found that 13% of patients had both MO and MA, which corresponds to 42% of
all MA patients. Kallela et al. (2001) report co-occurrence of MO and MA in 41%
of all migraineurs. However, these results may be biased due to the use of a
clinical sample. Other evidence in support of MO and MA having shared
etiologies is the fact that MO and MA are often found within the same family,
and various types of migraine may be experienced by a single individual at
different times in life (Ophoff et al., 1994). Thus, in spite of the traditional
distinction between MO and MA, the frequent co-occurrence of the two types of
attacks within families and within individuals suggests that a shared etiology
may underlie MO and MA. Indeed, the recently updated International Headache
Society (IHS) diagnostic criteria now include comments within the criteria for
MA which state “Many patients who have frequent attacks with aura also have
attacks without aura (code as 1.2 Migraine with aura and 1.1 Migraine without
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aura)”, and “The majority of migraine auras are associated with headache
fulfilling criteria for 1.1 Migraine without aura”.

GENETICS OF MIGRAINE

Migraine has been shown to be under substantial genetic influence and is likely
to be influenced by a large number of genes (Montagna, 2004). To date, three
genes have been identified that are responsible for a rare autosomal dominant
subtype of migraine with aura, called familial hemiplegic migraine (FHM). In
1996, various mutations were found in the calcium channel gene CACNAIA,
located on chromosome 19p13, in five unrelated FHM families (Ophoff et al.,
1996). In 2003, a second gene involved in FHM was identified on chromosome
1q23, the ATPrA2 gene, which codes for the a2 subunit of the Na+/K+ pump (De
Fusco et al., 2003). Dichgans et al. (2005) recently identified a third gene
involved in FHM, located on chromosome 2q24. This gene, SCNIA, has
previously been implicated in epilepsy. Some studies suggest that the CACNAIA
gene may also play a role in the typical migraines (May et al., 1995; Nyholt et al.,
1998; Terwindt et al., 2001), but negative findings have also been reported
(Hovatta et al., 1994; Jones et al., 2001). Considering the clinical heterogeneity
of migraine, and the fact that a variety of mutations in at least three different
genes are implicated in a rare and specific subtype of migraine, it seems likely
that many genes are involved in the pathogenesis of more common migraine
types.

Through the years, various studies have investigated to what extent genes
and environment influence migraine. The heritability of migraine is commonly
estimated at 40 to 50% (Honkasalo et al., 1995; Larsson et al., 1995; Svensson et
al., 2003). However, results have not always been consistent. Mulder et al.
(2003) compared the prevalence and heritability of migraine in six different
countries that participate in the GenomEUtwin project. Across countries,
different questionnaires had been used to obtain data on migraine. The
prevalence of migraine in females ranged from 10% in Finland to 34% in the
Netherlands, and heritability estimates between 34% and 57% were found. In
some countries evidence was found for non-additive genetic effects, but this was
significant in Sweden only. This might be due to a lack of power to detect these
effects, since very large samples are needed to detect non-additive genetic effects
(Martin et al., 1978). A combined analysis of data from all countries suggested
that non-additive effects might indeed play a role in migraine. However,
demographic and ascertainment differences between countries might require to
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first consider measurement issues and testing of measurement invariance
(Lubke et al., 2004).

In most migraine studies, potentially affected subjects are identified with
a screening question, for example, “Do you ever suffer from headache attacks,
for instance migraine?” If participants answer this question with “yes”, they will
be asked further questions concerning more detailed features of their
headaches, such as duration, frequency and specific symptoms. Consequently,
differences in screening procedure (e.g., wording differences) have potential to
significantly influence estimations of prevalence and heritability. Furthermore,
cultural/translation (Guillemin et al., 1993), dietary (Millichap & Yee, 2003) and
climate (Prince et al., 2004) differences may also influence these estimates.

LATENT CLASS ANALYSIS

In a previous study, Nyholt et al. (2004) used latent class analysis (LCA) to study
migraine symptomatology in an Australian twin population. LCA was used to
empirically identify subgroups of migraine patients in a population-based twin
sample, and to examine whether these subtypes reflected distinct etiologies or
different levels of severity on a single dimension. The results did not support an
etiological distinction between MO and MA, but rather suggested a continuum
underlying both migraine subtypes. The aim of the present article is to test the
stability of the results from the Australian twin study by applying LCA to data
from a sample of Dutch twins and their parents, siblings and partners.
Furthermore, we aim to compare the use of LCA and IHS-based migraine
classifications and to evaluate the influence of the screening question.
Prevalence and heritability estimates are compared for several classifications of
migraine, based on latent class analysis, IHS diagnostic criteria, and the
screening question alone.

METHODS

SAMPLE

Data on migraine symptoms were collected in a large sample of Dutch twins,
their parents, partners and siblings. The data were collected in 2002, as part of
an ongoing family study on health, lifestyle and personality. The participants
were volunteer members of the Netherlands Twin Registry, kept by the
department of Biological Psychology at the Vrije Universiteit in Amsterdam.
Questionnaires were mailed to 7261 families. The response rate for twins,
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siblings and parents was approximately 30%. Sex was unknown for 1o subjects,
who were consequently excluded from the analyses. Data from 10,144
participants were used; 4450 twins, 1446 siblings, 2743 parents, and 1505
partners. Of these 10,144 participants, 4239 (42%) were males and 5905 (58%)
were females. The age of the participants ranged from 14.11 to 88.27 years, with
a mean age of 41.4 years for males (SD = 14.7) and 38.9 for females (SD = 14.0).
All subjects were included in the latent class analyses. Due to the small numbers
of male twins screening positive for headache, genetic analyses were performed
using only data from the female twins. Individuals for whom zygosity was
unknown were excluded, resulting in a sample of 928 complete female twin
pairs and 590 female twin individuals from incomplete pairs. For 25% of the
pairs, DNA was used to determine zygosity. For the remaining pairs, zygosity
was determined by means of questionnaire data on physical similarity and
confusion of the twins by relatives, friends and strangers, resulting in a correct
classification in approximately 97% of the cases. The mean age of the female
twins was 33.3 years (SD = 11.5, range 17—-85). The majority (85%) were between
20 and 50 years of age.

Participants who screened positive for the question “Do you ever
experience headache attacks, for instance migraine?” answered a number of
questions about the characteristics of their headache. These questions
concerned the frequency and duration of the headaches, the quality of the
headache (pounding, pressing or squeezing), and the severity. They were also
asked whether any additional symptoms were present, such as sensitivity to
light, sound or smell, nausea or vomiting, and aura symptoms, and whether the
headache was aggravated by physical activity. This information was sufficient to
obtain data on eight of the symptoms listed in the IHS criteria for migraine with
and without aura, which allowed us to obtain migraine diagnoses consistent
with IHS criteria (Tables 5.1A and 5.1B). Individuals satisfying IHS MO criteria
also reporting visual aura symptoms were classified as having MA.
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TABLE 5.1A

MIGRAINE WITH AND WITHOUT AURA

Diagnostic criteria for migraine without aura, as published by the International
Headache Society (2004)

A. At least 5 attacks fulfilling criteria B-D
B. Headache attacks lasting 4-72 hours (untreated or unsuccessfully treated)
C. Headache has at least two of the following characteristics:
1. unilateral location
2. pulsating quality
3. moderate or severe pain intensity
4. aggravation by or causing avoidance of routine physical activity (e.g.,
walking or climbing stairs)
D. During headache at least one of the following:
1. nausea and/or vomiting
2.  photophobia and phonophobia
E.  Not attributed to another disorder
TABLE 5.1B

LCA Symptom variables based on IHS criteria

Code

2
c3

c4
D1

D2

Aura

Abbreviation

>=5 episodes
4-72 hours
Pulsating
Moderate or
severe
Aggravation
Nausea or
vomiting
Photophobia or
phonophobia

Aura

Description

At least 5 episodes of migraine/headache during lifetime
Headache attack usually lasts 4-72 hours
The headache is usually pulsating

The headache is usually moderate or severe

Headache is aggravated by physical activity

Headache is accompanied by nausea or vomiting

Headache is accompanied by aversion of light or sound

Headache is accompanied by partial loss of vision, seeing

flashes of light or zigzag patterns
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LATENT CLASS ANALYSIS

Latent class analysis (e.g., Lazarsfeld & Henry, 1968; McCutcheon, 1987) has
been described as a “categorical analog of factor analysis” (Kendler et al., 1996).
A latent class cluster model describes the relationship between a set of observed
variables and an unobserved, latent variable. The categories of this latent
variable are called latent classes, or clusters. Given class membership, the
observed variables are assumed to be independent. The parameters estimated in
a latent class model are: (1) the prevalence of each class and (2) the probability,
given class membership, that an individual will endorse a certain item. This
results in a characteristic pattern of symptom endorsement for each of the
classes. Each individual’s most likely class membership is estimated based on
his/her pattern of item endorsement. If the classes identified represent
qualitatively different subtypes, we expect to find different patterns of symptom
endorsement for different classes (i.e., symptom 1 might be more prevalent in
class x, while symptom 2 might be more prevalent in class y). However, if there
is one underlying continuous trait, classes will only differ by symptom severity
(i.e., in class yall items are endorsed more frequently than in class x; Neuman et
al., 1999). Because LCA is a model-based approach, it allows us to estimate the
correct number of classes based on model fit and parsimony (e.g., Yeung et al.,
2001). LCA can thus help us identify different classes of migraine patients within
a sample, and give us an indication of whether these classes reflect separate
migraine types with different etiologies, or merely different degrees of severity
on the same dimension.

Latent class cluster models were tested using the Latent Gold 2.0 package
(Statistical Innovations, Inc). The models utilized eight migraine symptom
variables, each with three levels. For LCA of combined male and female data, sex
was included as a covariate, to allow for differences in prevalence between males
and females. Subjects who screened negative for the question: “Do you ever
experience headache attacks, for instance migraine?” were assigned a value of o
for each symptom; subjects who screened positive were assigned a value of 1 if
they did not have the symptom, and a value of 2 if they did. Latent Gold allows
users to include cases with missing data on dependent variables. Under this
option, data are assumed to be missing at random (Vermunt & Magidson,
2000). When running Latent Gold, up to 10,000 iterations of the EM algorithm
were allowed, and the estimation algorithm was restarted 500 times with
different starting values to ensure global maximum likelihood estimates were
obtained. The requested output included the classification details for each
individual, the endorsement probabilities for each item within each class and
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the bivariate residuals for each pair of variables, which indicate residual
correlations between symptoms that are not explained by the latent class model.
Model fits were compared using the Bayes Information Criterion (BIC; Schwarz,
1978), a measure of model fit that takes both sample size and model complexity
into account. If the BIC of a more complex model fails to decrease, the simpler
model (having the lower BIC) will be selected.

GENETIC ANALYSIS

The statistical program PRELIS 2.53 (Joreskog & S6rbom, 1996) was used to test
the fit of a multiple threshold model to the class membership data derived from
the latent class analysis. A multiple threshold model assumes that the ordinal
data are an imprecise measurement of an underlying normal distribution of
liability (Neale & Cardon, 1992). The thresholds (expressed as z values) are the
values that discriminate between categories. The area under the curve between
thresholds thus represents the proportion of people in that category. Polychoric
correlations for the twins were calculated using PRELIS, for each zygosity
separately. A y? goodness-of-fit test was used to assess the fit of the threshold
model. A good fit of a multiple threshold model to the data would support the
hypothesis that the categories reflect degrees of severity on a single dimension.
Ninety-five per cent confidence intervals (CI) for the polychoric correlations
were estimated in Mx 1.54 (Neale et al., 2003). Mx was also used for genetic
model fitting. We first tested whether thresholds were equal in first- and
second-born twins and in monozygotic (MZ) and dizygotic (DZ) twins. Using
structural equation modeling, the variance of a trait can be decomposed into an
additive genetic component (A), a shared environmental (C) or non-additive
genetic (D) component, and a non-shared environmental component (E). Since
the use of data from twins reared together does not allow us to estimate C and D
simultaneously, separate ACE and ADE models were tested and compared. The
significance of the variance components A, C and D was assessed by testing
whether dropping them from the model resulted in a deterioration of fit. Model
fit can be assessed using the —2 log likelihood (—2LL), which is y? distributed.
Nested models were compared using likelihood ratio tests (A—2LL), a significant
increase in —2LL indicating a deterioration of model fit. Genetic models are also
typically compared using the Akaike Information Criterion (AIC), a goodness-
of-fit measure based on model fit and parsimony (AIC = —2LL minus two times
the degrees of freedom). A lower AIC indicates a better model fit.

109



CHAPTER 5

TABLE 5.2

Symptom prevalence and LCA classification by sex

Females (N = 5905) Males (N = 4239)

N % N %
Screening question 2178 36.9% 773 18.2%
>=5 episodes (A1) 1921 32.5% 658 15.5%
4-72 hours (B) 1219 20.6% 374 8.8%
Pulsating (C2) 1129 19.1% 397 9.4%
Moderate / severe (C3a) 2002 33.9% 637 15.0%
Aggravation (C4) 1476 25.0% 435 10.3%
Nausea and/or vomiting (D1) 1045 17.7% 219 5.2%
Photo- and/or phonophobia (D2) 1414 23.9% 373 8.8%
Aura 707 12.0% 195 4.6%
Class 0 3730 63.2% 3469 81.8%
Class 1 120 2.0% 202 4.83%
Class 2 730 12.4% 333 7.9%
Class 3 1325 22.4% 235 5.5%

RESULTS

LATENT CLASS ANALYSIS

Of the total sample of 10,144 subjects, 2951 (29%) screened positive for the
question: “Do you ever experience headache attacks, for instance migraine?”
Seven hundred and seventy-three (26%) of these were males, and 2178 (74%)
were females. Within the 2951 individuals screening positive, 2579 reported
having headaches at least several times a year, 1593 participants had headaches
lasting between 4 and 72 hours, and 1526 participants reported that their
headache had a pulsating quality. Moderate or severe pain intensity was reported
by 2639 individuals, and 1911 individuals reported aggravation of the headache
by physical activity. Nausea or vomiting during a headache attack was reported
by 1264 participants; photo- or phonophobia was reported by 1787 participants;
and finally, go2 participants reported having visual aura symptoms during a
headache attack (partial loss of vision, seeing flashes of light or zig-zag
patterns). The prevalence of each symptom in males and females is listed in
Table 5.2.
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MIGRAINE WITH AND WITHOUT AURA

Latent class analysis was performed for the combined male and female data,
followed by separate analyses for males and females. The latent classes
identified were very similar across sex, suggesting that there were no qualitative
sex differences in migraine symptoms (Figure 5.1). Three- and four-class
models provided a similar fit to the data when parsimony was taken into account
(producing BIC values of —608,726.55 and —608,725.83, respectively). However,
unlike the three-class model, the four-class model produced no nominally
significant (p < .os) bivariate residuals, thus indicating it provides a better
explanation for the observed symptom correlations. For the four-class model,
the combined analysis resulted in a more parsimonious fit (BIC = —608,726)
than the separate analyses for males (BIC = —225,357) and females (BIC = —
337,972), which sum to a comparatively larger BIC value of -563,329. Two- and
five-class models provided a worse fit to the data, with substantially higher BIC
values (—607,558 for a two-class model and —608,635 for a five-class model).

0.6 | —e—class 3
y —®—class2

0.4 - —a—cClass 1

Endorsement probability
o
(&)}

IHS symptom

FIGURE 5.1

Symptom prevalence within each latent class. All endorsement probabilities in class 0 were

zero (not shown).
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The four classes derived from the most parsimonious model may be described
as follows (Figure 5.1). Class o (not shown) describes subjects who screened
negative and/or reported no migraine symptoms. Class 1 consists of subjects
who have a mild form of non-migrainous headache, usually with moderate or
severe pain intensity. These subjects typically do not have any of the other
symptoms (i.e., the endorsement probabilities, which represent the proportion
of individuals in each class presenting with each symptom, are less than 50%).
Class 2 describes a moderately severe type of migrainous headache, typically
without aura. It generally lasts 4 to 72 hours, is mostly pulsating, characterized
by moderate or severe pain intensity, and aggravated by physical activity.
Participants in class 2 usually do not have any of the neurological or aura
symptoms (with endorsement probabilities of 18%, 34% and 6% for
nausea/vomiting, photophobia/ phonophobia and aura, respectively). Finally,
class 3 describes a severe type of migraine, which typically includes all IHS
migraine symptoms. However, although the endorsement frequency for ‘aura’ is
higher for class 3 than for any of the other classes, it is still only 49%.
Interestingly, the endorsement frequency for ‘aura’ is higher in class 1 than in
class 2, suggesting that there is a group of patients who have relatively mild
headaches without neurological symptoms, but who experience visual aura
symptoms.

Of the 5905 women, 3730 (63.2%) were estimated to be in class o, 120
(2.0%) in class 1, 730 (12.4%) in class 2 and 1325 (22.4%) in class 3. Of the 4239
men, 3469 (81.8%) were estimated to be in class o, 202 (4.8%) in class 1, 333
(7.9%) in class 2 and 235 (5.5%) in class 3 (Table 5.2). Although combining the
data of males and females resulted in the most parsimonious fit and the LCA
symptom profiles were similar across sex, separate analysis of males and
females indicated that within the latent classes the prevalence of some migraine
symptoms differed for males and females. After a correction for 32
comparisons, a number of symptoms showed significant (p = .05) sex
differences within classes. In class 1 more males (24%, N = 52) than females
(2%, N = 3) had attacks lasting 4 to 72 hours. Headache accompanied by nausea
was more common in females (19%, N = 28) than in males (4%, N = 8), as was
headache with photo- or phonophobia (females 39%, N = 59; males 16%, N =
34). Females also had a higher prevalence of visual aura symptoms (61%, N =
93) than men (25%, N = 55). In class 2, more males (47%, N = 148) than females
(28 %, N = 205) had photo- or phonophobia during headache, and more
females (8%, N = 60) than males (1%, N = 4) had visual aura symptoms. In class
3 more females (87%, N = 633) than males (74%, N = 235) had had at least five
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episodes of headache or migraine, and headache lasting 4 to 72 hours was also
more prevalent in females (78%, N = 570) than in males (64%, N = 204).

HERITABILITY

Our next step was to perform genetic analyses on the LCA classification data for
the twins. We obtained LCA classifications for 637 MZ and 291 DZ female twin
pairs. Data for the males were available for only 236 MZ and 100 DZ pairs. As a
result, we observed only two male-male DZ pairs where both twins screened
positive. Consequently, we restricted our genetic analyses to the female
population.

Polychoric twin correlations and 95% confidence intervals (95% CI) for
the LCA classification are shown in Table 5.3. A x> goodness-of-fit test for a
multiple threshold model was performed on the twin correlations for the MZ
and DZ twins separately (data not shown). None of these tests reached the
nominal significance level of 5%, indicating that a multiple threshold model
provides a good fit to the data. Thresholds were equal across zygosity and for
first- and second-born twins. In the best fitting model the thresholds were
estimated at .32, .44 and .8s.

Results of testing an ACE model on the LCA four-class scheme indicated
substantial influence of genetic factors, but no evidence for shared
environmental influences. In an AE model, additive genetic factors explained
50% (95% CI = 41-59) of the variance. In an ADE model, the contribution of
additive genetic effects was estimated at 25%, while non-additive genetic effects
explained 27% of the variance (Table 5.3). Although the 95% CI for both the A
and D components included zero, dropping both of them from the model
resulted in a significant deterioration in fit (A—2LL = 95.441, 2df, p < .001).

The four-group IHS classification produced very similar polychoric twin
correlations to the four-group LCA classification, resulting in similar overall
heritabilities under the ACE model of .49 (95% CI = .19—.57) and 0.50 (95% CI =
.27—.59), respectively. This indicates that use of the LCA classification does not
lead to a loss of genetic information, compared to the IHS classification.
Interestingly, the contribution of non-additive effects was substantially lower for
the IHS classification.
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The four-group LCA and IHS classifications were then compared to clinically
relevant two-group classifications (affected vs. unaffected). Table 5.3 shows
results for the two-group LCA classification (treating class o and 1 as unaffected
and class 2 and 3 as affected) and the two-group IHS classification (migraine vs.
no migraine). The two-group LCA classification produces results very similar to
the four-class scheme, whereas use of the two-group IHS classification resulted
in a decrease in both the magnitude and precision (as reflected in the wider
confidence intervals) of the heritability estimates compared to the four-group
IHS scheme. This suggests a poorer correspondence between genetic risk and
IHS groupings compared to the LCA groupings. Furthermore, as can be seen in
Table 5.4, a substantial number (62%) of the individuals classified as LCA class
2 or 3, do not satisfy the criteria for IHS migraine.

Finally, we analyzed the heritability of the screening question alone. This
two-group classification produced polychoric correlations and heritability
estimates very similar to those of the other classifications, suggesting that the
screening question is a very important determining factor for the genetic
analyses performed on the more detailed symptom data and subsequent
endpoint diagnoses.

TABLE 5.4
Crosstabulation of LCA and IHS diagnoses for female twins (N = 2446)
IHS IHS IHS IHS
SQ- SQ+ SQ+, MO SQ+, MA
LCA Class 0 (SQ-) 1530 0 0 0
LCA Class 1 0 108 0 0
LCA Class 2 0 279 45 0
LCA Class 3 0 222 140 122
SQ+ = screening positive, SQ- = screening negative, MO = migraine without aura, based
on IHS criteria, MA = migraine with aura, based on IHS criteria.
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DisCcUSSION

Analogous to the results of Nyholt et al. (2004) utilizing Australian migraine
data, latent class analysis of Dutch migraine data suggests the existence of four
classes based on IHS migraine criteria: a subgroup of individuals who screened
negative for the question “Do you ever experience headache attacks, for instance
migraine?” and/or reported no IHS symptoms (class o), a subgroup of
participants who had a mild form of non-migrainous headache (class 1), a
subgroup with a moderately severe type of migrainous headache, typically
without neurological symptoms or aura (class 2), and a subgroup with a severe
type of migraine, typically including all IHS migraine symptoms, and in
approximately 50% of the cases, aura symptoms. These results do not support
the MO and MA subtypes as being etiologically distinct. Although the frequency
of aura is very low in class 2 and highest in class 3, more than 50% of patients in
class 3 do not report aura symptoms. Our data suggest that it is the severity,
number and combination of symptoms (in particular the presence of
neurological symptoms) that distinguishes between classes, rather than the
simple presence of aura symptoms.

The heritability of four-class LCA migraine in female twins was estimated
at 50%. Non-shared environment explained the remaining 50% of variance, and
no evidence was found for shared environmental influences. This estimate
remained relatively stable across a variety of classifications, utilizing both LCA
and IHS-based diagnosis. However, using a two-group IHS -classification
(migraine vs. no migraine) resulted in a decrease of the heritability estimate
(33%), suggesting a poorer correspondence between genetic risk and IHS
groupings, compared to LCA groupings. A similar decrease in heritability was
observed by Nyholt et al. (2004).

Overall, results are similar for the Dutch and Australian populations.
However, there are some interesting differences. Table 5.5 lists the positive
screening rates, and the prevalence of individual symptoms and endpoint
diagnoses for the Dutch and Australian twin samples. In the Dutch study,
individuals were screened for potential migraine using the question: “Do you
ever experience headache attacks, for instance migraine?” This resulted in 37%
of females and 19% of males screening positive. The screening question used in
the Australian study was “Have you ever had migraine or recurrent attacks of
headaches?”, resulting in 52% of females and 32% of males screening positive.
The number of participants diagnosed as having LCA or IHS migraine is also
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lower in the Dutch population, probably as a consequence of the lower number
of participants screening positive.

Interestingly, a relatively low prevalence of aura and pulsating headache
was found in the Dutch population, whereas the number of individuals
reporting at least five headache episodes was relatively high. These
discrepancies may possibly be explained by differences in ascertainment.

In the Australian study, aura symptoms were described as “visual
problems such as blurring, showers of light, blind spots or double vision”,
whereas in the Dutch questionnaire they were described as “partial loss of
vision, seeing flashes of light or (zigzag) patterns”. This difference in the
definition of visual aura symptoms might be responsible for the lower reported
prevalence of visual aura in the Dutch population.

Furthermore, in the Australian study the participants were asked how
many attacks of headache they had had in their lifetime. In the Dutch study,
participants were asked how often their attacks occurred (i.e., the number of
attacks per week/month/year). Individuals who had attacks at least several times
a year were assumed to fulfill the criterion of having had at least five attacks in a
lifetime. However, since this would be expected to be a conservative cut-off, the
high prevalence resulting from this procedure is unexpected.

The question concerning pulsating headache was phrased similarly in
both studies. The Dutch participants were asked if their headache was usually
“throbbing or stabbing”, whereas the Australian participants were asked if their
headaches were usually experienced as “throbbing, pulsating or pounding - like
being stabbed with a sharp knife”. A possible explanation for the lower
prevalence of this symptom in the Dutch population is that in the Dutch study a
questionnaire was used, whereas in the Australian study, data were obtained
through a telephone interview. Indeed, we expect data collected via telephone
interview to be more accurate, as it allows subjects to ask the interviewer for a
clarification of a question or description. Thus, this difference in data collection
could also explain other prevalence differences between the two studies.

Finally, for the Dutch cohort, no data were collected on whether headache
was unilateral or whether it prohibited daily activities. The Australian study, on
the other hand, did not include data on aggravation of headache by physical
activity, whereas the present study did. However, considering the high
correlations between the reporting of these individual migraine symptoms
(Nyholt et al., 2004), these differences are unlikely to significantly alter the LCA
results.
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Despite differences in the data collection procedures used, the populations
examined, and the age range of the subjects, both latent class and genetic
analyses yielded similar results for the present (Dutch) and Australian study.
Our findings support earlier evidence that migraine is influenced by genetic
factors (with some indication for non-additive effects) and non-shared
environment, but not by shared environment. In addition, our LCA results
further support the hypothesis that MO and MA are not etiologically distinct
disorders.

Furthermore, our results indicate that in questionnaire- based migraine
research, it is of vital importance to use an appropriate and sensitive screening
question. The heritability of the screening question was very similar to the
heritability of two-group LCA- and IHS-migraine, suggesting that the screening
question is an important determining factor for the results of genetic analyses
performed on the more detailed symptom data and endpoint diagnoses. A closer
look at the contingency tables for the screening question, two-group LCA-
migraine and two-group IHS-migraine (Table 5.6) shows that the large number
of concordant unaffected pairs is likely to significantly influence the tetrachoric/
polychoric correlations on which the genetic analyses are based.

TABLE 5.6

Concordance rates for 2-group LCA-migraine, 2-group IHS-migraine and the
screening question in female twins

Screening Question IHS-migraine LCA-migraine
Mz Dz Mz Dz Mz DZ
+ - + - + - + - + - +
308 90 120 61 - 505 50 223 29 - 339 87 136 60
+ 103 136 59 51 + 56 26 29 10 + 97 114 55 40

+ = affected, - = unaffected, MZ = monozygotic twin pairs, DZ = dizygotic twin pairs

A related issue is the influence of the screening question on findings regarding
migraine prevalence. The different prevalence found in the Dutch and Australian
populations (Table 5.5) may in part reflect real differences in migraine
prevalence between Australia and the Netherlands, caused by cultural,
environmental or genetic factors. For example, one would expect MA individuals
would similarly answer yes to either the Australian and Dutch screening
questions. However, even within the Dutch population large differences in
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positive screening rate are found between two questionnaires that used different
screening questions. An earlier questionnaire-based Dutch twin study,
conducted in 1991, used the screening question: “Do you ever suffer from
headaches?” This resulted in a positive screening rate of 66%, whereas in the
present study (which used the question, “Do you ever experience headache
attacks, for instance migraine?”) only 29% screened positive. Using a screening
question that excludes too many potential migrainous headache sufferers will
lead to unnecessary loss of valuable symptom data and bring into question the
validity of an unaffected status.

Finally, analogous to the results of Nyholt et al. (2004), the LCA-based
approach resulted in a larger number of migrainous headache patients being
classified, and a higher heritability, compared to the IHS-based approach. This
suggests that the use of an LCA-based approach has the potential to increase
power in genetic studies of migraine. Indeed, two recent genome-wide linkage
scans (Lea et al., 2005; Nyholt et al., 2005) found significantly increased
evidence for linkage utilizing an LCA-based migrainous headache definition
compared to migraine diagnosed according to strict IHS criteria.
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ABSTRACT

Migraine and major depressive disorder (MDD) frequently co-occur, but it is
unsure whether depression is associated with a specific subtype of migraine.
The objective of this study was to investigate whether migraine is qualitatively
different in MDD patients (N = 1816) and non-depressed controls (N = 3428).
Migraine symptom data were analyzed using multi-group Latent Class Analysis,
and a qualitative comparison was made between the symptom profiles of MDD
patients and controls, while allowing for differences in migraine prevalence and
severity between groups. In both groups, three migrainous headache classes
were identified, which differed primarily in terms of severity. Both mild and
severe migrainous headaches were two to three times more prevalent in MDD
patients. Migraine symptom profiles showed only minor qualitative differences
in the MDD and non-MDD groups: in the severe migrainous headache class,
significant differences were observed only in the prevalence of aggravation by
physical activity (83% and 91% for the non-MDD and MDD groups, respectively)
and aura (42% vs. 53%, respectively). The similar overall symptom profiles
observed in the MDD and non-MDD subjects suggest that a similar disease
process may underlie migraine in both groups.
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INTRODUCTION

A vast amount of literature describes the comorbidity of migraine and major
depressive disorder (MDD). Comorbidity studies of depression and the two
most common types of migraine—migraine with aura (MA) and migraine
without aura (MO), consistently report a higher prevalence of migraine among
depressed individuals compared to the general population (Breslau et al., 2000;
Breslau et al., 2003; Merikangas et al., 199o; Merikangas et al., 1988). There is
currently no verified explanation for this comorbidity, although it has been
suggested that common biological pathways, such as the serotonergic and
dopaminergic system may be involved (Breslau et al., 1991; Frediani & Villani,
2007). An important question that needs to be answered is whether depression
is associated with a specific subtype or form of migraine. Several studies report
that MA is more strongly correlated with depression than MO (Breslau et al.,
2000; Merikangas et al., 1993; Mitsikostas & Thomas, 1999; Samaan et al.,
2009). One interpretation of this finding is that migraine patients with
comorbid depression suffer from a different type of migraine than ‘pure’
migraineurs, which causes them to experience more aura symptoms.
Alternatively, however, this finding might indicate that individuals with more
severe forms of migraine have a higher risk of developing depression. Given the
symptomatic overlap between MO and MA, and the lack of evidence that these
two disorders are etiologically distinct subtypes of migraine (Ligthart et al.,
2006; Nyholt et al., 2004), this seems to be a plausible explanation.

To investigate whether depression is associated with a specific type of
migraine, we reverse the question: are the migraines of depressed and non-
depressed individuals similar in characteristics? If there are observable
qualitative differences in the manifestation of migraine in depressed and non-
depressed individuals, this may indicate there is a difference in the etiology of
migraine in both groups. To address this issue, we compared migraine
symptomatology in a large sample of MDD patients and a control sample,
selected for low risk of depression. Using latent class analysis, individuals were
empirically classified according to the pattern of headache symptoms they
reported. Then the headache symptom profiles were compared between the
MDD and the non-MDD group. Thus, qualitative differences in migraine
symptomatology could be assessed while still allowing for anticipated
differences in prevalence and severity.
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METHODS

SAMPLE

The depressed sample in this study consisted of MDD cases diagnosed
according to DSM-IV criteria (American Psychiatric Association, 2001) with the
Composite International Diagnostic Interview (CIDI; Wittchen, 1994) The
majority of MDD cases were originally recruited for the Netherlands Study of
Depression and Anxiety (NESDA; Penninx et al., 2008). Of the 2981 NESDA
participants, 260t filled in a self-report questionnaire that provided information
on migraine. Of these individuals, 1636 were diagnosed with lifetime MDD
(1017 of whom had a diagnosis of MDD in the past year). All individuals with a
lifetime diagnosis of MDD were included in this study. 756 were recruited
through primary care, 561 through specialized mental health care and another
319 from the general population. Individuals who did not have a lifetime MDD
diagnosis were not included. All NESDA participants underwent a 4-hour
baseline assessment at one of seven clinic sites between September 2004 and
February 2007. Part of this assessment were an interview on somatic health,
functioning and health care use, and the administration of several written
questionnaires (Licht et al., 2008), which included a section on migraine
symptomatology (see below). A detailed description of sampling and
ascertainment procedures for the NESDA study can be found elsewhere
(Penninx et al., 2008).

The remainder of the study sample consisted of volunteer members of the
Netherlands Twin Registry (NTR), based at the department of Biological
Psychology at VU University in Amsterdam. In this group, the migraine data
were collected as part of a longitudinal study on health, lifestyle and personality.
The data used in the present study were collected in 2002 and 2004. Data
collection procedures are described in detail elsewhere (Boomsma et al., 2006;
Distel et al., 2007). These surveys included the same headache section that was
included in the NESDA questionnaire. When a participant answered the
headache section in both surveys, the most recent (2004) survey was used.
Headache data were available for a total of 4047 families. In a subset of these
families, one or more individuals had been diagnosed with MDD in an earlier
study of anxious depression (Boomsma et al., 2000), based on a CIDI interview.
In addition, an anxious depression factor score was constructed based on data
from the 2002 survey, using several measures of anxiety, depression and
neuroticism [see Boomsma et al. (2000) for details]. The 2004 survey included
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the NEO Five Factor Inventory (Costa & McCrae, 1992), which has a neuroticism
subscale.

NTR participants with a diagnosis of MDD based on the CIDI interview
were included as additional MDD cases. In case of multiple individuals with
MDD within a family, the individual with the highest anxious depression or
neuroticism score was included. With this procedure an additional 180 MDD
cases were selected, resulting in a total number of 1816 individuals with MDD.

The non-depressed control sample was also selected from the NTR, after
excluding the families in which one or more individuals had been diagnosed as
MDD cases. One person was selected from each family to maintain a selection of
unrelated controls. Within each family, individuals were ranked based on their
anxious depression score. This information was available for 3209 families. In
families with no anxious depression scores available (N = 594), the neuroticism
scale of the NEO-FFI was used. From each family, the individual with the lowest
anxious depression or neuroticism score was selected. For a few families (N = 4)
no information on anxious depression or neuroticism was available, in which
case one individual was drawn at random. All individuals with an anxious
depression or neuroticism score higher than one SD above the mean were
excluded. This resulted in a low-risk control sample of 3428 individuals.

The control sample included 1379 male and 2049 female participants.
The MDD sample included 553 males and 1263 females. The mean age was 42.6
(+12.4) in the MDD sample and 41.1 (+14.0) in the control sample.

MIGRAINE MEASURES

Migraine was assessed based on the International Classification of Headache
Disorders (ICHD)-II criteria of the International Headache Society (IHS;
Headache Classification Committee of the International Headache Society,
2004). Not only the endpoint diagnosis but especially its components (i.e.
individual migraine symptoms/characteristics) were studied, to see whether
‘symptom profiles’ differed between the MDD group and the controls. The
presence of these symptoms was assessed using questionnaire items which
provided information on the IHS criteria for migraine. The headache section of
the questionnaires was preceded by a screening question (“Do you ever
experience headache attacks, for instance migraine?”). Individuals screening
positive then answered the remaining questions. The questionnaire items are
described in Table 6.1.
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TABLE 6.1

Headache questions included in the surveys and correspondence to IHS
diagnostic criteria for migraine

Iltem in survey

migraine? (yes/no)

(yes/no)

(yes/no)

(mild/moderate/severe)

nausea or vomiting?

aversion of light, sound or smell?{

(zigzag) patterns?

Do you ever experience headache attacks, for instance
How often do you have these headache attacks?*
How long do these headache attacks usually last?
The headache is usually pounding or stabbing

How intense is the headache during most attacks?

During a headache attack, do you experience:

aggravation of headache by physical activity?

partial loss of vision, seeing flashes of light or

Code

a

C4

D1

D2

Aura

Description

Screening question

>=5 episodes
4-72 hours
Pulsating quality

Moderate or severe

pain intensity

Aggravation by
physical activity
Nausea and/or
vomiting

Photo and
phonophobia

Visual aura

‘>=5 episodes’.

were present.

In the present study, individuals were considered positive for a full IHS migraine
diagnosis if they fulfilled the following criteria: A; B; at least two of C2, C3 and C4; at
least one of D1 and D2.

* An attack frequency of ‘several times a year’ or more was assumed to be equivalent to

T The official criteria do not include osmophobia and require both photo- and

phonophobia, however, from these data it was not possible to determine whether both
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The information obtained from the questionnaire items was recoded as follows:
o = screened negative, 1 = screened positive, but negative for symptom, 2 =
screened positive, and positive for symptom. This was done for the variables >=
5 episodes, 4-72h [duration], pulsating, moderate/severe [pain intensity],
aggravation [by physical activityl, nausea/vomiting, photo-/phonophobia and
(visual) aura. These symptom variables were also used to establish a diagnosis
according to the official IHS criteria (see Table 6.1).

STATISTICAL ANALYSES

Latent Class Analysis (LCA; see, e.g., Lazarsfeld & Henry, 1968; McCutcheon,
1987) is a statistical method that classifies individuals based on their pattern of
responses or characteristics. A latent class model describes the relationship
between a set of categorical observed variables (indicators) and an unobserved
categorical variable. The categories of this underlying variable are referred to as
latent classes, or clusters. Within each cluster, the observed variables are
assumed to be independent. In other words, the relationship between the
observed variables (in this case, migraine symptoms) is explained entirely by the
latent variable (in this case, ‘type of headache’). The parameters in an LCA
model are the prevalence of each class, and the probability, given class
membership, that an individual is positive for each symptom (the conditional
probabilities). They are estimated with the expectation-maximization (EM)
algorithm (Dempster et al., 1977). For each individual, the most likely class
membership can then be calculated, based on the pattern of symptoms they
report.

The aim of this study was to determine whether the same latent classes of
headache sufferers could be identified in the MDD patients and the controls. We
first estimated the number of latent classes present in the two samples. Then the
symptom profiles of each group were compared by running a multiple-group
LCA with the headache symptoms as the indicator variables. Differences in the
symptom profiles were tested by equating the conditional probabilities for the
classes across groups, and assessing the change in model fit by comparing log-
likelihood values. Because migraine is known to be more prevalent in females
than in males, it was first tested whether symptom profiles differed across sex.
Next, profile differences between the MDD patients and the controls were
assessed. Finally, classification results were compared between the two groups
to test for differences in prevalence. All latent class analyses were performed in
Mplus version 5, using the ‘KNOWNCLASS’ option to allow multi-group LCA.
The number of random sets of starting values for the initial stage was set to 250
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and in the final stage 50 maximum likelihood optimizations were specified. The
number of classes was determined using the Bayes Information Criterion (BIC),
with a lower BIC indicating a better fit to the data.

RESULTS

MDD patients showed a significantly higher prevalence of all migraine
symptoms (Table 6.2). Generally, the symptom prevalence was two to three
times higher in the MDD group than in the control group, confirming the
strong association that exists between migraine and depression at the level of
individual migraine symptoms. Table 6.2 also shows the number of individuals
who would receive a full diagnosis of migraine (either MO or MA), according to
IHS criteria. The number of full IHS migraine diagnoses is significantly higher
in the MDD patients (22%) than in the controls (7%). The relationship between
migraine and MDD was somewhat more pronounced for males than for
females; generally, migraine symptoms had a 3-4 times higher prevalence in the
depressed compared to the non-depressed males. In females the risk was about
two times higher for the MDD group.

Initially, an exploratory latent class analysis was performed to determine
the appropriate number of classes and to compare the symptom profiles in
males and females. A two-group analysis was run with sex as the grouping
(‘KNOWNCLASS’) variable, thus allowing for different symptom profiles in
males and females. Sex was also modeled as a covariate on class membership, to
allow for different migraine prevalences in males and females. This analysis was
run first on cases only, and then on controls only. Based on the BIC values, a 3-
class model had the best fit to the data in both the cases and the controls: in
cases, the 3-class model produced a BIC of 13542, compared to a BIC of 13671
for a 2-class model and BIC of 13760 for a 4-class model; in controls, the 3-class
model produced a BIC of 16112, compared to a BIC of 16209 for a 2-class and
BIC of 16348 for a 4-class model.

Next, the conditional probabilities (i.e. the symptom profiles) were
equated for males and females, assuming the 3-class model (Table 6.3). This did
not result in a significant change in model fit in either cases or controls [}*(48) =
16.55, p = 1.000 for cases, ¥2(48) = 38.29, p = .841 for controls].
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Since the symptom profiles did not differ between males and females we
proceeded with a two-group model (with 3 classes) in which the conditional
probabilities were equal for males and females but differed between the MDD
and control group. Sex and case/control status were maintained in the model as
covariates, because of the known differences in migraine prevalence across
these groups. Figure 6.1 shows the symptom profiles for this model, with the
symptoms on the x-axis, the conditional probabilities for each symptom on the
y-axis and the error bars indicating 95% confidence intervals. Class o represents
the group of individuals screening negative for headaches, who did not answer
further questions. These individuals have conditional probabilities of o for all
symptoms. Class 1 individuals have headaches with migrainous features, but
most of these would not be diagnosed as migraine patients. The individuals in
class 2 can be characterized as migrainous headache sufferers, with headaches
that typically include the majority of migraine features. The most important
difference between class 1 and 2 appears to be the overall severity of the
headaches. Class 1 and 2 look similar, but all symptoms are more prevalent in
class 2. The distinction between class 1 and 2 is most pronounced for the
symptoms nausea/vomiting, photo-/phonophobia and aura. Of the individuals
in class 1, 3% satisfied the IHS criteria for migraine (all MO). In class 2, 55%
met these criteria (55% MO, and 40% MA and 5% unclassified due to missing
aura data).

It can be seen that the profiles of MDD and non-MDD subjects are very
similar, although some subtle differences are observed in the prevalence of
aggravation, photo-/phonophobia and aura (only the estimates for aggravation
and aura showed non-overlapping confidence intervals for the MDD and control
groups). These symptoms had higher conditional probabilities in the MDD
patients than in the controls in both class 1 (mild symptoms) and class 2 (severe
symptoms). In class 1 the differences were more pronounced (with endorsement
frequencies of 45% versus 64% for aggravation, and 15% versus 24% for aura, in
non-MDD and MDD subjects, respectively) than in class 2 (83% versus 91% for
aggravation and 42% versus 53% for aura). The overall significance of these
profile differences was tested by equating the conditional probabilities for MDD
patients and controls, which produced a significantly worse fit to the data

(¢*(48) = 145.67, p < .0001).
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TABLE 6.2

The prevalence of migraine symptoms and IHS migraine diagnosis in the
depressed (MDD+) and non-depressed (MDD-) groups

MDD- (N =1379)

Males N %

SQ+ 195 14%
>=5 episodes 159 12%
4-72h 99 7%
Pulsating 102 7%
Moderate/ severe 158 11%
Aggravation 100 7%
Nausea/ vomiting 52 4%
Photo-/ phonophobia 98 7%
Aura 39 3%
IHS migraine 42 3%

MDD- (N = 2049)

Females N %

SQ+ 581 29%
>=5 episodes 536 26%
4-72h 365 18%
Pulsating 345 17%
Moderate/ severe 556 27%
Aggravation 404 20%
Nausea/ vomiting 285 14%
Photo-/ phonophobia 377 18%
Aura 184 9%
IHS migraine 199 10%

MDD-+ (N = 553)

N

241
226
109
116
220
174
67
146
92
63

MDD+ (N =1263)

N

735
710
447
379
707
614
341
550
306
328

%

44%
41%
20%
21%
40%
31%
12%
26%
17%
11%

%

60%
56%
35%
30%
56%
49%
27%
44%
24%
26%

OR

4.76
5.30
3.17
3.32
5.11
5.87
3.52
4.69
6.86
4.09

OR

3.60
3.62
2.53
2.12
3.41
3.85
2.29
3.42
3.24
3.26

95% Cl

(3.80-5.97)
(4.19-6.72)
(2.37-4.25)
(2.49-4.43)
(4.03-6.43)
(4.48-7.70)
(2.41-5.13)
(3.55-6.20)
(4.65-10.12)
(2.73-6.13)

95% Cl

(3.10-4.18)
(3.12-4.21)
(2.15-2.97)
(1.79-2.50)
(2.95-3.96)
(3.30-4.50)
(1.92-2.73)
(2.92-4.01)
(2.66-3.95)
(2.69-3.96)
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TABLE 6.2 (CONTINUED)

MDD- (N =3428) MDD+ (N =1816)
All N % N % OR 95% Cl
SQ+ 776 23% 976 55% 4.06 (3.59-4.60)
>=5 episodes 695 20% 936 52% 4.18 (3.69-4.74)
4-72h 464 14% 556 31% 2.82 (2.45-3.24)
Pulsating 447 13% 495 27% 2.50 (2.17-2.88)
Moderate/ severe 714 21% 927 51% 3.96 (3.50-4.49)
Aggravation 504 15% 788 43% 4.45 (3.90-5.08)
Nausea/ vomiting 337 10% 408 22% 2.66 (2.27-3.11)
Photo-/ phonophobia 475 14% 696 38% 3.86 (3.37-4.42)
Aura 223 7% 398 22% 4.03 (3.39-4.81)
IHS migraine 241 7% 391 22% 3.63 (3.05-4.31)
SQ+ = positive for screening question; OR = odds ratio indicating risk of each
symptom/diagnosis, given depression status

137



CHAPTER 6

Q&1

‘LUopaal) Jo saaidap = Jp ‘pooyl|ayi|-307 = 77 ‘s4e19weded jo uaquuinu = Jedu (siskjeue ssepd 1Ue| = ¥

0000

000°L

L¥8°0

anjea-d

8

8

8y

ip

so|youd pajenba

£€999°s¥L 9 €Lo’'L 8,60V L- SS 1444 ‘passaidap-uou "sa passaidap 9
sa|iyoad Juaiayip

£L0'L L'vZorl- €0l ¥¥es ‘passaidap-uou ‘sn passaidep ¢
}oyod passaidap

L8CSS9L € 600°L SS°00%9- €S 918l ‘sa|yoid pajenbs ‘sewidy s djew ¢
1oyod passaidap

¥10°L L1¢6€9- LOL 918l ‘s3|lyoud JuDIBYIp BjeWdy 'SA DB €
14oyod passaidap-uou

£€0¢6C'8¢ L 8L0°L SS¥99L- €S 1A 4% ‘sa|youd pajenba ‘sjewd) sAdeW 7
140yod passaidap-uou

7L0°L TCsy9L- Lol sTve ‘sa|ljoud JuasayIp Bjeway "SA dEW |

Joey

X o1 pasedwo)  uodaLI0D Buljeds 7 Jedu N [°PON

S|9pOW 7D SSE|3-¢ PIID1IISaJ PUE Bul[3SEq AU} 10§ SuosLedwod pue sd1siless 11y |SPON

€9dTaV],

138



MIGRAINE SYMPTOMATOLOGY AND MAJOR DEPRESSIVE DISORDER

—&— Class 0, depressed
—&— Class 1, depressed
—e— Class 2, depressed
---#-- Class 0, non-depressed
---a--- Class 1, non-depressed
---®--- Class 2, non-depressed

Endorsement probability

Symptom

FIGURE 6.1

Symptom profiles based on the best-fitting 3-class LCA model. The error bars indicate 95%
confidence intervals for the estimates of the endorsement probability. The profiles are

plotted separately for the depressed and non-depressed groups.

Table 6.4 shows the classifications resulting from the best-fitting model, which
assumes the same conditional probabilities for males and females but not for
MDD and non-MDD individuals. In both sexes, class prevalence differed
significantly across depression status (¥2(2) = 202.707, p < .0ooI in males and
v?(2) = 283.258, p < .0001 in females). The prevalence of both class 1 and class 2
headaches was significantly higher in MDD patients than in controls.

DISCUSSION

The aim of this study was to compare migraine symptom profiles in MDD
patients and controls, empirically classified according to their pattern of
headache symptoms. If similar headache classes and symptom profiles would
arise empirically and independently in MDD patients and controls, this would
be consistent with the hypothesis that we are observing the same disorder in the
two groups. Substantial qualitative differences, however, would suggest a
difference in etiology.
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TABLE 6.4
Class prevalences in the four analysis groups [male/female, depressed/non-
depressed], based on best-fitting model
MDD- MDD+
N class N class
proportion proportion
Males Class 0 1179 85.5% 306 55.3%
Class 1 123 8.9% 161 29.1%
Class 2 77 5.6% 86 15.6%
Total 1379 100.0% 553 100.0%
Females Class 0 1415 69.1% 497 39.4%
Class 1 204 10.0% 262 20.7%
Class 2 430 21.0% 504 39.9%
Total 2049 100.0% 1263 100.0%
MDD+ = depressed, MDD- = non-depressed

As expected, the prevalence of migraine was higher in MDD patients.
Importantly, all migraine symptoms had an increased prevalence in the MDD
group, and MDD patients were overrepresented in both the mild and severe
migraine class. This is consistent with the literature on the comorbidity of
migraine and MDD. Qualitatively, however, migraine was very similar in MDD
patients and controls. Similar symptom profiles were observed in the two
groups, although a few differences should be mentioned. The most pronounced
difference between MDD and non-MDD subjects is in the higher prevalence of
aggravation and visual aura among the depressed individuals. While it is
possible that these reflect real qualitative differences, alternative explanations
should be considered. Especially in the case of aggravation, it is plausible that
MDD patients tend to experience their headaches as more aggravating than non-
depressed subjects as a result of their mood disorder. The increased prevalence
of visual aura seems less likely to be a side effect of altered mood. One possible
explanation for the difference is that the questionnaire item that assessed aura,
does not measure aura sufficiently well. It could be that some patients in fact
report some phenomenon related to depression, rather than real aura
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symptoms. An alternative explanation is that brain abnormalities associated
with MDD might make an individual more susceptible to the phenomenon of
cortical spreading depression, generally viewed as the mechanism underlying
the migraine aura (Bigal et al., 2009; Cutrer & Huerter, 2007). This would not
exclude the possibility that the migraine attack following the aura phase shows
the same pattern of symptoms in MDD patients and controls.

Although the observed differences are small and subtle, they are
significant (additional analyses in which the aggravation symptom was excluded
from the model still produced significantly different profiles for the two
groups). Therefore we cannot exclude the possibility that these are true
qualitative differences between depressed and non-depressed subjects. Also, it
should be noted that qualitative similarity of migraine in MDD patients and
controls is consistent with, but does not prove, a shared etiology.

STRENGTHS AND LIMITATIONS

To our knowledge, this is the first study in which migraine symptomatology in
MDD patients and controls is compared while taking into account expected
differences in prevalence and severity. Figure 6.1 shows that more severely
affected patients have a higher probability of all symptoms, but in particular
nausea/vomiting, photo-/phonophobia and aura. Therefore, if prevalence and
severity are not accounted for, a higher prevalence of these symptoms in MDD
patients could be mistaken for a qualitative difference, whereas in reality it
reflects a difference in the prevalence of severe migraine.

Another major strength of this study is the sample size, which is quite
large compared to other studies of the comorbidity of migraine and depression.
A total of 1816 clinically diagnosed MDD patients and 3428 controls selected for
low risk of MDD participated, all of whom provided detailed information on
migraine symptomatology.

At the same time, however, one potential limitation of this study is related
to the sample size. Although the results of the latent class analyses in this study
show considerable similarity to those we reported in previous studies (Ligthart
et al., 2006; Nyholt et al., 2004), in previous studies the best fitting model was a
4-class rather than a 3-class model. This is almost certainly a consequence of the
larger sample sizes in these studies, which allowed the distinction of a fourth
class. However, the additional class estimated in the previous studies reflected a
less severe, non-migrainous form of headache on the same continuum of
liability, and as noted in our previous twin studies, a 3-class model captures
most of the variance in migraine status that is captured by a 4-class model. In
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addition, given that the current sample size (1816 cases and 3428 controls) is
still quite large, any qualitative differences that can only be detected in larger
samples would most likely be of little practical importance in distinguishing
between ‘pure migraine’ and MDD-related migraine.

A second limitation concerns the questionnaire. Since no information
was available on unilaterality of the headache, we cannot exclude the possibility
that the frequency of unilateral headache may be different in MDD patients and
controls. However, because patients were required to have at least 2 out of the 3
measured C criteria (see Table 6.1) to receive a migraine diagnosis, it is unlikely
that the lack of information on unilateral headache has caused false positive
endpoint diagnoses. Indeed, the observed prevalence of migraine according to
ICHD-II criteria was 3% (males) and 10% (females) in the low-risk control
sample, and 4% (males) and 13% (females) in the total, unselected NTR sample
(N =12,303), which is slightly lower than in other studies (Stewart et al., 1992),
possibly due to our somewhat conservative definition of migraine. Also, in the
total, unselected NTR-sample, 71% screened negative, which is relatively high
compared to other studies (Nyholt et al., 2004). This suggests the screening
procedure was somewhat strict. The screening question (“Do you ever
experience headache attacks, for instance migraine?”) did not specify a time
frame; thus, attacks or symptoms that occur with a low frequency might not be
reported. In addition, the phrasing might cause individuals who do not think
their headache qualifies as migraine to respond negatively, even if they have
some symptoms of migrainous headache. This would most likely result in an
underestimate of the number of class 1 individuals. However, this issue is
expected to affect prevalence estimates rather than estimates of qualitative
migraine features.

GENERALIZABILITY

The NTR is a population-based registry of unselected twin families. A non-
response study found no evidence that participants’ willingness to participate
was related to migraine status (Distel et al., 2007). Whether findings in twins
can be generalized to the singleton population can be tested by including data
from the twins’ siblings. In this study, twins had the same prevalence of each
class of migrainous headache as their singleton siblings (3*(2) = 1.617, p =
.446). The MDD cases in the NESDA study were selected from three different
settings (community, primary care, and specialized mental health care), to
ensure that the resulting sample was representative of MDD in a wide range of
settings, and included both milder and severe cases (Penninx et al., 2008). To
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test whether the selection from different settings might have influenced the
results, symptom profiles were estimated separately for MDD patients from
each setting. No qualitative differences in the symptom profiles were found
between settings. Finally, to test whether treatment of MDD might cause any
qualitative changes in migraine symptomatology, profiles were estimated
separately for the MDD patients who received psychotherapy or treatment with
antidepressants (N = 871) and those who did not (N = 765). The symptom
profiles showed no significant qualitative differences related to treatment.

CONCLUSIONS AND IMPLICATIONS

Two important observations were made in this study. Firstly, the prevalence of
al/ migraine symptoms is dramatically increased in MDD patients compared to
non-depressed controls. This is also reflected in the fact that comparatively
more MDD patients are classified as class 1 and 2 migrainous headache
sufferers. Interestingly, the relationship between migraine and MDD appears to
be stronger in males than in females.

A second important observation is that the migraine symptom profiles of
MDD patients and non-depressed controls are very similar, suggesting a similar
disease process underlies migraine in both groups. We observed a slightly
increased prevalence of aggravation and aura symptoms in the MDD group.
However, the small size of the differences, combined with the large variability in
symptoms among individual migraineurs indicate that looking at migraine
symptoms alone does not support a distinction between ‘pure’ migraine and
migraine associated with depression.

This highlights the importance of collecting additional information
besides those that make up the official diagnostic criteria for a given disorder.
Information on the presence of comorbid MDD (symptoms) may be vital for any
study investigating the etiology of migraine. This may also extend to other traits.
Many disorders show comorbidity with migraine, in particular psychiatric
disorders (depression, anxiety, bipolar disorder, phobias and panic disorder;
Breslau & Davis, 1992; Breslau et al., 1991; Merikangas et al., 199o) but also non-
psychiatric disorders such as stroke, asthma, epilepsy, endometriosis and other
chronic pain conditions (Anttila et al., 2001; Hagen et al., 2002; Merikangas &
Stevens, 1997; Nyholt et al., 2009; Ottman & Lipton, 1994; Terwindt et al., 2000;
Von Korff et al., 2005). Similarly, depressed individuals show an increased
prevalence of a variety of somatic symptoms, compared to non-depressed
subjects (Katona et al., 2005), and a recent study demonstrated that migraine
was an important predictor of other somatic symptoms in depressed subjects
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(Hung et al., 2009). In this context, it is interesting to mention the reported
comorbidity between MDD and general chronic pain (Bair et al., 2003). Indeed,
the MDD patients from the NESDA study reported a remarkably high frequency
of pain symptoms, often at multiple sites (in the NTR these data were not
available). While this might reflect a general tendency of depressed patients to
more easily endorse questions regarding somatic complaints, it has been
suggested that chronic pain might in fact be a symptom of depression (Lépine &
Briley, 2004). Although beyond the scope of the present study, this is a
fundamental issue with important implications for research on migraine
comorbidity. In conclusion, the collection of extensive and detailed information
on comorbid disorders in studies of migraine could potentially improve our
understanding of the etiology of these disorders and may contribute towards a
more effective study of their underlying causes.
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ABSTRACT

Objectives: To investigate 1) whether shared genetic factors influence migraine
and anxious depression, 2) whether the genetic architecture of migraine
depends on anxious depression, and 3) whether the association between the
traits is causal. Background: Migraine and anxious depression frequently co-
occur, but little is known about the mechanisms causing this association.
Methods: A twin study was conducted to model the genetic architecture of
migraine and anxious depression and the covariance between them. Anxious
depression was also added to the model as a moderator variable to examine
whether anxious depression affects the genetic architecture of migraine. Causal
models were explored with the co-twin control method. Results: Modest but
significant phenotypic (rP = .28), genetic (tG = .30) and non-shared
environmental (rE = .26) correlations were found between the two traits.
Interestingly, the heritability of migraine depended on the level of anxious
depression: migraine was less heritable in subjects with high anxious
depression scores. The observed risk patterns in discordant twins are most
consistent with a bidirectional causal relationship. Conclusions: These findings
confirm the genetic association between migraine and anxious depression and
are consistent with a syndromic association between the two traits. This
highlights the importance of taking comorbidity into account in genetic studies
of migraine, especially in the context of selection for large-scale genotyping
efforts. Genetic studies may be most effective when migraine with and without
comorbid anxious depression are treated as separate phenotypes.
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INTRODUCTION

Migraine and depression consistently show an association, which may be
explained by a shared etiology, for instance, genetic risk factors. Several authors
have suggested that disturbances in the serotonergic and dopaminergic
systems, involved in both migraine and depression, might explain the
association between the two traits (Breslau et al., 1991; Frediani & Villani, 2007).

Two recent studies investigated the association between migraine and
depression and found that the two traits were genetically correlated (Schur et al.,
2009; Stam et al., 2010). This may reflect the existence of genetic risk factors
that can cause migraine as well as depression (pleiotropy). Alternatively, if there
is a causal relationship between two traits, genetic factors contributing to the
first trait will also explain variance in the second trait. Thus, a causal
relationship is also consistent with a genetic correlation. Whether traits are
related causally or through an underlying shared etiology, can be examined
using family data (Kendler et al., 1993; Merikangas & Stevens, 1997).

In the present study, we investigated the shared genetics of migraine and
anxious depression in three different ways. A twin design was used to (1) test
whether the previously reported genetic correlation between migraine and
depression could be replicated in migraine and anxious depression data from a
large number of Dutch twins; (2) investigate whether the genetic architecture of
migraine was the same in individuals with high and low anxious depression
scores. Finally, to address the question of causality, the co-twin control method
(Kendler et al., 1993) was applied to investigate whether the association between
migraine and anxious depression is more likely explained by a causal model or a
shared underlying etiology.

METHODS

SUBJECTS

The participants in this study were volunteer members of the Netherlands Twin
Registry (NTR), based at the department of Biological Psychology of the VU
University in Amsterdam. NTR participants receive mailed questionnaires every
two to three years, in the context of an ongoing study of health, lifestyle and
personality. The migraine and anxious depression data used in this study were
collected in the 2002 and 2004 surveys. When a participant answered the
headache section in both surveys, the most recent (2004) survey was used. Data
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collection procedures are described in detail elsewhere (Boomsma et al., 2006;
Distel et al., 2007). The study was approved by the Central Ethics Committee on
Research Involving Human Subjects of the VU University Medical Center,
Amsterdam. All subjects provided written informed consent.

The analysis performed to assign affection status for migraine to each
individual was based on the largest possible sample with migraine data
available, including twins, parents, singleton siblings and spouses [N = 14,904,
including 12,303 participants from the NTR and 2,601 from NESDA (Penninx et
al., 2008)]. Further analyses were based on the data of twins only (N = 5,535;
2,072 complete pairs and 1,391 individuals from incomplete pairs). Migraine
data were available for all 5,535 individuals; 4,320 twins also provided data on
anxious depression, resulting in a total of 1,491 complete twin pairs with
information on both migraine and anxious depression (223 monozygotic (MZ)
male, 100 dizygotic (DZ) male, 602 MZ female, 286 DZ female, and 280 DZ
opposite sex pairs). In total, the sample consisted of 1,774 (32%) male and 3,761
(68%) female participants and the mean age was 34.33 years (SD = 11.35, range
14-86 years).

MEASURES

The subjects completed a questionnaire that included items relating to the
diagnostic criteria for migraine of the International Headache Society
(Headache Classification Committee of the International Headache Society,
2004; see Table 7.1). Migraine status was assigned to each subject based on a
latent class analysis (LCA; Lazarsfeld & Henry, 1968; McCutcheon, 1987), which
empirically classifies individuals according to their pattern of reported migraine
symptoms. For simplicity, LCA-derived migrainous headache will be referred to
as ‘migraine’ throughout the remainder of the paper. The application of LCA in
migraine studies has been described in more detail elsewhere (Ligthart et al.,
20006; Ligthart et al., 2008; Nyholt et al., 2004; Nyholt et al., 2005). LCA was
performed in Latent Gold 4.0 (Statistical Innovations Inc., Belmont, MA). The
correct number of classes was determined based on the Bayes Information
Criterion (BIC; Schwarz, 1978) with a lower BIC indicating a better fit to the
data.
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TABLE 7.1

diagnostic criteria for migraine

Headache questions included in the surveys and correspondence to IHS

Iltem in survey

Do you ever experience headache attacks, for
instance migraine? (yes/no)

How often do you have these headache attacks?*

How long do these headache attacks usually last?
The headache is usually pounding or stabbing
(yes/no)

How intense is the headache during most
attacks? (mild/moderate/severe)

During a headache attack, do you experience:

(yes/no)

nausea or vomiting?
aversion of light, sound or smell?y
partial loss of vision, seeing flashes of light

or (zigzag) patterns?

aggravation of headache by physical activity?

Code

2

Cc3

C4

D1
D2

Aura

Description

Screening question

>=5 episodes

4-72 hours
Pulsating quality

Moderate or severe pain

intensity

Aggravation by physical
activity

Nausea and/or vomiting
Photo- and phonophobia

Visual aura

‘>=5 episodes’.

were present.

* An attack frequency of ‘several times a year’ or more was assumed to be equivalent to

T The official criteria do not include osmophobia and require both photo- and

phonophobia, however, from these data it was not possible to determine whether both
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The anxious depression measure consisted of a factor score based on several
measures of anxiety, depression and neuroticism that was calculated using an
algorithm developed in previous research on anxious depression (Boomsma et
al., 2000). This factor score was recoded into quartiles, with quartile 1 indicating
a low anxious depression score and quartile 4 indicating a high score.

GENETIC MODELING

In the classical twin study, the resemblance between twins is used to estimate to
what extent a trait is influenced by additive genetic factors (A), shared (or
common) environment (C) and non-shared environment (E). MZ twins share
100% of their segregating genes, whereas DZ twins share on average 50%.
Differences between MZ twins reflect E. Greater resemblance in MZ compared
to DZ twins reflects genetic influences, with an MZ correlation (rMZ) equal to
twice the DZ correlation (rDZ) indicating A, and an rMZ which is less than twice
the rDZ indicating A and C. Based on these principles, the total variance in a
trait can be decomposed into variance due to A, C and E. Estimation of the
relative contributions of A, C and E can be accomplished with structural
equation modeling (SEM). Figure 7.1 shows a path diagram of the model tested
here. Since there was no evidence for shared environmental effects based on the
observed twin correlations or the literature (Mulder et al., 2003; Sullivan et al.,
2000), an AE model was tested for both traits.

To investigate whether the genetic and environmental factors influencing
migraine and anxious depression were correlated, a bivariate genetic model was
tested (Figure 7.1). This model included genetic and environmental factors for
both traits, partly unique to each trait (the a , a,, e, and e, paths), and partly
shared (a,, and e,). The shared part represents the covariance between the two
traits, which can be decomposed into covariance explained by genetic and
environmental factors. This is done based on the cross-trait cross-twin
correlations (i.e. the correlation between one trait in the first twin and the other
trait in the second twin). The cross-twin cross-trait correlations are interpreted
in the same way as the within-trait twin correlations, with correlations higher in
MZ than DZ twins indicating genetic factors influencing both traits. By
standardizing the parts of the covariance due to A and E, genetic and
environmental correlations can be calculated. The significance of these
correlations was tested by dropping the a, and e, paths from the model and
comparing the fit of the restricted and full models.

A liability threshold model was tested for both migraine and anxious
depression. A threshold model assumes that the observed categorical data (e.g.,
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a variable with values 1-4 indicating severity of migraine) are an imperfect
measurement of an underlying normal distribution of liability with a mean of
zero and a variance of one. This distribution is divided into discrete categories
by one or more threshold values, expressed as Zscores. The area under the
curve between two thresholds represents the prevalence of each category. The
categorized anxious depression variable was already adjusted for sex; therefore
the thresholds for both sexes were equated in the model. Migraine, as expected,
had a higher prevalence in females. Thus, the thresholds for migraine were
estimated separately for males and females.

To test whether the heritability of migraine depends on anxious
depression, anxious depression was specified as a moderator of the path
coefficients a, and e, (which represent the variance shared by migraine and
depression) and a,,, and e,, (which represent the variance unique to migraine).
In other words, the effects of the genetic and environmental factors affecting
migraine were allowed to vary depending on depression status. The significance
of the moderation effect was evaluated by dropping the beta parameters f,., B,,,
B, and B, from the model and assessing the difference in model fit.

To ensure identification of the model, the total variance in a threshold
model has to be constrained to one. However, in the model used here the
variance of migraine depends on the value of the moderator (anxious
depression). Therefore, the moderator variable was converted to a Z-score; the
variance was constrained to be one at the mean value of the moderator, as
proposed by Medland and colleagues (Medland et al., 2009). All genetic
modeling was performed in Mx (Neale et al., 2003).
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Twin 1, AD Twin 1, mig Twin 2, mig Twin 2, AD
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e21 + Bgc™M e21 + Bgc*M
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FIGURE 7.1

The bivariate moderator model. AD = anxious depression, mig = migraine. The A and E
factors influencing migraine are moderated by anxious depression (M). Regression betas
are estimated for the genetic factors unique to migraine (B,,) and common to migraine
and anxious depression (B,c), and the same for the non-shared environmental factors (B,
and Bgc). The moderator variable (anxious depression) affects both the variance unique to
migraine (path coefficients a,, and e,,) and the variance shared with anxious depression

(path coefficients a,; and e,;).
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CO-TWIN CONTROL METHOD

The co-twin control method (Kendler et al., 1993) was applied to test the
hypothesis that 1) migraine causes anxious depression, and 2) anxious
depression causes migraine. In this design, an odds ratio (OR) is calculated for
trait A, given the presence or absence of trait B. This is done in three groups of
individuals: MZ and DZ twin pairs discordant for trait B, and a case-control
population sample. Under a causa/model, all three groups are expected to show
a similarly increased prevalence of A, given the presence of B, i.e., all three
groups will have an OR > 1. Under a non-causa/ model, where shared underlying
genetic factors explain the association, the OR in MZ twins is expected to equal
one, because MZ twins are exposed to the same genetic risk factors, and should
therefore have the same risk of trait A regardless of the presence of trait B. DZ
twins will show an intermediate pattern (Figure 7.2).

For this analysis, anxious depression was dichotomized; individuals in
the highest scoring quartile were treated as cases, the lowest three quartiles
were treated as controls. A ‘general population’ sample was obtained by
randomly selecting one individual from each family in the NTR sample (total N
=12,303), excluding the discordant twins. The sample included 358 MZ and 418
DZ pairs discordant for anxious depression, and 454 MZ and 510 DZ pairs
discordant for migraine. The general population sample consisted of 2,838
unrelated individuals. ORs were calculated in SPSS 17.

RESULTS

Four classes of individuals were identified, based on the patterns of reported
migraine symptoms. The 4-class LCA model provided a better fit to the data
(BIC = 60139.87) than a 3 or a 5-class model (with a BIC of 60185.03 and
60233.40, respectively). Figure 7.3 shows the pattern of symptoms in each class.
The two most severe classes were treated as affected for migrainous headache,
the remaining individuals were treated as unaffected. In the twin sample used in
all subsequent analyses, 14% of the male and 35% of the female participants
were classified as affected, which is comparable to the combined prevalence of
migraine and probable migraine, according to IHS criteria (Merikangas et al.,
1990).

A clear comorbidity of migraine and depression was observed, with a
migraine prevalence of 20% in the lowest anxious depression quartile and 43%
in the highest scoring quartile. The phenotypic correlation between migraine
and anxious depression was estimated at .28 (95% CI=.20 - .36).

157



CHAPTER 7

Table 7.2 shows an overview of the correlations across twins and traits. The twin
correlations for both migraine and anxious depression were clearly higher in MZ
than DZ twins, reflecting genetic influences on both traits. Genetic modeling
results indicated that the variance in migraine could be explained by a
combination of genetic (45%) and non-shared environmental factors (55%). For
anxious depression, genetic factors explained 55% and non-shared environment
explained 45% of the variance.

TABLE 7.2

Correlation matrices for MZ and DZ twins

Mz AD 95% ClI mig 95% ClI AD 95% ClI mig
twin 1 twin 1 twin 2 twin 2

AD twin 1 1.00

mig twin 1 0.28 (-20-.36)  1.00

AD twin 2 0.55 (-49-.60) 0.15 (.08-.22)  1.00

mig twin 2 0.15  (.08-22) 0.45 (35-55) 028  (20-36) 1.00

Dz AD 95% Cl mig 95% Cl AD 95% Cl mig
twin 1 twin 1 twin 2 twin 2

AD twin 1 1.00

mig twin 1 0.28 (.20-.36)  1.00

AD twin 2 0.27 (.25-.30)  0.08 (.04-.11)  1.00

mig twin 2 0.08 (-04-11) 0.23 (.18-.27) 0.28 (-20-.36)  1.00

MZ = monozygotic, DZ = dizygotic, AD = anxious depression, mig = migraine
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OR

Causal

FIGURE 7.2

Non-causal
genetic model

Non-causal
shared environment model

Expected patterns of odds ratios (OR) for general population and discordant DZ and MZ

twins under the assumptions of causality and non-causality. Under the causal hypothesis,

trait A and B are associated in all three groups. Under the non-causal hypothesis, where

genetic factors explain the association, discordant MZ twins have an OR of 1, because they

are genetically identical and are thus exposed to the same genetic risk factors. The DZ

twins, who share on average 50% of their segregating genes, show an intermediate pattern.

Finally, if the association is non-causal but explained by shared environment, all discordant

twins are expected to have an OR of one. However, in this case, this is unlikely because

there is no evidence that shared environment affects migraine or depression.
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FIGURE 7.3

Profile plot for the best fitting latent class model, showing the symptom prevalence in each
of the empirically estimated classes. The migraine symptoms are on the x-axis, the y-axis

shows the probability that a symptom is present given class membership.

The cross-twin cross-trait correlations were also higher in MZ than DZ twins,
suggesting the correlation between migraine and anxious depression is at least
partly explained by genetic influences. Most of the covariance between the two
traits was indeed explained by shared genetic factors (54%), while non-shared
environment was responsible for the remaining covariance (46%). The genetic
correlation (rG) between anxious depression and migraine was estimated at .30
(95% CI = .18 - .43) while the non-shared environmental correlation (rE) was .26
(95% CI = .15 - .37). Both correlations were significant: dropping a, and e
from the model both resulted in a significant deterioration in model fit (Ay*(1) =
17.834, p < .0o1 for a,,, Ay*(1) =15.535, p < .ooI for e, ).

21
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FIGURE 7.4

The heritability of migraine at different values of anxious depression. The proportion of
variance in migraine explained by additive genetic factors (A) and non-shared
environmental factors (E) across a range of depression scores, based on the estimates
obtained from the moderator model. The higher the depression score, the lower the
relative contribution of genetic factors to the individual differences in migraine
susceptibility. Low = anxious depression score 2 SD below the mean, high = anxious

depression score 2 SD above the mean.

The next step was to test the significance of the moderation effect of anxious
depression on the heritability of migraine, by dropping the moderator betas
from the model and assessing the resulting deterioration in model fit. The
power to test the significance of these parameters individually was low (as
reflected by confidence intervals that included zero; Table 7.3). However,
dropping all four p parameters from the model at once resulted in a significant
deterioration of the model fit [Ay* (4) = 12.478, p = .014], indicating that,
overall, the moderator variable is of importance in explaining the observed data.
Figure 7.4 shows the effect of anxious depression on the genetic and
environmental factors influencing migraine. The heritability of migraine was
lower at a higher level of anxious depression. In other words, migraine is most
heritable in the absence of anxious depression.
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TABLE 7.3

Point estimates for the parameters that
constitute the variance in migraine
parameter point estimate 95% Cl
ay 0.21 (0.11-0.30)
ay, 0.64 (0.56 - 0.71)
e 0.19 (0.10-0.29)
€y 0.71 (0.64 - 0.78)
Bec 0.07 (-0.03 - 0.16)
Bey 0.00 (-0.13-0.12)
Bac 0.04 (-0.05 - 0.13)
Bau -0.07 (-0.19 - 0.06)

OR

Risk factor: AD
Outcome: migraine

FIGURE 7.5

Risk factor: migraine
Outcome: AD

O population
@ DZ discordant
@ MZ discordant

Observed pattern of odds ratios (OR) in general population and discordant DZ and MZ

twin pairs, for both possible directions of causality between migraine and anxious
depression (AD). The error bars represent the 95% confidence intervals around the ORs. In

both situations, all ORs are significantly larger than 1, and have roughly the same size for

each group. This is most consistent with the causal hypothesis and excludes an entirely

non-causal hypothesis, because in that case the OR for MZ twins would not be significantly

larger than one (see Figure 7.2).
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Finally, Figure 7.5 shows the results of the co-twin control analysis. The OR is
roughly the same for MZ, DZ and general population, under both hypotheses
(migraine causes anxious depression and anxious depression causes migraine).
The 95% confidence intervals indicate that both in MZ and DZ discordant twin
pairs the ORs were significantly larger than 1. These results are most consistent
with a bidirectional causal relationship between migraine and anxious
depression.

DISCUSSION

The results of this study are interesting in several aspects. First, they confirm the
presence of a genetic correlation between migraine and anxious depression.
This is consistent with the findings of two other recent studies on this topic
(Schur et al., 2009; Stam et al., 2010).

A second important outcome of this study is that migraine was more
heritable when not accompanied by comorbid depression. A possible
explanation for this finding would be that some neurological disturbance in the
brain, associated with depression, also makes patients more vulnerable to
migraine. Thus, depressed individuals without a severe genetic predisposition to
migraine might still develop migraine attacks regularly. Clearly, this theory is
speculative and needs further investigation; interestingly, however, various
studies have shown that depressed patients report several different types of pain
(headache, low back pain, abdominal pain, etc.) more frequently than non-
depressed individuals, suggesting that depression increases an individual’s
vulnerability to pain conditions (Bair et al., 2003). It has been argued that pain
should in fact be considered a symptom of depression (Lépine & Briley, 2004). It
is unclear whether there is a specific association of depression with migraine
(beyond the general increase in pain symptoms associated with depression),
because to date, studies of migraine and depression have not accounted for the
phenomenon of comorbid pain in depressed individuals.

A third important finding is that migraine and depression are most likely
causally related in two directions. In MZ twin pairs discordant for anxious
depression, the non-depressed twin did not have an increased risk of migraine,
and in MZ twin pairs discordant for migraine, the twin without migraine did not
have an increased risk of anxious depression. Similar results were obtained
when the analysis was restricted to female subjects only (results not shown).
Males were not analyzed separately, due to the relatively low number of male
discordant twin pairs.

163



CHAPTER 7

These findings are consistent with an earlier study by Merikangas et al. (1993),
who reported that rates of anxiety/depression in relatives of migraineurs were
only elevated in the presence of migraine in the relatives. Interestingly, a similar
risk pattern can be observed in a series of prevalence diagrams published by
Schur and colleagues (2009), which showed that the co-twins of individuals
with ‘pure’ depression (i.e. depression but not migraine) were not at increased
risk of ‘pure’ migraine, and vice versa. Further support for causality comes from
a model proposed by de Moor et al. (2008), who argued that if a relationship is
causal, all factors influencing the first trait should also affect the second trait.
This was indeed the case in our study: genetic and non-shared environmental
factors each explained roughly half of the variance in both traits, and genetic
and non-shared environmental factors each also explained approximately half of
the covariance between migraine and anxious depression.

At present we can only speculate what kind of mechanism might explain a
causal relationship between migraine and anxious depression. Possible
explanations at the psychological level are that frequent severe migraines might
cause depressive or anxious symptoms, or that depressed or anxious patients
might over-report pain as a result of their mood disorder. Alternatively, there
might be a syndromic association between migraine and anxious depression, as
previously suggested by Merikangas et al.(1993). This would indeed be
consistent with the theory discussed above, that migraine might be part of the
spectrum of symptoms associated with depression. If, in a subgroup of patients,
comorbid migraine and depression were aspects of the same disorder, this
would provide a good explanation for the pattern of risks we observed in the
discordant twin pairs.

LIMITATIONS

One potential limitation of this study is the relatively limited power to detect the
moderation of migraine heritability by depression. The effects of the moderator
were small and only significant when dropped all at once. This indicates an
overall moderation effect, but a larger sample is needed to determine whether
genetic variance decreases, or whether non-shared environmental variance
becomes larger in depressed individuals.

A second potential limitation is the fact that this study used broad
definitions of migraine and anxious depression, based on self-report. While this
limits comparisons to clinical populations, this strategy has some advantages.
First, it is generally not feasible to obtain clinical diagnoses in the large
numbers of subjects required for these analyses. Second, in population-based
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studies, including data from subclinical cases has the potential to increase the
power to detect genetic effects, as we have previously shown for migraine
(Ligthart et al., 2008; Nyholt et al., 2004). The same may apply to anxious
depression. In practice, using an empirical LCA-based migraine classification
results in a prevalence comparable to the combined prevalence of IHS migraine
and probable migraine (Lantéri-Minet et al., 2005). Thus, in population-based
genetic studies there are clear advantages to using broad, questionnaire-based
measures, rather than strict clinical diagnoses only.

CONCLUSIONS AND IMPLICATIONS

Our finding that migraine is less heritable in severely depressed individuals has
important implications for research, because it suggests that it may be
important to treat migraine with and without comorbid anxiety or depression as
separate phenotypes in genetic studies. This is especially worth taking into
account when individuals are selected for expensive genotyping efforts. A
similar conclusion follows from our findings with respect to causality. If
migraine and anxious depression are causally related, ‘pure’ migraine and
migraine associated with anxious depression may not have the same etiology,
which could cause considerable genetic heterogeneity.

Comorbidity with migraine has been reported for a wide range of
psychiatric (Merikangas et al.,, 1990) and non-psychiatric conditions
(Merikangas et al., 1997; Nyholt et al., 2009; Ottman & Lipton, 1994). Whether
our findings extend to other traits beside anxious depression requires further
investigation.

Finally, it is worth emphasizing the importance of further research into
the nature of migraine in depressed patients. A better recognition and
understanding of this phenomenon, resulting in more effective treatment and
pain relief, could improve the quality of life of many individuals.
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ABSTRACT

Latent class analysis was performed on migraine symptom data collected in a
Dutch population sample (N = 12,210, 59% female) in order to obtain empirical
groupings of individuals suffering from symptoms of migraine headache. Based
on these heritable groupings (h? = 0.49, 95% CI: 0.41 — 0.57) individuals were
classified as affected (migrainous headache) or unaffected. Genome-wide
linkage analysis was performed using genotype data from 105 families with at
least 2 affected siblings. In addition to this primary phenotype, linkage analyses
were performed for the individual migraine symptoms. Significance levels,
corrected for the analysis of multiple traits, were determined empirically via a
novel simulation approach. Suggestive linkage for migrainous headache was
found on chromosomes 1 (LOD = 1.63; pointwise P = 0.0031), 13 (LOD =1.63; P
= 0.0031), and 20 (LOD = 1.85; P = 0.0018). Interestingly, the chromosome 1
peak was located close to the A7PrAz gene, associated with familial hemiplegic
migraine type 2 (FHM2). Individual symptom analysis produced a LOD score of
1.97 (P = 0.0013) on chromosome 5 (photo/ phonophobia), a LOD score of 2.13
(P = 0.0009) on chromosome 10 (moderate/severe pain intensity) and a near
significant LOD score of 3.31 (P = 0.00005) on chromosome 13 (pulsating
headache). These peaks were all located near regions previously reported in
migraine linkage studies. Our results provide important replication and support
for the presence of migraine susceptibility genes within these regions, and
further support the utility of an LCA-based phenotyping approach and analysis
of individual symptoms in migraine genetic research. Additionally, our novel ‘2-
step’ analysis and simulation approach provides a powerful means to investigate
linkage to individual trait components.
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INTRODUCTION

Migraine is a severe headache disorder that affects approximately 15% of the
population. It has been known for some time that this disorder is under
substantial genetic influence. The heritability of migraine is commonly
estimated at approximately 50%. To date, genes have only been identified for a
rare autosomal dominant subtype of migraine, called familial hemiplegic
migraine (FHM). The A7PrAz gene on chromosome 1q23 (FHM2; De Fusco et
al., 2003; Vanmolkot et al., 2003), the SCNzA gene on chromosome 2q24
(Dichgans et al., 2005), and the CACNAI1A gene on 19p13 (FHMr; Joutel et al.,
1993; Ophoft et al., 1996) have been implicated in this autosomal dominantly
inherited disorder. Evidence is accumulating that the chromosome 1 and 19 loci
may also be involved in the common migraines, although more research is
required to confirm these findings (Hovatta et al., 1994; Jones et al., 2001; May
etal., 1995; Nyholt et al., 1998; Nyholt et al., 2005; Ophoff et al., 1997; Terwindt
etal., 2001; Todt et al., 2005).

Due to the lack of biological markers for migraine, diagnosis relies
entirely on symptomatology. The disorder is most commonly diagnosed using
the classification criteria proposed by the International Headache Society (IHS;
Headache Classification Committee of the International Headache Society,
2004). The IHS diagnostic criteria are based on clinical consensus, and require
patients to have a certain number and combination of symptoms in order to
qualify for a migraine diagnosis (Table 8.1). Consequently, a relatively severe
form of migraine is required for a positive diagnosis. A study by Lantéri-Minet et
al. (2005) showed that, in a large French population sample, the number of
subjects qualifying for a ‘probable migraine’ diagnosis (i.e., one feature short of
a full migraine diagnosis) was almost as large as the number of subjects
fulfilling all criteria. These subjects may not strictly meet the criteria, but are
likely to have a genetic liability in common with subjects fulfilling a complete
migraine diagnosis. This means that excluding subjects qualifying for a
‘probable migraine’ diagnosis but who do not strictly fulfill the IHS migraine
diagnosis will lead to a considerable loss of power in genetic studies of
migraine.
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TABLE 8.1

Diagnostic criteria for migraine without aura, as published by the International
Headache Society (2004)

A. At least 5 attacks fulfilling criteria B-D
B. Headache attacks lasting 4-72 hours (untreated or unsuccessfully treated)
C. Headache has at least two of the following characteristics:
1. unilateral location
2. pulsating quality
3. moderate or severe pain intensity
4. aggravation by or causing avoidance of routine physical activity (eg, walking or
climbing stairs)
D. During headache at least one of the following:
1. nausea and/or vomiting
2. photophobia and phonophobia
E. Not attributed to another disorder

A method that addresses this issue was proposed by Nyholt et al. (2004). In this
study, latent class analysis (LCA) was applied to the IHS migraine symptom
data. Although empirically derived, the resulting groupings of headache
sufferers showed similar heritability to strict IHS diagnoses and remain
clinically relevant due to being derived from the IHS diagnostic criteria. The LCA
method provides a stable and quantitative approach to diagnosing migrainous
headache, resulting in more individuals being definitively classified, thereby
increasing the potential power of genetic studies aimed at identifying genes
contributing to the underlying susceptibility of migraine. Good correspondence
between LCA-based migraine groupings and genetic risk has been
demonstrated (Ligthart et al., 2006; Nyholt et al., 2004). LCA has now been
applied successfully in several migraine studies (Lea et al., 2005; Ligthart et al.,
20006; Nyholt et al., 2004; Nyholt et al., 2005). In addition, the utility of LCA-
based diagnoses and analysis of individual symptoms in genetic studies was
recently highlighted in two recent reviews on migraine genetics (van den
Maagdenberg et al., 2007; Wessman et al., 2007). An LCA-based genetic study
of migraine in the Dutch population (Ligthart et al., 2006) showed results very
similar to those observed in the Australian LCA study by Nyholt et al. (Nyholt et
al., 2004), with subgroups of affected individuals differing in the severity rather
than the quality of their headaches. In the present study, an LCA-based
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phenotype (migrainous headache) is utilized in a genetic linkage analysis of
migraine in a Dutch population sample.

METHODS

SAMPLE

Migraine symptom data were collected in a cohort of Dutch twins and their
parents, siblings and partners. The participants were volunteer members of the
Netherlands Twin Registry, kept by the department of Biological Psychology at
the Vrije Universiteit in Amsterdam. The data were collected in two surveys on
health, lifestyle and personality, conducted in 2002 and 2004. Data collection
procedures for both surveys have been described in detail elsewhere (Boomsma
et al., 2006; Distel et al., 2007). The 2002 questionnaire data were available for
10,299 individuals (42% males, 58% females) with a mean age of 40.0 (SD =
14.4, range 14 — 88). The 2004 questionnaire was completed by 8645 individuals
(39% males, 61% females) with a mean age of 42.7 (SD = 14.6, range 15 — go). Of
all participants, 6,631 individuals completed both surveys, resulting in a total
number of 12,313 participants across the two surveys. Migraine data were
available for 12,210 individuals (5,016 males and 7,194 females) from 4,014
families. Of these individuals, 5,540 (45%) were twins, 1,767 (14%) were
singleton siblings of the twins, 3,261 (27%) were parents of twins, and 1,642
(13%) were spouses of twins.

The two surveys both included the same set of headache questions.
Participants screening positive for the screening question (do you ever
experience headache attacks, for instance migraine?) subsequently answered a
set of more detailed headache questions. This information was used to
determine the participants’ status with regard to eight of the symptoms listed in
the IHS diagnostic criteria for migraine (Table 8.2).
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TABLE 8.2

diagnostic criteria for migraine

Headache questions included in the surveys and correspondence to IHS

Question in survey

Do you ever experience headache attacks, for
instance migraine? (yes/no)
How often do you have these headache attacks?*
less than once a year
about once a year
several times a year
about once a month
several times a month
about once a week
several times a week
How long do these headache attacks usually last?
The headache is usually pounding or stabbing
(yes/no)
How intense is the headache during most attacks?

(mild/moderate/severe)
During a headache attack, do you experience:
(yes/no)
aggravation of headache by physical activity?
nausea or vomiting?

aversion of light, sound or smell?

partial loss of vision, seeing flashes of light or

(zigzag) patterns?

Code in
diagnostic

criteria

2

D1

D2

Description

Screening
question

= 5 episodes

4-72 hours
Pulsating quality

Moderate or
severe pain

intensity

Aggravation by
physical activity
Nausea and/or
vomiting

Photo and
phonophobia

Aura

episodes’.

were present.

* An attack frequency of ‘several times a year’ was assumed to be equivalent to ‘= 5

T The official criteria do not include osmophobia and require both photo- and

phonophobia, however, from these data it was not possible to determine whether both
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All available data were used to determine whether or not each of the symptoms
was present in an individual. Between the two questionnaires the tetrachoric
test—retest correlation was 0.87 for the screening question, and ranged between
0.79 and o0.91 for the IHS migraine symptoms (assuming individuals screening
negative did not have the symptom). Given changes in the presenting symptoms
of migraine attacks are common (Kallela et al., 2001; Ophoft et al., 1994), it was
assumed that if a participant reports a migraine symptom in one survey but not
the other, the presence of that symptom reflects a liability to migraine and is
therefore relevant to a study of migraine genetics, even if it was not present a few
years earlier or later (i.e., ‘lifetime’ migraine). Therefore, a participant positive
for a symptom in either of the two questionnaires was treated as affected with
respect to that particular symptom.

LATENT CLASS ANALYSIS

LCA was used to empirically investigate the presence and characteristics of
subgroups of headache sufferers in our sample, as previously described in detail
(Ligthart et al., 2006; Nyholt et al., 2004). LCA investigates the relationship
between a set of observed variables (in this case migraine symptom data) and an
underlying latent (unobserved) construct. The categories of this latent trait are
referred to as ‘clusters’ or ‘classes’. Based on the pattern of symptoms reported,
the most likely class membership is estimated for each subject (Lazarsfeld &
Henry, 1968; McCutcheon, 1987). In this study, LCA was performed on the
individual IHS migraine symptoms, using the software package Latent GOLD 4
(Statistical Innovations Inc., Belmont, MA). Sex was included as a covariate, to
allow for differential symptom prevalence in males and females. Model fit was
compared using the Bayes Information Criterion (BIC), with a lower BIC
indicating a better fit to the data. The empirical groupings resulting from this
analysis were used to classify participants as affected or unaffected for
‘migrainous headache’. This classification was used as the primary phenotype in
the linkage analyses. The individual migraine symptoms (independent of
affection status for migrainous headache) were used as phenotypes in
supplementary linkage analyses of implicated regions. Analyzing a broad
phenotype at the level of individual symptoms may provide more insight into the
relationships between loci and individual symptoms (Nyholt et al., 2005). More
specifically, by analyzing symptoms independent of the endpoint diagnosis,
within-family phenotypic homogeneity is typically increased. For example,
although not all subjects may be classified as affected for the end diagnosis they
may nonetheless all suffer a particular symptom.
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For comparison purposes only, results for migraine diagnosed according to
strict IHS criteria (see Table 8.1) are also reported. The heritability and 95%
confidence intervals for migrainous headache based on LCA and IHS criteria
were estimated with Mx (Neale et al., 2003), using all available twin data.

GENOTYPE DATA

DNA was extracted from either whole blood or buccal swabs using standard
protocols (Meulenbelt et al., 1995; Miller et al., 1988). Samples were genotyped
by the Mammalian Genotyping Service in Marshfield and the Molecular
Epidemiology Section, Leiden University Medical Centre. The genotype data
from these genome-wide and some candidate region screens were combined to
a single data set where alleles of the same markers between sets were aligned.
Pedigree relationships were examined using GRR (Graphic Representation of
Relationships) and errors of Mendelian inheritance were detected with Pedstats
(Abecasis et al., 2001, 2002). Markers and samples were removed if their total
error rate was more than 1%; in all other cases the specific erroneous genotypes
were coded as unknown. Merlin was used to detect unlikely recombinants and
erroneous genotypes were removed with Pedwipe (Abecasis et al., 2002).

The siblings from the families informative for linkage had an average of
345 markers typed. The average marker spacing per individual had a median of
10 cM, and the average heterozygosity of the autosomal markers was 75%. Sex-
averaged, female- and male-specific map positions were interpolated via locally
weighted linear regression from NCBI build 35.1 physical map positions and the
Rutgers genetic map (Duffy, 2006; http://www2.qgimr.edu.au/davidD/master_-

map.dat).

LINKAGE ANALYSIS

Multipoint ‘non-parametric’ linkage analysis was performed using Merlin
(Abecasis et al., 2002). The NPL-pairs statistic (Weeks & Lange, 1988) was used
to test for increased allele sharing among affected individuals. The genotyped
sample consisted of 3,944 individuals from 841 nuclear families. For 2,536 of
these migraine data were available. Informative for linkage were all genotyped
families in which at least two siblings were affected. Under the LCA-based
definition of migrainous headache, 105 nuclear families were informative,
encompassing 234 affected, and 73 unaffected siblings. Allowing for non-
independence among sib pairs derived from the same sibship [i.e., sibship of
size S as being equivalent to S-1 independent sib pairs (Suarez & Hodge, 1979)],
these 105 families contained 202 independent sib pairs, 129 of which were
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affected concordant (of the remaining sibling pairs in the larger families, 25
were unaffected concordant and 48 were discordant). These numbers vary for
the individual symptoms, which have different prevalences (113 informative
families for > g attacks, 6o for 4—72 hr duration, 49 for pulsation, 108 for
moderate/severe, 74 for aggravation, 40 for nausea/vomiting, 69 for photo-
/phonophobia, and 16 for visual aura).

LOD scores were calculated according to the Kong & Cox exponential
model (Kong & Cox, 1997). Regions in which LOD scores exceeded the
threshold for suggestive linkage were further explored, using the individual
migraine symptoms (i.e., the presence of a symptom, regardless of LCA
diagnosis) as phenotypes. Finally, to ensure that no important findings were
missed due to our focus on suggestive regions only, a genome-wide exploratory
analysis was carried out for all the phenotypes.

Empirical estimates of genome-wide significance were obtained via gene-
drop simulations performed using Merlin. Based on the observed phenotype
and genotype data, 1,000 ‘null’ genome scans were generated under the
assumption of no linkage. The simulated genome scans were analyzed in the
same way as the original data. From each analysis the highest LOD score per
chromosome was collected. The empirical significance of a LOD score was
determined by counting the proportion of genome scans containing LOD scores
that exceeded that value. Following the recommendations of Lander and
Kruglyak (1995), the threshold for suggestive linkage was defined as the LOD
score that occurred by chance only once per genome scan, in other words, the
1,000th highest LOD score in a total of 1,000 simulated genome scans (LOD >
1.54 in the current data). Significant linkage was defined as a LOD score that
occurs with probability 0.05 in a genome scan, or once per 20 genome scans.
This is equivalent to the 5oth highest LOD score occurring in 1,000 simulated
scans (LOD 2 2.82 in the current data).

The empirical significance values for the follow-up analyses of the
suggestive regions, which included the individual symptoms as phenotypes, had
to be corrected for multiple testing. This can be done by analyzing the simulated
genome scans for all nine phenotypes, and collecting for each position the
highest LOD score across these phenotypes. Out of these ‘maximized’ LOD
scores, the highest LOD per chromosome was recorded. This was done for each
of the 1,000 replicates. As in the procedure described above, the suggestive
(LOD 2 2.4) and significant (LOD > 3.85) linkage threshold was taken as the
1,000th and 5oth highest ‘maximized’ LOD scores, respectively. This procedure
was used to determine empirical significance levels for the exploratory genome-
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wide linkage analyses of LCA migrainous headache and the individual
symptoms.

However, given our primary strategy was to only follow up the regions
that showed suggestive linkage with migrainous headache, correcting for
analyzing nine phenotypes genome-wide would lead to a conservative
significant linkage threshold. Therefore, we developed a novel ‘2-step’
simulation approach which examined the ‘maximized’ LOD score, given
analysis of nine phenotypes, only in regions showing suggestive linkage with
migrainous headache. More specifically, for each simulated genome-wide
linkage scan the ‘maximized’ LOD score across all phenotypes was calculated
only for the simulated chromosomes in which the simulated LOD score for
migrainous headache exceeded our initial suggestive linkage threshold (LOD 2
1.54). Analysis of the resulting ‘maximized’ LOD scores enables determination
of a significant linkage threshold corrected for our restricted testing of multiple
phenotypes. This significance level (LOD > 3.57) will be referred to as ‘2-step’
significant linkage.

0.8

0.7 1
—a—class 3

—a—class 2
—e—class 1a

—x—class 1b

Endorsement probability
o
(9]

FIGURE 8.1

Profile plot for the 5-class LCA model. The endorsement probabilities (y-axis) indicate the
proportion of individuals within a class reporting each symptom. In class 0 (not shown), all

endorsement probabilities were zero.
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RESULTS

LCA was performed using migraine symptom data from 12,210 individuals (41%
male, 59% female). Sex was included in the models as a covariate. A five-class
LCA model provided the best fit to the data, with the minimum BIC value of
52067.28 (four- and six-class models produced larger BIC values of 52173.47
and s52117.74, respectively). Figure 8.1 shows the resulting profile plot,
depicting the endorsement probability for each symptom given class
membership. The subjects screening negative (67%, N = 8,138, 48% male, 52%
female; data not shown) did not answer any further questions about headache
and were assumed to be unaffected for all migraine-related symptoms.
Therefore the endorsement probabilities for this group were zero. The two least
severe symptomatic categories (5%, N = 647, 48% male, 52% female) can be
described as ‘mild non-migrainous headache’. These two categories are referred
to as class 1a and 1b because they are relatively similar in both quality and
severity. Typically, individuals in these classes were unaffected (i.e., had low
endorsement probabilities) for the majority of IHS migraine symptoms. The
individuals in class 2 (12%, N = 1,481, 36% male, 64% female) had a moderately
severe type of migrainous headache, typically characterized by the presence of
four or more IHS migraine symptoms, but often lacking nausea and/or
vomiting, photo- and phonophobia, and/or aura symptoms. The individuals in
the most severely affected subgroup (class 3; 16%, N = 1,944, 13% males, 87%
females) can be described as having ‘severe migrainous headaches’, typically
including the majority of IHS migraine symptoms.

In the genetic analyses, subjects in classes 2 and 3, who, on average, had
endorsement probabilities higher than o.5 for the majority of symptoms (28.1%
of the sample), were treated as ‘affected’ for migrainous headache. Subjects in
classes o and 1 were considered ‘unaffected’. This classification, which is the
primary phenotype in our analyses, will be referred to as ‘LCA migrainous
headache’ throughout the paper. To enable a comparison with a more strict
definition of migrainous headache, we also report linkage results for an LCA-
based classification in which only class 3 individuals are treated as affected
(‘LCA-severe’, 16% of the sample) and for a classification based on strict IHS
criteria (‘IHS migraine’, 12.2% of the sample). Table 8.3 shows the number of
individuals with IHS migraine by class membership.
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TABLE 8.3
Number of Affected and Unaffected Individuals Based
on LCA Classification and IHS Criteria
IHS diagnosis

LCA diagnosis Unaffected Affected
Class 0 (unaffected) 8138 (66.6%) 0 (0.0%)
Class 1 (unaffected) 644 (5.3%) 3 (0.0%)
Class 2 (affected) 1191 (9.8%) 290 (2.4%)
Class 3 (affected) 743 (6.1%) 1201 (9.8%)

Maximum likelihood estimates of heritability were obtained in Mx, using all
available twin data (N = 2,036 pairs, 1,127 MZ, 532 DZ same sex, 377 DZ
opposite sex). No significant sex differences in genetic architecture were
observed. The heritability of LCA migrainous headache (49%; 95% CI: 41 — 57)
was slightly higher and more precise than the heritability of IHS migraine (46%;
95% CI: 36 — 56) and LCA-severe (43%; 95% CI: 33 —52). This indicates that the
LCA migrainous headache phenotype provides at least a similar amount of
genetic information compared to the stricter IHS and LCA-severe diagnoses,
while also increasing the number of individuals classified as affected for
migrainous headache.

LCA migrainous headache was subsequently utilized as the primary
phenotype in genome-wide linkage analysis. Figure 8.2A shows the LOD scores
from Merlin NPL-pairs analysis of LCA migrainous headache. For comparison,
linkage results using the LCA-severe and IHS migraine classifications are shown
in Figure 8.2B.
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FIGURE 8.2

Chromosome 1-22, LOD scores and empirical significance levels for linkage analysis of (A)

the primary phenotype, LCA migrainous headache and (B) IHS migraine and LCA-severe.
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The linkage analysis of LCA migrainous headache revealed three LOD scores
that exceeded the threshold for suggestive linkage (LOD = 1.54). The highest
peak was found on chromosome 20, at 41 cM (LOD = 1.85). On chromosome 1,
a LOD score of 1.63 was found at 171 ¢cM, and a LOD score of 1.63 was found at
91 cM on chromosome 13. These suggestive linkage regions were subsequently
investigated in a multiple phenotype analysis of the individual migraine
symptoms (Figure 8.3). Figure 8.3 also presents results from exploratory
linkage analysis of individual symptoms for chromosomes 5 and 1o - previously
linked to LCA-derived migrainous headache in an Australian sample (Nyholt et
al., 2005).0n chromosomes 1 and 20, analyzing the individual symptoms did
not result in higher LOD scores compared to analyzing migrainous headache
only. In contrast, analysis of chromosome 13 produced a considerably higher
LOD score for ‘pulsating headache’. The peak (LOD = 1.63) that reached the
suggestive linkage threshold for migrainous headache increased to a LOD score
of 3.31 in the analysis of pulsating headache - just falling short of our ‘2-step’
significant linkage threshold of 3.57. A neighboring peak for the same
symptom, located ~20 cM away, reached a LOD score of 3.34 in the individual
symptom analysis.

Finally, to exclude the possibility that linkage to individual migraine
symptoms was missed by only examining regions reaching suggestive linkage to
migrainous headache, a genome-wide analysis was performed for migrainous
headache and all individual symptoms. Figure 8.4 shows the ‘maximized’ LOD
scores across all phenotypes for each position in the genome. No new peaks
were identified that exceeded the empirically determined threshold for
suggestive (LOD 2 2.4) or significant linkage (LOD 2 3.85), after correcting for
exploratory analysis of multiple phenotypes genome-wide.
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FIGURE 8.3

LOD scores for LCA migrainous headache and individual migraine symptoms;
chromosomes 1, 5, 10, 13, and 20. The 2-step significance level is indicated for the regions

showing suggestive linkage in the primary analysis.
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Chromosome 1-22, genome-wide ‘maximised’ LOD scores across all nine phenotypes

(LCA-derived migrainous headache and individual migraine symptoms).

DISCUSSION

Linkage analysis of our primary phenotype, LCA migrainous headache, resulted
in three peaks that exceeded our threshold for suggestive linkage, whereas only
one such peak was expected to occur by chance. To enable comparison with
previously reported linkage results for migraine, an overview of previous studies
is given in Table 8.4. One suggestive peak, with a LOD score of 1.63 (pointwise P
= 0.0031) at marker D1S1653, was found on chromosome 1, only 5 cM from the
ATPrAz gene, which has been demonstrated to play an important role in FHM2.
This finding is especially interesting since in an Australian study, Nyholt et al.
(2005) found a LOD score of 1.53 in the same region. This is further evidence in
support of the hypothesis that the FHM2 gene A7PIAz or a flanking gene may
be involved in common migraine. The fact that numerous families contributed
towards this linkage peak indicates it is unlikely that the signal was caused by
potential FHM families, considering the low prevalence of this disorder.
Another suggestive peak was located on chromosome 13. This peak increased
substantially in the individual symptom analysis, with pulsating headache
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producing the highest LOD score of 3.31 (pointwise P = 0.00005). Although the
chromosome 13 peak is broad, covering a wide area of the chromosome, it is
interesting to note that the highest LOD score found in the individual symptoms
analysis is located only 6 cM away from the locus where Nyholt et al. (2005)
found suggestive linkage for LCA migraine and the individual photophobia
symptom. That said, the broadness of the chromosome 13 peak may indicate the
presence of multiple migraine susceptibility loci; however, further research is
required to either confirm or exclude this possibility.

Although our final analysis, which included all phenotypes genome-wide,
did not reveal any undiscovered peaks exceeding the threshold for suggestive
linkage, a few results are worth mentioning. A potentially interesting finding is
the linkage for moderate/severe pain intensity on chromosome 10 (highest LOD
= 2.13, nominal pointwise P = 0.0009), approximately 30 cM away from the
linkage peak (marker D10S2327), but overlapping the 95% CI, in the region
reported in Australian (highly suggestive linkage for LCA migraine) and Finnish
(nearly suggestive linkage for phonophobia) genome scans (Anttila et al., 2006;
Nyholt et al., 2005). In addition, on chromosome 5, a LOD score of 1.97
(pointwise P = o.001) was found for photo-/phonophobia, at marker D5S2501.
This replicates the significant linkage found by Nyholt et al. (2005) for LCA
migraine, at the same marker. It should be emphasized that, in the absence of
identified predisposing genes for common migraine, linkage findings are our
main source of information, and replication of these findings is crucial to be
able to distinguish between true loci and false positive findings.

The phenotype was based on a questionnaire that included information
on & of the symptoms listed in the IHS diagnostic criteria for migraine. Since the
questionnaire did not include a question about unilateral location of headaches
(one of the four C-criteria in the IHS guidelines, see Table 8.1), a complete IHS-
based diagnosis was not possible. To avoid false positive migraine diagnoses
due to missing symptom data, a slightly more strict definition was used, in
which patients were required to have at least two of the three available C-criteria.
This may have led to a slightly conservative estimate of IHS migraine prevalence.
The possibility cannot be excluded that the absence of information on unilateral
location may have also affected the LCA results. However, in a study of similar
design (Nyholt et al., 2004), unilateral headache was found to be one of the
features least distinctive of migraine (as opposed to non-migrainous headache).
Therefore it is not expected that the presence of information on unilaterality
would have significantly changed the resulting classification.
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The primary linkage analyses were performed using a relatively broad definition
of migrainous headache. To examine the effects of including individuals with
milder forms of migrainous headache, we performed additional linkage
analyses on two more strictly defined phenotypes, LCA-severe and IHS migraine
(Figure 8.2B). Under the stricter classifications, the number of informative
families was dramatically reduced (to 48 for LCA-severe and to 32 for IHS
migraine). This is due to the fact that even if only one sibling is unaffected under
the new classification, both members of the pair are no longer informative for
linkage. Figure 8.2 shows that although the locations of the main peaks do not
change substantially, the linkage peaks for the stricter definitions are generally
lower. Under the IHS definition, the chromosome 13 peak has disappeared
entirely, whereas under the LCA-severe definition, the chromosome 13 peak is
present but the peak on chromosome 20 is much smaller. Such reductions in
LOD scores are expected with a reduction in sample size (i.e., reduced power).

Additional linkage analysis of chromosome 13, for (a) families
informative for IHS migraine and (b) families informative for LCA migrainous
headache but not IHS migraine, showed that the latter families are indeed
responsible for the chromosome 13 peak (results not shown). In other words,
the observed linkage to chromosome 13 is predominantly due to increased allele
sharing (IBD) amongst individuals suffering moderate migrainous headaches
that do not quite satisfy IHS diagnostic criteria. Closer inspection showed that
the general frequency of the symptoms was lower in these families, but the
overall pattern of symptoms was very similar to that in the families informative
for IHS migraine.

The agreement (Cohen’s kappa) between LCA migrainous headache and
IHS migraine was 0.53. This kappa is quite good in light of the ambiguity
associated with the clinical diagnosis of migraine. For example, kappas range
from o0.55 to 0.81 among neurologists assigning headache diagnoses based on
videotaped patient interviews (Granella et al., 1994). Disagreement comes
mainly from individuals who are unaffected under the IHS classification but
affected under the LCA classification (Table 8.3). This is not limited to the less
severely affected class 2 individuals; a substantial number of class 3 individuals
were also classified as unaffected under the IHS definition.

The comparison between LCA migrainous headache (classes 2 and 3),
and LCA-severe (class 3 only) further supports the idea that gene-finding studies
may benefit from the inclusion of individuals with mild migrainous headaches.
The linkage results for the two phenotypes are globally similar, but peaks
present in the results for LCA-severe tend to increase when class 2 individuals
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are also included. Inspection of the sibling pairs excluded from the analysis of
LCA-severe showed that in most cases one sibling was in class 2 and the other in
class 3. Although in such cases the class 2 sibling will have a milder form of
headache, the two siblings are likely to have a genetic risk in common, which
means that including class 2 siblings adds valuable genetic information.

Our results indicate that the loss of power resulting from exclusion of
subjects with milder forms of migrainous headache is unnecessary. Eventually,
in genetic studies we are interested in genes underlying a disorder that covers a
broad spectrum of severity, and not only in cases exceeding a particular clinical
threshold. Although the LCA approach might not necessarily be the most
appropriate strategy in clinical practice, our results support the idea that in
genetic studies it may be more effective than conventional phenotyping based
on strict IHS diagnostic criteria.

Finally, we emphasize the advantage of our novel ‘2-step’ analysis and
simulation approach, which only examines individual symptoms in regions
surpassing suggestive linkage, compared to an approach analyzing all
phenotypes genome-wide. That is, the ‘2-step’ approach ensures those regions
initially reaching suggestive linkage remain so, because here we are simply
investigating the chance of obtaining significant linkage, after examining the
individual symptoms in the suggestive regions; whereas analysis of all
phenotypes genome-wide, carries with it a higher multiple test burden. Indeed,
sole use of the latter exploratory approach would result in only the chromosome
13 locus reaching suggestive linkage. Given our goal of analyzing individual
symptoms is to increase the evidence for linkage at particular loci, the ‘2-step’
approach makes conceptual sense since it is unlikely a non-suggestive linkage
peak obtained for an end diagnosis would reach significant linkage for an
individual symptom.

In summary, two of our suggestive peaks were located close to loci
previously reported in migraine research. To our knowledge, the suggestive
peak on chromosome 20 has not been reported before. This study also
replicated the significant peak on chromosome 5q21 (Nyholt et al., 2005) and
the highly suggestive peak on 10q22 (Anttila et al., 2006; Nyholt et al., 2005).
These results provide important replication and support for the presence of
migraine susceptibility genes within these regions, and will be useful in guiding
future research efforts in the area of gene-finding. This aspect will become even
more important with the recent development towards genome-wide association
studies. Linkage results, especially when replicated, can serve as important
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guidelines for the interpretation of the enormous amounts of data generated by
such large-scale genotypic analyses.

Furthermore, the remarkable similarities of LCA classification results and
subsequent linkage findings in the genetically similar Dutch and Australian
populations (Sullivan et al., 2006), indicate that our LCA-based approach
provides a stable and robust migraine phenotype and should further encourage
the use of this strategy in future migraine genetic research.
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ABSTRACT

This study describes a meta-analysis of genome-wide association studies for
common migraine in six population-based European cohorts, with a total
sample size of 10,980 individuals (2446 cases, 8534 controls). The participants
came from five Dutch studies (Erasmus Rucphen Family study, N = 1546,
Netherlands Study of Depression and Anxiety, N = 1530, Netherlands Twin
Registry [2 cohorts; N = 1593 and N = 1094], Rotterdam Study, N = 1998), and
one Icelandic Study (the AGES-Reykjavik study, N = 3219). The best result in the
meta-analysis was found for SNP rsg9o8234, which had a p-value of 8.00 x 10°.
The SNP was located in the nerve growth factor receptor (NGFR) gene. NGFR is
a strong candidate for migraine due to its involvement in the trigeminal pain
system. Comparison of the meta-analysis results with previously identified
candidate genes and linkage regions revealed associations with A7PrAz, known
to be involved in familial hemiplegic migraine (best SNP rs2854248, P = 3.62 x
10*), and GRID:z (best SNP rs1972860, P = 6.02 x 10°). GRID2z is a glutamate
receptor gene, located on chromosome 4q22, a region which has been reported
in several independent linkage studies. These findings indicate that combining
the results of population-based GWA studies of migraine is an effective
approach for detecting migraine susceptibility genes.
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INTRODUCTION

Gene-finding studies on migraine to date include primarily linkage studies and
candidate-gene association studies. Mutations in three different genes, A7PrAz
(De Fusco et al., 2003), SCNI1A (Dichgans et al., 2005), and CACNAzA (Ophoft
et al., 1996), were found to be responsible for familial hemiplegic migraine
(FHM), a rare and severe subtype of migraine that follows a mendelian pattern
of inheritance. Finding the genes involved in common migraine has proven
more challenging. Although many inconsistent linkage results have been
reported for common migraine, some consistently replicated loci are starting to
emerge, for instance on chromosome 4q21-q24 (Anttila et al., 2006; Bjornsson
et al., 2003; Oedegaard et al., 2009; Wessman et al., 2002) and chromosome
10q22 (Anttila et al., 2006; Anttila et al., 2008; Nyholt et al., 2005). The results
of candidate-gene association studies also tend to be inconsistent. The
association between migraine and the MTHFR gene has been replicated several
times (Kara et al., 2003; Kowa et al., 2000; Lea et al., 2004; Rubino et al., 2009;
Scher et al., 2006; Schurks et al., 2008), but many other associations have
remained single reports (see Colson et al., 2007; de Vries et al., 2009).

These days, genome-wide association has become the method of choice
in gene-finding research. Due to the complex nature of common migraine, it is
expected that the effects of individual genes will be small, and large samples are
needed for sufficient power to detect genetic effects (Visscher, 2008). Here, we
present a meta-analysis for common migraine by the DICE consortium. DICE
consists of six population-based Dutch and Icelandic samples. Four samples
consisted of unrelated subjects from the Netherlands [the Rotterdam Study
(Hofman et al., 2007), two cohorts from the Netherlands Twin Registry (NTR;
Boomsma et al., 2006), and the Netherlands Study of Depression and Anxiety
(Penninx et al., 2008)]. One sample was recruited from a genetically isolated
Dutch population (the Erasmus Ruchphen Family study [ERF]; Sleegers et al.,
2007; Stam et al., 2010), and one consisted of unrelated individuals from
Reykjavik, Iceland (the AGES-Reykjavik study [AGES-RS]; Harris et al., 2007).
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METHODS

SUBJECTS

The total sample size in this study was 10,890 individuals (3,219 from AGES-RS;
1,546 from ERF; 1,998 from the Rotterdam Study; 1,530 from NESDA; 1,593
from NTR1 and 1,094 from NTR2). The sample included 2446 migraine cases
and 8534 controls. An overview of the samples, including details on sample size
and genotyping is provided in Table g.1.

AGES-RS

The Reykjavik Study is a population-based cohort study established in 1967 to
prospectively study cardiovascular disease in Iceland. The cohort included a
random sample of men and women born between 1907 and 1935 and living in
Reykjavik at baseline. In 2002, the Reykjavik Study continued as the AGES-
Reykjavik Study to examine risk factors, genetic susceptibility, and gene-
environment interactions in relation to disease and disability in old age.
Headache data were collected as part of the Reykjavik study. The Reykjavik Study
and AGES-Reykjavik Study have been described in detail elsewhere (Harris et al.,
2007; Jonsdottir et al., 2002; Scher et al., 2009; Sigurdsson et al., 1995). The
AGES-Reykjavik study included 357 migraine cases (71 male, 286 female). The
control group included 1281 males and 1581 female, a total of 2862 controls. The
mean age was 51.03 years (SD = 6.37). All subjects were unrelated.

ERF

The ERF study is a family-based study in a genetically isolated population in the
southwest of the Netherlands. This young genetic isolate was founded in the
mid 18th century and minimal immigration and/or marriages occurred between
surrounding settlements due to social and religious reasons. The ERF
population includes 3,465 individuals that are living descendants of 22 couples
with at least six children baptized in the community church around 1850-1900.
The subjects were unselected with respect to phenotypes. Details about the
extensive genealogy and pedigree of the population are described elsewhere
(Santos et al., 20006).

The present study includes data from 1546 ERF participants; 330
migraineurs and 1216 controls. Of the cases, 81 (25%) were male and 249 (75%)
were female; of the controls, 615 (51%) were male and 601 (49%) were female.
The mean age was 48.4 years (SD = 14.6).
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NESDA

The NESDA cohort consisted of 1530 unrelated individuals from the
Netherlands (mostly MDD patients) who were genotyped in the context of the
GAIN MDD study. In the NESDA sample, 1383 subjects had MDD, and 147 were
selected for low risk of MDD. In this sample, there were 756 individuals with
migraine (713 with MDD and 43 without MDD) and 774 controls (670 with
MDD and 104 without MDD). In the case group, 165 individuals (22%) were
male and 591 (78%) were female. In the control group, 322 (42%) were male and
452 (58%) were female. The mean age was 42.9 years (SD =12.5).

NTR1

The Netherlands Twin Registry collects data in Dutch twins, their parents,
siblings and partners. The migraine data were collected in the context of a
longitudinal study on health, lifestyle and personality. The first NTR cohort was
genotyped as part of the NIH GAIN project, for a GWAS study originally
designed to find genes for major depressive disorder (MDD; Boomsma et al.,
2008). The majority of subjects (N = 1481) were selected for low risk of MDD,
112 subjects were MDD patients. Migraine data were available for 1593
individuals: 378 cases [56 with MDD and 322 without MDD], and 1215 controls
[56 with MDD and 1159 without MDD]. In the case group, 69 individuals (18%)
were male and 309 (82%) were female. In the control group, 509 (42%) were
male and 706 (58%) were female. The mean age was 44.8 years (SD = 15.0). All
subjects were unrelated.

NTR2

The second cohort from the Netherlands Twin Registry was an unselected
sample. All subjects were unrelated. For 1094 individuals, migraine data were
available. There were 276 migraine cases, including 59 (21%) males and 217
(79%) females. The control group consisted of 818 controls, including 396
(48%) males and 422 (52%) females. The mean age in this cohort was 48.6 years
(SD =14.4).

Rotterdam Study

This sample included participants of the Rotterdam Study, a prospective
population based cohort study among persons 55 years or older who were living
in Ommoord, a well-defined district of Rotterdam, the Netherlands (Hofman et
al., 2007). The aim of this study was to investigate causes of frequent chronic
diseases, with a focus on cardiovascular, neurologic, psychiatric, and
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ophthalmic diseases. The Medical Ethics Committee of Erasmus Medical Center
approved of the study. The original cohort of the Rotterdam Study (7,983
participants) was expanded in 2000 (N = 3,011) and again in 2006 to include
3,919 persons who were 45 years of age or older. At study entry all participants
underwent a structural interview and a physical examination, which was
repeated every 3-4 years. The migraine questionnaire was introduced into the
core study protocol in 2006 (response rate of 64.8%). For the current report, we
used data from persons from the second cohort expansion (2006 to 2008) who
completed the migraine questionnaire.

Migraine data were available for 1,998 unrelated individuals, including
349 cases (79 male, 270 female) and 1,649 controls (805 male, 844 female). The
mean age of the sample was 55.37 years (SD=4.51).

PHENOTYPES

AGES-RS

Subjects reporting headache at least once a month were asked whether the
headaches were accompanied by any of the following migraine features:
nausea/vomiting, unilateral location, photophobia, visual disturbance during or
preceding headache, and unilateral numbness preceding headache. Individuals
were defined as having migraine with aura if they had visual or sensory aura, or
both. Subjects with at least 2 of the non-aura symptoms were classified as
having migraine without aura. In this study, both migraine with and without
aura were included as cases. The remaining individuals were included as
controls.

ERF

Migraine was diagnosed according to ICHD-II criteria (Headache Classification
Committee of the International Headache Society, 2004). Migraineurs were
identified using a three-stage screening procedure which has been validated in a
population based study (Launer et al., 1999). The screening procedure is
described in detail by Stam et al. (2010). In brief, all participants filled out a
concise screening questionnaire on headache and aura symptoms, and those
who screened positive also completed a detailed questionnaire. All participants
who screened positive were telephone-interviewed to clarify their clinical
symptoms. Final diagnosis was always made after this telephone interview and
in consultation with a neurologist specialized in headache. The control group
consisted of ERF participants negative for migraine based on the written
questionnaire.
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NESDA, NTR1, NTR2
Migraine was assessed with a questionnaire that provided information on the
symptoms listed in the ICHD-II criteria. For the NTR participants, the headache
questions were embedded in surveys that were held in the context of a
longitudinal study on health, lifestyle and personality. The data used in this
study were collected in two waves that took place in 2002 and 2004. Both
surveys included the same set of headache items. Data collection procedures are
described in detail elsewhere (Boomsma et al., 2006; Distel et al., 2007). When a
participant answered the headache section in both surveys, the most recent
(2004) survey was used.

The NESDA participants underwent a 4-hour baseline assessment at one
of seven clinic sites at the beginning of the study. This assessment included an
interview on somatic health, functioning and health care use, and the
administration of several written questionnaires. Headache data were collected
using the using the same questionnaire that was included in the NTR survey.
Further details on the NESDA data collection procedures can be found
elsewhere (Penninx et al., 2008).

Individuals screening positive for a screening question (‘Do you ever
experience headache attacks, for instance migraine?’) subsequently answered a
set of more detailed questions about their headaches. This information was
used to determine the presence of eight of the symptoms present in the ICHD-II
criteria: moderate/severe pain intensity, aggravation by physical activity,
pulsating quality, nausea/vomiting, photo-/phonophobia. The IHS migraine
symptom variables were analysed with Latent Class Analysis to determine each
participant’s affection status for migrainous headache. This method has been
described extensively in previous studies . The LCA was performed based on
headache data from all available NESDA and NTR participants, using the
program Latent Gold 4.0 (Statistical Innovations, Inc., Belmont, MA).

Rotterdam Study

The migraine questionnaire was based on the ICHD-II criteria and was a
modified questionnaire according to the GEM study of Leiden (Launer et al.,
1999). The first question was “Have you ever experienced a severe headache that
affected your daily activities?” If the answer was negative or if it was clearly
indicated that the participants experienced a severe headache due to other
causes, such as a tumor, sinusitis, stroke, trauma or meningitis, no further
questions on headaches were asked. If the answer to the first question was
positive, headache duration and headache frequency were asked. Next, if a

206



GENOME-WIDE ASSOCIATION FOR MIGRAINE

person experienced headaches of which 1) the duration was between 4 and 72
hours (untreated) or the participant did not know the answer to this question,
because they always treated their headache attack and 2) the attack frequency
was two or more attacks in a lifetime, details on the characteristics and
symptoms of the headaches were asked. These included age of onset, unilateral
location, pulsating quality, aggravation by daily activities, sensitivity to light and
sound, nausea or vomiting. The frequency of the symptoms accompanying the
headaches was assessed and defined as never, sometimes, half of the time and
more than half of the time. In this group of participants, questions on
medication use were assessed. Furthermore, every participant was asked about
aura symptoms and physician diagnosis, if they ever had a severe headache. If
the participant experienced an aura or the physician had diagnosed migraine,
questions on medication use were assessed. Participants whose duration of
headache was unknown, because they always used medication to prevent or treat
the attack, were considered migraineurs if they fulfilled the remaining IHS
criteria. Individuals who were not classified as migraineurs were included as
controls.

GENOTYPING AND IMPUTATION

AGES-RS

Genotyping was performed using the Illumina 370CNV platform. Genotypes for
~2.5 million SNPs were imputed using the MACH 1.0.16 program, using
HapMap CEU as the reference set, based on NCBI build 36, HapMap release 22.

ERF

Genotyping was performed on several different platforms (Illumina
HumanHap3oo0, HumanHap3yo, Affymetrix 250K Nsp array). These sets were
merged and genotypes for ~2.5 million SNPs were imputed to HapMap CEU,
release 22, NCBI build 36 using the MACH program. Data were filtered for rare
variants and LD (MAF < o.o05 were excluded, SNPs with an R2 below 0.3 were
excluded). The study-specific genomic inflation factor (L) of 1.166, reflecting
relatedness between study participants, was corrected for by applying genomic
control.

NTR1 and NESDA

Individual genotyping for the GAIN sample was conducted by Perlegen Sciences
(Mountain View, CA, USA) using a set of four proprietary, high-density
oligonucleotide arrays. The SNPs on these arrays were selected to tag common
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variation in the HapMap European and Asian panels. Of the 3820 Dutch
samples sent to Perlegen, genotypes were delivered for 3761 samples. After
quality control, there were 3540 subjects in the final analysis dataset (1738 MDD
cases and 1802 controls).

The unfiltered dataset obtained from dbGaP contained 599,156 unique
SNPs. To be included in the final analysis dataset, SNPs were required not to
have any of the following features: gross mapping problem, >= 2 genotype
disagreements in 40 duplicated samples, >= 2 Mendelian inheritance errors in
38 complete trio samples, minor allele frequency < o.01, or > 0.05 missing
genotypes in either cases or controls. A total of 427,049 autosomal SNPs met
these criteria and were included in the analyses.

Genotypes for ~2.5 million SNPs were imputed using the IMPUTE
software, using the HapMap CEU data (release 22, NCBI build 36), available
from the IMPUTE website (https://mathgen.stats.ox.ac.uk/impute/impute.-
html), as reference. For each SNP an R? value was calculated using the
QUICKTEST program  (http://toby.freeshell.org/software/quicktest.shtml).
SNPs were excluded if the HWE test in controls produced a p-value < 1 x 10°, the

minor allele frequency (MAF) was smaller than 1%, and the R2 was smaller than
0.3, leaving 2,432,125 SNPs for analysis in the NESDA sample and 2,431,994 in
the NTR sample.

NTR2

Genotyping for 657,366 was performed SNPs on the Human66oW-Quad
BeadChip. SNPs were excluded based on MAF < o.01, missing genotype rate >
0.05 or a p-value < 1 x 10" in a test of Hardy-Weinberg equilibrium. After quality
control, 515,781 SNPs were left. Genotypes of ~3.8 million SNPS were imputed
with the IMPUTE program (Marchini et al., 2007), using the HapMap CEU data
(release 24, NCBI build 36), available from the IMPUTE website, as reference.
Imputed SNPs were excluded if they had a minor allele frequency < o.o1 or an R?
< 0.3, leaving 2,506,433 SNPs for analysis.

Rotterdam Study

Genotyping was performed using the Illumina Infinium II HumanHapsso chip,
version 3.0. A total of 572,129 SNPs were genotyped. SNPs were excluded based
on the following criteria: HWE p-value < 1 x 10", call rate < 98% and a minor
allele frequency < o.o1. The number of SNPs that survived quality control was
514,139. Genotypes were imputed for 2,543,888 SNPs, using the Hapmap CEU
(build 36, rel. 22) as reference. Imputations were performed in MACH 1.0.15.
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SNPs were excluded if they had a minor allele frequency < o.o1 or an R? < 0.3,
leaving a total of 2,450,030 SNPs for analysis.

META-ANALYSIS

In each sample, a logistic regression association test was performed, with sex,
age, and age? included as covariates, under an additive model. Age? was
included to account for potential nonlinearity of the age effect, because the
prevalence of migraine is lower in both younger and older individuals (Stewart
et al., 1992). Uncertainty of imputation was taken into account in the analyses.
The data of AGES-RS, ERF and Rotterdam were analyzed with ProbABEL
(Aulchenko et al., 2007), NESDA, NTR1 and NTR2 were analysed using
SNPTEST (Marchini et al., 2007). The study specific genomic inflation factors
(A) were 1.002, 1.000, 1.000, 1.013, 1.000 and 1.021 for AGES-RS, ERF, NESDA,
NTR1, NTR2 and Rotterdam, respectively.

Next, a meta-analysis was performed in the six samples (total N = 10,890)
with the METAL program (http://www.sph.umich.edu/csg/abecasis/metal/).
Since different phenotype definitions were used in the different samples, the

effect sizes were not directly comparable between studies. Therefore, a pooled
Z-score approach was used. With the pooled Z-score method, an overall Zscore
is calculated based on the summed Zscores from the individual studies,
weighted by each study’s sample size. The weights are calculated as the square
root of (N, /N
indicates the direction of effect. To ensure that meta-analysis results were

ow)- The squared weights sum to one. The sign of the Zscore
indeed based on a substantial number of samples, SNPs present for less than
70% of all participants (N = 184,350) were excluded from the meta-analysis.
This left a total of 2,394,913 autosomal SNPs for analysis.

COMPARISON OF RESULTS WITH EVIDENCE FROM PREVIOUS STUDIES

The outcomes of the meta-analysis were compared to previously reported
candidate genes and linkage regions for migraine. Candidate genes were
selected from the literature, and were included if at least one study reported a
significant association with migraine for this gene. In addition, the three genes
indentified for FHM (ATPrAz, SCN1A and CACNAI1A) were assessed.
Genome-wide linkage studies for migraine were identified with a
literature search in PubMed. A selection was made of SNPs with a p-value < 1 x
10" in the meta-analysis. In regions where multiple SNPs had small p-values, the
best SNP was selected. The locations of the best SNPs were compared to the
locations of the best markers in previously reported linkage regions. Since not
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all studies clearly specified the confidence intervals of their linkage peaks,
results were included if the distance between the best linkage marker and the
SNP was less than 15 Mb.

RESULTS

In Figure 9.1, the Q-Q plot for the meta-analysis is shown. The genomic
inflation factor A was 1.022. Figure 9.2 shows the Manhattan plot for this
analysis. Table 9.2 shows an overview of the meta-analysis results, for all SNPs
with a p-value of 1 x 10” or smaller. In regions where multiple SNPs had p-values
< 1 x 10°, the SNP with the best p-value is reported, and the number of SNDs
with small p-values surrounding the best SNP is given.

The most significant result was obtained in SNP rsg9o8234 (P = 8.00 X
10", located in the nerve growth factor receptor NGFR. A total of 17 SNPs were
tested in this gene; the other SNPs were not associated with migraine, and not in
LD with rs9go8234 (Figure 9.3). The SNP was genotyped in the NTRr1 and
NESDA samples, and imputed in the other samples. Table g.3 lists the results
for the individual samples.

The top results were compared with the literature using the text-mining

program Anni (version 2.1, http://www.biosemantics.org/index.php?page=-
anni-2-0). Of all genes associated with SNPs that had p-values < 1 x 10", NGFR
was identified as the best candidate based on literature connections with the
concept ‘migraine’. Table 9.4A shows the results of the meta-analysis in
candidate genes for migraine. A series of 22 SNPs with p-values < .05 was
identified in estrogen receptor 1 (FSRz). This is also a large gene (~412 Kb), and
the meta-analysis included 360 SNPs within this gene. The nominally significant
SNPs clustered within a region of ~go Kb. Also, two series of nominally
significant SNPs were found in the progesterone receptor (PGR) and the 5-
hydroxytryptamine (serotonin) receptor 2A (H7Rz2A). Table 9.4B shows the
results of the meta-analysis in the three known FHM genes. The best results in
the meta-analysis were obtained for A7PrAz. In this gene, 20 SNPs were tested,
3 of which had a p-value < .oo1. The best result was found for rs2854248 (P =
3.62 x 10™). Good results were also obtained in the CACNAIA gene. This is a
large gene (spanning about 300Kb), and within this gene 241 SNPs were
analyzed. 13 of the 17 SNPs with p-values < 0.05 were confined to a small region
of ~26 Kb, surrounding the second and third exon. The best SNP was rs3764615
(P =.004).
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FIGURE 9.1

Q-Q plot showing the expected and observed distribution of p-values in the meta-analysis.

The genomic inflation factor (A) for the meta-analysis including all six samples was 1.022.
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Manhattan plot showing the results of the meta-analysis.
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Plot showing the LD structure between the SNPs tested in NGFR. Rs9908234 was not in
LD with any of the other SNPs tested.
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TABLE 9.3

Details on rs9908234 for the individual samples

Beta SE OR P-value Imp R* MAF
AGES-RS 0.763 0.185 2.145 (1.493-3.081) 3.6x10% yes 0.55 0.06
ERF 0.306 0.134 1.357 (1.043 - 1.767) 0.023 vyes 0.61 0.10
NESDA 0.423 0.149 1.527 (1.140-2.045)  4.5x10% no - 0.07
NTR1 0.256 0.186 1.292 (0.896 - 1.861) 0.170 no - 0.06
NTR2 0.215 0.270 1.240 (0.730 - 2.105) 0.426 yes 0.63 0.05
Rotterdam 0.229 0.217 1.257 (0.822 - 1.922) 0.297 yes 0.59 0.07

SE = standard error; OR = odds ratio; Imp = imputed; MAF = minor allele frequency

In Table 9.5 a comparison is given of the results of the meta-analysis and
previous results of genome-wide linkage studies of migraine (published
between 2002 and 2010). The locations of SNPs with a p-value < 1 x 10™ were
compared with the locations of the best markers in previously reported linkage
regions. Results were included if the distance between the linkage marker and
the SNP was less than 15 Mb. Of particular interest is the overlap of the linkage
region on chromosome 4q22 and a SNP in the glutamate receptor, ionotropic,
delta 2 (GRIDz) gene (rs1972860, P = 6.02 x 10°).

DISCUSSION

This is the first meta-analysis of migraine in population-based cohorts. The
analysis was based on data from 10,890 individuals (2446 cases, 8534 controls)
of European ancestry. The best result based on all six samples was found for a
SNP on chromosome 17, located in the nerve growth factor receptor (NGFR)
gene. The nerve growth factor receptor, also known as the p75 neurotropin
receptor (p75NTR) is part of a large superfamily of tumor necrosis factor
receptors. NGFR is one of two receptors that bind neural growth factor (NGF).
NGF acts as a peripheral pain mediator, and is upregulated in many chronic
pain conditions, particularly in inflamed tissues (Pezet & McMahon, 2006). The
tyrosine kinase receptor A (TrkA) is another receptor that binds NGF, and the
NGF-NGFR pathway has been reported to play an important role in the
transmission of pain.
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Specifically, NGF can activate and sensitize primary afferent neurons that
express TrkA, producing hyperalgesia (Woolf et al., 1994). The NGF-NGFR
pathway has been studied less frequently, but experiments in mice and rats
suggest this pathway is also important in pain transmission (Fukui et al., 2010).
A study by Zhang & Nicol (2004) suggested an important role of p75NTR in
NGF-induced sensitization of sensory neurons in adult rat dorsal root ganglia.

The NGF receptor has not been linked directly to migraine in the
literature, however, there is some evidence for the involvement of NGF in
chronic headache disorders. Sarchielli et al. (2001) found increased levels of
NGF in the cerebrospinal fluid (CSF) of patients with chronic daily headache,
whereas Blandini et al. (2006) found reduced peripheral levels of NGF in
migraineurs. Based on current knowledge, the hypothesis that NGFR mediates
NGF-induced sensitization of trigeminal neurons seems to provide a plausible
explanation for migraine headache.

Additional interesting findings concern some of the previously reported
candidate genes for migraine. In particular, a strong association was detected
with SNPs located in the A7PrAz gene. This gene has previously been implicated
in FHM (De Fusco et al., 2003). Previous linkage findings in the 1q23 region
already supported a possible role of A7PrAz in common migraine (Ligthart et
al.,, 2008; Nyholt et al., 2005). In addition, two AZ7PrAz mutations were
identified in a study that performed a A7PrAz mutation screen in MO and MA
families, suggesting involvement of this gene in common migraine (Todt et al.,
2005). The present study provides convincing further evidence for this
hypothesis.

There was also considerable overlap between potentially interesting SNPs
and previously reported linkage findings. Particularly interesting is the finding
that the glutamate receptor, ionotropic, delta 2 (GRIDz) gene on chromosome
4q22 shows a strong association with migraine in this meta-analysis. The 4q22
region has been reported in several independent linkage studies (Anttila et al.,
2006; Bjornsson et al., 2003; Oedegaard et al., 2009; Wessman et al., 2002).
Evidence for the involvement of glutamate in migraine comes mostly from
studies on FHM; the mutations that cause FHM all result in an increase of
synaptic glutamate levels (van den Maagdenberg et al., 2007). Other studies
have reported elevated levels of glutamate in the CSF of migraine patients
(Martinez et al., 1993; Peres et al., 2004). Glutamate receptors have previously
been suggested as promising targets for migraine treatment (Andreou &
Goadsby, 2009). The results of the present study support this hypothesis.
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STRENGTHS AND LIMITATIONS

A potential limitation of this study is that migraine definitions were not the
same across cohorts. Although in all studies the definition of migraine was
largely based on the symptoms specified in the ICHD-II diagnostic criteria, there
were differences in how the endpoint diagnosis was reached, with some studies
using more liberal criteria than others. This makes it difficult to compare effect
sizes across studies. For this reason the meta-analysis was not based on effect
sizes, but on Zscores. The beta values, representing the effect size, were only
used to determine the direction of the effect. The disadvantage of this method is
that a direct comparison of the effect sizes in individual studies is not possible.
However, by using a Zscore-based approach we avoid drawing conclusions
based on comparing effect sizes that are not on the same scale.

The most significant p-value in this study just failed to reach genome-
wide significance [commonly defined by a threshold of 5 x 10” (e.g., Dudbridge
& Gusnanto, 2008)]. There are several reasons why we do not expect to find
exceptionally strong association signals in this type of study. First, migraine is a
complex disorder, and the effects of individual genes are expected to be small.
The fact that FHM, which follows a mendelian pattern of inheritance, can be
caused by dozens of different mutations in at least 3 different genes (de Vries et
al., 2009), indicates it is not unlikely that the more complex forms of migraine
are probably even more heterogeneous in nature. Second, this study is
population-based, and subjects were unselected with respect to migraine status.
For this reason it is important to include not only the severest cases, but also
more mildly affected patients, to capture the maximum amount of genetic
information on migraine. However, because there was no selection with respect
to phenotype, the number of cases is relatively small compared to the number of
controls, and cases are expected to be less severely affected than cases in a study
sample specifically selected for migraine, for instance in a clinical study.
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CHAPTER 9

An important strength of this study also relates to the population-based design.
Because the samples are unselected with respect to phenotype, the observed
migraine cases are expected to be representative of migraine in the general
population. In clinic-based studies, there is a considerable risk of confounding
due to high prevalence of comorbid disorders. Another strength is that all
participants in this study were of western-European ancestry. Although there
may be some heterogeneity between the Icelandic sample and the genetic isolate
of the ERF study and the rest of the samples, heterogeneity between the
population-based Dutch samples will be limited.

In conclusion, this study provides strong evidence for the involvement of
the NGFER gene in common migraine, based on the results of six independent
samples of European ancestry, which all showed an effect in the same direction.
NGFR is a strong candidate not only because a SNP in this gene showed the
most significant association with migraine, but also based on the existing
literature and knowledge on the pathways involved in migraine. Additional
prioritization based on results of previous association and linkage studies
revealed that A7PrAz and GRIDz may be involved in migraine. Functional
studies are needed to confirm that these genes are indeed causally related to
migraine, and to elucidate what their role is in the mechanisms underlying
migraine.
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The research described in this thesis focuses on the definition and etiology of
migraine in large population based studies. A variety of methods were applied in
this work. To optimize the definition of the migraine phenotype, we applied
latent class analysis to data collected in survey studies. Genetic modelling of
twin data was applied to examine the comorbidity of migraine with depression
and the heritability of migraine as a function of depression status. Finally,
linkage and genome-wide association studies were performed to localize and
identify genetic variants potentially involved in migraine. In this chapter, I first
provide a summary of the main results followed by a discussion of the
implications of this work. I conclude with an outline of recommendations for
future research.
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SUMMARY

INTRODUCTORY CHAPTERS

In the first chapter of this thesis, an overview is provided of the literature on the
epidemiology and pathophysiology of migraine. The chapter describes how
migraine is currently diagnosed, what is known about the mechanisms
underlying a migraine attack, and how migraine is associated with several
psychiatric and non-psychiatric conditions. In addition, the chapter provides a
summary of the most important results from migraine gene-finding studies,
which are primarily based on studies of familial hemiplegic migraine, a rare and
severe monogenic subtype of migraine with aura. Three genes have been
implicated in this disorder, all of which are involved in ion transport. For
common migraine, several linkage and candidate-gene association studies have
been performed, but a causal genetic variant has not been identified. The
chapter ends with an outline of the research described in this thesis. Important
aims were to investigate the genetic architecture of migraine and comorbid
depression, and to identify the genes underlying migraine.

Chapter 2 provides an overview of the methods employed in genetic
epidemiology to address these issues. These methods include the genetic
modelling of twin and family data, genetic linkage studies in family data,
genome-wide association studies in (unrelated) cases and controls and meta-
analysis of the results of such studies,

Chapters 3 and 4 describe the data collection procedures in the
Netherlands Twin Register (NTR) that preceded the studies described in this
thesis, and provide some background information on the samples analyzed. In
Chapter 4, it was investigated whether there was any evidence for non-random
participation in the surveys of the NTR. This study concluded that there was no
evidence of a response bias with respect to migraine status.

ANALYSES OF THE MIGRAINE PHENOTYPE AND COMORBIDITY WITH
DEPRESSION

Chapters 5-7 focused on the analysis of the migraine phenotype by analyzing the
symptoms of migraine, as defined by the official diagnostic criteria (IHS;
Headache Classification Committee of the International Headache Society,
2004), the comorbidity of migraine and depression and the moderation of the
heritability of migraine by depression. Data on migraine and depression were
collected with mailed surveys in large samples of NTR participants. Additional
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data on major depressive disorder from the Netherlands Study of Depression
and Anxiety (NESDA; Penninx et al., 2008) were included in Chapter 6.

In Chapter 5, migraine symptoms were analyzed with latent class analysis
(LCA) to investigate whether there was any evidence for distinct subtypes of
migraine. One important question was whether distinct classes would be
characterized by the presence or absence of aura symptoms. The LCA
empirically identified 4 classes of individuals, based on migraine
symptomatology. The results were very similar for males and females,
indicating that although the prevalence is higher in females, there are no
qualitative sex differences in migraine symptomatology. The frequency of aura
symptoms was not a particularly distinctive feature that characterized any of the
groups. The observed pattern showed that what distinguished the classes was
the severity of the migraine and the number of symptoms reported, rather than
qualitative differences. The only qualitative difference between the classes was
that the increase in symptom prevalences in class 3 compared to class 2 was
relatively stronger for the symptoms photo-/phonophobia, nausea/vomiting,
and aura, reflecting the fact that these symptoms are relatively rare in mildly
affected patients. But even in the most severely affected group (class 3) only 49%
of the patients had aura. In this study, the heritability of the LCA-based
phenotype was estimated at 50%, which is comparable to the heritability of
migraine according to IHS-criteria (49%). Due to the low number of dizygotic
male twin pairs screening positive in the sixth survey, the heritability estimates
reported in Chapter 5 were based on data from women only. In Chapter 7, the
heritability of LCA-derived migraine was estimated at 45%, based on data from
both women and men.

In summary, the results indicate that no distinct group of MA patients can
be identified based on symptomatology. This is consistent with the results of an
earlier study in Australian twins (Nyholt et al., 2004), and suggests a similar
disease process may underlie MO and MA. The results of this chapter support
the use of a broad, LCA-based phenotype in genetic studies of migraine, and the
combined analysis of data from patients with MO and MA. This results in a
larger number of individuals classified as affected, and thus maximizes power to
detect genetic effects. In the gene-finding studies described in Chapter 8 and 9,
this strategy was continued.

In Chapter 6 migraine symptomatology in MDD patients and non-
depressed controls was compared using a similar LCA-based approach. It is
known that migraine has a higher prevalence in depressed patients (Breslau et
al., 2000; Merikangas et al., 1988). However, the diagnostic criteria allow a
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substantial heterogeneity of specific symptoms between individuals (i.e., many
different combinations of symptoms can result in the same endpoint diagnosis).
Therefore it is important to know whether we are indeed observing the same
disorder in depressed and non-depressed individuals. Because certain
symptoms are more prevalent in patients with severe migraine (Chapter 5), a
higher prevalence of severe migraine in MDD patients might be mistaken for a
qualitative difference in migraine symptomatology, for instance because MDD
patients more often have photo-/phonophobia or aura. For this reason, we
examined whether there were qualitative differences, while taking differences in
prevalence and severity into account. This was achieved by performing a multi-
group latent class analysis, in which symptom profiles were estimated in MDD-
patients and non-depressed controls. It was formally tested whether the same
symptom profiles were observed in the MDD patients and the controls.

The data confirmed that the prevalence of severe migraine was much
higher in the MDD patients. However, qualitative differences between the
symptom profiles of MDD patients and controls were only minor: the symptoms
aggravation by physical activity and aura both had a slightly higher prevalence in
the MDD group, for the other symptoms no significant differences were found
between the two groups. These results suggest that a similar disease process
may underlie migraine in individuals with and without MDD. However, a similar
symptomatology does not prove that the etiology of the disorder is the same.
Thus, while there is migraine is qualitatively similar in depressed and non-
depressed individuals, we should be cautious in assuming the same etiology in
both groups.

In Chapter 7 we took the investigation of migraine and comorbid
depression one step further and examined 1) the genetic and environmental
correlation between migraine and anxious depression, 2) the genetic
architecture of migraine in individuals with high and low anxious depression
scores, and 3) tested whether the association is more likely explained by
causality or by shared underlying genes (pleiotropy). Firstly, the heritability
estimates for migraine and depression were 45% and 55%, respectively, and a
bivariate genetic model showed that the two traits were indeed genetically
correlated. The non-shared environmental factors (which explained the
remaining variance in both traits) were also correlated. Secondly, a test of the
moderating effects of depression on the heritability of migraine, revealed that
migraine was more heritable in individuals with low anxious depression scores.
Thirdly, in MZ twin pairs discordant for migraine, the twin without migraine did
not have an increased risk of depression, and vice versa. In other words, the fact

235



CHAPTER 10

that the first twin had migraine, did not increase the risk that the second twin
had depression, unless the second twin also had migraine (and vice versa). If
there was no causality, it would be expected that the MZ co-twin without
migraine had the same risk of depression as the twin with migraine, because
they share the same genes. These results suggest that the association between
migraine and anxious depression is most likely explained by bidirectional
causality.

GENE-FINDING STUDIES

Given the heritability of migraine, a logical next step is to try and identify the
genes that underlie the disorder. This work is summarized in Chapters 8 and g,
which describe linkage and genome-wide association studies for migraine.
Following from the results of Chapter 5, linkage and genome-wide association
analyses these studies were performed using the LCA-based classification of
migraine, in order to maximize the power to detect migraine susceptibility
genes.

In the linkage study described in Chapter 8 three linkage peaks were
identified that surpassed the threshold for suggestive linkage, on chromosome
1923, 13q32 and 20p12. The finding on chromosome 1 was particularly
interesting because it was located only 5 cM away from the ATPase, Na+/K+
transporting, alpha 2 polypeptide (A7PrAz) gene, which is involved in familial
hemiplegic migraine. In addition, some smaller linkage peaks were identified,
which replicated previous findings on chromosome 5q21 (Nyholt et al., 2005)
and 10q22 (Anttila et al., 2006; Nyholt et al., 2005). Interestingly, the peak on
chromosome 20 was recently replicated in a linkage study of bipolar disorder
and comorbid migraine in families from the NIMH Bipolar Genetics Initiative,
where it was linked to both migraine and bipolar disorder (Oedegaard et al.,
2000).

Chapter g describes the results of a meta-analysis of genome-wide
association studies for migraine in six samples of European ancestry (five Dutch
samples and one Icelandic). The best result in this study was found for a SNP on
chromosome 17, located in the NGFR gene. This gene codes for the neural
growth factor (NGF) receptor, which plays an important role in pain
transmission and sensitization. NGF is upregulated in many chronic pain
conditions (Pezet & McMahon, 2006) and has been associated with headache in
studies that showed altered cerebrospinal fluid and platelet levels of NGF in
headache patients (Blandini et al., 2006; Sarchielli et al., 2001). However, the
NGF receptor has not been implicated in migraine etiology before. The results
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of the meta-analysis were also compared to previous linkage and association
studies, which revealed the possible involvement of A7PrAz (one of the genes
that causes FHM) and the glutamate receptor, ionotropic, delta 2 (GRIDz) gene
in common migraine. The latter is an interesting candidate because it is located
in a region on chromosome 4q22 that has been reported in several independent
linkage studies (Anttila et al., 2006; Bjornsson et al., 2003; Oedegaard et al.,
2009; Wessman et al., 2002). Glutamate is thought to play an important role in
migraine, possibly because high extracellular levels of glutamate can facilitate
cortical spreading depression, the mechanism that underlies migraine aura
(Sanchez-Del-Rio et al., 2006; van den Maagdenberg et al., 2007).

DISCUSSION

MIGRAINE ASSESSMENT

The assessment of migraine in most studies in this thesis is based on survey
data. In large population based studies, assessment of each individual
participant by a neurologist (generally perceived to be the ‘gold standard’ for
migraine diagnosis) is not feasible due to financial and time constraints.
Genetic studies require large samples and survey-based assessment is a good
alternative method that allows the phenotyping of large numbers of
participants, so that large-scale genetic epidemiological studies become
feasible.

The survey used to assess migraine (Table 3.2) has been described
extensively in Chapter 3. It includes items on eight of the symptoms that are
included in the official diagnostic criteria (Headache Classification Committee
of the International Headache Society, 2004). As described in Chapter 3, the
test-retest reliability of the headache items was good, with high correlations
between survey 6 and 7 (.82 - .87 for the different items), and also between the
first wave of survey 7 (November 2004) and a shortened version of the survey
sent to a selected group of participants in July 2005 (correlations .82 - .92). A
limitation of the questionnaire was that no question on unilaterality of the
headache was included. In addition, photo-, phono-, and osmophobia were
combined into one question. To approximate an IHS diagnosis, we considered
the C criterion (see Table 1.1) valid only if two out of the three measured C-items
(moderate/severe pain intensity, pulsating quality and aggravation by physical
activity) were present, which is more stringent than the official requirement
(two out of four). The photo- and phonophobia requirement was less stringent
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than the official criteria specify. The overall prevalence estimates of IHS
migraine in our sample (4% in males, 13% in females) are slightly lower than
what is found in other studies based on IHS criteria (e.g., Stewart et al., 1992),
suggesting that, due to our relatively strict definition, the prevalence of IHS
migraine was underestimated. The number of false positive diagnoses based on
this definition is most likely limited.

CLASSIFICATION OF PARTICIPANTS WITH LATENT CLASS ANALYSIS

Latent class analysis was applied to investigate whether subgroups of migraine
patients could be identified, and whether separate MO and MA subtypes existed.
The result was a classification in which the different subtypes differed primarily
in terms of severity of the migraine headaches. Class o is the group of unaffected
individuals, class 1 individuals have mild, non-migrainous headaches, class 2
can be described as moderate migrainous headache, and the individuals in class
3 have severe migrainous headache.

In the gene-finding studies that followed (Chapters 8 and g), both class 2
and class 3 individuals were classified as migraineurs, which resulted in a high
prevalence of migrainous headache (13% in males, 35% in females). As I have
argued in previous chapters, using a broad phenotype definition has the
advantage that more potentially genetically informative individuals are classified
as affected, which increases the power to detect genetic effects. But does a
broader definition still reflect migraine, or does it result in the inclusion of other
types of mild headache as well?

First, as shown in Chapter 8, the heritability of migraine based on LCA
(‘LCA migraine’; h? = 49%) is approximately the same as the heritability of
migraine according to ICHD-II criteria (‘IHS migraine’; h? = 46%). This
indicates that by using the broader phenotype, we do not lose any genetic
information. In an Australian study that applied the same method, the
heritability of LCA and IHS migraine were also similar, although slightly lower
than in our study (40% and 36%, respectively). These estimates are similar to
what is generally found for migraine. For example, a study of almost 30,000
twins from six European countries estimated the heritability of migraine at 46%
(Mulder et al., 2003).

Second, in the linkage study (Chapter 8), we observed that when we used
IHS migraine or ‘LCA-severe’ (i.e. class 3) as the phenotype, linkage peaks
detected with the phenotype based on LCA class 2 + 3 generally became smaller.
The use of a stricter definition did not identify any peaks that had not been
detected using the more liberal LCA definition (see Figure 8.2). The GWA

238



SUMMARY & GENERAL DISCUSSION

analyses for Chapter g were also conducted with both IHS and LCA migraine as
the phenotypes. The associations detected with the LCA phenotype were still
present when using the IHS migraine phenotype, but in general, the p-values
were markedly less significant. No strong association signals were observed that
emerged only when using the more stringent IHS phenotype.

Clearly, the fact that using a more stringent phenotype reduces the
number of cases largely explains the finding that using LCA migraine as the
phenotype produces better results. However, if the LCA migraine phenotype
were a mixture of migraine and a different type of ‘general, undefined
headache’, one would expect an increase in genetic heterogeneity that would be
unlikely to result in more significant association signals than a strict IHS
migraine phenotype. This strengthens my confidence that by using the broad
LCA phenotype, we indeed measure a genetic risk of migraine. In addition, it is
always possible to check the validity of findings based on LCA migraine by
repeating the analysis in the subset of individuals fulfilling strict IHS criteria for
migraine. In summary, our results indicate that LCA-based classification is a
valuable method for large-scale population based genetic studies of migraine,
where power and sample size are generally the limiting factors.

SCREENING PROCEDURE

To lower the burden for participants, it is common to start a questionnaire with
a screening question, and ask the participant to complete the remaining
questions only if these are relevant given the outcome of the screening question.
In our migraine questionnaire, the screening question was “Do you ever
experience headache attacks, for instance migraine?”. Approximately 30% of
participants screen positive, based on this question. Thus, with no other
information present, we have to assume that the remaining 70% never have
headache attacks. This is a high percentage compared to, for instance, a similar
study by Nyholt et al. (2004; see also Chapter 5). However, it is possible that due
to the phrasing of the question, individuals with mild headaches will think their
condition (which does not compare to a severe condition like migraine) does
not qualify to even be mentioned. Also, headaches that do not occur attack-wise
might go unnoticed with this type of screening. This may explain why latent
class 1 had a relatively low prevalence under the 4-class LCA model (Chapter 5);
many individuals with this mild type of headache may have screened negative.
On the other hand, this also indicates that individuals with moderate or severe
migrainous headache (which is our primary interest) are unlikely to screen
negative.
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A consequence of the use of screening questions is that the collected data are
essentially censored, and that there may be some individuals in the ‘unaffected’
group who have a minor genetic risk of headache. These individuals are not
ideal controls, because they are not entirely unaffected.

In the linkage study (Chapter 8), the screening procedure was not an
issue, because in this study an affected sib-pair design was used. Thus, the
results were based only on individuals we were quite confident were affected,
and not on controls who might potentially carry a minor genetic risk of
migraine. In the GWA study described in Chapters g, the unaffected individuals
were included as controls. In these studies, we treated the class 1 individuals as
unaffected, based on the fact that on average, the majority of migraine
symptoms were not reported by this group. To assess the potential implications
of treating individuals with mild, non-migrainous headaches as controls, we
performed an additional analysis in the GAIN sample, in which the phenotypes
of the class 1 individuals were set to missing rather than unaffected. This
analysis produced very similar results, suggesting the effect of the potential
presence of migraine risk genes in these individuals is limited, if present.

THE RELATIONSHIP BETWEEN MIGRAINE AND DEPRESSION

In Chapters 5 and 6, no distinct subtypes of migraine were identified, relating to
the presence of aura or major depression. The subtypes identified with latent
class analysis do not show major qualitative differences but differ primarily in
terms of severity. Does this mean there is only one type of migraine? At the
phenotypic level, this appears to be the case. However, at the genetic level, there
may be differences between groups of patients. Evidence for this hypothesis
comes from Chapter 7. In this chapter, migraine was found to be more heritable
in non-depressed than in depressed individuals. In addition, risk patterns in
relatives of patients with migraine and anxious depression suggested
bidirectional causality. If migraine can be causally related to anxious depression
in some patients, this could indicate it is genetically different from migraine
unrelated to depression.

Interestingly, Merikangas et al. (1993) reported a similar finding
concerning risk patterns in relatives of migraine patients. In this study, after
controlling for comorbidity, the relatives of probands with migraine had no
increased risk of depression, and vice versa. These results were consistent with
causality, rather than shared underlying genes (pleiotropy), and the authors
suggested that migraine and depression might be syndromically related.

240



SUMMARY & GENERAL DISCUSSION

Since this publication, many studies have confirmed that migraine and
depression are correlated (e.g., Beghi et al., 2007; Breslau et al., 2000;
Mitsikostas & Thomas, 1999; Zwart et al., 2003), and several authors
hypothesized that shared genes might be involved (Breslau et al., 1gg1; Cahill &
Murphy, 2004; Frediani & Villani, 2007). However, only few studies actually
addressed the underlying mechanisms that might explain the association.

Breslau et al. (2000) published a study which reported a bidirectional
relationship between migraine and depression. Migraine predicted first-onset
major depression and major depression predicted first-onset migraine. This
relationship was specific to migraine: depression did not predict the first onset
of other severe headaches.

In 2009, the first twin study was published that explored the hypothesis
that the same set of genes may influence both migraine and depression (Schur
et al., 2009). In this study, a genetic correlation was indeed reported, a finding
we replicated in Chapter 7 of this thesis. Recently, a second study reporting
shared genetic factors for migraine and depression was published (Stam et al.,
2010). It is worth noting here that the presence of a genetic correlation does not
tell us whether the association between two traits is caused by pleiotropy or by a
causal mechanism. If the association between A and B is causal, genes that
affect A will indirectly also affect B. To decide which hypothesis is more likely,
additional information is necessary.

Interestingly, the Schur et al. study included a set of diagrams that
showed the risk patterns in co-twins of individuals with migraine, depression,
both, or neither. Although these diagrams were not created with the intention to
investigate causality, they provide further evidence for a bidirectional causal
relationship between migraine and depression. If the first twin had migraine
only, the second twin did not have an increased risk of depression, unless they
also had migraine, and vice versa. This risk pattern is similar to the pattern
observed in Chapter 7 of this thesis, and that observed by Merikangas et al.
(1993).

Together, these studies provide considerable evidence supporting the
hypothesis of Merikangas et al., that migraine and depression are syndromically
related. In other words, migraine might be viewed as part of a ‘depression
syndrome’ in at least a subgroup of patients.

The hypothesis that in some patients, migraine and depression may be
syndromically related, raises many new and important questions. For instance,
is migraine really an aspect of depression, or is reporting migraine symptoms an
aspect of depression? Is the relationship with depression specific to migraine, or
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is there an equally strong relationship between depression and other somatic
symptoms? Could it be that MDD patients simply overreport somatic symptoms
as a result of their depressed mood?

While it is possible that the high prevalence of pain in depressed patients
(in part) reflects a report bias, comorbidity of depression and chronic pain has
indeed been reported in the literature (Bair et al., 2003). It has been suggested
that chronic pain might in fact be a symptom of depression (Lépine & Briley,
2004). Moreover, there is a vast amount of literature that describes the
effectiveness of various types of antidepressants in the treatment of headaches
(see Tomkins et al. (2001) for a meta-analysis).

GENES FOR COMMON MIGRAINE

What causes common migraine? The linkage study described in this thesis
identified new potential regions of interest on chromosome 13 and 20, and
replicated previous findings (e.g. the linkage peaks on chromosome 1 and 5),
thus strengthening the confidence in these findings. One of our linkage peaks
(on chromosome 20) was recently replicated by another group (Oedegaard et al.,
2000).

This thesis presents the first meta-analysis of population-based genome-
wide association studies on migraine. These analyses, which were based on data
from six European cohorts, revealed some promising and plausible candidate
genes for common migraine. The best result was found in the NGFR gene,
which codes for the neural growth factor (NGF) receptor. Strong associations
were also found in the A7PrAz gene, known to be involved in FHM. The
combined results of the GWA meta-analysis and previous linkage studies
supported the involvement of GRIDz, which codes for a glutamate receptor.
GRID:z is located under a linkage peak on chromosome 4q22 that has been
reported in several previous studies (Anttila et al., 2006; Bjornsson et al., 2003;
Wessman et al., 2002). These promising findings suggest that GWA studies,
when sufficiently large, can be quite effective for the identification of migraine
genes and especially that combining results from studies using different gene-
finding approaches is highly valuable.

CONCLUSIONS AND IMPLICATIONS

The results presented in this thesis, combined with the rapid developments in
technology, hold great promise for future research. GWA studies have taught us
that complex traits are often affected by large numbers of risk alleles with small
effects (Visscher, 2008), which makes large study sizes a necessity. However,
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large-scale genotyping will become easier and even more affordable in the
future. In addition, the ever-growing sources of information regarding gene
function, interactions and biological pathways will provide more tools to help us
identify new genes that serve as candidates for migraine. This creates exciting
new research opportunities, which will hopefully lead to the identification of
actual disease variants, and a more complete understanding of the mechanisms
that cause a migraine attack.

But technology is not the only factor that determines the success of gene-
finding studies. An equally important aspect of finding genes for complex traits
is the choice of a good phenotyping strategy. This is especially important given
the potential genetic heterogeneity that may underlie the migraine phenotype.
Even familial hemiplegic migraine (FHM), a monogenic disorder which follows
a mendelian inheritance pattern, can be caused by dozens of different mutations
in at least three different genes (de Vries et al., 2009). Given the complex nature
of common migraine, genetic heterogeneity may be even more important in this
trait. While the linkage study (Chapter 8) and GWA meta-analysis (Chapter 9)
provide evidence for the involvement of one of the FHM genes in common
migraine, it is likely that many more genes are involved.

A possible strategy to address the issue of genetic heterogeneity is to
carefully document and account for any type of comorbidity in studies of
migraine. The diagnostic criteria for migraine (Headache Classification
Committee of the International Headache Society, 2004) state that migraine
caused by another disorder should be classified as a secondary, rather than a
primary headache. Indeed, in neurology, it is not uncommon to think of
migraine as a phenomenon that occurs as a consequence of other (neurological)
conditions. Examples are cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL) and retinal
vasculopathy with cerebral leukodystrophy (RVCL), both disorders of which
migraine is a prominent symptom (de Vries et al., 2009). In psychiatry, on the
other hand, migraine is generally viewed as a disorder in itself, which happens
to be highly prevalent in psychiatric patients (e.g., Cahill & Murphy, 2004). The
possibility that it may actually be secondary to the psychiatric disorder is often
neglected, even though it is not a strange thought, given that both neurological
and psychiatric disorders are disorders of the brain.

Whether we classify a patient’s migraine as a primary or a secondary
headache has important implications for the assumptions we make about its
etiology. Based on the findings in this thesis, it seems likely that migraine can
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be secondary to anxiety and depression, and the same may be true for other
psychiatric disorders, or even non-psychiatric comorbidities.

Therefore, it is important to carefully document any type of comorbid
pathology in migraine patients. This should enable us to investigate which
comorbid conditions are associated with migraine due to pleiotropy, and which
conditions might have migraine as one of their symptoms. Furthermore, if all
migraine patients were adequately screened for comorbid conditions, this might
contribute to a more effective treatment of the migraine, for instance through
treatment of the comorbid condition. Eventually, both research and treatment
may benefit from such an approach.
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Migraine is een ernstige en veelvoorkomende hoofdpijnaandoening met grote
impact op het leven van patiénten en hun familieleden. Een migraineaanval
wordt gekenmerkt door matige tot ernstige hoofdpijn, vaak bonkend of
kloppend en gelokaliseerd aan één kant van het hoofd. De hoofdpijn wordt vaak
verergerd door fysieke activiteit. Tevens kan migraine gepaard gaan met
overgevoeligheid voor licht en geluid, en misselijkheid en/of braken.

De twee meest voorkomende typen migraine zijn migraine met aura en
migraine zonder aura. Het aura is een plaatselijke neurologische stoornis, die
aan het begin van de aanval optreedt en van voorbijgaande aard is. Meestal gaat
het om visuele stoornissen, zoals het uitvallen van een deel van het gezichtsveld
(blinde vlekken), zigzagpatronen of lichtflitsen. Wat ook veel voorkomt zijn
bijvoorbeeld tintelingen en een doof gevoel in de ledematen of spraakpro-
blemen.

Hoewel we een redelijk beeld hebben van de mechanismen die de
hoofdpijn en overige symptomen van migraine verklaren is er over de oorzaak
nog relatief weinig bekend. Het doel van dit proefschrift was om meer te weten
te komen over de erfelijkheid van migraine, over het verband tussen migraine en
depressie, en ten slotte om met koppelings- en associatie onderzoek de genen te
lokaliseren en identificeren die migraine veroorzaken.

Het proefschrift begint in hoofdstuk 1 met een overzicht van de literatuur over
de epidemiologie en pathofysiologie van migraine. Het beschrijft hoe migraine
wordt gediagnosticeerd, wat we weten over de onderliggende mechanismen, en
over het verband tussen migraine en diverse psychiatrische en ook niet-
psychiatrische aandoeningen. Ook wordt er een overzicht gegeven van wat er
bekend is over de genetica van migraine. Wat we hiervan weten is voornamelijk
afkomstig van een ernstige en zeldzame vorm van migraine, genaamd familiare
hemiplegische migraine (FHM). Er zijn mutaties in een drietal genen
geidentificeerd die deze aandoening kunnen veroorzaken. Studies naar
‘gewone’ migraine hebben nog niet geleid tot de identificatie van risicogenen.

In hoofdstuk 2 wordt een overzicht gegeven van methoden die veel
worden gebruikt in de genetische epidemiologie, en ook in dit proefschrift. Om
de erfelijkheid van een aandoening te bepalen worden veelal tweelingstudies
gebruikt. Linkage (‘koppelingsonderzoek’) wordt gebruikt om gebieden in het
genoom, die betrokken zijn bij een aandoening te lokaliseren met behulp van
familiedata en genetische markers zoals microsatelliet-data. Associatiestudies
(doorgaans in ongerelateerde personen) worden gebruikt om te bepalen welke
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genetische varianten (single nucleotide polymorphisms; SNPs) betrokken zijn
bij een aandoening zoals migraine.

Hoofdstuk 3 en 4 beschrijven de datacollectie die voorafging aan de
analyses. Dit onderzoek is voornamelijk gebaseerd op data van het Nederlands
Tweelingenregister (NTR). Door middel van vragenlijstonderzoek verzamelt het
NTR data over gezondheid, persoonlijkheid en leefgewoonten bij tweelingen en
hun familieleden. In 2002 en 2004 zijn vragenlijsten verstuurd waarin uitgebreid
werd gevraagd naar het voorkomen van hoofdpijn en specifiek naar symptomen
van migraine. Hoofdstuk 3 beschrijft onder andere de samples die gebruikt zijn
in dit proefschrift en de vragenlijst waarmee migraine werd gemeten. In
hoofdstuk 4 wordt onderzocht of er verschillen zijn tussen mensen die wel en
niet meededen aan het onderzoek. Hierin werd gevonden dat er geen verschil in
migraineprevalentie was tussen mensen die wel en niet meedoen aan het
vragenlijstonderzoek van het NTR.

In hoofdstukken 5, 6 en 7 werd gekeken naar de fenotypische kenmerken
van migraine, gebaseerd op de symptomen die zijn opgenomen in de officiéle
diagnostische criteria van de International Headache Society. Ook werd de
comorbiditeit van migraine en depressie onderzocht, en de invloed van
depressie op de erfelijkheid van migraine. De data hiervoor waren grotendeels
afkomstig uit het vragenlijstonderzoek van het NTR; aanvullende data over
depressie kwamen uit een grootschalig Nederlands depressieonderzoek (de
Nederlandse Studie naar Depressie en Angst; NESDA).

In hoofdstuk 5 werd latente klassen analyse gebruikt om te onderzoeken
of er verschillende subtypen migraine bestaan. Een belangrijke vraag hierbij was
of er aparte subtypes bestonden die overeenkwamen met de classificatie van
migraine met aura (MA) en migraine zonder aura (MO). Volgens de officiéle
diagnostische criteria zijn MO en MA twee verschillende typen migraine, maar is
daar ook empirisch gezien evidentie voor? Dit hebben we onderzocht door
mensen te groeperen aan de hand van het patroon van symptomen dat ze
rapporteerden. Uit de resultaten bleek dat patiénten voornamelijk gegroepeerd
werden op basis van de ernst van hun migraine. Er waren weinig kwalitatieve
verschillen, behalve dat in de ernstigste groep relatief vaker overgevoeligheid
voor licht en geluid, misselijkheid/braken en aura voorkwam. Er was echter
geen evidentie voor een subtype migraine dat specifiek gekenmerkt werd door
aura. Zelfs in de groep met de ernstigste migraine had slechts ongeveer de helft
van de mensen aurasymptomen. De erfelijkheid van migraine op basis van deze
empirische classificatie werd geschat op 50%. Op basis van de officiéle definitie
was dat 49%. Samenvattend is er, op grond van de resultaten van de latente
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klassen analyse, geen evidentie voor een specifiek subtype van migraine met
aura.

Van depressieve patiénten weten we dat ze bovengemiddeld vaak aan
migraine lijden. In hoofdstuk 6 werd onderzocht of depressieve patiénten aan
dezelfde vorm van migraine lijden als niet-depressieve mensen, of dat er een
subtype van migraine is dat geassocieerd is met depressie. Dit werd onderzocht
met behulp van latente klassen analyse. De symptoomprofielen van depressieve
patiénten en controles werden met elkaar vergeleken om te kijken of er
kwalitatieve verschillen te zien waren. Hoewel de prevalentie van migraine, zoals
verwacht, duidelijk hoger was in depressieve patiénten, werden er geen grote
kwalitatieve verschillen gevonden. Depressieve patiénten rapporteerden iets
vaker dat de hoofdpijn verergerde bij fysieke activiteit, en ook hadden ze iets
vaker aurasymptomen. Verder waren de symptoomprofielen vrijwel gelijk. Het
lijkt er dus op dat depressieve patiénten en controles aan hetzelfde type migraine
lijden. Overigens betekent dit niet dat we mogen aannemen dat de oorzaak van
migraine ook hetzelfde is in beide groepen.

In hoofdstuk 7 werd gezocht naar een verklaring voor de comorbiditeit
van migraine met angst en depressie. Zou het zo kunnen zijn dat dezelfde set
van genen beide aandoeningen beinvloedt? Dit is goed mogelijk aangezien beide
aandoeningen deels genetisch zijn (de erfelijkheid van angst/depressie was in
onze studie ongeveer 55%). Verder hebben we getest of de erfelijkheid van
migraine verschilt in mensen met een hoge en lage score op een maat voor angst
en depressie. Tenslotte werd onderzocht of van het verband tussen migraine en
angst/depressie mogelijk verklaard zou kunnen worden door een causaal
verband (de ene aandoening leidt tot een verhoogde kans op de andere
aandoening). De resultaten lieten zien dat migraine en angst/depressie voor een
deel inderdaad door dezelfde genen worden beinvloed. Verder bleek dat de
erfelijkheid van migraine het hoogst was in mensen die laag scoorden op angst
en depressie. Tot slot bleek uit een analyse van discordante tweelingparen dat
het verband tussen de twee aandoeningen zich niet enkel laat verklaren doordat
dezelfde genen meerdere aandoeningen beinvloeden, maar dat er waarschijnlijk
een causaal verband is. Mogelijk maken depressie en migraine bij sommige
patiénten deel uit van een syndroom.

Hoofdstuk 8 en g richten zich op onderzoek naar welke genen migraine
veroorzaken. Dit werd onderzocht met behulp van twee verschillende
methoden: koppelingsonderzoek (linkage) en genoom-brede associatie
(genome-wide association, afgekort tot GWA). In hoofdstuk 8 worden de
resultaten van een linkage-studie beschreven. Deze studie bracht verschillende
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regio’s aan het licht die mogelijk betrokken zijn bij migraine, bijvoorbeeld op
chromosoom 1923, 13q32 en 20p12. Onze bevinding op chromosoom 1 lag zeer
dicht bij het A7PrAz gen dat ook betrokken is bij FHM. Dit duidt erop dat dit
FHM-gen mogelijk ook een rol speelt bij gewone migraine. Ook werden een
aantal eerdere bevindingen gerepliceerd, zoals een locus op chromosoom 5q21,
eerder beschreven in een Australische linkage-studie, en een gebied op
chromosoom 10 wat gevonden werd in Australische en Finse linkage-studies. De
bevinding op chromosoom 20 werd onlangs gerepliceerd in een linkage studie
naar migraine in combinatie met bipolaire stoornis. Mogelijk is dit gebied bij
beide aandoeningen betrokken.

In hoofdstuk g wordt een meta-analyse beschreven van GWA-studies in 6
verschillende Europese samples. Hierin vinden we verdere aanwijzingen voor de
betrokkenheid van A7PrAz bij gewone migraine. Het beste resultaat werd
gevonden in het NGFR gen (de nerve growth factor receptor). Dit is een
uitermate plausibel kandidaat-gen voor migraine, aangezien het een belangrijke
rol speelt in pijnperceptie. De NGF receptor komt onder andere voor in het
trigeminale ganglion, wat een cruciale rol speelt bij pijnwaarneming en
sensitisatie tijdens een migraine-aanval.

Verdere technologische ontwikkelingen op het gebied van genotyperen, het
beschikbaar komen van grotere groepen patiénten met genoom-brede SNP data,
verbeteringen in de statistische methoden om zulke gegevens te analyseren en
follow-up methoden van de beste SNP resultaten zullen in de toekomst
waarschijnlijk tot de ontdekking van meer kandidaat-genen voor migraine
leiden. Het succes van de zoektocht naar migrainegenen is echter niet alleen
afthankelijk van technologie. Een andere belangrijke factor is hoe we migraine
meten. Niet alleen het diagnosticeren van de migraine zelf is van groot belang,
maar ook het in kaart brengen van de aanwezigheid van comorbide
aandoeningen zoals angst en depressie. In sommige gevallen kan de
aanwezigheid van andere aandoeningen iets zeggen over de oorzaak van de
migraine, bijvoorbeeld bij bepaalde neurologische aandoeningen. Het is goed
voorstelbaar dat dit ook het geval is bij het samen voorkomen van migraine en
psychiatrische stoornissen. Als we hier rekening mee houden kan dit het
identificeren van de betrokken genen ook makkelijker maken. Het systematisch
in kaart brengen en onderzoeken van het verband tussen migraine en comorbide
aandoeningen kan ons mogelijk veel leren over het ontstaan ervan.

Als de genen die betrokken zijn bij migraine gevonden worden, zullen er
functionele studies gedaan moeten worden om uit te wijzen wat de
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achterliggende mechanismen zijn: hoe zorgt een bepaalde genetische variant
ervoor dat er migraine ontstaat? Meer inzicht in deze mechanismen zal op den
duur hopelijk leiden tot de ontwikkeling van verbeterde behandeling van
migraine.
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