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Abstract

Background: A complex relationship between migraine and vascular disease has long been recognized. The patho-

physiological basis underlying this correlation is incompletely understood.

Aim: The aim of this review is to focus on the migraine–vascular disorders connection from a genetic perspective,

illustrating potentially shared (molecular) mechanisms.

Results: We first summarize the clinical presentation and genetic basis of CADASIL and other monogenic vascular

syndromes with migraine as a prominent disease manifestation. Based on data from transgenic mouse models for familial

hemiplegic migraine, we then discuss cortical spreading depression as a potential mechanistic link between migraine and

ischemic stroke. Finally, we review data from genome-wide association studies, with a focus on overlapping findings with

cervical artery dissection, ischemic stroke in general and cardiovascular disease.

Conclusion: A wealth of data supports a genetic link between migraine and vascular disease. Based on growing high-

throughput data-sets, new genotyping techniques and in-depth phenotyping, further insights are expected for the future.
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Background

Both clinical experience and epidemiological data have
highlighted a complex relationship between migraine
and vascular disorders, as summarized in a recent spe-
cial issue of Cephalalgia (Cephalalgia 2015;35(2)). With
respect to comorbidity of migraine specifically with
cerebrovascular disease, meta-analyses have shown an
increased risk of ischemic stroke (IS) in migraine, espe-
cially in female patients with migraine with aura (1).
Further tentative evidence comes from cross-sectional
studies that revealed an increased prevalence of cere-
bral white matter lesions and infarct-like lesions, pre-
dominantly in the posterior circulation, in migraine
patients (2,3).

Advancing our understanding of these aspects is highly
relevant to meeting patients’ needs (4) and offers the
opportunity to unravel shared or overlapping patho-
physiological mechanisms underlying both disorders,
which in turn holds substantial translational potential.

In addition to a wealth of functional studies, with
recent data suggesting the notion of migraine as a

systemic vascular or endothelial disease (e.g. (5)), there
is accumulating evidence for a shared genetic basis of
migraine and vascular disorders. This review summar-
izes the most significant genetic findings relevant to the
migraine–vascular disease overlap, focusing on both
rare monogenic entities (cf. section 1,2), as well as
more recent findings based on data from genome-wide
association studies (cf. section 3).
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1. Monogenic vascular diseases with
migraine as part of the phenotypic
spectrum

A remarkable proportion of monogenic ‘‘vascular’’ dis-
ease entities includes migraine or migraine-like symp-
toms as part of their phenotypic spectrum. The most
prominent example is cerebral autosomal-dominant
arteriopathy with subcortical infarcts and leukoence-
phalopathy (CADASIL), a cerebral small-vessel disease
caused by missense mutations in the Notch3 gene (6),
which encodes a transmembrane receptor protein
expressed on vascular smooth muscle cells. It is the
most common form of hereditary small-vessel disease
and, at the same time, the most common monogenic
form of adult-onset IS (prevalence �5:100.000). Other,
less common examples include retinal vasculopathy with
cerebral leukodystrophy (RVCL), hereditary infantile
hemiparesis, retinal arteriolar tortuosity and leukoence-
phalopathy (HIHRATL), hereditary hemorrhagic tel-
angiectasia and, last but not least, mitochondrial
myopathy with encephalopathy, lactic acidosis and
stroke-like episodes (MELAS).

CADASIL

Migraine is an early symptom of the disease, occurring
in up to 40% of patients and typically preceding other
manifestations by at least a decade. Interestingly, age
at onset for migraine in CADASIL patients seems to be
higher than in normal migraineurs (7). In about 80% of
cases, migraine manifests as migraine with aura, with a
high frequency of ‘atypical’ (e.g. prolonged duration,
hemiplegic or brainstem aura symptoms, confusion,
fever or other complications) or isolated (i.e. without
accompanying headache) aura symptoms (8).
Interestingly, there seems to be a peak of transient
neurological disturbances during gestation or in the
postpartum period (9).

In subsequent stages of the disease, clinical manifest-
ations include recurrent lacunar infarcts and cognitive
deficits leading to vascular dementia, while migraine
attacks mostly improve with disease progression (10,11).

Magnetic resonance (MR) imaging reveals lacunar
infarcts, leukoencephalopathy (typically including the
external capsule as well as the temporal poles) and
microbleeds (12). Diagnosis is established by direct
sequencing analysis of Notch3 and/or electron micro-
scopic evidence of ultrastructural changes on skin
biopsy (granular osmiophilic material).

The pathophysiological mechanisms underlying
migraine in the setting of CADASIL are not fully
understood. Vahedi and colleagues found no difference
in the frequency and distribution of imaging changes

between CADASIL patients with vs. without migraine
(8), while Jouvent and colleagues could demonstrate
morphological changes in the primary visual cortex of
CADASIL patients with migraine with aura depending
on the presence or absence of visual symptoms during
aura (13).

To date, there is no specific treatment for
CADASIL. Both migraine and ISs are treated accord-
ing to current guidelines for the sporadic forms of both
entities. With respect to acute migraine therapy, trip-
tans are usually avoided due to safety concerns,
although no systematic data on its risk profile in the
setting of CADASIL are available; in this context, it is
interesting to note that triptans were found to have
good tolerability in familial hemiplegic migraine
(FHM) (14), another monogenic migraine variant.

In summary, CADASIL, next to FHM (cf. below,
Section 2), is the most prominent monogenic form of
migraine, with migraine as a typical presenting feature
in the early disease stages. A differential diagnosis of
CADASIL should be considered in migraine patients
(especially with the described clinical profile) with a
positive family history for migraine, stroke or dementia
and typical changes on MR imaging.

RVCL

Another example, which has received increasing
attention more recently, is RVCL. RVCL includes
disease entities previously referred to as cerebroretinal
vasculopathy, hereditary vascular retinopathy or her-
editary endotheliopathy, retinopathy, nephropathy
and stroke. More recently, cerebral hereditary angiopa-
thy with vascular retinopathy and impaired organ
function (CHARIOT) has been introduced as a new
term for RVCL.

In 2001, Ophoff and colleagues mapped the locus to
chromosome 3p21 (15), with identification of TREX1
as the causative gene in 2007 (16).

In addition to retinal vasculopathy leading to pro-
gressive visual loss, there is prominent involvement of
the central nervous system, with diverse clinical mani-
festations, including focal neurological symptoms,
cognitive deficits, depression and also migraine, notably
mostly in the form of migraine without aura. Finally,
there are different systemic manifestations (e.g.
Raynaud’s phenomenon, hepatic and renal dysfunction
and gastrointestinal (GI) hemorrhage). Life expectancy
in RVCL is decreased.

Regarding the association of RVCL and migraine,
evidence comes primarily from a large Dutch pedigree;
another characteristic clinical feature in this same
family is Raynaud’s syndrome, strengthening the
notion of a ‘‘vascular’’ phenotype (17).
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Cranial magnetic resonance imaging (cMRI) shows
non-contrast-enhancing T2 hyperintensities or con-
trast-enhancing mass lesions, mimicking a brain
tumor. These ‘‘pseudo-tumors’’ are present in the
majority of patients, often with corresponding calcifi-
cations on cranial computed tomography.

The pathophysiology of RVCL is not fully under-
stood. TREX1 has been implicated in diverse biological
functions: first, it encodes a 30–50 exonuclease (18).
Secondly, it is involved in the so-called SET complex
(19), which is normally associated with the endoplasmic
reticulum, but upon transfer to the nucleus can induce
granzyme A-mediated cell death. Finally, TREX1
may be involved in cell cycle homeostasis (20). RVCL-
causing mutations, by means of a frameshift, cause a C-
terminally truncated protein, with subsequent disturb-
ance of subcellular localization, while exonuclease activ-
ity remains uncompromised. The link between truncated
TREX1 protein with disturbed subcellular localization
and microangiopathy has not yet been deciphered.

As suggested by the clinical symptomatology (e.g.
white matter changes, Raynaud’s phenomenon, etc.)
and also experimental data (21), an important factor
in RVCL seems to be endothelial dysfunction, which
may be a possible link to migraine pathophysiology.
Interestingly, TREX1 mutations have also been impli-
cated in other entities (e.g. Aicardi–Goutières syn-
drome, familial chilblain lupus or systemic lupus
erythematosus). As opposed to RVCL, which is
caused exclusively by truncating mutations, these syn-
dromes are associated with differing types of mutations.

A transgenic mouse model for RVCL has been gen-
erated, with no published data so far (22).

Other monogenic entities

Anothermonogenic cerebral microangiopathy associated
with migraine is HIHRATL. The disorder is caused by
mutations in the COL4A1 gene, which encodes the type
IV collagen alpha1 chain, which is present in basement
membranes, including the basement membranes of the
vasculature. The phenotypic spectrum is broad, including
manifestations indicated by the syndrome’s name, but
also seizures, hemorrhagic stroke, IS and intracranial
aneurysms. There is some suggestive evidence for a cor-
relation with migraine (23).

Another monogenic entity relevant in the context of
this review is hereditary hemorrhagic telangiectasia; it is
caused by mutations of endoglin or activin receptor-like
kinase (24). In addition to mucocutaneous telangiectasia,
there are arteriovenous malformations (AVMs) affecting
multiple organs, including the brain. Clinically, the dis-
ease is characterized by hemorrhages, defined by the
localization of the vascular malformations. This means

that patients can also suffer from hemorrhagic stroke
(due to cerebral AVMs), but there is also an increased
risk of IS. In addition, there is a remarkably high preva-
lence of migraine (40% of patients), preferentially
migraine with aura (25). Several studies have pointed
out that the occurrence of migraine in hereditary hemor-
rhagic telangiectasia is related to the presence of pulmon-
ary AVMs, while the significance of cerebral AVMs is
more controversial (26–28); however, it should be kept
in mind that the role of cerebral AVMs may have been
underestimated, since they were not systematically
assessed in all patients. The association between migraine
and pulmonaryAVMsmay be due to paradoxical embol-
ism, with cerebral microemboli triggering cortical spread-
ing depression (CSD) events, as evidenced by a recent
animal study (29). Another hypothesis would be that
the pulmonary right to left shunt allows migraine-trigger-
ing agents to bypass the lung filter.

Beyond hereditary hemorrhagic telangiectasia,
AVMs in general and also other structural vascular
abnormalities (like in Sturge–Weber syndrome (30))
have been associated with migraine, further strengthen-
ing the migraine–vascular disease link.

Finally, MELAS combines features of both migraine
and stroke. It is a multi-system disease caused by muta-
tions in the mitochondrial DNA, mostly in the MT-
TL1 gene, encoding tRNALeu, with the most
common mutation being m.3243A>G (31). After
unremarkable early development, age at onset is often
in childhood. Early disease manifestations include gen-
eralized tonic–clonic seizures and migraine-like epi-
sodes with headache, vegetative symptoms and
abdominal complaints. Subsequently, there is occur-
rence of recurrent episodes with acute neurological def-
icits (e.g. hemiparesis, aphasia and visual field defects)
in the context of what is referred to as stroke-like epi-
sodes. By contrast to hemiplegic migraine, these deficits
occur acutely (as opposed to gradual development in
hemiplegic migraine (HM)) and are not fully reversible,
since the cumulative effect of the recurrent stroke-like
episodes results in increasing neurological deficits.
Often, there is a sensorineuronal hearing loss.

Based on the typical clinical constellation, diagnosis
is established by genetic analysis, which will in some
instances require the analysis of tissues other than
blood (e.g. muscle). Muscle biopsy shows ragged red
fibers, and there is elevated lactate in the peripheral
blood as well as in the cerebrospinal fluid (CSF).
Cerebral imaging can reveal basal ganglia calcifications,
focal T2-hyperintense lesions not clearly related to a
vascular territory and an increasing brain atrophy. In
contrast to IS, diffusion-weighted imaging will reveal an
increased apparent diffusion coefficient during stroke-
like episodes.
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2. Pathophysiological links between
migraine and stroke in transgenic
migraine animal models

As opposed to the monogenic entities discussed above,
in which migraine is part of the phenotypic spectrum,
FHM is a rare monogenic disease with migraine as the
predominant phenotypic feature. In fact, FHM is the
monogenic form of migraine. After a brief discussion of
the clinical presentation and genetic basis of FHM, we
will here focus on transgenic FHM animal models,
which may potentially shed light on the mechanistic
correlates underlying the migraine–stroke connection,
followed by a brief overview of the relevant findings
from other monogenic migraine subtypes.

FHM – clinical presentation and genetics

FHM is a rare monogenic subtype of migraine with aura
characterized by different degrees of transient and fully
reversible hemiparesis in addition to other neurological
aura symptoms (32). Otherwise, the phenotype of the
aura and headache phase resemble ‘‘normal’’ migraine,
and there is a remarkably high comorbidity with non-
hemiplegic types of migraine in FHM pedigrees (33). In
severe attacks, there may be various complicating fea-
tures, including fever, lymphocytic pleocytosis, epileptic
seizures, confusion and altered mental status up to coma
(34). Further, a subset of patients, in the interval
between attacks, will develop permanent neurological
deficits, most commonly being a progressive cerebellar
syndrome with or without cerebellar atrophy.

Genetically, FHM is heterogeneous. So far, muta-
tions in three different genes involved in ion transloca-
tion in the central nervous system have been identified
in affected pedigrees: CACNA1A (FHM1) (35),
ATP1A2 (FHM2) (36) and SCN1A (FHM3) (37).

FHM transgenic mouse models – the role of CSD

Transgenic knock-in mouse models have been
published for both FHM1 (mutations R192Q (38)
and S218L (39)) and FHM2 (mutation W887R (40)).
In addition to in-depth functional studies of these
models with respect to various migraine-related aspects
(for a comprehensive review, cf. (41)), the FHM1 mice
have also been evaluated against the background of the
‘‘migraine–IS link’’.

A central pathophysiological motif in both migraine
and IS seems to be CSD. CSD is a wave of an initial
brief neuronal excitation, followed by a long-lasting
phase of suppressed neuronal activity, travelling
across the cortex at a speed of 2–3mm per minute
(42). As reviewed elsewhere, CSD is the likely patho-
physiological correlate of the migraine aura, and

experiments in FHM1 and FHM2 mice have revealed
an increased susceptibility to CSD (caused by enhanced
glutamatergic neurotransmission) as the neurophysio-
logical hallmark of these animal models (38–40). At the
same time, CSD is recognized also to play a central role
in IS. More specifically, CSD occurs in the ischemic
penumbra (referred to as ‘‘peri-infarct depolariza-
tion’’), triggered by a rise in extracellular potassium
(as a consequence of Naþ/Kþ-ATPase failure); in this
context, CSD may worsen tissue damage in the penum-
bra (e.g. by worsening the metabolic mismatch and/or
by inducing vasoconstriction and by changing the
spreading hyperemia (typical for spreading depression)
to spreading ischemia) (43–45), and these processes
have been shown to negatively affect infarct size and
growth in animal studies (e.g. (46)). In line with these
findings, spreading depression has been shown also to
occur in humans with IS (47) and to be correlated with
a deterioration of the clinical outcome (e.g. (45)).

Based on the significance of CSD in both stroke and
migraine, Eikermann-Haerter and colleagues, in a
series of studies (48,49), performed an in-depth analysis
of stroke vulnerability in FHM1 transgenic mouse
models that were subjected to transient filament occlu-
sion of the middle cerebral artery. The following main
findings were obtained in this model: i) mutant animals
showed a reduced latency for the onset of anoxic
depolarization and a significantly increased frequency
of peri-infarct depolarization; ii) correspondingly, MR
imaging studies revealed a more rapid expansion of
infarct volumes in mutant mice; iii) mutant mice were
also found to have larger perfusion deficits (corres-
ponding to the increased frequency of peri-infarct
depolarization); iv) interestingly, mutated animals
were found to be at a higher risk of developing ischemia
in a hypo-perfused area (indicating a higher level of
perfusion required for survival); v) finally, and relating
to the above aspects, ‘‘clinical’’ outcome was worse in
mutant mice (i.e. larger infarct size, neurological dis-
ability and mortality), with tentative evidence for a
worse outcome in female animals.

In summary, the authors provided compelling evidence
for increased stroke susceptibility in FHM1 mutant mice.
This is in part related to neuronal mechanisms (i.e. hyper-
excitability), as evidenced by, for example, the higher
frequency of peri-infarct depolarizations. At the same
time, there also seems to be a vascular mechanism, as
shown by the larger perfusion deficits, which indicate
inverse (i.e. vasoconstrictive) neurovascular coupling as a
response to recurrent peri-infarct depolarization.Asa con-
sequence of these observations, human migraineurs may
be more susceptible to suffering ischemic damage during
mild ischemia, which does not cause any harm in healthy
individuals. In linewith this hypothesis, a study comparing
diffusion-weightedMR imagine in stroke patients with vs.
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without migraine found an association of migraine with
small cortical infarcts, possibly suggesting increased vul-
nerability to mild ischemic conditions (50).

Moreover, migraine status may negatively impact
infarct growth and stroke outcome. However, this is a
hypothesis that is not confirmed by clinical data so far,
except for the finding of higher mortality of hemor-
rhagic stroke among migraineurs (51).

In a second study, Eikermann-Haerter et al. evalu-
ated the effect of commonly prescribed migraine
prophylactic drugs (e.g. topiramate or lamotrigine) in
the FHM1 mouse models (and also wild-type mice),
focusing specifically on its effects on stroke outcome
and ischemic depolarization (49). For both drugs, an
inhibitory effect on CSD had been established upon
chronic treatment in rats. In different experiments,
they demonstrate that daily treatment for 7 weeks
with both drugs inhibits CSD and also peri-infarct
depolarization and thereby leads to an improved
stroke outcome both ‘‘clinically’’ and with respect to
tissue damage; these effects required ‘‘chronic’’ (i.e.
prophylactic) treatment and were not present after a
single dose. In summary, these data, which are compli-
mentary to the results of the initial study, reinforce the
concept of CSD susceptibility as a major determinant
of stroke vulnerability in FHM1 (and also wild-type)
mice. This is line with data from mice with calcium
channel loss-of-function mutations, which have
decreased spreading depression susceptibility and
accordingly smaller infarct sizes (52). Despite these
highly interesting data, there are no clinical data as to
whether migraine prophylactic treatment does have any
influence on stroke risk in migraineurs.

In summary, the presented experimental data from
these monogenic migraine/FHM mouse models suggest
CSD as a plausible mechanistic link between migraine
and IS.

The role of CSD in other monogenic migraine
variants

The notion of a significant role for CSD is further
strengthened by findings from transgenic CADASIL
mouse models (both expressing a Notch3 CADASIL
mutation or a Notch3 knockout mutation), which also
showed an increased susceptibility to CSD – an effect
present both with electrical and KCl stimulation for eli-
citing CSD (53). Interestingly, while the mechanisms
underlying this hyperexcitability in a disease primarily
affecting vascular smooth muscle cells still need to be
elucidated, both mice were found to exhibit larger infarct
sizes. With respect to the monogenic vascular entities
associated with TREX1 or COL4A1 mutations (cf.
(1)), there are no data from transgenic mouse models
on their potential influence on CSD susceptibility.

Outlook: other pathophysiological links between
migraine and stroke

Looking at the migraine–stroke link from a more gen-
eral perspective, factors other than CSD are obviously
likely also to be involved. One potential player is
endothelial dysfunction, with a wealth of data high-
lighting its role in migraine in general. Interestingly,
human studies in CADASIL patients have also
suggested endothelial dysfunction in this monogenic
stroke/migraine model disease (54), while this aspect
has not been systematically evaluated in available
CADASIL animal models, which would be an interest-
ing target for future research.

3. Genetic susceptibility to migraine,
stroke or cardiovascular disease –
findings from candidate gene studies
and genome-wide association studies

Candidate gene studies

In the pre-genome-wide association study (GWAS)
era, hardly any robust genetic risk factors for
migraine had been identified. However, some findings
deserve attention in the context of the migraine–IS
comorbidity (Table 1).

An intensively studied risk variant, for which some
studies suggested an association with migraine, was
the C677T polymorphism in MTHFR (55,56). It is
correlated with slightly elevated homocysteine levels,
which may cause endothelial dysfunction and thus
might potentially serve as an explanation for the
increased cardiovascular morbidity in migraineurs.
However, a comprehensive meta-analysis found an
association with migraine only in non-Caucasian
cohorts (57).

Further interesting association results are available
with respect to the deletion/insertion (D/I) polymorph-
ism in the ACE gene. There was no evidence of an asso-
ciation of this variant with migraine, aura status or the
occurrence of cardiovascular events. Interestingly, how-
ever, a significantly increased cardiovascular risk for
migraine with aura patients was only present for carriers
of the D/D or D/I genotypes (58).

Findings from recent GWAS in migraine

The migraine susceptibility genes identified through a
series of large-scale GWAS of the International
Headache Genetics Consortium (IHGC) in recent
years (59–62) point towards several pathophysiological
motifs or pathways in migraine. Next to neuronal/syn-
aptic mechanisms, there is increasing evidence of a
vascular component in migraine pathophysiology, as
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suggested by, for example, risk variants in or near
TGFBR2, PHACTR1 or LRP1 (details below Table
1), for which previous data have suggested a link with
vascular phenotypes. It should be noted, however, that
the evidence presented is only indirect, as is inherent to
most findings from GWAS, while functional (follow-
up) data are mostly missing. Further, the overall
number of known loci is currently still reasonably
low, which obviously limits a more thorough under-
standing of the underlying disease mechanisms as of
now.

TGFBR2 encodes transforming growth factor b
receptor 2, which is involved in the regulation of cell
proliferation and differentiation, as well as in extracel-
lular matrix production (63). In line with these bio-
logical functions, mutations in TGFBR2 have been
implicated in several vascular phenotypes, suggesting
that a vascular component may also be involved in
migraine pathophysiology. Heterozygous TGFBR2
mutations have been identified in Marfan syndrome
(64), and there is some evidence for a role of
TGFBR2 in abdominal aortic aneurysms (AAAs) (65).
Even more interestingly, a TGFBR2 missense mutation
was identified in a family with familial aortic dissection,
with migraine headache present in the majority of muta-
tion carriers (66). Expanding on these findings, another
study performed complete sequencing analysis of
all coding exons of TGFBR2 (and also TGFBR1) in
a total of 56 cervical artery dissection (CeAD) patients,
which revealed two different missense mutations (67).

The protein encoded by PHACTR1 is a member of
the PHACTR/scapinin family. On the one hand, it con-
trols synaptic activity and synapse morphology,

arguing in favor of neuronal/synaptic mechanisms. At
the same time, there is also strong evidence for its
involvement in vascular processes. PHACTR1 plays a
role in endothelial cell functioning (68) and has been
implicated in susceptibility for early-onset myocardial
infarction (MI) (69); second to IS, MI is another vas-
cular disease entity for which comorbidity with
migraine has been established in epidemiological stu-
dies (70). Interestingly, however, the MI GWAS yielded
a different PHACTR1 single-nucleotide polymorphism
(SNP; rs12526453), and the effect direction was oppos-
ite to that observed for migraine. More recently, and
even more relevant to this topic, PHACTR1 has been
implicated in cervical artery dissection (CeAD) (71),
which will be discussed in more detail below.

LRP1 encodes the low-density lipoprotein receptor-
related protein 1, which shows a broad expression pat-
tern that also includes the vasculature. Among other
functions, it is involved in the proliferation of vascular
smoothmuscle cells, building a potential link to vascular
mechanisms. Interestingly, in a previous GWAS, LRP1
has been identified as a risk factor for AAA (72); how-
ever, this involved a different variant (rs1466535) from
the one identified in the migraine studies (rs11172113).
The AAA SNP showed up in the initial phase of the
recent CeAD GWAS (71), which is discussed below. A
more recent study found no convincing evidence for a
role of LRP1 in carotid artery disease (73).

New findings on migraine and CeAD

There is a complex comorbidity between migraine
and CeAD, as reviewed elsewhere in detail (74,75).

Table 1. Findings from candidate gene studies and genome-wide association studies relevant to the migraine–stroke connection.

Locus Chromosome

Migraine

phenotype

Stroke

phenotype Other vascular findings References

MTHFR 1p36 All migraine All stroke – (55–57)

ACE 17q23 All migraine All stroke (58)

TGFBR2 3p24 All migraine – Marfan syndrome, abdominal

aortic aneurysm

(61,62,64–67)

PHACTR1 6p24 MO – CeAD, coronary artery disease (61,62,69,71)

LRP1 12q13 All migraine – Abdominal aortic aneurysm (60–62,72)

9p21 9p21 MO LAS Coronary artery disease, periph-

eral artery disease, abdominal

aortic aneurysm, intracranial

aneurysm

(76)

LMOD2–WASL 7q31 MO LAS – (76)

The table summarizes the findings from candidate gene as well as genome-wide association studies that are relevant to the migraine–stroke connection.

The columns ‘‘Migraine phenotype’’ and ‘‘Stroke phenotype’’ indicate for which phenotypes significant association signals were established. The column

‘‘Other vascular findings’’ summarizes the supportive evidence for vascular disease entities other than migraine and stroke for which a correlation has

been reported.

LAS: large-artery stroke; CeAD: cervical artery dissection; MO: migraine without aura.
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In summary, the key findings are: i) CeAD patients
have a higher incidence of migraine compared to
healthy controls; ii) patients with IS due to CeAD,
when compared to non-CeAD IS patients, have a
higher prevalence of migraine, which is based mostly
on migraine without aura (MO); iii) as opposed to
older data, the presence or absence of migraine does
not significantly influence the clinical profile or out-
come of CeAD.

The pathophysiology of CeAD remains elusive, with
no genetic findings having been presented until recently.
In 2015, however, the international Cervical Artery
Dissections and Ischemic Stroke Patients (CADISP)
consortium performed the first GWAS for CeAD,
which included 1393 CeAD patients (recruited from
the CADSIP-I and -II studies, consisting of 942 and
451 individuals, respectively) vs. 14,416 controls (71).
The most promising signals (p< 5� 10–8) were tested
for replication in a second smaller CeAD cohort (659
cases vs. 2648 controls). Initial analysis detected
two genome-wide significant signals in PHACTR1
(marker rs9349379; odds ratio (OR)¼ 0.75;
p¼ 4.46� 10–10) and LRP1 (marker rs11172113;
OR¼ 0.78; p¼ 4.22� 10–8). In addition, a total of six
SNPs (in five loci) had p-values of<1� 10–5. As opposed
to the LRP1 variant, the PHACTR1 SNP was also sig-
nificantly associated with CeAD in the replication
cohort, with a meta-analysis of the entire data-set yield-
ing an overall p-value of 1.00� 10–11. None of the other
signals from the initial study phase were replicated, with
promising findings, however, for a variant in LNX1.

Against the background of the above-mentioned
migraine–CeAD comorbidity, the finding with respect
to PHACTR1 deserves particular attention, since
PHACTR1 has been prominently implicated in genetic
susceptibility to migraine. Notably, both studies identi-
fied the identical PHACTR1 SNP, with the same effect
direction of the minor allele. In line with epidemio-
logical data, which emphasize a correlation between
CeAD and MO (75), PHACTR1 was initially identified
as a migraine risk gene in a clinic-based MO cohort.
Notably, the same is true for LRP1, which was the
second significant finding of the initial phase of the
CADISP GWAS. Finally, another migraine risk
variant in FHL5 (62) was found to be associated also
with CeAD at p¼ 6.80� 10–4, again with the same
effect direction.

Genetic overlap between the common types
of migraine and IS

Extending on these general data from migraine GWAS,
Malik and colleagues performed a more in-depth evalu-
ation of the genetic basis of the migraine–stroke
relationship, utilizing the largest currently available

consortial GWAS data-sets for both IS (12,389 cases vs.
62,004 controls, METASTROKE) and migraine (23,285
cases vs. 95,425 controls, IHGC) (76). In detail, the fol-
lowing different approaches were used to analyze the
data: first, known genome-wide significant findings for
both phenotypes were tested in the respective other
phenotype. Secondly, polygenic risk scores were calcu-
lated for both diseases, with subsequent testing as to
whether they could predict an increased risk for the
other disease; this method reflects multiple variants
across the whole genome. Finally, the new method of
cross-phenotype spatial mapping (CPSM), which brings
specific genomic regions into focus, was used. CPSM
identifies genomic windows exhibiting similar association
patterns across two phenotypes using a signal process-
ing approach, pinpointing these windows as potential
overlapping risk regions. The results are summarized
below.

Analysis of previously established single risk loci in
the respective other sample revealed several nominally
significant variants (e.g. for a major stroke risk locus on
chromosome 9p21). However, these signals were not
present after correction for multiple hypothesis testing,
making it highly unlikely that the identical variants
confer risk to both IS and migraine. Based on polygenic
scores and CPSM, there was substantial genetic overlap
between the two phenotypes, with stronger effects
between MO and IS than between migraine with aura
(MA) and IS. Furthermore, overlap was more pro-
nounced for large-artery stroke (LAS) and cardioem-
bolic stroke (CE) than for small-vessel disease.

The result of more pronounced overlap of MO with
IS as opposed to MA with IS was somewhat surprising,
given the epidemiological data that mostly indicate a
higher stroke risk for patients with MA. A plausible
explanation for this may be the remarkably low yield
of genome-wide significant findings in MA, which may
potentially be due to a role of rare variants in MA (i.e.
variants not detected by GWAS). Future studies focus-
ing on rare genetic variants may shed light on this issue.
With respect to stroke subtypes and their differential
relationships with migraine, similar arguments apply
to small-vessel disease (SVD), for which no genome-
wide significant signals have been obtained so far. On
the other hand, the finding of a preferential overlap of
migraine with LAS and CE, which deserves attention,
cannot be commented on from an epidemiological per-
spective, since stroke subtype-specific data are not
available. With regards to stroke subtypes, looking spe-
cifically at CeAD would have been highly attractive in
light of the above findings; however, this was not feas-
ible, as CeADs were not specifically and systematically
ascertained in this specific IS sample.

CPSM yielded several regions that were indicative of
genetic overlap. Some of these regions had previously
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been associated with one of the two phenotypes, while
others were novel findings. Some of these regions are
biologically highly attractive candidates, such as the
LMOD2–WASL gene region (chromosome 7q31.32),
which was found for all migraine and LAS; WASL is
functionally relevant for stabilizing endothelial adhe-
rens junctions.

In conclusion, for the first time, this study provides
convincing evidence of shared genetic susceptibility for
stroke and migraine, which will have to be dissected in
more detail in future studies. In particular, it would be
desirable to have precise comorbidity information in
the analysed cohorts (i.e. information on IS in migraine
patients and vice versa). In fact, a preliminary study
from 2011 followed this approach: in the context of
the Women’s Health Study, a GWAS comparing
migraine with vs. without cardiovascular events was
performed. Five variants were found to be associated
with cardiovascular events in migraineurs; however,
none of them reached the level of genome-wide signifi-
cance (77).

Genetic overlap between the common types of
migraine and coronary artery disease

While less established than the relationship between
migraine and stroke, recent evidence also suggests an
approximately two-fold increased risk for coronary
artery disease (CAD), including MI and angina,
among patients with MA (78). This suggests a more
generalized vascular involvement in migraine patients,
extending beyond the cerebral vasculature. Against this
background, using a similar approach as for stroke, a
recent study examined the genetic overlap between
migraine and CAD using two large GWAS of migraine
(19,981 cases, 56,667 controls, IHGC) and CAD
(21,076 cases, 63,014 controls, CARDIoGRAM) (79).
In correspondence with the findings for stroke, there
was evidence for genetic overlap between CAD and
migraine, and this was restricted to MO, while no over-
lap was seen with MA. Interestingly, PHACTR1 was

found to exert the biggest influence on the shared risk
of CAD and MO. PHACTR1, as described above, is
also associated with CeAD with an effect in the same
direction as for migraine, but opposite of CAD. The
second strongest shared locus was close to GIP
(encoding gastric inhibitory polypeptide (GIP)). GIP
is involved in pancreatic insulin release and is interest-
ing in light of reports that migraine is associated with
insulin resistance and the metabolic syndrome (80).
Furthermore, and against expectation, when looking
at the combined effect of the shared risk variants
between CAD and MO, this was found to work in
opposite directions for the two disorders. In other
words, patients with MO had a protective genetic risk
profile for CAD. The findings suggest that while the
shared genetic loci may point to shared biological
mechanisms between the two disorders, they are unli-
kely to directly explain the observed comorbidity, and
so the genetic relationship is likely to be complex.

Conclusion

In summary, the reviewed data provide a wealth of
evidence for a genetic link between migraine and vas-
cular disease. Although animal studies have suggested
CSD as one potential shared motif, the pathophysi-
ology of this relationship remains poorly understood
as of now. Recently, cross-phenotype analysis of data
obtained through GWAS have begun to shed light on
the genetic overlap between the common types of
migraine and IS or MI, providing some interesting
first results and indicating the potential of this new
methodology. With growing sample numbers for all
analyzed phenotypes, as well as new genotyping tech-
niques, more findings can be expected in the future.
To make optimal use of the genetic data, in-depth
clinical characterization of the analyzed phenotypes
will be critical (e.g. focusing on specific diagnostic
subcategories such as etiologic subtypes of stroke
and taking into account detailed comorbidity
information).

Key findings

. A remarkable proportion of monogenic ‘‘vascular’’ diseases include migraine or migraine-like symptoms as
part of their phenotypic spectrum, with the most prominent example being CADASIL.

. Functional studies in transgenic mouse models for familial hemiplegic migraine or CADASIL suggest cor-
tical spreading depression as a potential mechanistic link between migraine and ischemic stroke.

. Some of the migraine risk variants identified through genome-wide association studies suggest ‘‘vascular’’
mechanisms in migraine pathophysiology.

. Recent cross-phenotype analyses (migraine and ischemic stroke; migraine and cardiovascular disease) have
indicated a shared genetic susceptibility for migraine and vascular diseases.
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