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Despite that it is commonly accepted that migraine is a disorder of the nervous
system with a prominent genetic basis, it is comorbid with a plethora of medical
conditions. Several studies have found bidirectional comorbidity between migraine
and different disorders including neurological, psychiatric, cardio- and cerebrovascular,
gastrointestinal, metaboloendocrine, and immunological conditions. Each of these
has its own genetic load and shares some common characteristics with migraine.
The bidirectional mechanisms that are likely to underlie this extensive comorbidity
between migraine and other diseases are manifold. Comorbid pathologies can
induce and promote thalamocortical network dysexcitability, multi-organ transient or
persistent pro-inflammatory state, and disproportionate energetic needs in a variable
combination, which in turn may be causative mechanisms of the activation of an
ample defensive system with includes the trigeminovascular system in conjunction
with the neuroendocrine hypothalamic system. This strategy is designed to maintain
brain homeostasis by regulating homeostatic needs, such as normal subcortico-cortical
excitability, energy balance, osmoregulation, and emotional response. In this light, the
treatment of migraine should always involves a multidisciplinary approach, aimed at
identifying and, if necessary, eliminating possible risk and comorbidity factors.

Keywords: CNS disorders, thalamocortical network dysexcitability, trigeminovascular system, migraine threshold,
energetic balance
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INTRODUCTION

It is commonly accepted that migraine is a pathology of the
nervous system. For many years, attention has been focused
on the predominant role of the brainstem in the genesis of
migraine attacks and, probably, in its recurrence (Weiller et al.,
1995; Bahra et al., 2001; Stankewitz et al., 2011). This role
of the brainstem is closely linked to its physiological actions
such as its ability to set the signal-to-noise ratio of cortical
activity directly or indirectly through the thalamus (Mesulam,
1990), to control the neuro-vascular coupling at the cortical
level (Raichle et al., 1975; Goadsby et al., 1982; Edvinsson et al.,
1983), probably playing a role in the unleashing of the migraine
aura, and its contribution in the development of the central
sensitization processes (Zambreanu et al., 2005; Lee et al., 2008).
The latter action is likely to be mediated both by the caudal
trigeminal nucleus and by other brainstem nuclei and is at the
basis of some clinical manifestations of episodic migraine (EM)
and chronic migraine (CM), such as phono/photo-phobia and
osmophobia (Okamoto et al., 2009; Stankewitz et al., 2011; Joffily
et al., 2016). More recently, however, functional neuroimaging
studies renewed the interest in the hypothalamus as the possible
generator of migraine. They showed that the hypothalamus
activates shortly before the beginning of migraine attack, during
the period in which some patients experience premonitory
symptoms, and during the attack, it displays altered connection
with the spinal trigeminal nucleus (Schulte and May, 2016;
Schulte et al., 2020). The hypothalamus and the brainstem are
not the only brain structures involved in the pathophysiology
of migraine. There is various evidence of functional and
structural abnormalities of the thalamus and thalamus-cortical
fiber bundles in migraineurs, especially between attacks when
the patient has no pain but is in the potency of its recurrence
(Coppolaetal., 2005, 2014; DaSilva et al., 2007; Rocca et al., 2008).
As for the brainstem, also the thalamus may contribute to the
clinical manifestation of migraine (Burstein et al., 2010; Noseda
et al.,, 2010; Russo et al., 2014). Both functional and structural
abnormalities have been consistently detected also at the cortical
level, predominantly in the visual areas (Puledda et al., 2019), but
no cortex has been spared, not even the cerebellar one (Coppola
et al., 2020).

The peripheral nervous system is also evidently involved.
This is the case of the sensory afferences of the first
branch of the trigeminal nerve that innervate the small
meningeal arteries to form the trigeminal-vascular system.
Various scientific evidence suggests that the migraine attack
begins at that level, i.e., with the release of the vasoactive
polypeptide calcitonin gene-related peptide (CGRP) and the
consequent triggering of the so-called peripheral sensitization
(Burstein et al., 2000a). The latter consists in the release at a
peripheral level of pro-inflammatory substances that sensitize
the meningeal nociceptors and constitute a neurogenic pro-
inflammatory state, which, if it persists long enough, triggers
the aforementioned central sensitization and, therefore, the
procession of symptoms and neurological signs that accompany
migraine pain (Edvinsson, 2019). The animal model shows that
the activation of first-order neurons of the trigeminal-vascular

system can be evoked by cortical spreading depression (CSD),
an electrocortical phenomenon thought to be at the base of the
migraine aura (Bolay et al., 2002).

This important and widespread involvement of the central
and peripheral nervous system is sustained by genetics.
Unfortunately, the genetics of rare, familiar forms of migraine
with hemiplegic aura does not seem to be the same as the most
common forms of migraine with and without aura (Hovatta
et al., 1994; Monari et al., 1997; Kim et al., 1998; Jones et al,,
2001; Brugnoni et al., 2002; Noble-Topham et al., 2002; Wieser
et al., 2003). But more recent genome-wide association studies
carried out on a large cohort of migraine patients have identified
a number of loci associated with the risk of migraine. These loci
show enrichment for genes expressed in vascular and muscular
tissues (Gormley et al., 2016), as well as for genes involved
in glutamate homeostasis, synaptic plasticity, and pain-related
pathway (Chasman et al, 2011), However, metabolic aspects
should not be overlooked. In fact, evidence from neuroimaging
(Sandor P. et al., 2005; Lodi et al., 2006; Lisicki et al., 2018) and
genetic (Sparaco et al., 2006; Di Lorenzo et al., 2009) studies,
as well as controlled pharmacological trials (Schoenen et al.,
1998; Sandor P. S. et al., 2005), shows how mitochondrial energy
metabolism can be altered in migraine and can predispose to the
recurrence of attacks.

The simultaneous presence of multiple comorbidities can
further complicate the clinical and prognostic presentation of
migraine. Various disorders can occur as comorbidities with
migraine and include neurological, psychiatric, cardio- and
cerebrovascular, gastrointestinal, metaboloendocrine, painful,
and immunological conditions. Each of these has its own genetic
load and shares some common characteristics with migraine.
In fact, all the aforementioned pathologies are associated with
migraine in both adults and children (Scher et al., 2003b, 2005,
2008; El-Metwally et al., 2004; Buse et al., 2019). For these
reasons, some researchers believe that there may be a common
genetic background that predisposes some people to migraines
and other comorbidities (Burch et al., 2019).

In this article, we review, narratively, published
data describing these migraine comorbidities, and then
we further discuss available evidence for their shared
pathophysiological mechanisms.

CEREBROVASCULAR DYSFUNCTION AND
MIGRAINE

Scientific Evidence of Comorbidity and
Pathophysiological Links

A meta-analysis including over a million subjects concluded
that migraineurs present an increased long-term risk of
cardiovascular and cerebrovascular events (Mahmoud et al.,
2018). The relative risk varies from 1.56 to 2.41 in migraine with
aura (MA) to 1.11-1.83 in migraine without aura (MO) (Qie
et al.,, 2020).

The physiopathological link between stroke and migraine
is multifaceted: different aspects from thromboembolism,
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hemodynamic dysfunction, to energetic failure. They each act as
part of a puzzle piece.

Thrombosis and Embolism

Clinical atherosclerosis has been cleared as being responsible
for the increased vascular risk in migraine patients, but some
studies reported that subclinical atherosclerosis (i.e., intima-
media thickening) could be a marker of endothelial dysfunction,
linking vascular disease to migraine (Stam et al., 2013; Van
Os et al,, 2017; Magalhdes and Sampaio Rocha-Filho, 2018;
Magalhdes et al, 2019; Yilmaz Avci et al, 2019). Nitric
oxide (NO), endothelin-1, von Willebrand factor, plasminogen
activator inhibitor-1, angiotensin II, prostacyclin, and platelet-
activating factor are among the substances secreted by the
endothelium in reaction to local environment changes, which can
result in local inflammation and thrombosis. This phenomenon
is defined as endothelial activation (Boulanger, 2018).

The endothelial activation was found guilty of predisposing
patients with migraine to vascular diseases.

A pro-inflammatory and pro-coagulative milieu was
consistently demonstrated in migraineurs, particularly in
MA, CM, and women, predominantly in the premenopausal
period (Liman et al., 2015; Ferroni et al,, 2017; Tietjen and
Collins, 2018). Nevertheless, genetic studies on polymorphism
for thrombophilic mutations were not consistent; although
some reported an increased prevalence of pro-thrombotic
polymorphisms (Lippi et al., 2015; Cecchi et al., 2018), a
definitive conclusion is difficult to draw (Malik et al., 2016). High
estrogen state is probably the most significant factor associated
with stroke occurrence in migraine, especially if accompanied
by cigarette smoking, particularly in MA patients (Kurth et al,,
2012). Finally, platelet activation has been suggested as another
possible intermediary to explain the increased vascular risk
via augmented aggregation and interaction with leucocytes
(Borgdorff and Tangelder, 2012; Danese et al., 2014). Supporting
this evidence, antiplatelet therapy seems to relieve MA (Turk
etal., 2017), also in patients without patent foramen ovale (PFO)
(Altamura et al., 2019b).

It is not completely understood if migraine attacks determine
endothelial activation as the results of neural activation and
oxidative stress or the other way around: transient hypoperfusion
due to the pro-inflammatory and pro-thrombotic states may
favor neural distress, inducing migraine (Dalkara et al., 2010).
In this scenario, the high prevalence of PFO observed in
MA patients offers the pathway through which micro-emboli
can reach the cerebral circulation (Del Sette et al, 1998).
Interestingly, in the Oxford Vascular Study cohort, migraine was
the factor most strongly associated with cryptogenic TIA and
ischemic stroke, suggesting a causative role for migraine or a
shared etiopathogenesis (PFO?) (Li et al.,, 2015). As a further
complication, migraine with visual aura is a risk factor for atrial
fibrillation (Sen et al., 2018), while the relation between migraine
and carotid artery dissection is still elusive, although they may
share a common genetic substrate (Malik et al., 2016; De Giuli
etal., 2017; Kok et al., 2018).

Hemodynamic Dysfunction

In addition to monogenic diseases with cerebral arteriopathy
and migraine typical features [i.e., cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL)], a meta-analysis of susceptibility genes for migraine
identified enrichment for genes expressed in vascular and smooth
muscle tissues, consistent with a vascular involvement (Gormley
etal., 2016).

Cerebral hemodynamics is a complex system that allows
adequate brain perfusion also in conditions that pose cerebral
blood supply at risk. It relies on the orchestral action of
neurogenic, myogenic, endothelial, and metabolic responses.

The neurogenic control is achieved by neurotransmitters
with vasoactive properties [CGRP, serotonin, pituitary adenylate
cyclase-activating polypeptide (PACAP), and NO] released by
sympathetic, parasympathetic, and sensory neurons and in
smaller arterioles in response to the neuronal firing (Frederiksen
et al,, 2019). These neurotransmitters have a key role also in
migraine attacks. Similarly, the endothelium plays a significant
role in vessel caliper regulation via the paracrine secretion
of substances such as NO, adrenomedullin, and endothelin-1
that have been largely involved in migraine physiopathology
(Kis et al, 2003; Tietjen and Collins, 2018). The myogenic
control regulates vessel caliper in response to change in
transmural pressure (i.e., autoregulation), while the metabolic
response allows vasodilation following the local increase in H+
concentration [vasomotor reactivity (VMR)].

Cerebral VMR is a marker of hemodynamic efficiency and
correlates with stroke risk (Reinhard et al., 2014). During
migraine attacks, particularly in the aura phase of MA, VMR,
and neurovascular coupling are impaired as demonstrated by
experimental studies on CSD (Harer and von Kummer, 1991;
Ayata and Lauritzen, 2015). Conversely, in the interictal period,
most studies reported a preserved or higher VMR in migraineurs
compared with controls, especially in MA patients (Thomsen
et al., 1995; Silvestrini et al., 1996, 2004; Valikovics et al., 1996;
Kastrup et al., 1998; Fiermonte et al., 1999; Dora and Balkan,
2002; Vernieri et al.,, 2008; Chan et al., 2009; Altamura et al,,
2019a, 2020), with some exceptions suggesting an impaired VMR
mainly in the posterior circulation (Totaro et al., 1997; Silvestrini
et al,, 2004; Perko et al., 2011b; Rajan et al., 2014). To note,
cerebral VMR seems to be less effective in CM (Akgiin et al.,
2015; Gonzalez-Quintanilla et al., 2015). Moreover, estrogen use
was associated with lower VMR in MA patients, curtailing their
hemodynamic resources (Altamura et al., 2019b).

Cerebral autoregulation was investigated by obtaining
controversial results for the anterior circulation (Miiller and
Marziniak, 2005; Reinhard et al., 2007), while it resulted in
impairment in the posterior circulation only in MA patients
(Reinhard et al., 2012).

How and whether the endothelium activation is implicated
in this abnormal hemodynamics are a matter of several
investigations (Yetkin et al., 2006; Vanmolkot et al., 2007; Napoli
et al., 2009; Butt et al., 2015; Heshmat-Ghahdarijani et al., 2015).
The endothelial reactivity can be studied peripherally by brachial
artery flow-mediated dilation (FMD), which reflects the arterial
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tone self-regulation mediated by the endothelium in response to
changes in the local environment (Tremblay and Pyke, 2018). An
altered FMD is associated with a higher vascular risk (Shechter
et al., 2014). Most studies suggest that FMD is preserved or
increased in episodic MO and MA (Vanmolkot and de Hoon,
2010; Vernieri et al., 2010; Perko et al., 2011a; Larsen et al.,
2016; Altamura et al., 2018, 2020) and reduced in CM (Gonzélez-
Quintanilla et al., 2015).

In summary, cerebral hemodynamics in the anterior
circulation is preserved or hyper-reactive in migraine patients
and especially in MA, supporting mostly a protective rather than
impaired hemodynamics. Moreover, the hemodynamic efficiency
seems to improve over time in MA patients (Gollion et al., 2019),
possibly as the result of frequent ischemic threats (i.e., ischemic
preconditioning). On the other hand, VMR may be impaired
during attacks, and both cerebral and peripheral hemodynamics
seem to be altered in the chronic condition. Finally, the frequent
use of triptans or ergots can disrupt the hemodynamic balance
toward vasoconstriction (Roberto et al., 2014).

Energetic Failure
The migraine brain seems to be easy prey for vascular
insults. Phylogenetically, CSD can be interpreted as a metabolic
reset of cerebral activity occurring when energetic demands
overcome the resources, aiming at restoring homeostasis and
reducing harmful oxidative stress levels (Meldrum Robertson
et al.,, 2020). However, the criticality is not the scarce energy
supply but its excessive requirement, due to the transient
or persistent sensory hypersensitivity and its inefficient use.
Several evidence supports this hypothesis: from the genetic
link where mitochondrial disturbances and migraine coexist
[e.g., mitochondrial encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS)] to the common observation that being
starved is an important trigger for migraine attacks. The energetic
frailty of the migraine brain makes it particularly vulnerable
to ischemic damage. Familial hemiplegic migraine (FHM)I
transgenic mouse models present a more rapid expansion of
infarct volumes and larger perfusion deficits (Eikermann-Haerter
et al, 2012). The same observation was clinically made in
humans: among stroke patients, migraineurs, and in particular
those with MA, displaying a reduced ratio between infarcted and
hypo-perfused tissue (Mawet et al., 2015; Pezzini et al., 2018).
Besides, patients with migraine present more often with cortical
infarcts (QOygarden et al., 2014).

These findings strongly support the susceptibility of the
migraine brain (mainly with aura) to milder ischemic conditions.

In summary, when investigating the case of the migraine-
stroke connection, we should look for a criminal conspiracy
where all the suspects of the neuro-vascular-endothelial unit have
a guilty role.

METABOLIC AND ENDOCRINE
COMORBIDITIES OF MIGRAINE

Metabolic diseases, like diabetes and obesity, as well as
endocrine diseases are highly prevalent conditions in the

general population. Recently, several studies showed the presence
of a complex and intriguing comorbidity between migraine
and these disorders, suggesting new pathogenetic mechanisms
for migraine.

Scientific Evidence of Comorbidity

Insulin Resistance, Metabolic Syndrome, and
Migraine

Insulin resistance (IR) is a condition characterized by
a subnormal physiological response to normal insulin
concentrations, with increased quantities of insulin produced
to maintain adequate intracellular glucose concentrations.
Metabolic syndrome (MetS) is a syndrome characterized by a
cluster of metabolic abnormalities including hyperglycemia,
hypertension, dyslipidemia, abdominal obesity, and a
pro-inflammatory state. These two medical conditions
are interrelated and share common underlying mediators
and pathways.

Since the first description in 2005 (Rainero et al., 2005), several
studies showed the presence of an association among migraine,
IR, and MetS (Cavestro et al., 2007; Bhoi et al., 2012; Fava et al.,
2014). Glucose plasma concentrations are significantly increased
during spontaneous migraine attacks (McCarthy et al., 2001).
Hyperinsulinemia is associated with a 5.7-fold higher risk for
migraine (Netzer et al., 2008). Patients with CM are more insulin
resistant than patients with EM and controls (Zhang et al., 2020).
In comparison with healthy controls, patients with MA are at
higher risk of MetS [odds ratio (OR) = 3.45; 95% CI: 1.63-7.29],
while MO individuals are not (Gruber et al., 2010). A recent study
showed that MetS is significantly associated with CM (OR =
5.342, p = 0.032), and the risk for MetS increases significantly
in patients with CM and medication-overuse headache (OR =
12.68, p = 0.007; Fava et al., 2014). Furthermore, genetic studies
provided evidence that polymorphisms of the insulin-receptor
gene (INSR) are associated with migraine (He et al., 2015; Streel
et al., 2017). A recent systematic review of the observational
studies linking the MetS with migraine has identified several
weaknesses in the available research and suggested the need
for future investigations using more rigorous methodology
(Andreeva et al., 2019). However, a modulation of the metabolic
pathway linked to insulin metabolism might be of relevance in
migraine prophylaxis.

Diabetes and Migraine
Several studies investigated the relationship between diabetes and
migraine. Epidemiological data showed that migraine patients
are not at increased risk of developing and type 2 diabetes
mellitus (T2DM) (Lopez-De-Andrés et al., 2018). Data from the
Nord-Trendelag Health Surveys showed that patients with type 1
diabetes showed a lower prevalence of migraine (OR = 0.47, 95%
CI: 0.26-0.96) than did subjects without DM (Hagen et al., 2018).
A recent study showed a lower risk of T2DM in women with
active migraine compared with women with no migraine history
[univariate hazard ratio, 0.80 (95% CI: 0.67-0.96)]. Furthermore,
the authors found a linear decrease in the prevalence of active
migraine during the 24 years before a diagnosis of T2DM
(Fagherazzi et al., 2019).

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 640574


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Biological mechanisms underlying the protective effect of
diabetes on the risk of developing migraine attacks are, at
present, unclear.

Obesity and Migraine

Overweight and obesity are both highly prevalent medical
conditions, associated with substantial personal and societal
impact. Population studies have consistently identified an
association between obesity, headache, and particularly migraine
(Peterlin et al, 2010; Pavlovic et al, 2017; Kristoffersen
et al, 2020). A recent meta-analysis, encompassing 288,981
participants in 12 different studies, showed that the age- and sex-
adjusted pooled risk for migraine in obese patients is increased
by 27% in comparison with those of normal weight (OR =
1.27; 95% CI: 1.16-1.37, p < 0.001). In underweight individuals,
the pooled risk of migraine was marginally increased by 13%
(OR = 1.13; 95% CI: 1.02-1.24, p < 0.001; Gelaye et al.,, 2017).
Plasma concentrations of adipokines, like leptin, adiponectin,
and resistin, are significantly increased in both EM and CM,
suggesting a role for these pro-inflammatory mediators in the
comorbidity between obesity and migraine (Peterlin et al., 2016;
Rubino et al., 2017).

Comorbidity between migraine and obesity as well as the
role of several dietary factors in headache attacks prompted
the investigations of different dietary regimens for migraine
prevention (Gazerani, 2020; Hindiyeh et al., 2020). Finally, the
ketogenic diet, a diet that leads to the elevation of ketone bodies,
has shown great promise in the prevention of migraines (Di
Lorenzo et al., 2015, 2019b).

Hypothyroidism and Migraine

Hypothyroidism is a frequent medical condition with a lifetime
prevalence of 2%. Several studies showed an association between
migraine and hypothyroidism, in both adolescents and adults,
with hypothyroidism being significantly more prevalent in
subjects with CM compared with those with EM (Fallah et al.,
2012; Spanou et al, 2019). Data from the Fernald Medical
Monitoring Program in the USA demonstrated that headache
disorders are risk factors for the development of new-onset
hypothyroidism, with migraine patients showing an increased
risk of 41% of developing this disorder (Martin et al., 2017). A
recent, case—control study showed that patients with subclinical
hypothyroidism have an increased risk of developing migraine
(Rubino et al, 2019). Taken together, these studies suggest
that migraine and hypothyroidism are linked by a bidirectional
relationship. Genetic and immune mechanisms may explain
this association.

Endometriosis and Migraine

Observational studies indicated that migraine and endometriosis
co-occur within individuals more than expected by chance
(Yang et al, 2012). A recent systematic review found a
significant association between endometriosis and the risk of
migraine (OR = 1.56; 95% CI: 1.21-1.90) (Jenabi and Khazaei,
2020). The analysis of endometriosis phenotypes showed that
ovarian endometrioma and deeply infiltrating endometriosis
were significantly more frequent in migraine female patients than

in controls (OR = 2.78; 95% CI: 1.11-6.98 and OR = 2.51;
95% CI: 1.25-5.07, respectively) (Maitrot-Mantelet et al., 2020).
The biological mechanisms underlying this comorbidity remain
unknown. Interestingly, a recent genome-wide association study
found a positive and highly significant genetic correlation (p
= 230 x 1072°) between endometriosis and migraine and
suggested a role for genes involved in interleukin-1 receptor
binding, focal adhesion-PI3K-Akt-mTOR-signaling, mitogen-
activated protein kinase (MAPK), and tumor necrosis factor-
alpha (TNF-a) signaling in the association between these two
traits (Adewuyi et al., 2020).

Supposed Pathophysiological Mechanisms
The pathophysiological mechanisms underlying the complex
association between migraine, metabolic, and endocrine disease
are still under investigation; and additional, rigorous studies are
needed. However, some suggestions are of particular interest.

Investigations of metaboloendocrine comorbidities of
migraine further support the role of shared molecular genetic
mechanisms between all these highly prevalent medical
conditions. Migraine and diabetes, obesity, and endometriosis
are complex genetic traits sharing common genes as well as
common metabolic pathways (McCarthy et al., 2001; Netzer
et al, 2008; Adewuyi et al., 2020). Further investigating
these pathways will allow us to disentangle the biochemical
mechanisms of migraine.

An increasing amount of evidence suggests that migraine
patients have a reduced cerebral energy reserve, facilitating the
onset of headache attacks under stress. The study investigating
the level of metabolism with fluorodeoxyglucose (FDG)-PET and
the level of functional cortical activity with evoked potentials
showed a low metabolism of the cortical areas and high
functional activity in migraineurs compared with healthy subjects
(Lisicki et al., 2018). This abnormal functional activity in
migraineurs, defined as cortical hyperresponsivity (Coppola
et al.,, 2007), can be normalized through non-pharmacological
therapies as a ketogenic dietary regimen (Di Lorenzo et al., 2016,
2019a). This is consistent with the ability of ketogenic feeding
of potentiating mitochondrial energy metabolism (Bough et al.,
2006; Maalouf et al., 2007).

Migraineurs have altered mitochondrial functioning (Sparaco
et al., 2006; Di Lorenzo et al., 2009), and drugs like riboflavin
and Co-Enzyme Q10, both physiologically implicated in the
mitochondrial respiratory chain, are efficacious in disease
prophylaxis (Schoenen et al., 1998; Sandor P. S. et al., 2005). In
this context, the study of the metaboloendocrine comorbidity
of migraine supports the notion that a reduction of cerebral
metabolism is a key factor in the disease pathogenesis (Lisicki
and Schoenen, 2020). Binding of insulin to its receptor induces
structural changes leading to auto-phosphorylation of various
tyrosine residues. The final effect of insulin receptor stimulation
includes translocation of the glucose transporter proteins
(GLUT1 and GLUT4), promoting glucose influx in different cells.
Besides, insulin receptors regulate several complex physiological
actions like the synthesis and storage of carbohydrates, lipids,
and protein. Dysfunction in the insulin signaling pathway may,

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 640574


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

therefore, explain the reduced metabolism observed in patients
with migraine.

Insulin sensitivity is clearly impaired in migraine, even in
young, non-obese, non-diabetic, normotensive patients. Plasma
glucose and insulin levels increase during spontaneous migraine
attacks, leading to impairment in complex metabolic patterns.
Furthermore, studies with FDG-PET in migraine patients
showed glucose hypometabolism in several brain areas, like the
occipital, orbitofrontal, and rostral anterior cingulate cortices
(Magis et al., 2017; Lisicki et al.,, 2018). However, the precise
mechanisms of glucose metabolism impairment in migraine need
to be further elucidated.

EPILEPSY AND MIGRAINE

Scientific Evidence of Comorbidity

Epilepsy and migraine may mimic each other, and occipital
lobe seizures may be easily misinterpreted as migraine with
visual aura (Panayiotopoulos, 1999). The frequency of epilepsy
among people with migraine (range 1-17%) is higher than in the
general population (0.5-1%), just as the prevalence of migraine
among patients with epilepsy is also higher than that reported in
individuals without epilepsy (Lipton et al., 1994).

A cross-sectional study (Gameleira et al., 2013) conducted in
adults with epilepsy showed a greater tendency of comorbidity
with headaches (OR = 1.6, p = 0.077), which occurred in 66.1%
of the cases; the highest occurrence was of migraine (32.9% of
the patients), followed by tension-type headaches (TTHs) (9.2%).
Yet other studies have reported a significant association with
headaches, particularly migraine-type headaches, being linked to
the frequency of seizures (Wang et al., 2014a,b; Mainieri et al.,
2015; Mameniskiené et al., 2016; Cilliler et al., 2017). In a more
recent adult large sample (15,133 subjects), migraine was also
confirmed to be associated more likely with epilepsy (Buse et al.,
2020). As further evidence in favor of a non-random association,
a more recent systematic review (Duko et al., 2020), conducted
on 5,564 study participants, reported a higher prevalence (48.4%,
ranging from 46 to 52.2%) of headache among epileptic patients.

Yamane et al. (2004) found that among epileptic children,
46% of patients suffer also from headaches, of which 43.5%
are classified as migraine type. In some specific childhood
epilepsy syndromes (such as benign occipital epilepsy of
childhood with occipital paroxysms and benign rolandic
epilepsy), migraine/headaches appear to be more prevalent
(Andermann and Zifkin, 1998; Clarke et al., 2009). Piccinelli
et al. (2006) found electroencephalography (EEG) interictal
abnormalities in 16 (12.8%) out of 137 children and adolescents
with headache, particularly in those with MA. In a large,
consecutive, pediatric headache population, Toldo et al. (2010)
found a strong association with epilepsy; this significant strong
correlation was confirmed in children (Baca et al., 2011) and
adolescents (Lateef et al., 2012).

The literature shows somewhat conflicting data regarding
the epidemiological aspects in the various age groups (Lipton
et al., 1994; Tonini et al, 2012). This may be attributed to
the co-occurrence (synergistic and/or divergent) of confounding
variables adopted in the different sampling methods and study

designs. These conflicting results may partly be explained by
differences in the target populations, study design, age range,
and methods, by inclusion criteria that are limited to referral
patients with epilepsy or tertiary headache centers, by the lack
of appropriate control groups, and/or by different or ill-defined
diagnostic criteria (Belcastro et al., 2012; Tonini et al., 2012).

Children are more likely to have an autonomic
symptomatology in both epilepsy and headache attacks
(Kasteleijn-Nolst Trenité and Parisi, 2012; Parisi et al., 2012a).
Moreover, they may have isolated, long-lasting ictal autonomic
manifestations, while ictal autonomic manifestations (in both
epilepsy and headache) in adults are usually associated, whether
simultaneously or sequentially, with other motor or sensory ictal
signs and symptoms (Kasteleijn-Nolst Trenité and Parisi, 2012).

So despite the limited number of studies (Yamane et al., 2004;
Piccinelli et al., 2006; Toldo et al., 2010), the framework assumes
markedly different shapes in the pediatric population, as stressed
above, and this is, probably, why the ictal epileptic headache
(IEH) (Parisi et al., 2012b) is a phenomenon that occurs with
much higher probability among the infantile epileptic population
(Belcastro et al., 2012).

Supposed Pathophysiological Mechanisms
Glutamatergic (Jen et al.,, 2005), serotoninergic (Johnson and
Griffiths, 2005), dopaminergic metabolism (Chen, 2006), and ion
channel (sodium, potassium, and chloride) function might be
impaired in both epilepsy and migraine (Pietrobon, 2010). In
particular, it is likely that voltage-gated ion channels play a critical
role in the pathways associated with migraine and epilepsy (Di
Stefano et al., 2020). After blockade of either the P-/Q-type Ca’t
channels or the NMDA receptors, CSD cannot be induced in
wild-type mouse cortical slices. By contrast, the blockade of N- or
R-type Ca? channels only has a slight inhibitory effect on the CSD
threshold and velocity of propagation. These findings support a
model according to which the initiation and propagation of the
CSD involved in migraine require the influx of Ca?* through
pre-synaptic P-/Q-type Ca’" channels, which in turn releases
glutamate from the recurrent cortical pyramidal cell synapses and
activates NMDA receptors (Hamberger and van Gelder, 1993;
Lonngqvist et al., 2009).

CSD may be considered one of the links between headache
and epilepsy (Parisi, 2009; Parisi et al., 2012a, 2013, 2015) and is
characterized by a slowly propagating wave of sustained strong
neuronal depolarization that generates transient intense spike
activity, followed by neural suppression, which may last for
minutes. As mentioned before, in animal models, CSD seems
to be able to activate the trigeminovascular system, inducing
the cascade release of numerous inflammatory molecules and
neurotransmitters, which in humans may result in the ignition of
a migraine attack (Parisi, 2009; Belcastro et al., 2011; Parisi et al.,
2012a).

Both basic and clinical neurosciences support that CSD and
an epileptic focus may facilitate each other, though with different
extents. The required threshold is suggested to be lower for CSD
than for a seizure, which would explain why it is far more likely
that an epileptic patient presents a peri-ictal headache than vice
versa (Parisi et al., 2008, 2012a, 2015, 2019; Parisi, 2009; Belcastro
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et al,, 2011). The triggering causes, which may be environmental
or individual (whether genetically determined or not), result in
a flow of ions that mediate CSD through neuronal and glial
cytoplasmic bridges rather than through interstitial spaces, as
instead usually occurs in the spreading of epileptic seizures (Parisi
et al., 2008, 2012a; Parisi, 2009; Belcastro et al., 2011).

Migraine and epilepsy have an important genetic component,
with strong evidence pointing to a shared genetic basis between
headache and epilepsy emerging from clinical/EEG and genetic
studies on FHM (Di Stefano et al., 2020). Genetic variants in
the same gene may be associated with migraine in some cases
and with epilepsy in others. Accordingly, the genetic role as link
to explain the comorbidity between headache and epilepsy and
other paroxysmal disorders have also been recently underlined
(Crompton and Berkovic, 2009; Ebrahimi-Fakhari et al., 2015;
Galizia et al., 2015; Barbieri et al., 2019; Di Stefano et al., 2020).

Lastly, it is intriguing to stress that IEH cannot just be
classified with a unique mode of pain transmission because
different afferent/efferent nociceptive types of receptors and
central (afferent and efferent) pathways are involved. Moreover,
given the complexity of the networks involved, it is likely that
the cortical projections of headache pain are widespread, also
involving the areas belonging to neurolimbic network (insula,
cingulate cortex, pre-frontal cortex, amygdala, and other parts
of the limbic system) and not just the primary sensory-sensitive
areas. This is the reason why we could consider most cases of IEH
as autonomic seizures (Belcastro et al., 2011; Parisi et al., 2012a,
2019) and not just “a rare form of painful seizure,” as conversely
suggested, recently, by others (Hwang et al., 2019).

PSYCHIATRIC COMORBIDITY

Scientific Evidence of Comorbidity

Migraine condition, especially when chronic, represents a huge
burden, as it affects different aspects of daily living, ranging
from occupation and academic to familial and social scenarios
(Leonardi et al., 2005). Patients suffering from migraine might
experience a higher prevalence of psychiatric comorbidities
than do non-migraineurs (Burch et al., 2019). Indeed, a large
body of literature shows that psychiatric disorders are highly
associated with migraine, e.g., major depressive disorder (MDD),
bipolar disorder (BD), post-traumatic stress disorder (PTSD),
and anxiety disorders. Moreover, such comorbidities increase
with the frequency of migraine episodes. Indeed, people with
a 14-day or more occurrence of migraine have an adjusted
OR of 64 for depression and 6.9 for anxiety disorders
(Zwart et al., 2003). Being affected by psychiatric disorders
is considered an independent modifiable factor of progression
toward chronification of migraine and a tendency to medication
overuse (Scher et al., 2008; Sances et al., 2010). Nonetheless,
emotional distress is commonly recognized as migraine trigger
(Kelman, 2007).

Depressive Disorders and Migraine

Depression is up to 2.5 times more prevalent in patients with
migraine than in the general population, with 40% of them
reporting depressive episodes during their lifetime (Lipton et al.,

2000; Jette et al., 2008). As these two conditions are often
comorbid, they can both lead to a higher degree of social life,
family life, and career disability (Rossi et al., 2005; Bigal and
Lipton, 2009). Indeed, evidence shows a consistent amount
of underlying pathophysiological mechanisms shared by both
disorders (Amoozegar, 2017). Currently, no international society
has issued guidelines on the treatment of migraine comorbid
with depression yet. Few medications are proven to target both
disorders, and therefore, they might be used in their clinical
management. Among these, venlafaxine and amitriptyline (Peck
et al., 2015) provided the best evidence. Notwithstanding, new
promising approaches, such as repetitive transcranial magnetic
stimulation (rTMS), are reporting encouraging results in either
condition (Leung et al., 2020).

Bipolar Disorders and Migraine

Up to 55% of migraineurs are also diagnosed with BD (Dresler
et al., 2019). Such prevalence is particularly relevant in patients
with type II BD (Low et al, 2003), with headache usually
preceding the onset of manic episodes (Ortiz et al., 2010). This
association seems to be bidirectional, as one third of patients with
BD suffer from migraine (Leo and Singh, 2016). Treatment-wise,
evidence has shown multiple therapeutic choices to be effective in
either disorder, such as valproate and topiramate when stabilizing
manic episodes and lamotrigine when targeting both bipolar
depression and migraine (Vikelis and Rapoport, 2010).

Anxiety Disorders and Migraine

It is well-known that migraine has an up to 10-fold likelihood
to be comorbid with anxiety disorders, especially generalized
anxiety disorder (GAD) and panic disorder (PD) (Dresler et al.,
2019). Indeed, it is not surprising that the prevalence of anxiety
increases as headache episodes increase (Zwart et al., 2003). This
is also true from a time perspective, as people with PD and
migraine are proven to experience panic attacks earlier than
non-migraineurs (Yamada et al., 2011).

The management of anxiety disorders comorbid with
migraine mostly relies on antiepileptics, with topiramate,
lamotrigine, and pregabalin being the best therapeutic options
(Van Ameringen et al., 2004; Calandre et al., 2010; Casucci et al.,
2010).

Obsessive-Compulsive Disorders and Migraine
Evidence shows a correlation between CM and obsessive-
compulsive disorder (OCD), whose presence might influence
migraine response to treatment, in both the short and long run
(Buse et al., 2013). A previous study highlights how obsessive
fearful thoughts about headache pain may fill patients’ life more
than migraine attacks (Curone et al, 2014). Furthermore, a
consistently worse response to treatment was found to be more
prevalent in chronic migraineurs with obsessive-compulsive
traits as well as the tendency to undergo an early relapse (Curone
etal, 2012).

Post-traumatic Stress Disorders and Migraine

In the last decades, evidence about the comorbidity of PTSD
and migraine is grown. Up to 25% of migraineurs has PTSD,
with higher rates than the general population (up to 10%). PTSD
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occurs with a higher prevalence in people suffering from CM
(43%) than those with EM (9%) (Peterlin et al., 2008). This
comorbidity is up to three times more common among women
than men (Peterlin et al., 2011). Shared pathophysiological
aspects, as the different hormonal maturation trajectory and
the exposure to major psychological trauma, may explain the
difference in comorbidity distribution among genders.

Recently, the 11th revision of the International Classification
of Diseases (ICD-11) [World Health Organization (WHO),
https://icd.who.int/en] has introduced the diagnosis of complex
PTSD (cPTSD). It develops from prolonged interpersonal
traumatic experiences without the opportunity to avoid them.
Along with typical PTSD clinical dimensions, cPTSD has
“disturbances in self-organization” (DSO; affect dysregulation,
negative self-concept, and disturbances in relationships). This
syndrome has a higher level of depression and dissociation and
is more associated with medical diseases (Longo et al., 2019; Ho
et al., 2021). Because, to date, data on the association between
cPTSD and migraine are scarce, future studies will need to clarify
the prevalence of this comorbidity.

Substance Use Disorders and Migraine

Data on the co-presence of migraine and substance use disorder
(SUD) are slightly controversial. For instance, previous evidence
suggests a lower prevalence of alcohol consumption/addiction
among patients with migraine. This is possible since wine, beers,
or spirits are commonly perceived as easy triggers for headache
attacks (Zlotnik et al., 2014; Pellegrino et al., 2018). On the other
hand, evidence on caffeine addiction points out how patients with
CM were more likely to be frequent caffeine consumers than
healthy individuals (Scher et al., 2004).

The literature shows that the association between migraine
and substance abuse is no longer significant when controlling
for PTSD and depression variables (Buse et al., 2013). For these
reasons, substance abuse has to be considered as secondary to
additional psychiatric comorbidities rather than migraine (Radat
and Swendsen, 2005).

Somatic Symptom Disorders and Migraine

Conflicting results are also reported on the association of
migraine and somatic symptom disorder. Previous studies have
emphasized an equal prevalence of somatic symptoms among
episodic migraineurs when compared with non-migraineurs
(Lake et al., 2005). On the other hand, a higher prevalence
of somatoform disorders was found among patients diagnosed
with CM, with a direct association between somatic symptom
severity and migraine frequency (Maizels and Burchette, 2004).
Consistent with these results, children with migraine are found
to display a higher set of somatic complaints (Bruijn et al,
2010), with a heavier sense of shame and fear than their healthy
counterparts (Tarantino et al., 2015).

Supposed Pathophysiological Mechanisms
The elevated rates of comorbidity between psychiatric disorders
and migraine indicate that pathophysiology of these disorders
may share several, common mechanisms. Some of these
commonalities are listed below. Although they have been

reported separately, some authors speculate that different
pathophysiological mechanisms, which would explain the
comorbidity between psychiatric disorders and migraine, may
overlap and intersect with each other.

Neurotransmitters and Psychiatric Comorbidity

As previously reported in the literature, migraineurs, like
depressed patients, show altered serotonin blood levels,
i.e., higher during migraine attacks and significantly lower
between them. These neurochemical alterations would favor
an unbalance activity of the brainstem nuclei, a condition
that may predispose to the activation of the trigeminovascular
nociceptive pathway and may favor the abnormal neuro-vascular
coupling accompanying CSD as well (Hamel, 2007). In addition,
migraine might be treated with drugs acting on the serotonin
system, such as triptans as painkillers, tricyclic antidepressants,
and selective serotonin reuptake inhibitors (Silberstein et al.,
2012). Other monoamines may be involved in the mechanisms
of psychiatric bidirectional comorbidity with migraine. A
study showed how a specific dopamine D2 receptor allele
is present in migraineurs comorbid with aura, anxiety, and
depression (Peroutka et al., 1998). Moreover, depressed chronic
migraineurs have significantly lower GABA cerebrospinal fluid
levels than non-depressed patients. This may suggest that also
this neurotransmitter may play a key role in the pathophysiology
of such comorbidity (Vieira et al., 2006).

Neuroinflammation and Psychiatric Comorbidity

The neuro-inflammation hypothesis has always been considered
in the etiology of MDD and migraine. Indeed, evidence of
altered hypothalamic-pituitary adrenal (HPA) axis was found
in both disorders (Peres et al., 2001; Gonda et al., 2019).
Obese patients with CM and depression showed significative
higher pro-inflammatory cytokine blood levels, suggesting a link
between these conditions (Bigal et al., 2007). Similarly, a common
neuro-inflammatory diathesis might be seen both in migraineurs
and in patients with BD. Pro-inflammatory cytokines like TNF-
a and IL-1, in fact, may take part in the comorbidity process
(Brietzke et al., 2012).

Genetics and Psychiatric Comorbidity

Previous studies have shown that migraine and MDD are bound
by a bidirectional red thread, meaning that migraine might cause
or be the cause of MDD (Moschiano et al., 2011). Indeed, some
authors have suggested how these two conditions show a shared
set of genes, especially when they are comorbid together (Schur
et al,, 2009; Ligthart et al., 2014).

As for MDD, also for BD, a common inheritance with
migraine might be assumed. Genome-wide association studies,
in fact, have highlighted a shared set of single-nucleotide
polymorphisms (SNPs) encompassing a region of the gene
KIAA0564 (Oedegaard et al., 2010). The gene KIAA0564 has
putative ATPase activity expressed in the brain, as seen in
patients with FHM?2, and one transcript of this gene shows
a pattern of expression in the whole brain, substantia nigra,
amygdala, and hypothalamus, all regions known to be involved
in both migraine and BD (Oedegaard et al., 2010). Evidence
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has shown that many neurotransmitters seems to be involved in
the comorbidity of both disorders, such as serotonin (Mahmood
and Silverstone, 2001; Hamel, 2007), glutamate (Vaccaro et al.,
2007; Chen et al., 2010), and dopamine (Akerman and Goadsby,
2007; Ashok et al., 2017). It was also reported in literature that
patients with migraine and BD share mutations on calcium and
sodium channels, explaining why they both may respond to
anticonvulsants like sodium valproate (Askland et al., 2009; de
Vries et al., 2009).

Stress and Psychiatric Comorbidity

Stressful events predispose, trigger, or worsen psychiatric
disorders. For example, PTSD is a consequence of major
psychological trauma, and traditionally, MDD could be classified
as reactive or endogenous if a significant life stressor is
present before the onset of the symptoms or not. Similarly,
stressful events characterize the clinical presentation of migraine
and mark migraineurs’ life. Stress and migraine share mutual
characteristics, as the first might be considered as a trigger
for migraine episodes and, conversely, the second is a well-
established source of stress (Dresler et al., 2019). The process
of central sensitization, commonly claimed to be at the base
of migraine evolution to a chronic form, postulates disrupted
processing taking place in the trigeminal nucleus caudalis for
pain and in limbic structures, such as the amygdala and insula,
for stress- and anxiety-related disorders (Grassini and Nordin,
2017). Some researchers differently postulate that patients in
which a failure of limbic structures in adjusting to pain may
occur, therefore resulting in an abnormal endocrine response that
in turn leads to an altered response to stress, may belong to a
“limbically augmented pain syndrome” (Rome and Rome, 2000).

Neurocircuits and Psychiatric Comorbidity

From a neurophysiological point of view, a dysfunctional
neurolimbic network (Schwedt et al., 2013) might explain this
aberrant interaction of pain and mood and therefore can support
the clinical connection between migraine and depressive and
anxiety disorders (Maizels et al., 2012).

Indirect evidence of this shared pathophysiological
mechanism in the neurolimbic network is provided by a
recent retrospective study in patients with comorbid migraine
and unipolar depression treated with a therapeutic paradigm
of high-frequency rTMS (HF-rTMS) over the left dorsolateral
pre-frontal cortex (I-DLPFC) (Kumar et al., 2018). In addition to
the clinical improvement of depression, a decrease in frequency,
severity, and functional disability of migraine was reported.
These findings may be explained with a sustained modulation
effect, generated by the HF-rTMS therapeutic paradigm, of
I-DLPFC, an area involved in cognitive control of pain.

COMORSBIDITY WITH OTHER PAIN
SYNDROMES

Scientific Evidence of Comorbidity

Migraine patients often experience pain outside the territories
primarily involved, as those innervated by the trigeminal
nerve. The first cervical roots, C1-C3, have an anatomical and

functional contingencies with the trigeminal nucleus caudalis,
so migraine attack is usually diffused into the neck (Vincent,
2011). Besides, migraine pain allows the spread of allodynia
phenomenon in the shoulder and even upper limbs (Burstein
et al., 2000b). Central sensitization occurs during single attacks,
so migraine patients are prone to comorbidities with other pain
syndromes sharing this phenomenon as the main causal factor
(de Tommaso et al., 2016; Arendt-Nielsen et al., 2018).

A bidirectional association has been observed between
migraine and other, often chronic pains such as chronic
low-back pain (Ashina et al., 2018), which accompanies
dysmenorrhea (Miller et al., 2018; Gagnon and Elgendy, 2020),
and temporomandibular disorder (Grossi et al., 2009). Results
of the German Headache Consortium study showed that the
OR of having frequent low-back pain was between 2.1 (95% CI:
1.7-2.6) and 2.7 (95% CI: 2.3-3.2) times higher in all episodic
headache, including migraine, and between 13.7 (95% CI: 7.4-
25.3) and 18.3 (95% CI: 11.9-28.0) times higher in all patients
with chronic headache subtypes when compared with non-
affected subjects (Yoon et al., 2013). But in recent years, much
attention has been given to fibromyalgia (FM), as it seems to be
strongly associated with migraine, especially if chronic. FM is
a chronic and disabling disease dominated by diffuse pain and
several associated symptoms, such as sleep disorder, cognitive
impairment, and fatigue (Wolfe et al., 2010).

In the last 10 years, many studies confirmed a high prevalence
of FM among patients with migraine, varying from 5% to more
than 30%, depending upon the type of population considered (de
Tommaso, 2012; Kiigiiksen et al., 2013). A high prevalence of
FM was found in tertiary headache centers, where patients with
severe migraine are prevalently followed up. FM comorbidity
seems to be a hallmark for severe migraine, characterized
by frequent headache, general disability, allodynia, and sleep
disturbances (de Tommaso, 2012; de Tommaso et al., 2016).

Patients with FM suffer from CM and chronic TTH, while
EM, and especially migraine forms with very sporadic attacks,
like migraine with pure visual aura, rarely shares this comorbidity
(de Tommaso, 2012). Factors favoring evolution into CM, such as
sleep disturbances, prevail among CM with FM comorbidity (de
Tommaso et al., 2014a).

FM comorbidity would not be a feature of a long history
of migraine, as cases of FM are present even among migraine
child cohorts (Kashikar-Zuck et al., 2013; de Tommaso et al.,
2017). In child cohorts, the comorbidity with FM defines a
clinical phenotype with more severe migraine, higher anxiety and
depressive symptoms, and lower quality of life in all domains
(Kashikar-Zuck et al., 2013).

Detecting FM in migraine patients could help in individuating
patients with a profile of severe illness and poor quality of life.
Clinical trials in FM patients displayed a low efficacy profile, with
several adverse events and a prominent nocebo effect (Hiuser
et al., 2012). The correct therapeutic approach to single causes
of comorbidity in such complicated patients could improve
their global clinical picture (Affaitati et al,, 2020). A recent
observational study on the effects of preventive treatments after
3 months of therapy showed that patients with FM have a
profile of resistance to first-line preventive drugs (Delussi et al.,
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2020). Tricyclic antidepressant amitriptyline was actually the
most frequently prescribed drug for the treatment of migraine
patients comorbid with FM (Delussi et al., 2020). However,
researchers did not report the possible effect of amitriptyline
on specific symptoms of FM and how the mild improvement
of migraine could impact the disability linked to diffuse pain
(Affaitati et al., 2020). Another important topic could be the
assessment of the effects of therapeutic approaches to severe
migraine, like botulinum toxin (Diener et al., 2010) and CGRP
monoclonal antibodies (Edvinsson, 2019), to the global clinical
impairment of FM.

Pathophysiological Basis of Comorbidity
FM is one of the most diffuse and disabling conditions sharing
with primary headaches central sensitization as the main
pathophysiological mechanism (Arendt-Nielsen et al., 2018).
Migraine and TTH are included into the central sensitization-
related syndromes, which often coexist in a complex modality.
The recent classification of chronic pain has included the
category of “nociplastic pain” specifically referring to pain
that “arises from altered nociception despite no clear evidence
of actual or threatened tissue damage” (IASP Terminology,
2020). Central sensitization implies hyper-function of neurons
and circuits in nociceptive pathways with increased neurons
excitability and synaptic efficacy as well as reduced inhibition.
It is mainly based on the remarkable plasticity of the
somatosensory nervous system in response to different causes,
neural-inflammation, or neuronal damage (Latremoliere and
Woolf, 2009). In migraine, the inflammation occurring at the
perivascular and meningeal level is followed by sensitization
of second-order nociceptive neurons and wide dynamic range
neurons within the trigeminal caudal nuclei, and third-order
nociceptive neurons within the thalamus, with hyperalgesia and
allodynia involving the skin and the muscles in the head, neck,
and other somatic sides (Burstein et al., 2000b). In FM, the initial
causes of pain are sometimes unknown and sometimes are due
to inflammation or trauma. Moreover, a hyperactivity of cortical
regions devoted to pain processing has been demonstrated
by neuroimaging studies in FM (Loépez-Sola et al.,, 2017) and
migraine (Moulton et al, 2011). Neurophysiological studies
based on bioelectrical correlates of nociceptive and multimodal
stimuli stated that phenomena of reduced habituation to
repetitive stimuli, especially the painful ones, accompany central
sensitization phenomena in both FM and migraine (Coppola
et al., 2013; Choi et al., 2016).

More recent studies underlined the presence of small fiber
pathology in patients with FM (Oaklander and Nolano, 2019). In
more than 50% of FM patients, a proximal partial loss of skin
sensitive terminals has been detected. These FM cohorts with
small fibers involvement include patients with migraine (Vecchio
et al.,, 2020). The FM subgroup with migraine comorbidity did
not show different neurophysiological and skin biopsy features
except for a trend toward a more expressed lack of habituation to
repetitive painful stimuli (de Tommaso et al., 2014b).

In FM patients, including those with associated migraine,
proximal skin denervation corresponded to reduced habituation
of laser-evoked responses (Vecchio et al., 2020). The occurrence

of this phenomenon is in agreement with the hypothesis that the
loss of cortical adaptation to peripheral inputs could be related
to an initial condition of hypo-activation followed by a delayed
response potentiation (Coppola et al., 2013).

The evidence of a mild small fiber pathology in migraine
patients with FM comorbidity opens a new scenario about the
causes of the coexistence of peripheral and central nervous
system (CNS) dysfunction, like genetic abnormalities of voltage-
gated sodium channels (Eijkelkamp et al., 2012).

Very pertinent to the pathophysiology migraine is the
observation that a mechanism involving the release of CGRP was
also described for pain in musculoskeletal disorders and may be
a direct cause of pain in other conditions. Musculoskeletal tissues
are rich in CGRP-immunoreactive nerves and are associated with
altered CGRP expression pain. These observations paved the way
for randomized controlled trials of monoclonal antibodies for the
treatment of pain conditions other than migraine (Walsh and
McWilliams, 2019).

SLEEP-RELATED DISORDERS AND
MIGRAINE

Scientific Evidence of Comorbidity

The relationship between sleep and migraine has always been
known, but current knowledge on the exact nature of the link
between migraine and sleep remains incomplete and unclear. A
large amount of epidemiological data shows a high comorbidity
between migraine and sleep disorders (Drake et al., 1990; Sahota
and Dexter, 1990; Dodick et al., 2003; Olesen et al., 2006).

Migraine and Insomnia

The association between migraine and insomnia is statistically
significant, since one presents a risk of incidence, if the other
condition is present, equal to about twice (OR = 1.4-2.6) the risk
of incidence of only one of the two conditions (Uhlig et al., 2014).
This relationship is bidirectional, and the association is stronger
in more frequent, severe, or comorbid headache (Odegard et al.,
2013). Considering migraine sufferers only, a reduced sleep
duration (<6h per day) is independently associated with an
increase headache attack frequency (Song et al., 2018). Although
migraineurs suffer more frequently from disorders, the average
sleep duration does not differ between migraineurs and non-
migraineurs (Song et al, 2018). On the contrary, a reduced
“sleep quality” (a satisfaction index based on the evaluation of
how restful sleep is) is significantly more frequent in migraine
sufferers (Song et al., 2018). The prevalence of insufficient sleep
is statistically higher in migraine sufferers than in subjects
with other forms of headache and then in subjects without
headaches. Multivariate analysis confirms an OR (corrected for
sociodemographic variables, anxiety, and depression) of 1.8 for
migraine in subjects with insufficient sleep (Kim et al., 2017).
Neurophysiological data support the hypothesis that relative
sleep deprivation and varying robustness of the neurobiological
arousal system may be among several causal factors for a
migraine attack (Engstrom et al., 2014; Rains, 2018).
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Migraine and Sleep-Disordered Breathing

Since the first systematic descriptions, it was not clear whether
morning headache and sleep apnea headache were two distinct
nosological entities. Similarly, it was debated if the awakening
headache was the recurrent manifestation of a primary headache,
such as migraine. The first study of 304 patients concludes that
morning headache is not an integral part of obstructive sleep
apnea syndrome (OSAS) (Aldrich and Chauncey, 1990). Based
on the results of many studies, morning headache does not
have strictly specific characteristics (Loh et al., 1999; Neau et al.,
2002; Alberti et al.,, 2005). Overall, there are also conflicting
literature data on the association between morning headache
and OSAS severity (Aldrich and Chauncey, 1990; Loh et al,
1999; Greenough et al., 2002; Neau et al., 2002; Goder et al.,
2003; Alberti et al., 2005), but comorbidity between OSAS and
migraine was not considered in most studies. Treatment of the
respiratory disorder results in an improvement of the morning
headache. Other studies say that such improvement, as well as
headache, is likely to be non-specific (Aldrich and Chauncey,
1990; Poceta and Dalessio, 1995; Paiva et al., 1997; Loh et al,
1999; Goder et al., 2003; Ohayon, 2004). Considering specific
forms of primary headache, the cumulative incidence of migraine
was significantly higher in a large sleep-disordered breathing
(SBD) cohort than in the comparison cohort (Harnod et al.,
2015). The prevalence of primary headache in OSAS varies from
11 to 25% up to more than 40% (Loh et al., 1999). Habitual
snoring was more frequent in chronic daily headache subjects
(24%) than in controls (14%) (Scher et al., 2003a). However, the
wide discrepancy in reported headache prevalence may reflect
differences in study design (retrospective or prospective), in the
definition of the headache itself and in considering patients
who are undergoing polysomnography with suspicion of OSAS.
Several studies have shown the effectiveness of continuous
positive airway pressure (CPAP) treatment in improving all types
of headache. These studies highlight that even patients with a
mild form of OSAS improve with non-invasive ventilation. These
data suggest treating headache patients with OSA symptoms,
with any degree of severity (Johnson et al., 2013).

Migraine and Restless Legs Syndrome

Both clinic-based (Young et al, 2003; Rhode et al., 2007;
d’Onofrio et al., 2008; Chen P. K. et al., 2010; Suzuki et al,
2011; Lucchesi et al., 2012; Lin et al., 2016; Valente et al., 2017)
and large-scale population-based studies suggest an association
between migraine and restless legs syndrome (RLS) (Schiirks
et al., 2012; Winter et al., 2013). The association was confirmed
also after adjustment for confounding factors such as age, sex,
major depression, anxiety, and sleep quality (Zanigni et al., 2014).
RLS also accounts for poorer sleep quality in those patients with
comorbidity (Valente et al., 2017). The frequency of migraine
attacks correlates positively with the prevalence of RLS, and the
MA had a stronger trend of association with RLS (Lin et al., 2016).
The authors suggest that, at least in part, this relationship might
be explained by a pharmacological overload of serotoninergic
drugs, which might interfere with the physiological balance
between dopaminergic and serotoninergic pathways (Valente
etal., 2017).

Migraine and Narcolepsy

Some studies showed an increased frequency of migraine
(37-54%) in patients with narcolepsy (Dahmen et al., 1999,
2003). However, a large multicenter observational study found
an increased frequency of TTH (60.3 vs. 40.7%) but not
migraine (21.9 vs. 19.8%) in narcolepsy patients compared with
controls (Evers, 2003). More recent data confirm that patients
with narcolepsy and idiopathic hypersomnia more frequently
experienced headache than the healthy controls and that the
patients with both conditions more commonly experienced
excessive daytime sleepiness and had reduced total sleep time
than the patients with narcolepsy without headache (Suzuki et al.,
2015).

Migraine and Advanced Sleep Phase

Although there is no robust epidemiological evidence, the
description of a family with a genetic mutation related to
a condition characterized by the so-called advancement of
the familial advanced sleep phase (FASP) (Xu et al, 2005)
inspired the hypothesis of a close physiological correlation
between migraine and this sleep disorder as well as a brilliant
editorial (Ahn and Goadsby, 2013). These data give the
opportunity to assume the important role of the hypothalamus
in migraine pathophysiological mechanisms and hypothesize any
new therapeutic targets (Ahn and Goadsby, 2013).

Migraine and Parasomnias

Numerous old studies have shown the association between
migraine and sleepwalking (Barabas et al., 1983; Giroud et al,,
1986; Pradalier et al., 1987). Other studies have shown the
high prevalence of various parasomnias (pavor, sleepwalking,
and enuresis) even in adults (in the first two decades of life)
(Messina A. et al., 2018). In several studies, subjects with bruxism
seem to have a high prevalence of primary headaches and
especially CM (Dexter, 1979; De Luca Canto et al., 2014). The
serotonergic circuits of the median raphe nucleus have been
involved as a common key structure between migraine and
parasomnias, as they play a central role in pain processing and
in the determination of sleep/wake rhythms (Messina A. et al.,
2018).

Sleep-Related Migraine

The International Classification of Headache Disorders, 3rd
edition (ICHD, 2018) does not include forms of sleep-related
headache or sleep-related migraine; however, some migraine
patients have >50 or >75% of sleep-onset migraine attacks
(Della Marca et al., 2006b; Rains, 2018). The chronobiological
mechanisms are likely more involved in specific forms of
headache. In this view, some authors suggest that data on this
form of migraine should be collected (Rains, 2018).

Migraine, Sleep, and Chronification
All types of sleep dysregulation are involved in the chronicity
mechanisms of primary headaches.

Every year, up to 3% of patients (Scher et al., 2003b) may
experience the progression of EM into a chronic form (Rains,
2008). The potential mechanisms of chronification are manifold,
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and sleep disturbances have been identified among the risk
factors associated with chronic headaches. Others are overuse
of drugs, stress, psychiatric disorders, and obesity (Rains, 2008).
Consequently, screening and treatment of sleep disorders are
recommended in the clinical management of migraine (Poceta
and Dalessio, 1995; Ong and Park, 2012).

Supposed Pathophysiological Mechanisms
Migraine and sleep disorders have a high prevalence in the
general population but are extremely and so overlapped that it
is difficult to believe that their comorbidity is only incidental.

In addition to the pure epidemiological evidence, other
physiological aspects strongly suggest close pathophysiological
links between migraine and sleep fluctuations: circadian
oscillations in the sleep/wake rhythm (cyclic biological changes
that occur in the 24-h interval) (Ahn and Goadsby, 2013),
changes in the ultradian rhythm [shorter than a day, the
alternation of non-rapid eye movement (NREM)/REM phases in
sleep cycles] (Jennum and Jensen, 2002), and modifications of the
arousal mechanisms (Bruni et al., 2004; Della Marca et al., 2006a).

Moreover, key structures have an  unequivocal
modulatory involvement in both migraine and sleep,
namely, the hypothalamus, brainstem (Goadsby, 2005), and
thalamus—cortical circuits (Coppola et al., 2016).

Finally, orexinergic (Hoffmann et al., 2015), serotoninergic
(Goadsby et al., 2017), and dopaminergic (Charbit et al., 2010)
neurotransmissions have a crucial and common role in migraine
and sleep. Interestingly, premonitory symptoms of migraine such
as yawning, craving for food, and gastrointestinal disturbances,
supposed to be dopamine-mediated (Akerman and Goadsby,
2007), were more frequently reported in migraine patients
with RLS compared with those without RLS (Cologno et al,
2008). It is well-known that migraine is characterized by a
hypersensitivity to dopamine (Sicuteri, 1976; D’Andrea et al.,
2006) and that dopaminergic projections play an important
role in the processing of trigeminovascular information (Charbit
et al., 2010). Some authors have suggested that a dysfunction
of the hypothalamic dopaminergic nucleus A1l may be part
of the complex pathophysiology of migraine and RLS and that
both disorders have a common genetic basis, also involving
dopaminergic transmission (Bonati et al.,, 2003; Charbit et al.,
2010).

Patients with migraine do not differ from non-migraineurs
in sleep macrostructure but have a marked reduction in the
polysomnographic parameters of arousal in NREM sleep and
a lower incidence of “cortical” arousals in REM sleep (hypo-
arousability) than do non-migraineurs (Della Marca et al,
2006b). On the other hand, migraineurs showed an increased
instability of the autonomic balance during sleep (Vollono et al.,
2013).

In conclusion, since the most reproducible hypnological
marker in migraine is hypo-arousability (Bruni et al., 2004; Della
Marca et al., 2006b; Vollono et al., 2013; Engstrem et al., 2014;
Rains, 2018), it is possible to hypothesize that the dysfunction of
arousal system is the expression of the modified brain’s ability to
process exogenous and endogenous stimuli during sleep.

GASTROINTESTINAL DISORDERS AND
MIGRAINE

Due to an overly complex multifactorial pathway, gastrointestinal
disorders are quite common among migraine patients. In fact, on
the one hand, it is well-known that there is a higher prevalence
of migraine in people with much reflux symptoms, diarrhea,
constipation, or nausea than in those without them (Aamodt
et al., 2008). On the other hand, nausea and vomit are common
symptoms of the migraine attack, according to classifying criteria
(ICHD, 2018); and alterations of the intestinal transit (leading to
constipation or diarrhea) are part of the autonomic symptoms
accompanying pre- and post-dromal phases of the attack
(Gazerani and Cairns, 2018). The gastrointestinal comorbidities
in patients with migraine involve disorders in different organs of
gastrointestinal (GI) tract, from the mouth to the bowel.

Scientific Evidence of Comorbidity

A recent multicenter study evidenced that the presence of
periodontitis (a serious gum inflammatory condition due to
bacterial infections) is independently related to CM, with a higher
prevalence than patients with EM (53.9 vs. 44.6%) (Leira et al.,
2020).

In a large questionnaire-based cross-sectional study (the
Head-HUNT Study), researchers observed that the more severe
the gastroesophageal reflux disease (GERD), the more prevalent
is migraineur and non-migraineur headache (Aamodt et al,
2008). A similar association between the presence of GERD and
its severity and headache was also evidenced in other two large
studies (Saberi-Firoozi, 2007; Katic¢ et al., 2009). More recently,
a more detailed analysis was performed among patients with
dyspepsia. Fifty-four percent of patients with epigastric pain
syndrome also suffered from migraine, but headache seems to
be not induced by meal ingestion. Besides, migraine prevalence
in patients with postprandial distress syndrome was 76%, and
almost all patients reported a meal-related headache with a
correlation between the entity of the gastric discomfort threshold
and migraine severity (Di Stefano et al., 2019).

Helicobacter pylori is the bacteria responsible for gastric
ulcer and its neoplastic degeneration, and its infection seems
to negatively influence migraine symptoms, according to the
patient’s ethnicity, the place of residence, and the bacterial strains
(Cdmara-Lemarroy et al., 2016). It was also observed that its
infection is more prevalent in patients with migraine than in
controls (Su et al., 2014), and the bacterial eradication is related to
relief of migraine symptoms (Faraji et al., 2012; Savi et al., 2014).

Abdominal discomfort ascribable to the liver is almost
double in patients with migraine than in controls (Kurth et al.,
2006). Particularly, the clinical presentation of hepatobiliary
disorders seems to be severer in patients with migraine (Aggarwal
and Bielefeldt, 2013) and related to it by a common genetic
background, as suggested by a large study on twins (Nilsson
etal.,, 2010). Also, non-alcoholic fatty liver disease was related to
headache in general (with a borderline value for the significance
in patients with migraine) (Martami et al., 2018) and MA in
particular (Celikbilek et al., 2014).
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Celiac disease (CD) is a genetically based autoimmune
systemic disorder triggered by gluten (a cereal grain group
of protein) ingestion and characterized by GI and non-GI
symptoms, including migraine (Taylor et al., 2016). A recent
meta-analysis reported that CD and headache (mainly migraine)
have a bidirectional relationship, and it was suggested to screen
headache patients for CD since they may benefit from a gluten-
free diet (GFD) (Zis et al., 2018). The GFD improves migraine
in patients with CD (Ameghino et al, 2019), but among
migraineurs, the CD is present only in 2.4% of subjects (Zis
et al., 2018), so only a limited number of patients deserves
screening for CD. It should be advised only to patients with
an important presence of GI symptoms and/or several non-GI
symptoms (Taylor et al., 2016), also because the beneficial effect
of GFD in non-celiac patients with migraine is not clear (Beuthin
et al., 2020).

Irritable bowel syndrome (IBS) and migraine are often
comorbid, and researchers observed that the longer the history
and severity of migraine, the higher the risk of being affected by
IBS (Li et al., 2017); moreover, in case of co-occurrence of both
disorders, patients are more prone to develop more complicated
clinical pictures (Georgescu et al., 2018). IBS and migraine share
several features: both are chronic disorders, diagnosed only by
symptomatic criteria (standardized diagnostic biomarkers are
not available), characterized by recurrent pain attacks, more
prevalent among females, and comorbid with somatic (interstitial
cystitis, FM, and chronic fatigue syndrome) and psychiatric
(abuse behavior, insomnia, anxiety, and depression) diseases
(Georgescu et al., 2018).

Compared with that in the general population, migraine
is more prevalent also in patients with inflammatory bowel
disease (IBD), in both adults (Moisset et al., 2017) and children
(Ben-Or et al., 2015), being their most prevalent neurological
disorders (Oliveira et al., 2008). IBD includes Crohn’s disease
and ulcerative colitis, both characterized by relapsing/remitting
acute inflammations.

Migraine seems to be more prevalent among patients with
constipation (Aamodt et al., 2008), and it has been proposed
that the dietary treatment for this GI complaint leads to
migraine improvement (Prakash and Mullen, 2010). Also,
laxative treatments seem to be useful to improve migraine-related
disability and severity in children with migraine and constipation
(Rezaeiashtiani et al., 2019). On the other hand, constipation is
more prevalent in patients with migraine than in those with TTH
and non-headache subjects (Martami et al., 2018).

Supposed Pathophysiological Mechanisms
Attempting to speculate about the pathophysiological bases of
GI comorbidities in patients with migraine, we can invoke three
main different mechanisms of action: the involvement of the
enteric and autonomic nervous system (ENS and ANS), the
production of inflammatory cytokines, and dysbiosis, that is, a
microbial imbalance or maladaptation.

During embryogenesis, the ENS develops simultaneously with
the CNS, and they are connected by the modulation of the
vagal nerve. Therefore, although it is unclear if the correlation
between migraine and gastric digestive symptoms is due to a

primary neurologic or gastric issue, gastric symptoms can be
regarded as part of the spectrum of dysautonomia dysfunctions
related to a migraine attack. To support this hypothesis, the
entity of gastroparesis is related to the severity of migraine
intensity (Boyle et al., 1990), and negative gastroscopic results
are observed in 90% of patients with migraine who complained
of gastric symptoms (Meucci et al.,, 2005). On the other hand,
a bidirectional connection between CNS and ANS/ENS is
suggested by some reports of migraine improvement after the
pharmacological treatment of gastric symptoms (Mavromichalis
etal., 1995; Spierings, 2002; Hwang et al., 2016). Nevertheless, the
widely used proton-pump inhibitors are regarded as a worsening
factor for migraine (Makunts et al., 2019), meaning that not the
drugs’ mechanism of action but the relief of GI symptoms leads to
migraine improvement. The involvement of ENS/ANS was also
called into question IBS comorbidity. Although sexual hormones,
genetics, and biopsychosocial background seem to underpin the
comorbidity, ANS was theorized as the link with the shared
central sensitization and allodynia during the acute attack onset
(Chang and Lu, 2013). Lastly, ANS/ENS dysfunctions, together
with the use of anticholinergic drugs to prevent migraine,
dehydration, and an inadequate dietetic regimen, were supposed
to be at the base of constipation comorbidity (Diaz et al,
2020).

Inflammatory cytokines seem to be potentially involved in
the inflammation-accompanied IBD and other GI comorbidities.
The increase in pro-inflammatory substances such as serum
pentraxin 3, soluble TNF-like weak inducer of apoptosis (Leira
et al., 2018), and serum procalcitonin (Gonzalez et al., 2016)
was found in case of periodontitis. The release of different
inflammatory cytokines by Helicobacter Pylori (HBP) infection
may contribute to explain its comorbidity with migraine (Arzani
et al., 2020). It is also possible to hypothesize a role for the
cholecystokinin (CCK), a duodenal endocrine peptide that is
involved in gallbladder movement, lipid digestion, and hunger
suppression, which also has vasoactive activity and coexists with
CGRP in trigeminal ganglion (O’Connor and Van der Kooy,
1988; Ruiz-Gayo et al,, 2006). In turn, the CGRP, by modulation
of vagal parasympathetic outflow (Li et al., 1998), is involved
in the pathophysiology of gallstone disease (Mulvihill and Yan,
1995). Nonetheless, CGRP is a key peptide in response to GI
inflammation (Holzer, 2007), and its secretion from peripheral
sensory nerves could have CNS consequences by sustaining a
pro-inflammatory permissive state, which in turn may lower
the threshold to the onset of migraine attacks. Finally, we can
hypothesize that also constipation can induce gut inflammation
and permeability, with reabsorption of molecules that can trigger
migraine attacks. This is the case of the lipopolysaccharide that,
in animal models, can induce neuroinflammation in trigeminal
ganglia (Kemper et al., 1998) and was adopted as an experimental
model of migraine attack (Fiebich et al., 2002).

It is well-known that the microbiota and brain functions
are related by a reciprocal modulation: several neuropsychiatric
disorders have been associated with impaired microbiota
(Tremblay et al., 2021). Interestingly, in animal models, gut
microbiota dysbiosis contributes to chronicity of migraine-like
pain by upregulating TNF-a level in the trigeminal nociceptive
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system, while probiotic administration significantly inhibited
the antibiotic-produced migraine-like pain prolongation (Tang
et al.,, 2020). Despite this preclinical evidence, clinical studies
in humans do not clearly support the efficacy of probiotics in
treating patients with migraine (Dai et al., 2017).

IMMUNOLOGICAL DISORDERS AND
MIGRAINE

Scientific Evidence of Comorbidity

The relationship between migraine and
immunological/autoimmune diseases is overly complex and not
completely defined, but several epidemiological, clinical, and
laboratory evidence supports this association.

From an epidemiological point of view, it is widely accepted
that migraine more commonly affect women than men (Lipton
et al., 2001), and this is consistent with the high prevalence of
autoimmune diseases in women (Pennell et al., 2012).

Sometimes, headache and specifically migraine can be a
clinical manifestation of many autoimmune disorders, either for
those primarily involving the CNS, like multiple sclerosis (MS),
or systemic disorders, like systemic lupus erythematosus (SLE).
It is not clear whether the headache, and specifically migraine,
is a direct, specific manifestation of disease and its activity or
it is only a concomitant disorder; and, most importantly, it is
a matter of debate if headache and in particular migraine can
predispose some patients to the subsequent development of an
autoimmune disorder.

Several studies assessed migraine prevalence in MS patients,
which varies consistently among studies, ranging from 19.8 to
78% (Abb and Schaltenbrand, 1956; Poser et al., 1966; Clifford
and Trotter, 1984; Freedman and Gray, 1989; D’Amico et al.,
2004; Vacca et al.,, 2007; Boneschi et al., 2008; Nicoletti et al.,
2008; Villani et al., 2008; Putzki et al., 2009; Kister et al., 2010;
Mohrke et al.,, 2013). This variability can in part be attributed
to the difference in the study design, populations included, and
MS and migraine criteria adopted. A meta-analysis including
eight studies (1,864 MS patients and 261,563 controls) found a
significant association between migraine and MS with an OR
= 2.60 (95% CI: 1.12-6.04); for MO with MS, OR was 2.29
(95% CI: 1.14-4.58), without a significant heterogeneity (Pakpoor
et al,, 2012). Interestingly, in a large population-based cohort
(Nurses’ Health Study II), a history of migraine was associated
with an increased risk of developing MS (1.39 times higher),
but the difference in absolute MS risk between migraineurs and
non-migraineurs was small (Kister et al.,, 2012). When migraine
occurrence was considered in relation to clinical characteristics
and subtypes, MS patients with headaches and in particular with
migraine are significantly younger, are more often female, and
more frequently have a diagnosis of clinically isolated syndrome
(CIS) or relapsing/remitting MS (RRMS) and lower Expanded
Disability Status Scale score (EDSS) than MS patients without
headaches (Mohrke et al.,, 2013). In contrast, headache with
tension-type characteristics was more often reported by MS
patients with a progressive form of the disease (D’Amico et al.,
2004).

The relationship between migraine and the disease activity
was investigated by a study of Tabby et al. (2013), who showed
that MS patients with migraine presented more relapses than
patients without migraine and that 85% of patients whose attacks
were often or always of severe intensity reported a headache
worsening during MS exacerbations. Furthermore, Kister et al.
(2010) observed that migraine in MS patients was significantly
associated with a more symptomatic course of the disease, but
not with disability or T2 lesion burden on brain magnetic
resonance imaging (MRI). Headache is indeed the most common
indication for performing MRI in cohorts with radiologically
isolated syndrome (RIS). Accordingly, headache was the reason
for neuroimaging in about half of subjects from a case series
collected by Granberg et al. (2013), but only a few of them showed
a progression of MRI lesions during the next 2 to 5 years.

As far as the influence of disease-modifying treatment for MS
on migraine course is concerned, it is widely recognized that
IFN-beta exacerbates attacks in MS patients already suffering
from migraine or induce a de novo migraine in patients who did
not suffer from headache before (Nikfar et al., 2010; Patti et al.,
2012; De Jong et al., 2017). Conversely, a significant reduction of
migraine frequency in the MS patients switching from IFN-beta
to natalizumab, irrespective of clinical variables such as fatigue,
anxiety, depression, and MIDAS scores, was observed (Villani
etal, 2012).

Altogether, the above evidence suggests that migraine is a
relevant symptom in MS especially in the early stages of the
disease. In some cases, a previous personal history of migraine
can be recorded; in other cases, headache developed de novo
in temporal relationship to the neurological symptoms leading
to the diagnosis of CIS or MS or in the course of the disease
particularly during a relapse or in relationship to IFN treatment.

Much research investigated headache occurrence in SLE
patients because headache was indicated as a typical although
not specific manifestation of CNS involvement in SLE. In
particular, the SLE Disease Activity Index (SLEDAI) included
lupus headache as a descriptor, defined as a severe, persistent
headache with often migraine-like features and unresponsive
to analgesic treatment (Bombardier et al., 1992). However, in
a recent study conducted by Hanly et al. (2013), only 1.5%
of patients specifically meet the criteria of lupus headache,
as defined in SLEDAI In addition, if present, headache
was associated with other neuropsychiatric manifestations.
Not surprisingly therefore, lupus headache was not included
in the American College of Rheumatology definition of
neuropsychiatric syndrome in SLE. When SLE was considered
without a specific mention to an SLE CNS involvement, no
difference in headache prevalence emerged between controls
and SLE patients in a meta-analysis carried out by Mitsikostas
et al. (2004). Several studies more specifically focusing on the
prevalence of migraine in SLE patients found, like for MS
patients, a large variability of results with percentages ranging
from 7.9 to 52% (Isenberg et al., 1982; Markus and Hopkinson,
1992; Sfikakis et al., 1998; Fernandez-Nebro et al., 1999; Ainiala
et al,, 2001; Glanz et al., 2001; Whitelaw et al., 2004; Lessa et al.,
2006). Some authors also found a higher prevalence of MA in
patients with SLE (Brandt and Lessell, 1978; Glanz et al., 2001),
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but these data were not confirmed by others (Vizquez-Cruz et al.,
1990; Ferndndez-Nebro et al., 1999; Glanz et al., 2001; Lessa et al.,
2006; Katsiari et al., 2011).

Headache and  migraine were  associated  with
antiphospholipid antibodies (aPLs) and beta2GPI antibody
positivity other than Raynaud’s phenomenon in two (Weder-
Cisneros et al., 2004; Lessa et al., 2006) out of three studies
(Sfikakis et al., 1998).

Finally, based on the available evidence, the possible link
between SLE and migraine has not been clarified, and therefore,
the occurrence of headache in SLE patients in most cases does
not itself require further investigation. Migraine in these patients
should be classified according to International Headache Society
(IHS) criteria and, in general, managed according to the available
treatment guidelines.

A variety of dated studies investigated the association between
antiphospholipid syndrome (APS) and migraine, reporting a
migraine prevalence ranging from 0 to 30% (Hogan et al., 1988;
Hering et al., 1991; Iniguez et al., 1991; Robbins, 1991; Tietjen,
1992). More recently, the Euro-Phospholipid Project revealed a
prevalence rate of migraine of 20% in APS patients (Cervera
et al, 2009), with the onset of headache preceding one or
two decades before the APS diagnosis (Hughes, 2010). Some
authors recommended screening for aPL in patients known to
have migraine or recurrent headaches since there may be a link
between migraine and stroke in APS patients (Cuadrado and
Sanna, 2003). However, although some research reported higher
prevalence of aPL in migraineurs patients as compared with
healthy controls (Briley et al., 1989; Iniguez et al., 1991), others
failed to find an association (Verrotti et al., 2000; Williams et al.,
2008; Meroni et al, 2014). Conflicting results were obtained
about anticardiolipin antibody (aCL) positivity in migraine
(Levine et al., 1987; Iniguez et al., 1991; Robbins, 1991; Hinse
et al., 1993; Gallo et al., 1994; Tietjen et al., 1998; Verrotti et al.,
2000).

Antibodies to PT have been reported to occur in 50-90%
of patients with APS (Vlagea et al., 2013). Furthermore, in a
recent study, migraine headaches have also been observed more
frequently in patients with both aPS antibodies and Raynaud
phenomenon (Kopytek et al., 2018). According to Sanna et al.
(2006), headache associated with APS is often untreatable, poorly
responding to analgesics and typically starts several years before
the diagnosis of APS. In spite of that, heparin followed by long-
term anticoagulation with warfarin, which is the cornerstone of
APS treatment, induces a clear improvement or resolution of
migraine in many cases (Asherson et al., 2007; King and Odette,
2012; Erkan et al., 2014).

Some studies demonstrated a significantly higher prevalence
of migraine in patients with primary Sjogren’s syndrome (pSS)
than in normal subjects (Pal et al, 1989; Gokeay et al,
2008). Therefore, it was claimed that both migraine and dry
eye could be a part of a common inflammatory process.
However, further evidence denied this association (Tjensvoll
et al., 2013). Interestingly, in a study by Morreale et al. (2014)
involving 120 pSS patients, headache was the most common
neurological complaint referred by the patients (46.9%) followed
by cognitive (44.4%) and mood disorders (38.3%). The most

frequently observed headache was MO. Interestingly, cutaneous
allodynia, a sign of central sensitization, was referred by 31% of
patients with headache, and particularly in migraine. Migraine
occurrence was also significantly related to SSA antibodies, MR
spectroscopy (MRS) alterations (reduction of NAA levels or
decrease in NAA/Cr ratio), and hemodynamic dysfunction at
ultrasonographic evaluations, but not to the presence of vasculitis
brain lesions and/or macrovascular damage [such as white matter
(WM) lesions and MS-like lesions]. In addition, the frequency
of headache and alterations to MRS appeared to be higher in
patients with Raynaud’s phenomenon.

Among the other systemic autoimmune disorders,
rheumatoid arthritis (RA) seems to be more prevalent
in migraineurs than in non-migraineurs (Kalaydjian and
Merikangas, 2008; Le et al., 2011). Moreover, one recent study
showed also that patients with migraine were more likely to
develop RA later in life. This temporal relationship may imply a
causal link between migraine and RA.

Several studies have investigated this association between
migraine and atopic diseases in both adult and child populations.
In particular, a relationship between asthma and migraine-type
headaches has been reported especially in females as well as
a greater prevalence of hay fever, rhinitis, and dermatitis in
migraineurs than in healthy non-atopic controls (Mortimer et al.,
1993; Wilkinson et al., 1994; Davey et al., 2002; Ku et al.,
2006; Ozge et al., 2006; Aamodt et al., 2007; Tollefsen et al.,
2008). Asthma has also been indicated as a risk factor for
new-onset CM (Lee et al.,, 2013; Gryglas, 2016; Martin et al.,
2016). In most of these studies, however, diagnosis of allergic
disorders is not definitive and is solely based on medical history
and to the presence of allergic or respiratory symptoms. The
most recent findings on this topic concern the greater risk of
migraine in atopic children (Wang et al.,, 2016). Furthermore,
the risk shows a cumulative effect of more allergic diseases and
more allergy-related health care (Wei et al, 2018). Children
and adolescents with migraine were more likely to complain
of persistent asthma, the latter being associated with higher
frequency and more disabling migraine attacks. Interestingly, the
history of anti-asthmatic or anti-allergic therapies was associated
with a decreased risk of migraine, suggesting their potential
role on the prevention of migraine occurrence in these patients
(Aupiais et al., 2017). Concurrent with the above results, a lower
“degree of atopy” has been related with less frequent and milder
migraine headaches in younger patients while a higher degree
with more frequent and disabling attacks. In these patients, the
administration of immunotherapy induced a decrease in the
frequency of migraine headache and associated disability (Martin
etal, 2011).

Supposed Pathophysiological Mechanisms
Dysfunction of the immunological system can be the common
pathophysiological link between migraine and immunological
diseases. Indeed, some immunological dysfunction has been
suggested to play a role in migraine pathogenesis (Kemper
et al, 2001; Bruno et al., 2007). Compared with that in healthy
subjects, a significant increase in CD4+ and a decrease in CD8+
populations has been found in migraine patients, which was
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associated with a reduction in immunoregulatory CD4+CD25+
cell levels. These findings suggest a possible failure of self-
recognition mechanisms in migraine patients, which could
predispose them to immunological and specifically autoimmune
disorders (Arumugam and Parthasarathy, 2016).

In pSS patients, pro-inflammation-mediated mechanisms and
endothelial dysfunctions of the cerebral microcirculation
could account for the comorbidity with migraine and
Raynaud’s phenomenon (Morreale et al., 2014). For this
reason, headache with migraine features and Raynaud’s
phenomenon may be attributed to a sort of “autoimmune
endotheliitis” directly inducing perivascular inflammation and a
vasomotor dysfunction.

One of the possible explanations of the occurrence of migraine
de novo or an exacerbation of a preexisting migraine is the
location of MS lesions in strategic sites of the nociceptive
pathways involved in the processing of head pain in migraine,
such as midbrain/periaqueductal gray matter areas (Gee et al.,
2005).

The association between RA and SLE and migraine has been
related to a shared dysfunction of the serotonergic system (Zeller
et al., 1983; Hamel, 2007; Wang et al., 2017). Platelet serotonin
levels are significantly decreased in RA patients and are inversely
related to clinical RA activity (Zeller et al., 1983). Nonetheless,
the production of inflammatory cytokines, such as TNF-a, was
inhibited by the serotonin (Cloéz-Tayarani et al., 2003) and
during treatment with serotonin reuptake inhibitors (Sacre et al.,
2010).

An increased production of platelet-activating factor and the
release of vasoactive neuropeptides can play a role both in
asthma pathogenesis (Wasserman, 1994) and in the induction
of migraine attacks (Sarchielli et al, 2004). Interestingly,
transient receptor potential cation channel subfamily V memberl
channels, which co-localize with vasoactive peptide CGRP and
are implicated in migraine pathophysiology, were found to
be overexpressed in asthmatic mice, and their antagonists
effectively suppressed inflammation (Li et al., 2019). Nonetheless,
a common genetic denominator is not negligible since children
have been demonstrated to be at higher risk of asthma if their
parents have a history of migraine (Giirkan et al., 2000).

MIGRAINE COMORBIDITY AS JUDGED BY
NEUROIMAGING TECHNIQUES

A good clinical history and neurological examination are
sufficient to make a diagnosis of migraine and to evaluate
the association with other medical conditions (Evans, 2019).
Nowadays, diagnostic tests are recommended only if an
abnormal neurological examination, red flags for secondary
headaches, atypical features of migraine, or changes in migraine
characteristics are present. However, diagnostic tests are often
performed in clinical practice to reduce diagnostic uncertainty,
to address the concerns of patients, or for medicolegal reasons
(Evans et al., 2020).

Since the late 1980s, MRI studies have disclosed the presence
of small, punctuate, regions of high-signal intensity involving the

deep or periventricular WM in patients with migraine (Hougaard
et al., 2014). Infarct-like lesions involving the cerebellum and
deep brain structures have also been described in migraine
patients with and without aura (Kruit et al., 2005; Bashir et al.,
2013). An increased risk of WM hyperintensities (WMHs) is
present even in pediatric patients with migraine (Mar et al., 2013;
Rocca et al., 2014). Whether these findings are migraine-specific
and what factors might influence their presence are still a matter
of debate. The prevalence of WM alterations in migraine patients
varies widely among the studies (Kruit et al., 2004; Hamedani
et al., 2013; Hougaard et al., 2014). Discordant findings have
been found regarding the association between the occurrence of
WMHs and a higher migraine attack frequency, longer disease
duration, the female gender, and presence of migraine aura (Kruit
et al,, 2010; Palm-Meinders et al., 2012; Bashir et al., 2013; Gaist
et al., 2016). Results of longitudinal studies investigating the
progression of WMHs in migraine patients are also inconsistent,
probably due to the use of different methods of WMH evaluation
and the inclusion of patients of different ages (Kurth et al.,
2011; Hamedani et al., 2013; Mar et al.,, 2013). WM alterations
are common in people aged 50 or over and in individuals with
cardiovascular risk factors (e.g., hypertension, DM, or smoking)
(Cannistraro et al., 2019). Some studies showed that migraine
patients with cardiovascular risk factors have a higher risk of
harboring WM abnormalities, suggesting that other potential
etiologies rather than migraine might explain the presence of
these alterations (Cooney et al., 1996; Bashir et al., 2013). An
abnormal cerebrovascular reactivity leading to focal oligemia,
atherosclerotic rick factors, endothelial dysfunction, and cardiac
abnormalities, including PFO and atrial septal defect, are some
of the mechanisms that might contribute to the occurrence of
WM alterations in migraine patients (Bashir et al., 2013; Lee et al.,
2019; Hoogeveen et al., 2020). Increased neuronal activation,
neurogenic inflammation, and metabolic dysfunction have also
been considered in the pathogenesis of WMHs in patients with
migraine (Porter et al., 2005).

The imaging features of WMHs of migraine patients may
resemble the WM lesions seen in patients with inflammatory
diseases, like MS, representing a diagnostic challenge. The
presence of cortical lesions or more than three periventricular
lesions or the identification of an intralesional vein may provide
important pieces of information in the diagnostic work-up of
migraine patients with WMHs, being highly specific for MS
(Absinta et al., 2012; Lapucci et al., 2019; Sinnecker et al., 2019).

Much attention has been paid to the differential diagnostics
between the migraine aura, especially when presenting as
negative scotoma, and the acute ischemic stroke. In fact,
on admission to the emergency room, 1 to 41% of patients
presenting with stroke-like symptoms are events that mimic a
stroke but are not caused by an ischemic brain event (Merino
et al, 2013). Among the latter, the migraine aura is the
third most frequent cause after epileptic aura and psychiatric
disorders (Terrin et al,, 2018). An accurate ophthalmological
evaluation, including best-corrected visual acuity, slit-lamp
biomicroscopy, intraocular pressure measurement, and indirect
ophthalmoscopy, by excluding optical media, retinal, or optic
nerve diseases, can help in the differential diagnosis. It has
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recently been observed that perfusion CT imaging can help in
the decision-making process leading to the differential diagnosis
of symptoms mimicking a stroke and, therefore, can direct to
appropriate treatment (Nieuwkamp et al.,, 2010; Hansen et al.,
2011; Miller and Goldberg, 2012; Campbell et al., 2013; Shah
etal., 2013; Angermaier et al., 2014; Rath et al., 2017; Ridolfi et al.,
2018; Granato et al., 2020). Diagnostic accuracy can be further
improved by refining the diagnostic criteria of transient ischemic
attacks, which can help to separate them from mimics (Lebedeva
et al., 2018; Dolmans et al., 2019).

Over the last decades, the use of neuroimaging techniques has
improved our understanding of the pathophysiology of migraine
and provided new insights into the mechanisms underpinning
comorbid conditions (Messina R. et al., 2018). A recent study
using transcranial sonography reported that migraine patients
with depression had a decreased echogenicity of the raphe nuclei.
Significant associations between raphe hypoechogenicity and
depression have been described in different neurological diseases,
supporting their role in the development of depression (Tao et al.,
2019). There is evidence showing that migraine patients have
functional and structural alterations of limbic areas with a key
role in the regulation of mood and affect and in the processing of
the emotional aspects of pain (Maizels et al., 2012). Interestingly,
a specific involvement of these regions has been demonstrated
in migraine patients with anxiety or depression. Functional
alterations of the hippocampus (Liu et al., 2015) and thalamus
(Wei et al,, 2019) have been associated with the presence of
anxiety in patients with migraine. Using diffusion tensor imaging,
a technique that allows exploring the microstructure of brain
WM tracts in vivo, Li and colleagues (Li et al, 2011) have
shown alterations of the corpus callosum in migraine patients
with anxiety or depressive disorder. Similar alterations were
also found in the bilateral corona radiata, superior longitudinal

fasciculus, thalamic radiation, and internal and external capsules
in migraine patients with depression. All these tracts connect
different brain regions involved in emotional processing, and
their involvement has been described in studies of patients with
psychiatric conditions (Yu et al., 2013).

Recent imaging evidence has shown common functional and
structural imaging patterns in migraine and RLS, supporting
shared pathophysiological mechanisms between these two
conditions. Abnormalities of dopaminergic neurons, such as
the substantia nigra, and volumetric alterations of the middle
frontal gyrus have been demonstrated in patients with comorbid
migraine and RLS (Yang et al., 2018; Aldemir et al., 2020).
Dysfunction of sensorimotor, attentive, and limbic brain
networks is also common to migraine and RLS (Yang et al., 2018).

It has been suggested that increased neuronal excitability and
CSD might play a role in the comorbidity between migraine
and epilepsy (Nye and Thadani, 2015). So far, only one imaging
study has explored imaging biomarkers that might explain the
coexistence of these two conditions. Huang and colleagues
showed microstructural alterations in the medial lemniscus and
cerebellar peduncles in patients with epilepsy and comorbid
migraine, suggesting that trigeminal and cerebellar alterations
might explain the occurrence of migraine in patients with
epilepsy (Huang et al, 2017). Further studies including a
larger sample of patients are needed to better understand the
mechanisms mediating comorbidities in migraine.

CONCLUSION AND PERSPECTIVES

It is clear from the amount of studies reviewed here that migraine
disorders are comorbid with a plethora of pathologies, not only
of the CNS (see Table 1). This relationship is always two-way,

TABLE 1 | List of the most frequent pathologies showing two-way comorbidity with migraine and their supposed pathophysiological mechanisms of comorbidity.

Comorbid condition Pathologies Genetic Pro- Cortical Energetic
substrate inflammatory dysexcitability/CSD  failure
Cerebrovascular Stroke X X X X
dysfunction
Metabolic and endocrine Diabetes, obesity, insulin resistance, hypothyroidism, and X X X X
comorbidities endometriosis
Epilepsy Benign occipital epilepsy of childhood with occipital paroxysms X X
and benign rolandic epilepsy
Psychiatric disorders Major depressive disorder, bipolar disorder, post-traumatic stress X X X
disorder, and anxiety disorder
Other pain syndromes Fibromyalgia, chronic low-back pain, pain accompanying X X
dysmenorrhea, and temporomandibular disorder
Sleep-related disorders Insomnia, sleep-disordered breathing, restless legs syndrome, X
narcolepsy, advanced sleep phase, and parasomnias
Gastrointestinal disorders Periodontitis, gastroesophageal reflux disease, Helicobacter pylori X X
infection, hepatobiliary disorders, celiac disease, irritable bowel
syndrome, inflammatory bowel disease, and constipation
Immunological disorders Multiple sclerosis, systemic lupus erythematosus, antiphospholipid X X

syndrome, primary Sjégren’s syndrome, rheumatoid arthritis, and
atopic diseases

CSD, cortical spreading depression.
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with migraine patients most frequently affected by comorbidity,  incorrect dietary regimes that may increase body weight,
just as migraine is frequently comorbid with the pathology = hormonal imbalances, musculoskeletal alterations, abnormal
under examination. work rhythms, and substance abuse) can also play an important
Overall, we can argue that the bidirectional mechanisms  role in both setting the cyclical migraine threshold and favoring
that are likely to underlie this extensive comorbidity between  other medical conditions.
migraine and other medical manifestations are manifold The variable combination of thalamocortical network
(Figure 1). Genetic non-modifiable factors are likely to be a  dysexcitability, of multi-organ transient or persistent pro-
protagonist, with multiple genes playing a role in different  inflammatory state, and disproportionate energetic needs
areas such as neurotransmission, synaptic plasticity, pain  induced and promoted by the additive comorbid pathologies,
regulation, vascular function, and energetic metabolism. On  may be causative mechanistic factors of the activation of an ample
this genetic basis, modifiable additive factors, such as those  and diffuse defensive system that includes the trigeminovascular
that may disturb the normal cerebral homeostatic equilibrium  system in conjunction with the neuroendocrine hypothalamic
(emotional dysregulation, alterations in wakeful sleep rhythm,  system. The latter, through vagal and spinal extrinsic primary
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FIGURE 1 | Schematic representation of the pathophysiological model of bidirectional comorbidity between migraine and other medical conditions. A biological
susceptibility, constituted by both nuclear and mitochondrial genomic peculiarities, can predispose to different clinical pathological conditions, to the propensity to
some physiological mechanisms, and to the lower the activation threshold of some brain structures. Several pathologies can be comorbid with migraine, including
neurological, psychiatric, cardio- and cerebrovascular, gastrointestinal, metaboloendocrine, painful, and immunological conditions. The variable combination of
thalamocortical network dysexcitability, of multi-organ transient or persistent pro-inflammatory state, and of disproportionate energetic needs induced and promoted
by the additive comorbid pathologies may be causative mechanistic factors of the activation of an ample defensive system that includes the trigeminovascular system
in conjunction with the neuroendocrine hypothalamic system.
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afferent neurons, is involved in coordinating appropriate
behavioral responses to aversive and threatening stimuli (Grafe
etal., 2017; James et al., 2017). The final product of the activation
of this defensive system is the triggering of migraine attack,
which sets the alarm on. Therefore, put into a cybernetic system
like that of the human organism, migraine pain can be considered
the vent valve that keeps the system in stable equilibrium and
prevents excessive depletion of energy reserves. On this line of
thinking, this could be considered an evolutionary strategy of
our brain to try to re-establish a condition of normality and
entice or force the patient in search of rest, avoidance of sensory
overstimulation, and abstention from food, drink, and other
potentially threatening and emotionally distressing behaviors
that could continue to compromise the subject in his/her
entirety. This strategy of the brain is designed to maintain its
homeostasis by regulating homeostatic needs, such as normal
subcortico-cortical excitability, energy balance, osmoregulation,
and emotional response (Coppola et al., 2021).

Some studies pointed out the headache clinical features and
response to acute and preventive treatment can have only minor
differences in the two sexes (Vetvik and MacGregor, 2017), but
others reported a clear sex disparity in migraine comorbidity
(Tietjen et al., 2007; Jensen and Stovner, 2008; Le et al,, 2011).
Opverall, the prevalence of comorbid conditions seems to reflect
their epidemiology, with women more frequently affected by
psychiatric and immune-mediated disorders and men by vascular
and other somatic diseases. Similarly, migraine patients present
more often psychological distress at younger ages while somatic
comorbidities later in life. However, altogether, migraineurs are
affected more frequently by other conditions than age-matched

REFERENCES

Aamodt, A. H., Stovner, L. J., Hagen, K., and Zwart, J. A. (2008). Comorbidity of
headache and gastrointestinal complaints. The Head-HUNT study. Cephalalgia
28, 144-151. doi: 10.1111/.1468-2982.2007.01486.x

Aamodt, A. H., Stovner, L. J., Langhammer, A., Hagen, K., and Zwart, J. A. (2007).
Is headache related to asthma, hay fever, and chronic bronchitis? The Head-
HUNT study. Headache 47, 204-212. doi: 10.1111/j.1526-4610.2006.00597.x

Abb, L., and Schaltenbrand, G. (1956). [Statistical study of the problem of multiple
sclerosis. II. The clinical aspects of the disease]. Dtsch. Z. Nervenheilkd.
174,201-218

Absinta, M., Rocca, M. A., Colombo, B., Copetti, M., De Feo, D., Falini, A,,
et al. (2012). Patients with migraine do not have MRI-visible cortical lesions.
J. Neurol. 259, 2695-2698. doi: 10.1007/s00415-012-6571-x

Adewuyi, E. O., Sapkota, Y., Auta, A., Yoshihara, K., Nyegaard, M., Griffiths, L. R.,
etal. (2020). Shared molecular genetic mechanisms underlie endometriosis and
migraine comorbidity. Genes 11:268. doi: 10.3390/genes11030268

Affaitati, G., Costantini, R., Tana, C., Cipollone, F., and Giamberardino, M. A.
(2020). Co-occurrence of pain syndromes. J. Neural. Transm. 127, 625-646.
doi: 10.1007/s00702-019-02107-8

Aggarwal, N., and Bielefeldt, K. (2013). Diagnostic stringency and healthcare
needs in patients with biliary dyskinesia. Dig. Dis. Sci. 58, 2799-2808.
doi: 10.1007/s10620-013-2719-5

Ahn, A. H.,, and Goadsby, P. J. (2013). Migraine and sleep: new connections.
Cerebrum 2013:15.

Ainiala, H., Loukkola, J., Peltola, J., Korpela, M., and Hietaharju, A. (2001). The
prevalence of neuropsychiatric syndromes in systemic lupus erythematosus.
Neurology 57, 496-500. doi: 10.1212/WNL.57.3.496

Akerman, S., and Goadsby, P. J. (2007). Dopamine and migraine:
biology and clinical implications.  Cephalalgia 27, 1308-1314.
doi: 10.1111/j.1468-2982.2007.01478 x

controls, suggesting anticipation of the onset in the disease
history (Buse et al., 2020).

Overall, all this implies that the treatment of migraine should
always involve a multidisciplinary approach, aimed at identifying
and, if necessary, eliminating possible risk and comorbidity
factors. This necessarily means that action should be taken as
early as possible in life, both as children and as adults when
migraine is still episodic. This is to avoid the evolution toward
first a chronic form and then toward pharmacological resistance.
This educational-behavioral process not only could favor the
response to drugs for the attack and prophylaxis but could also
allow the therapy to be better tailored to the individual patient.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

CA and GC contributed to the discussion of content, review,
and/or editing of the manuscript before submission. All authors
researched data for and participated in the writing of the article
and proofread the final manuscript before submission.

FUNDING

The contribution of IRCCS-Fondazione Bietti in this paper
was financially supported by Italian Ministry of Health and
Fondazione Roma.

Akgiin, H., Tagdemir, S., Ulas, U. H., Alay, S., Cetiz, A., Yiicel, M., et al. (2015).
Reduced breath holding index in patients with chronic migraine. Acta Neurol.
Belg. 115, 323-327. doi: 10.1007/s13760-014-0375-y

Alberti, A., Mazzotta, G., Gallinella, E., and Sarchielli, P. (2005). Headache
characteristics in obstructive sleep apnea syndrome and insomnia. Acta Neurol.
Scand. 111, 309-316. doi: 10.1111/j.1600-0404.2005.00372.x

Aldemir, A., Yucel, K., Giiven, H., Kamasak, B., Dilli, A., Acer, N., et al.
(2020). Structural neuroimaging findings in migraine patients with restless
legs syndrome. Neuroradiology 62, 1301-1313. doi: 10.1007/500234-020-0
2451-7

Aldrich, M. S., and Chauncey, J. B. (1990). Are morning headaches part of
obstructive sleep apnea syndrome? Arch. Intern. Med. 150, 1265-1267

Altamura, C., Paolucci, M., Brunelli, N., Rizzo, A. C., Cecchi, G., Assenza,
F., et al. (2019a). Right-to-left shunts and hormonal therapy influence
cerebral vasomotor reactivity in patients with migraine with aura. PLoS ONE
14:0220637. doi: 10.1371/journal.pone.0220637

Altamura, C., Paolucci, M., Costa, C. M., Brunelli, N., Cascio Rizzo, A,
Cecchi, G., et al. (2019b). Right-to-Left shunt and the clinical features of
migraine with aura: earlier but not more. Cerebrovasc. Dis. 47, 268-274.
doi: 10.1159/000501544

Altamura, C., Paolucci, M., and Vernieri, F. (2018). Migraine, endothelium,
hemodynamics. Neurol. Sci. 39, 87-89. doi: 10.1007/s10072-018-3351-0

Altamura, C., Viticchi, G., Fallacara, A., Costa, C. M., Brunelli, N., Fiori,
C., et al. (2020). Erenumab does not alter cerebral hemodynamics and
endothelial function in migraine without aura. Cephalalgia 41, 90-98.
doi: 10.1177/0333102420956692

Ameghino, L., Farez, M., Wilken, M., and Goicochea, M. (2019). Headache in
patients with celiac disease and its response to the gluten-free diet. J. Oral Facial
Pain Headache 33, 294-300. doi: 10.11607/0fph.2079

Amoozegar, F. (2017). Depression comorbidity in migraine. Int. Rev. Psychiatry 29,
504-515. doi: 10.1080/09540261.2017.1326882

Frontiers in Human Neuroscience | www.frontiersin.org

19

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1111/j.1468-2982.2007.01486.x
https://doi.org/10.1111/j.1526-4610.2006.00597.x
https://doi.org/10.1007/s00415-012-6571-x
https://doi.org/10.3390/genes11030268
https://doi.org/10.1007/s00702-019-02107-8
https://doi.org/10.1007/s10620-013-2719-5
https://doi.org/10.1212/WNL.57.3.496
https://doi.org/10.1111/j.1468-2982.2007.01478.x
https://doi.org/10.1007/s13760-014-0375-y
https://doi.org/10.1111/j.1600-0404.2005.00372.x
https://doi.org/10.1007/s00234-020-02451-7
https://doi.org/10.1371/journal.pone.0220637
https://doi.org/10.1159/000501544
https://doi.org/10.1007/s10072-018-3351-0
https://doi.org/10.1177/0333102420956692
https://doi.org/10.11607/ofph.2079
https://doi.org/10.1080/09540261.2017.1326882
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Andermann, F., and Zifkin, B. (1998). The benign occipital epilepsies of
childhood: An overview of the idiopathic syndromes and of the relationship
to migraine. Epilepsia 39 (Suppl. 4), S9-S23. doi: 10.1111/j.1528-1157.1998.tb0
5129.x

Andreeva, V. A,, Galan, P., Julia, C., Fezeu, L., Hercberg, S., and Kesse-Guyot,
E. (2019). A systematic literature review of observational studies of the
bidirectional association between metabolic syndrome and migraine. Diabetes
Metab. 45, 11-18. doi: 10.1016/j.diabet.2017.12.004

Angermaier, A., Langner, S., Kirsch, M., and Khaw, A. V (2014). Prolonged
aphasia and perfusion computed tomography abnormalities in migraine with
aura. Int. J. Case Reports Images 5, 222-225. doi: 10.5348/ijcri-2014-03-47
8-cr-9

Arendt-Nielsen, L., Morlion, B., Perrot, S., Dahan, A., Dickenson, A., Kress,
H. G, et al. (2018). Assessment and manifestation of central sensitisation
across different chronic pain conditions. Eur. J. Pain 22, 216-241.
doi: 10.1002/¢jp.1140

Arumugam, M., and Parthasarathy, V. (2016). Reduction of CD4+CD25+
regulatory T-cells in migraine: is migraine an autoimmune disorder? J.
Neuroimmunol. 290, 54-59. doi: 10.1016/j.jneuroim.2015.11.015

Arzani, M., Jahromi, S. R., Ghorbani, Z., Vahabizad, F., Martelletti, P., Ghaemi, A.,
et al. (2020). Gut-brain axis and migraine headache: a comprehensive review. J.
Headache Pain 21:15. doi: 10.1186/s10194-020-1078-9

Asherson, R. A, Giampaulo, D., Singh, S, and Sulman, L. (2007).
Dramatic response of severe headaches to anticoagulation in a patient
with antiphospholipid syndrome. J. Clin. 13, 173-174.
doi: 10.1097/RHU.0b013e3180690af6

Ashina, S., Lipton, R. B., Bendtsen, L., Hajiyeva, N., Buse, D. C., Lyngberg, A. C.,
et al. (2018). Increased pain sensitivity in migraine and tension-type headache
coexistent with low back pain: a cross-sectional population study. Eur. J. Pain
22,904-914. doi: 10.1002/ejp.1176

Ashok, A. H., Marques, T. R, Jauhar, S., Nour, M. M., Goodwin, G. M., Young,
A.H,, etal. (2017). The dopamine hypothesis of bipolar affective disorder: the
state of the art and implications for treatment. Mol. Psychiatry 22, 666-679.
doi: 10.1038/mp.2017.16

Askland, K., Read, C., and Moore, J. (2009). Pathways-based analyses of whole-
genome association study data in bipolar disorder reveal genes mediating ion
channel activity and synaptic neurotransmission. Hum. Genet. 125, 63-79.
doi: 10.1007/500439-008-0600-y

Aupiais, C., Wanin, S., Romanello, S., Spiri, D., Moretti, R., Boizeau, P., et al.
(2017). Association between migraine and atopic diseases in childhood:

Rheumatol.

a potential protective role of anti-allergic drugs. Headache 57, 612-624.
doi: 10.1111/head.13032

Ayata, C., and Lauritzen, M. (2015). Spreading depression, spreading
depolarizations, and the cerebral vasculature. Physiol. Rev. 95, 953-993.
doi: 10.1152/physrev.00027.2014

Baca, C. B, Vickrey, B. G, Caplan, R, Vassar, S. D., and Berg, A. T.
(2011). Psychiatric and medical comorbidity and quality of life outcomes
in childhood-onset epilepsy. Pediatrics 128, e1532-e1543. doi: 10.1542/peds.
2011-0245

Bahra, A., Matharu, M. S., Buchel, C., Frackowiak, R. S., and Goadsby, P. J. (2001).
Brainstem activation specific to migraine headache. Lancet 357, 1016-1017.
doi: 10.1016/s0140-6736(00)04250-1

Barabas, G., Ferrari, M., and Matthews, W. S. (1983). Childhood migraine and
somnambulism. Neurology 33, 948-949. doi: 10.1212/wnl.33.7.948

Barbieri, R., Bertelli, S., Pusch, M., and Gavazzo, P. (2019). Late sodium current
blocker GS967 inhibits persistent currents induced by familial hemiplegic
migraine type 3 mutations of the SCN1A gene. . Headache Pain 20:107.
doi: 10.1186/510194-019-1056-2

Bashir, A., Lipton, R. B., Ashina, S., and Ashina, M. (2013). Migraine and structural
changes in the brain: a systematic review and meta-analysis. Neurology 81,
1260-1268. doi: 10.1212/WNL.0b013e3182a6cb32

Belcastro, V., Striano, P., Kasteleijn-Nolst Trenité, D. G. A., Villa, M. P., and Parisi,
P. (2011). Migralepsy, hemicrania epileptica, post-ictal headache and “ictal
epileptic headache”: a proposal for terminology and classification revision. J.
Headache Pain 12, 289-294. doi: 10.1007/s10194-011-0318-4

Belcastro, V., Striano, P., and Parisi, P. (2012). “Ictal epileptic headache”™
beyond the epidemiological evidence. Epilepsy Behav. 25, 9-10.
doi: 10.1016/j.yebeh.2012.07.002

Ben-Or, O,, Zelnik, N., Shaoul, R., Pacht, A., and Lerner, A. (2015). The neurologic
profile of children and adolescents with inflammatory bowel disease. J. Child
Neurol. 30, 551-557. doi: 10.1177/0883073814521296

Beuthin, J., Veronesi, M., Grosberg, B., and Evans, R. W. (2020). Gluten-Free diet
and migraine. Headache 60, 2526-2529. doi: 10.1111/head.13993

Bhoi, S. K., Kalita, J., and Misra, U. K. (2012). Metabolic syndrome
and insulin resistance in migraine. J. Headache Pain 13, 321-326.
doi: 10.1007/510194-012-0416-y

Bigal, M. E., and Lipton, R. B.
and  comorbidities of  migraine.
doi: 10.1016/j.nc1.2008.11.011

Bigal, M. E., Lipton, R. B., Holland, P. R., and Goadsby, P. J. (2007). Obesity,
migraine, and chronic migraine: possible mechanisms of interaction. Neurology
68, 1851-1861. doi: 10.1212/01.wnl.0000262045.11646.b1

Bolay, H., Reuter, U., Dunn, A. K., Huang, Z., Boas, D., a, and Moskowitz, M.,
a (2002). Intrinsic brain activity triggers trigeminal meningeal afferents in a
migraine model. Nat. Med. 8, 136-142. doi: 10.1038/nm0202-136

Bombardier, C., Gladman, D. D., Urowitz, M. B., Caron, D., Chang, C. H., Austin,
A, et al. (1992). Derivation of the sledai. A disease activity index for lupus
patients. Arthritis Rheum. 35, 630-640. doi: 10.1002/art.1780350606

Bonati, M. T, Ferini-Strambi, L., Aridon, P., Oldani, A., Zucconi, M., and Casari,
G. (2003). Autosomal dominant restless legs syndrome maps on chromosome
14q. Brain 126, 1485-1492. doi: 10.1093/brain/awg137

Boneschi, F. M., Colombo, B., Annovazzi, P., Martinelli, V., Bernasconi, L., Solaro,
C., etal. (2008). Lifetime and actual prevalence of pain and headache in multiple
sclerosis. Mult. Scler. 14, 514-521. doi: 10.1177/1352458507085551

Borgdorff, P., and Tangelder, G. J. (2012). Migraine: possible role of shear-
induced platelet aggregation with serotonin release. Headache 52, 1298-1318.
doi: 10.1111/j.1526-4610.2012.02162.x

Bough, K. J., Wetherington, J., Hassel, B., Pare, J. F., Gawryluk, J. W., Greene, J. G.,
et al. (2006). Mitochondrial biogenesis in the anticonvulsant mechanism of the
ketogenic diet. Ann. Neurol. 60, 223-235. doi: 10.1002/ana.20899

(2009).
Neurol.

The epidemiology, burden,
Clin. 27, 321-334.

Boulanger, C. M. (2018). Highlight on endothelial activation
and beyond. Arterioscler. Thromb. Vasc. Biol. 38, e198-e201.
doi: 10.1161/ATVBAHA.118.312054

Boyle, R., Behan, P., and Sutton, J. (1990). A correlation between

severity of migraine and delayed gastric emptying measured by an
epigastric impedance method. Br. J. Clin. Pharmacol. 30, 405-409.
doi: 10.1111/.1365-2125.1990.tb03791.x

Brandt, K. D., and Lessell, S. (1978). Migrainous phenomena in systemic lupus
erythematosus. Arthritis Rheum. 21, 7-16. doi: 10.1002/art.1780210103

Brietzke, E., Mansur, R. B., Grassi-Oliveira, R., Soczynska, J. K., and McIntyre,
R. S. (2012). Inflammatory cytokines as an underlying mechanism of the
comorbidity between bipolar disorder and migraine. Med. Hypotheses 78,
601-605. doi: 10.1016/j.mehy.2012.01.036

Briley, D. P., Coull, B. M., and Goodnight, S. H. (1989). Neurological disease
associated with antiphospholipid antibodies. Ann. Neurol. 25, 221-227.
doi: 10.1002/ana.410250303

Brugnoni, R., Leone, M., Rigamonti, A., Moranduzzo, E., Cornelio, F., Mantegazza,
R, etal. (2002). Is the CACNA1A gene involved in familial migraine with aura?
Neurol. Sci. 23, 1-5. doi: 10.1007/s100720200015

Bruijn, J., Locher, H., Passchier, J., Dijkstra, N., and Arts, W. F. (2010).
Psychopathology in children and adolescents with migraine in clinical studies:
a systematic review. Pediatrics 126, 323-332. doi: 10.1542/peds.2009-3293

Bruni, O., Russo, P. M. Violani, C., and Guidetti, V. (2004). Sleep
and migraine: an actigraphic study. Cephalalgia 24, 134-139.
doi: 10.1111/j.1468-2982.2004.00657.x

Bruno, P. P., Carpino, F., Carpino, G., and Zicari, A. (2007). An overview on
immune system and migraine. Eur. Rev. Med. Pharmacol. Sci. 11, 245-248.

Burch, R. C,, Buse, D. C., and Lipton, R. B. (2019). Migraine: epidemiology, burden,
and comorbidity. Neurol. Clin. 37, 631-649. doi: 10.1016/j.ncl.2019.06.001

Burstein, R., Cutrer, M. F., and Yarnitsky, D. (2000a). The development of
cutaneous allodynia during a migraine attack clinical evidence for the
sequential recruitment of spinal and supraspinal nociceptive neurons in
migraine. Brain 123 (Pt. 8), 1703-1709. doi: 10.1093/brain/123.8.1703

Burstein, R., Jakubowski, M., Garcia-Nicas, E., Kainz, V., Bajwa, Z., Hargreaves, R.,
et al. (2010). Thalamic sensitization transforms localized pain into widespread
allodynia. Ann. Neurol. 68, 81-91. doi: 10.1002/ana.21994

Frontiers in Human Neuroscience | www.frontiersin.org

20

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1111/j.1528-1157.1998.tb05129.x
https://doi.org/10.1016/j.diabet.2017.12.004
https://doi.org/10.5348/ijcri-2014-03-478-cr-9
https://doi.org/10.1002/ejp.1140
https://doi.org/10.1016/j.jneuroim.2015.11.015
https://doi.org/10.1186/s10194-020-1078-9
https://doi.org/10.1097/RHU.0b013e3180690af6
https://doi.org/10.1002/ejp.1176
https://doi.org/10.1038/mp.2017.16
https://doi.org/10.1007/s00439-008-0600-y
https://doi.org/10.1111/head.13032
https://doi.org/10.1152/physrev.00027.2014
https://doi.org/10.1542/peds.2011-0245
https://doi.org/10.1016/s0140-6736(00)04250-1
https://doi.org/10.1212/wnl.33.7.948
https://doi.org/10.1186/s10194-019-1056-2
https://doi.org/10.1212/WNL.0b013e3182a6cb32
https://doi.org/10.1007/s10194-011-0318-4
https://doi.org/10.1016/j.yebeh.2012.07.002
https://doi.org/10.1177/0883073814521296
https://doi.org/10.1111/head.13993
https://doi.org/10.1007/s10194-012-0416-y
https://doi.org/10.1016/j.ncl.2008.11.011
https://doi.org/10.1212/01.wnl.0000262045.11646.b1
https://doi.org/10.1038/nm0202-136
https://doi.org/10.1002/art.1780350606
https://doi.org/10.1093/brain/awg137
https://doi.org/10.1177/1352458507085551
https://doi.org/10.1111/j.1526-4610.2012.02162.x
https://doi.org/10.1002/ana.20899
https://doi.org/10.1161/ATVBAHA.118.312054
https://doi.org/10.1111/j.1365-2125.1990.tb03791.x
https://doi.org/10.1002/art.1780210103
https://doi.org/10.1016/j.mehy.2012.01.036
https://doi.org/10.1002/ana.410250303
https://doi.org/10.1007/s100720200015
https://doi.org/10.1542/peds.2009-3293
https://doi.org/10.1111/j.1468-2982.2004.00657.x
https://doi.org/10.1016/j.ncl.2019.06.001
https://doi.org/10.1093/brain/123.8.1703
https://doi.org/10.1002/ana.21994
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Burstein, R., Yarnitsky, D., Goor-Aryeh, I, Ransil, B. J., and Bajwa, Z. H. (2000b).
An association between migraine and cutaneous allodynia. Ann. Neurol.

47, 614-24. doi: 10.1002/1531-8249(200005)47:5<614::AID-ANA9>3.0.
CO;2-N

Buse, D. C., Greisman, J. D. Baigi, K, and Lipton, R. B. (2019).
Migraine progression: a systematic review. Headache 59, 306-338.

doi: 10.1111/head.13459

Buse, D. C,, Reed, M. L., Fanning, K. M., Bostic, R., Dodick, D. W., Schwedt, T. J.,
etal. (2020). Comorbid and co-occurring conditions in migraine and associated
risk of increasing headache pain intensity and headache frequency: results of
the migraine in America symptoms and treatment (MAST) study. J. Headache
Pain 21:23. doi: 10.1186/510194-020-1084-y

Buse, D. C, Silberstein, S. D., Manack, A. N., Papapetropoulos, S., and Lipton, R. B.
(2013). Psychiatric comorbidities of episodic and chronic migraine. J. Neurol.
260, 1960-1969. doi: 10.1007/s00415-012-6725-x

Butt, J. H., Franzmann, U., and Kruuse, C. (2015). Endothelial function in migraine
with aura - a systematic review. Headache 55, 35-54. doi: 10.1111/head.12494

Calandre, E. P., Garcia-Leiva, J. M., Rico-Villademoros, F., Vilchez, J. S.,
and Rodriguez-Lopez, C. M. (2010). Pregabalin in the treatment of
chronic migraine: an open-label study. Clin. Neuropharmacol. 33, 35-39.
doi: 10.1097/WNF.0b013e3181bfldbe

Cémara-Lemarroy, C. R., Rodriguez-Gutierrez, R., Monreal-Robles, R.,
and Marfil-Rivera, A. (2016). Gastrointestinal disorders associated with
migraine: a comprehensive review. World J. Gastroenterol. 22, 8149-8160.
doi: 10.3748/wjg.v22.i36.8149

Campbell, B. C. V., Weir, L., Desmond, P. M., Tu, H. T. H,, Hand, P. J., Yan,
B., et al. (2013). CT perfusion improves diagnostic accuracy and confidence
in acute ischaemic stroke. J. Neurol. Neurosurg. Psychiatr 84, 613-618.
doi: 10.1136/jnnp-2012-303752

Cannistraro, R. J., Badi, M., Eidelman, B. H., Dickson, D. W., Middlebrooks,
E. H., and Meschia, J. F. (2019). CNS small vessel disease: a clinical
review. Neurology 92, 1146-1156. doi: 10.1212/WNL.00000000000
07654

Casucci, G., Villani, V., and Finocchi, C. (2010). Therapeutic strategies in migraine
patients with mood and anxiety disorders: physiopathological basis. Neurol. Sci.
31 (Suppl. 1), S99-S101. doi: 10.1007/s10072-010-0296-3

Cavestro, C., Rosatello, A., Micca, G., Ravotto, M., Marino, M. P., Asteggiano,
G., et al. (2007). Insulin metabolism is altered in migraineurs: a
new pathogenic mechanism for migraine? Headache 47, 1436-1442.
doi: 10.1111/j.1526-4610.2007.00719.x

Cecchi, G., Paolucci, M., Ulivi, M., Assenza, F., Brunelli, N., Cascio Rizzo, A.,
et al. (2018). Frequency and clinical implications of hypercoagulability states
in a cohort of patients with migraine with aura. Neurol. Sci. 39, 99-100.
doi: 10.1007/s10072-018-3353-y

Celikbilek, A., Celikbilek, M., Okur, A., Dogan, S., Borekci, E., Kozan, M., et al.
(2014). Non-alcoholic fatty liver disease in patients with migraine. Neurol. Sci.
35, 1573-1578. doi: 10.1007/s10072-014-1798-1

Cervera, R., Boffa, M. C., Khamashta, M. A., and Hughes, G. R. V. (2009).
The Euro-Phospholipid project: epidemiology of the antiphospholipid
syndrome in Europe. Lupus 18, 889-893. doi: 10.1177/09612033091
06832

Chan, S., tak, Tam, Y., Lai, C., yip, Wu, H., yee, Lam, Y., kei, Wong, P,
et al. (2009). Transcranial Doppler study of cerebrovascular reactivity: are
migraineurs more sensitive to breath-hold challenge? Brain Res. 1291, 53-59.
doi: 10.1016/j.brainres.2009.07.057

Chang, F. Y., and Lu, C. L. (2013). Irritable bowel syndrome and migraine:

Bystanders or partners? J. Neurogastroenterol. Motil. 19, 301-311.
doi: 10.5056/jnm.2013.19.3.301

Charbit, A. R., Akerman, S, and Goadsby, P. J. (2010). Dopamine:
what's new in migraine? Curr. Opin. Neurol. 23, 275-281.

doi: 10.1097/WCO.0b013e3283378d5¢

Chasman, D. I, Schiirks, M., Anttila, V., De Vries, B., Schminke, U., Launer,
L. J., et al. (2011). Genome-wide association study reveals three susceptibility
loci for common migraine in the general population. Nat. Genet. 43, 695-698.
doi: 10.1038/ng.856

Chen, G., Henter, I. D., and Manji, H. K. (2010). Presynaptic glutamatergic

Chen, P. K,, Fuh, J. L., Chen, S. P., and Wang, S. J. (2010). Association between
restless legs syndrome and migraine. J. Neurol. Neurosurg. Psychiatry 81,
524-528. doi: 10.1136/jnnp.2009.191684

Chen, S. C. (2006). Epilepsy and migraine: the dopamine hypotheses. Med.
Hypotheses 66, 466-472. doi: 10.1016/j.mehy.2005.09.045

Choi, W, Lim, M., Kim, J. S., and Chung, C. K. (2016). Habituation deficit of
auditory N100m in patients with fibromyalgia. Eur. J. Pain 20, 1634-1643.
doi: 10.1002/ejp.883

Cilliler, A. E., Giiven, H., and Comoglu, S. S. (2017). Epilepsy and
headaches: Further evidence of a link. Epilepsy Behav. 70, 161-165.
doi: 10.1016/j.yebeh.2017.03.009

Clarke, T., Baskurt, Z., Strug, L. J., and Pal, D. K. (2009). Evidence of shared
genetic risk factors for migraine and rolandic epilepsy. Epilepsia 50, 2428-2433.
doi: 10.1111/j.1528-1167.2009.02240.x

Clifford, D. B., and Trotter, J. L. (1984). Pain in multiple sclerosis. Arch. Neurol. 41,
1270-1272. doi: 10.1001/archneur.1984.04050230052017

Cloéz-Tayarani, I, Petit-Bertron, A. F., Venters, H. D., and Cavaillon, J.
M. (2003). Differential effect of serotonin on cytokine production in
lipopolysaccharide-stimulated human peripheral blood mononuclear cells:
involvement of 5-hydroxytryptamine2A receptors. Int. Immunol. 15, 233-240.
doi: 10.1093/intimm/dxg027

Cologno, D., Cicarelli, G., Petretta, V., d'Onofrio, F., and Bussone, G. (2008).
High prevalence of dopaminergic premonitory symptoms in migraine patients
with restless legs syndrome: a pathogenetic link? Neurol. Sci. 29 (Suppl. 1),
$166-S168. doi: 10.1007/s10072-008-0915-4

Cooney, B. S., Grossman, R. I, Farber, R. E., Goin, J. E., and Galetta, S. L.
(1996). Frequency of magnetic resonance imaging abnormalities in patients
with migraine. Headache 36,616-621. doi: 10.1046/j.1526-4610.1996.3610616.x

Coppola, G., Di Lorenzo, C., Schoenen, J., and Pierelli, F. (2013). Habituation
and sensitization in primary headaches. J. Headache 14:65.
doi: 10.1186/1129-2377-14-65

Coppola, G., Di Renzo, A., Tinelli, E., Di Lorenzo, C., Di Lorenzo, G., Parisi, V.,
et al. (2016). Thalamo-cortical network activity during spontaneous migraine
attacks. Neurology 87, 2154-2160. doi: 10.1212/WNL.0000000000003327

Coppola, G., Parisi, V., Di Renzo, A., and Pierelli, F. (2020). Cortical
pain processing in migraine. J. Neural 127, 551-566.
doi: 10.1007/s00702-019-02089-7

Coppola, G., Pierelli, F., and Schoenen, J. (2007). Is the cerebral cortex
hyperexcitable or hyperresponsive in migraine? Cephalalgia 27, 1427-1439.
doi: 10.1111/j.1468-2982.2007.01500.x

Coppola, G., Pierelli, F., Schoenen, J., Wang, S.-J., and Chen, W.-T. (2021).
“Neurophysiological model of migraine pathophysiology: bringing the past into
the future,” in Neurophysiology of the Migraine Brain, eds G. Coppola, and W.
T. Chen (Cham: Springer), 223-236. doi: 10.1007/978-3-030-56538-1_17

Coppola, G, Tinelli, E., Lepre, C., Iacovelli, E., Di Lorenzo, C., Di Lorenzo, G., et al.
(2014). Dynamic changes in thalamic microstructure of migraine without aura
patients: a diffusion tensor magnetic resonance imaging study. Eur. J. Neurol.
21, 287-e13. doi: 10.1111/ene.12296

Coppola, G., Vandenheede, M., Di Clemente, L., Ambrosini, A., Fumal, A., De
Pasqua, V., et al. (2005). Somatosensory evoked high-frequency oscillations
reflecting thalamo-cortical activity are decreased in migraine patients between
attacks. Brain 128, 98-103. doi: 10.1093/brain/awh334

Crompton, D. E., and Berkovic, S. F. (2009). The borderland of epilepsy: clinical
and molecular features of phenomena that mimic epileptic seizures. Lancet
Neurol. 8, 370-381. doi: 10.1016/S1474-4422(09)70059-6

Cuadrado, M. J., and Sanna, G. (2003). Headache and systemic lupus
erythematosus. Lupus 12, 943-946. doi: 10.1191/0961203303lu5060a

Curone, M., D’Amico, D., and Bussone, G. (2012). Obsessive-compulsive aspects
as predictors of poor response to treatments in patients with chronic
migraine and medication overuse. Neurol. Sci. 33 (Suppl. 1), S211-S213.
doi: 10.1007/s10072-012-1070-5

Curone, M., Tullo, V., Lovati, C., Proietti-Cecchini, A., and D’Amico, D.
(2014). Prevalence and profile of obsessive-compulsive trait in patients with
chronic migraine and medication overuse. Neurol. Sci. 35 (Suppl. 1):185-S187.
doi: 10.1007/s10072-014-1767-8

Dahmen, N., Kasten, M., Wieczorek, S., Gencik, M., Epplen, J. T., and Ullrich, B.

Pain

Transm.

dysfunction in bipolar disorder. Biol. Psychiatry 67, 1007-1009. (2003). Increased frequency of migraine in narcoleptic patients: a confirmatory
doi: 10.1016/j.biopsych.2010.03.027 study. Cephalalgia 23, 14-19. doi: 10.1046/j.1468-2982.2003.00343.x
Frontiers in Human Neuroscience | www.frontiersin.org 21 April 2021 | Volume 15 | Article 640574


https://doi.org/10.1002/1531-8249(200005)47:5<614::AID-ANA9>3.0.CO;2-N
https://doi.org/10.1111/head.13459
https://doi.org/10.1186/s10194-020-1084-y
https://doi.org/10.1007/s00415-012-6725-x
https://doi.org/10.1111/head.12494
https://doi.org/10.1097/WNF.0b013e3181bf1dbe
https://doi.org/10.3748/wjg.v22.i36.8149
https://doi.org/10.1136/jnnp-2012-303752
https://doi.org/10.1212/WNL.0000000000007654
https://doi.org/10.1007/s10072-010-0296-3
https://doi.org/10.1111/j.1526-4610.2007.00719.x
https://doi.org/10.1007/s10072-018-3353-y
https://doi.org/10.1007/s10072-014-1798-1
https://doi.org/10.1177/0961203309106832
https://doi.org/10.1016/j.brainres.2009.07.057
https://doi.org/10.5056/jnm.2013.19.3.301
https://doi.org/10.1097/WCO.0b013e3283378d5c
https://doi.org/10.1038/ng.856
https://doi.org/10.1016/j.biopsych.2010.03.027
https://doi.org/10.1136/jnnp.2009.191684
https://doi.org/10.1016/j.mehy.2005.09.045
https://doi.org/10.1002/ejp.883
https://doi.org/10.1016/j.yebeh.2017.03.009
https://doi.org/10.1111/j.1528-1167.2009.02240.x
https://doi.org/10.1001/archneur.1984.04050230052017
https://doi.org/10.1093/intimm/dxg027
https://doi.org/10.1007/s10072-008-0915-4
https://doi.org/10.1046/j.1526-4610.1996.3610616.x
https://doi.org/10.1186/1129-2377-14-65
https://doi.org/10.1212/WNL.0000000000003327
https://doi.org/10.1007/s00702-019-02089-7
https://doi.org/10.1111/j.1468-2982.2007.01500.x
https://doi.org/10.1007/978-3-030-56538-1_17
https://doi.org/10.1111/ene.12296
https://doi.org/10.1093/brain/awh334
https://doi.org/10.1016/S1474-4422(09)70059-6
https://doi.org/10.1191/0961203303lu506oa
https://doi.org/10.1007/s10072-012-1070-5
https://doi.org/10.1007/s10072-014-1767-8
https://doi.org/10.1046/j.1468-2982.2003.00343.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Dahmen, N., Querings, K., Griin, B., and Bierbrauer, J. (1999). Increased
frequency of migraine in narcoleptic patients. Neurology 52, 1291-1293.
doi: 10.1212/wnl.52.6.1291

Dai, Y.-J., Wang, H.-Y., Wang, X.-J., Kaye, A. D., and Sun, Y.-H. (2017). Potential
beneficial effects of probiotics on human migraine headache: a literature review.
Pain Physician 20, E251-E255.

Dalkara, T., Nozari, A., and Moskowitz, M. A. (2010). Migraine aura
pathophysiology: the role of blood vessels and microembolisation. Lancet
Neurol. 9,309-317. doi: 10.1016/S1474-4422(09)70358-8

D’Amico, D., La Mantia, L., Rigamonti, A., Usai, S., Mascoli, N., Milanese, C.,
et al. (2004). Prevalence of primary headaches in people with multiple sclerosis.
Cephalalgia 24, 980-984. doi: 10.1111/].1468-2982.2004.00790.x

D’Andrea, G., Granella, F., Perini, F., Farruggio, A., Leone, M., and Bussone,
G. (2006). Platelet levels of dopamine are increased in migraine and cluster
headache. Headache 46, 585-591. doi: 10.1111/j.1526-4610.2006.00407.x

Danese, E., Montagnana, M., and Lippi, G. (2014). Platelets and migraine. Thromb.
Res. 134, 17-22. doi: 10.1016/j.thromres.2014.03.055

DaSilva, A. F. M., Granziera, C., Tuch, D. S., Snyder, J., Vincent, M., and
Hadjikhani, N. (2007). Interictal alterations of the trigeminal somatosensory
pathway and periaqueductal gray matter in migraine. Neuroreport 18, 301-305.
doi: 10.1097/WNR.0b013e32801776bb

Davey, G., Sedgwick, P., Maier, W., Visick, G., Strachan, D. P., and Anderson, H. R.
(2002). Association between migraine and asthma: matched case-control study.
Br. ]. Gen. Prac. 52, 723-727.

De Giuli, V., Grassi, M., Lodigiani, C., Patella, R., Zedde, M., Gandolfo, C,,
et al. (2017). Association between migraine and cervical artery dissection
the Italian project on stroke in young adults. JAMA Neurol. 74, 512-518.
doi: 10.1001/jamaneurol.2016.5704

De Jong, H. J. I, Kingwell, E.,, Shirani, A., Tervaert, J. W. C., Hupperts, R., Zhao,
Y., et al. (2017). Evaluating the safety of B-interferons in MS. Neurology 88,
2310-2320. doi: 10.1212/WNL.0000000000004037

De Luca Canto, G., Singh, V., Bigal, M. E., Major, P. W., and Flores-Mir, C. (2014).
Association between tension-type headache and migraine with sleep bruxism:
a systematic review. Headache 54, 1460-1469. doi: 10.1111/head.12446

de Tommaso, M. (2012). Prevalence, clinical features and potential therapies
for fibromyalgia in primary headaches. Expert Rev. Neurother. 12, 287-296.
doi: 10.1586/ern.11.190

de Tommaso, M., Delussi, M., Vecchio, E., Sciruicchio, V., Invitto, S., and Livrea, P.
(2014a). Sleep features and central sensitization symptoms in primary headache
patients. J. Headache Pain 15:64. doi: 10.1186/1129-2377-15-64

de Tommaso, M., Nolano, M., Iannone, F., Vecchio, E., Ricci, K., Lorenzo,
M, et al. (2014b). Update on laser-evoked potential findings in fibromyalgia
patients in light of clinical and skin biopsy features. J. Neurol. 261, 461-472.
doi: 10.1007/s00415-013-7211-9

de Tommaso, M., Sciruicchio, V., Delussi, M., Vecchio, E., Goffredo, M., Simeone,
M, etal. (2017). Symptoms of central sensitization and comorbidity for juvenile
fibromyalgia in childhood migraine: an observational study in a tertiary
headache center. J. Headache Pain 18:59. doi: 10.1186/s10194-017-0764-8

de Tommaso, M., Sciruicchio, V., Ricci, K., Montemurno, A., Gentile, F.,
Vecchio, E., et al. (2016). Laser-evoked potential habituation and central
sensitization symptoms in childhood migraine. Cephalalgia 36, 463-473.
doi: 10.1177/0333102415597527

de Vries, B., Frants, R. R,, Ferrari, M. D., and van den Maagdenberg, A. M.
J. M. (2009). Molecular genetics of migraine. Hum. Genet. 126, 115-132.
doi: 10.1007/s00439-009-0684-z

Del Sette, M., Angeli, S., Leandri, M., Ferriero, G., Bruzzone, G. L., Finocchi, C.,
etal. (1998). Migraine with aura and right-to-left shunt on transcranial doppler:
a case-control study. Cerebrovasc. Dis. 8, 327-330. doi: 10.1159/000015875

Della Marca, G., Vollono, C., Rubino, M., Capuano, A., Di Trapani, G., and
Mariotti, P. (2006a). A sleep study in cluster headache. Cephalalgia 26,290-294.
doi: 10.1111/.1468-2982.2005.01037.x

Della Marca, G., Vollono, C., Rubino, M., Di Trapani, G., Mariotti, P., and Tonali,
P. A. (2006b). Dysfunction of arousal systems in sleep-related migraine without
aura. Cephalalgia 26, 857-864. doi: 10.1046/j.1468-2982.2002.00350.x-i1

Delussi, M., Vecchio, E., Libro, G., Quitadamo, S., and De Tommaso, M.
(2020). Failure of preventive treatments in migraine: an observational
retrospective study in a tertiary headache center. BMC Neurol. 20:256.
doi: 10.1186/s12883-020-01839-5

Dexter, J. D. (1979). The relationship between stage III + IV 4
REM sleep and arousals with migraine. Headache 19, 364-369.
doi: 10.1111/.1526-4610.1979.hed1907364.x

Di Lorenzo, C., Coppola, G., Bracaglia, M., Di Lenola, D., Evangelista, M., Sirianni,
G,, etal. (2016). Cortical functional correlates of responsiveness to short-lasting
preventive intervention with ketogenic diet in migraine: a multimodal evoked
potentials study. J. Headache Pain 17:58. doi: 10.1186/s10194-016-0650-9

Di Lorenzo, C., Coppola, G., Bracaglia, M., Di Lenola, D., Sirianni, G,
Rossi, P., et al. (2019a). A ketogenic diet normalizes interictal cortical
but not subcortical responsivity in migraineurs. BMC Neurol. 19:136.
doi: 10.1186/s12883-019-1351-1

Di Lorenzo, C., Coppola, G., Sirianni, G., Di Lorenzo, G., Bracaglia, M., Di Lenola,
D., et al. (2015). Migraine improvement during short lasting ketogenesis: a
proof-of-concept study. Eur. J. Neurol. 22, 170-177. doi: 10.1111/ene.12550

Di Lorenzo, C., Pierelli, F., Coppola, G., Grieco, G. S., Rengo, C., Ciccolella,
M, al. (2009). Mitochondrial DNA haplogroups influence the
therapeutic response to riboflavin in migraineurs. Neurology 72, 1588-1594.
doi: 10.1212/WNL.0b013e3181a41269

Di Lorenzo, C., Pinto, A., Ienca, R., Coppola, G., Sirianni, G., Di Lorenzo, G., et al.
(2019b). A randomized double-blind, cross-over trial of very low-calorie diet
in overweight migraine patients: a possible role for ketones? Nutrients 11:1742.
doi: 10.3390/nu11081742

Di Stefano, M., Pucci, E., Miceli, E., Pagani, E., Brondino, N., Nappi, G,
et al. (2019). Prevalence and pathophysiology of post-prandial migraine
in patients with functional dyspepsia. Cephalalgia 39, 1560-1568.
doi: 10.1177/0333102419857596

Di Stefano, V., Rispoli, M. G., Pellegrino, N., Graziosi, A., Rotondo, E., Napoli,
C., et al. (2020). Diagnostic and therapeutic aspects of hemiplegic migraine. J.
Neurol. Neurosurg. Psychiatr. 91, 764-771. doi: 10.1136/jnnp-2020-322850

Diaz, S., Bittar, K., and Mendez, M. D. (2020). Constipation. Treasure Island, FL:
StatPearls Publishing.

Diener, H. C,, Dodick, D. W., Aurora, S. K., Turkel, C. C., DeGryse, R. E., Lipton,
R. B, et al. (2010). OnabotulinumtoxinA for treatment of chronic migraine:
results from the double-blind, randomized, placebo-controlled phase of the
PREEMPT 2 trial. Cephalalgia 30, 804-814. doi: 10.1177/0333102410364677

Dodick, D. W, Eross, E. J., and Parish, J. M. (2003). Clinical, anatomical, and
physiologic relationship between sleep and headache. Headache 43, 282-292.
doi: 10.1046/j.1526-4610.2003.03055.x

Dolmans, L. S., Lebedeva, E. R., Veluponnar, D., Van Dijk, E. J., Nederkoorn, P.
J., Hoes, A. W,, et al. (2019). Diagnostic accuracy of the explicit diagnostic
criteria for transient ischemic attack: a validation study. Stroke 50, 2080-2085.
doi: 10.1161/STROKEAHA.119.025626

d’Onofrio, F., Bussone, G., Cologno, D., Petretta, V., Buzzi, M. G., Tedeschi, G.,
et al. (2008). Restless legs syndrome and primary headaches: a clinical study.
Neurol. Sci. 29. doi: 10.1007/s10072-008-0916-3

Dora, B., and Balkan, S. (2002). Exaggerated interictal cerebrovascular reactivity
but normal blood flow velocities in migraine without aura. Cephalalgia 22,
288-290. doi: 10.1046/j.1468-2982.2002.00365.x

Drake, M. E., Pakalnis, A., Andrews, J. M., and Bogner, J. E. (1990). Nocturnal sleep
recording with cassette EEG in chronic headaches. Headache J. Head Face Pain
30, 600-603. doi: 10.1111/j.1526-4610.1990.hed3009600.x

Dresler, T., Caratozzolo, S., Guldolf, K., Huhn, J. I, Loiacono, C., Niiberg-
Pikksoot, T., et al. (2019). Understanding the nature of psychiatric
comorbidity in migraine: a systematic review focused on interactions and
treatment implications. J. Headache Pain 20:51. doi: 10.1186/s10194-019-
0988-x

Duko, B., Ayalew, M., and Toma, A. (2020). The epidemiology of headaches among
patients with epilepsy: a systematic review and meta-analysis. J. Headache Pain
21:3. doi: 10.1186/s10194-020-1074-0

Ebrahimi-Fakhari, D., Saffari, A., Westenberger, A., and Klein, C. (2015). The
evolving spectrum of PRRT2-associated paroxysmal diseases. Brain 138,
3476-3495. doi: 10.1093/brain/awv317

Edvinsson, L. (2019). “Role of cgrp in migraine,” in Handbook of Experimental
Pharmacology, eds S. D. Brain, and P. Geppetti (New York, NY: Springer; LLC),
121-130. doi: 10.1007/164_2018_201

Edvinsson, L., Degueurce, A., Duverger, D., MacKenzie, E. T., and Scatton, B.
(1983). Central serotonergic nerves project to the pial vessels of the brain.
Nature 306, 55-57. doi: 10.1038/306055a0

et

Frontiers in Human Neuroscience | www.frontiersin.org

22

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1212/wnl.52.6.1291
https://doi.org/10.1016/S1474-4422(09)70358-8
https://doi.org/10.1111/j.1468-2982.2004.00790.x
https://doi.org/10.1111/j.1526-4610.2006.00407.x
https://doi.org/10.1016/j.thromres.2014.03.055
https://doi.org/10.1097/WNR.0b013e32801776bb
https://doi.org/10.1001/jamaneurol.2016.5704
https://doi.org/10.1212/WNL.0000000000004037
https://doi.org/10.1111/head.12446
https://doi.org/10.1586/ern.11.190
https://doi.org/10.1186/1129-2377-15-64
https://doi.org/10.1007/s00415-013-7211-9
https://doi.org/10.1186/s10194-017-0764-8
https://doi.org/10.1177/0333102415597527
https://doi.org/10.1007/s00439-009-0684-z
https://doi.org/10.1159/000015875
https://doi.org/10.1111/j.1468-2982.2005.01037.x
https://doi.org/10.1046/j.1468-2982.2002.00350.x-i1
https://doi.org/10.1186/s12883-020-01839-5
https://doi.org/10.1111/j.1526-4610.1979.hed1907364.x
https://doi.org/10.1186/s10194-016-0650-9
https://doi.org/10.1186/s12883-019-1351-1
https://doi.org/10.1111/ene.12550
https://doi.org/10.1212/WNL.0b013e3181a41269
https://doi.org/10.3390/nu11081742
https://doi.org/10.1177/0333102419857596
https://doi.org/10.1136/jnnp-2020-322850
https://doi.org/10.1177/0333102410364677
https://doi.org/10.1046/j.1526-4610.2003.03055.x
https://doi.org/10.1161/STROKEAHA.119.025626
https://doi.org/10.1007/s10072-008-0916-3
https://doi.org/10.1046/j.1468-2982.2002.00365.x
https://doi.org/10.1111/j.1526-4610.1990.hed3009600.x
https://doi.org/10.1186/s10194-019-0988-x
https://doi.org/10.1186/s10194-020-1074-0
https://doi.org/10.1093/brain/awv317
https://doi.org/10.1007/164_2018_201
https://doi.org/10.1038/306055a0
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Eijkelkamp, N, Linley, J. E., Baker, M. D., Minett, M. S., Cregg, R., Werdehausen,
R., et al. (2012). Neurological perspectives on voltage-gated sodium channels.
Brain 135, 2585-2612. doi: 10.1093/brain/aws225

Eikermann-Haerter, K., Hyun Lee, J., Yuzawa, L, Liu, C. H., Zhou, Z,
Kyoung Shin, H., et al. (2012). Migraine mutations increase stroke
vulnerability by facilitating ischemic depolarizations. Circulation 125, 335-345.
doi: 10.1161/CIRCULATIONAHA.111.045096

El-Metwally, A., Salminen, J. J., Auvinen, A., Kautiainen, H., and Mikkelsson,
M. (2004). Prognosis of non-specific musculoskeletal pain in preadolescents:
a prospective 4-year follow-up study till adolescence. Pain 110, 550-559.
doi: 10.1016/j.pain.2004.03.021

Engstrom, M., Hagen, K., Bjork, M. H., Stovner, L. J., and Sand, T. (2014). Sleep
quality and arousal in migraine and tension-type headache: the headache-sleep
study. Acta Neurol. Scand. 129, 47-54. doi: 10.1111/ane.12237

Erkan, D., Aguiar, C. L., Andrade, D., Cohen, H., Cuadrado, M. J., Danowski, A.,
et al. (2014). 14th international congress on antiphospholipid antibodies task
force report on antiphospholipid syndrome treatment trends. Autoimmun. Rev.
13, 685-696. doi: 10.1016/j.autrev.2014.01.053

Evans, R. W. (2019). diagnostic testing for migraine and other primary headaches.
Neurol. Clin. 37, 707-725. doi: 10.1016/j.ncl.2019.08.001

Evans, R. W., Burch, R. C,, Frishberg, B. M., Marmura, M. J., Mechtler, L. L.,
Silberstein, S. D., et al. (2020). Neuroimaging for migraine: the american
headache society systematic review and evidence-based guideline. Headache 60,
318-336. doi: 10.1111/head.13720

Evers, S. (2003). Migraine and idiopathic narcolepsy - a case-control study.
Cephalalgia 23, 786-789. doi: 10.1046/j.1468-2982.2003.00594.x

Fagherazzi, G., El Fatouhi, D., Fournier, A., Gusto, G., Mancini, F. R, Balkau,
B., et al. (2019). Associations between migraine and type 2 diabetes in
women: findings from the E3N cohort study. JAMA Neurol. 76, 257-263.
doi: 10.1001/jamaneurol.2018.3960

Fallah, R., Mirouliaei, M., Bashardoost, N., and Partovee, M. (2012).
Frequency of subclinical hypothyroidism in 5- to 15-year-old children
with migraine headache. J. Pediatr. Endocrinol. Metab. 25, 859-862.
doi: 10.1515/jpem-2012-0121

Faraji, F., Zarinfar, N, Zanjani, A. T., and Morteza, A. (2012). The effect of
Helicobacter pylori eradication on migraine: a randomized, double blind,
controlled trial. Pain Physician 15, 495-498

Fava, A., Pirritano, D., Consoli, D., Plastino, M., Casalinuovo, F., Cristofaro,
S., et al. (2014). Chronic migraine in women is associated with insulin
resistance: a cross-sectional study. Eur. J. Neurol. 21, 267-272. doi: 10.1111/ene.
12289

Ferndndez-Nebro, A., Palacios-Mufioz, R., Gordillo, J., Abarca-Costalago, M.,
De Haro-Liger, M., Rodriguez-Andreu, J., et al. (1999). Chronic or recurrent
headache in patients with systemic lupus erythematosus: a case control study.
Lupus 8, 151-156. doi: 10.1191/096120399678847443

Ferroni, P., Barbanti, P., Aurilia, C., Egeo, G., Fofi, L., La Farina, F,, et al. (2017).
Procoagulant imbalance in premenopausal women with chronic migraine.
Neurology 89, 1525-1527. doi: 10.1212/WNL.0000000000004435

Fiebich, B. L., Lieb, K., Engels, S., and Heinrich, M. (2002). Inhibition of
LPS-induced p42/44 MAP kinase activation and iNOS/NO synthesis by
parthenolide in rat primary microglial cells. J. Neuroimmunol. 132, 18-24.
doi: 10.1016/S0165-5728(02)00279-5

Fiermonte, G., Annulli A., and Pierelli F. (1999). Transcranial
doppler evaluation of cerebral hemodynamics in migraineurs during
prophylactic treatment with flunarizine. Cephalalgia 19, 492-496.
doi: 10.1046/j.1468-2982.1999.019005492.x

Frederiksen, S. D., Haanes, K. A., Warfvinge, K., and Edvinsson, L. (2019).
Perivascular neurotransmitters: regulation of cerebral blood flow and
role in primary headaches. J. Cereb. Blood Flow Metab. 39, 610-632.
doi: 10.1177/0271678X17747188

Freedman, M. S., and Gray, T. A. (1989). Vascular headache: a presenting

symptom of multiple sclerosis. Can. J. Neurol. Sci. 16, 63-66.
doi: 10.1017/S0317167100028523
Gagnon, M. M., and Elgendy, R. (2020). Comorbid pain experiences

in young women with dysmenorrhea. Women Heal. 60, 1-12.
doi: 10.1080/03630242.2020.1781741
Gaist, D., Garde, E., Blaabjerg, M., Nielsen, H. H., Kroigird, T., @Ostergaard,

K., et al. (2016). Migraine with aura and risk of silent brain infarcts

and white matter hyperintensities: an MRI study. Brain 139, 2015-2023.
doi: 10.1093/brain/aww099

Galizia, E. C., Myers, C. T., Leu, C.,, De Kovel, C. G. F., Afrikanova, T,
Cordero-Maldonado, M. L., et al. (2015). CHD2 variants are a risk factor for
photosensitivity in epilepsy. Brain 138, 1198-1207. doi: 10.1093/brain/awv052

Gallo, P., Sivieri, S., Ferrarini, A. M., Giometto, B., Ruffatti, A., Ritter, E.,
et al. (1994). Cerebrovascular and neurological disorders associated with
antiphospolipid antibodies in CSF and serum. J. Neurol. Sci. 122, 97-101.
doi: 10.1016/0022-510X(94)90058-2

Gameleira, F. T., Ataide, L., and Raposo, M. C. F. (2013). Relations

between epileptic seizures and headaches. Seizure 22, 622-626.
doi: 10.1016/j.seizure.2013.04.016

Gazerani, P. (2020). Migraine and diet. Nutrients 12, 1-11.
doi: 10.3390/nu12061658

Gazerani, P.,, and Cairns, B. E. (2018). Dysautonomia in the
pathogenesis of migraine. Expert Rev. Neurother. 18, 153-165.

doi: 10.1080/14737175.2018.1414601

Gee, J. R., Chang, J., Dublin, A. B,, and Vijayan, N. (2005). The association of
brainstem lesions with migraine-like headache: an imaging study of multiple
sclerosis. Headache 45, 670-677. doi: 10.1111/§.1526-4610.2005.05136.x

Gelaye, B., Sacco, S., Brown, W. J., Nitchie, H. L., Ornello, R., and Peterlin, B.
L. (2017). Body composition status and the risk of migraine: a meta-analysis.
Neurology 88, 1795-1804. doi: 10.1212/WNL.0000000000003919

Georgescu, D., Reisz, D., Gurban, C. V., Georgescu, L. A., Tonita, I., Ancusa, O. E,,
et al. (2018). Migraine in young females with irritable bowel syndrome: still a
challenge. Neuropsychiatr. Dis. Treat. 14, 21-28. doi: 10.2147/NDT.S144955

Giroud, M., D’Athis, P., Guard, O., and Dumas, R. (1986). [Migraine and
somnambulism. A survey of 122 migraine patients]. Rev. Neurol. 142, 42-46

Glanz, B. I, Venkatesan, A., Schur, P. H, Lew, R. A, and Khoshbin, S.
(2001). Prevalence of migraine in patients with systemic lupus erythematosus.
Headache 41, 285-289. doi: 10.1046/j.1526-4610.2001.111006285.x

Goadsby, P. J. (2005). Migraine pathophysiology. Headache 45 (Suppl. 1), S14-524.
doi: 10.1111/.1526-4610.2005.4501003.x

Goadsby, P. J., Holland, P. R., Martins-Oliveira, M., Hoffmann, J., Schankin, C.,
and Akerman, S. (2017). Pathophysiology of migraine: a disorder of sensory
processing. Physiol. Rev. 97, 553-622. doi: 10.1152/physrev.00034.2015

Goadsby, P. J., Lambert, G. A., and Lance, J. W. (1982). Differential
effects on the internal and external carotid circulation of the monkey

evoked by locus coeruleus stimulation. Brain Res. 249, 247-254.
doi: 10.1016/0006-8993(82)90058-0
Goder, R., Friege, L., Fritzer, G., Strenge, H., Aldenhoff, J. B., and

Hinze-Selch, D. (2003). Morning headaches in patients with sleep
disorders: a systematic polysomnographic study. Sleep Med. 4, 385-391.
doi: 10.1016/S1389-9457(03)00104-7

Goékgay, F., Oder, G., Gelebisoy, N., Gokeay, A., Sirin, H., and Kabasakal, Y. (2008).
Headache in primary sjogren’s syndrome: a prevalence study. Acta Neurol.
Scand. 118, 189-192. doi: 10.1111/j.1600-0404.2008.00997.x

Gollion, C., Nasr, N., Fabre, N., Barege, M., Kermorgant, M., Marquine, L., et al.
(2019). Cerebral autoregulation in migraine with aura: a case control study.
Cephalalgia 39, 635-640. doi: 10.1177/0333102418806861

Gonda, X., Petschner, P., Eszlari, N., Baksa, D., Edes, A, Antal, P, et al.
(2019). Genetic variants in major depressive disorder: from pathophysiology to
therapy. Pharmacol. Ther. 194, 22-43. doi: 10.1016/j.pharmthera.2018.09.002

Gonzalez, A., Hyde, E., Sangwan, N., Gilbert, J. A., Viirre, E., and Knight, R.
(2016). Migraines are correlated with higher levels of nitrate-, nitrite-, and nitric
oxide-reducing oral microbes in the american gut project cohort. mSystems 1,
€00105-16. doi: 10.1128/msystems.00105-16

Gonzélez-Quintanilla, V., Toriello, M., Palacio, E., Gonzélez-Gay, M. A., Castillo,
J.» Montes, S., et al. (2015). Systemic and cerebral endothelial dysfunction in
chronic migraine. A case-control study with an active comparator. Cephalalgia
36, 552-560. doi: 10.1177/0333102415607857

Gormley, P., Anttila, V., Winsvold, B. S., Palta, P., Esko, T., Pers, T. H,, et al.
(2016). Meta-analysis of 375,000 individuals identifies 38 susceptibility loci for
migraine. Nat. Genet. 48, 856-866. doi: 10.1038/ng.3598

Grafe, L. A., Eacret, D., Luz, S., Gotter, A. L., Renger, J. J., Winrow, C. |, et al.
(2017). Orexin 2 receptor regulation of the hypothalamic-pituitary-adrenal
(HPA) response to acute and repeated stress. Neuroscience 348, 313-323.
doi: 10.1016/j.neuroscience.2017.02.038

Frontiers in Human Neuroscience | www.frontiersin.org

23

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1093/brain/aws225
https://doi.org/10.1161/CIRCULATIONAHA.111.045096
https://doi.org/10.1016/j.pain.2004.03.021
https://doi.org/10.1111/ane.12237
https://doi.org/10.1016/j.autrev.2014.01.053
https://doi.org/10.1016/j.ncl.2019.08.001
https://doi.org/10.1111/head.13720
https://doi.org/10.1046/j.1468-2982.2003.00594.x
https://doi.org/10.1001/jamaneurol.2018.3960
https://doi.org/10.1515/jpem-2012-0121
https://doi.org/10.1111/ene.12289
https://doi.org/10.1191/096120399678847443
https://doi.org/10.1212/WNL.0000000000004435
https://doi.org/10.1016/S0165-5728(02)00279-5
https://doi.org/10.1046/j.1468-2982.1999.019005492.x
https://doi.org/10.1177/0271678X17747188
https://doi.org/10.1017/S0317167100028523
https://doi.org/10.1080/03630242.2020.1781741
https://doi.org/10.1093/brain/aww099
https://doi.org/10.1093/brain/awv052
https://doi.org/10.1016/0022-510X(94)90058-2
https://doi.org/10.1016/j.seizure.2013.04.016
https://doi.org/10.3390/nu12061658
https://doi.org/10.1080/14737175.2018.1414601
https://doi.org/10.1111/j.1526-4610.2005.05136.x
https://doi.org/10.1212/WNL.0000000000003919
https://doi.org/10.2147/NDT.S144955
https://doi.org/10.1046/j.1526-4610.2001.111006285.x
https://doi.org/10.1111/j.1526-4610.2005.4501003.x
https://doi.org/10.1152/physrev.00034.2015
https://doi.org/10.1016/0006-8993(82)90058-0
https://doi.org/10.1016/S1389-9457(03)00104-7
https://doi.org/10.1111/j.1600-0404.2008.00997.x
https://doi.org/10.1177/0333102418806861
https://doi.org/10.1016/j.pharmthera.2018.09.002
https://doi.org/10.1128/msystems.00105-16
https://doi.org/10.1177/0333102415607857
https://doi.org/10.1038/ng.3598
https://doi.org/10.1016/j.neuroscience.2017.02.038
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Granato, A., D’Acunto, L., Aj¢evi,¢, M., Furlanis, G., Ukmar, M., Mucelli, R. A. P.,
et al. (2020). A novel computed tomography perfusion-based quantitative tool
for evaluation of perfusional abnormalities in migrainous aura stroke mimic.
Neurol. Sci. 41, 3321-3328. doi: 10.1007/s10072-020-04476-5

Granberg, T., Martola, J., Kristoffersen-Wiberg, M., Aspelin, P., and Fredrikson,
S. (2013). Radiologically isolated syndrome - incidental magnetic resonance
imaging findings suggestive of multiple sclerosis, a systematic review. Mult.
Scler. J. 19, 271-280. doi: 10.1177/1352458512451943

Grassini, S, and Nordin, S. (2017). Comorbidity in migraine with
functional somatic syndromes, psychiatric disorders and inflammatory
diseases: a matter of central sensitization? Behav. Med. 43, 91-99.
doi: 10.1080/08964289.2015.1086721

Greenough, G. P., Nowell, P. D., and Sateia, M. J. (2002). Headache complaints
in relation to nocturnal oxygen saturation among patients with sleep apnea
syndrome. Sleep Med. 3, 361-364. doi: 10.1016/51389-9457(02)00006-0

Grossi, D. B., Lipton, R. B., and Bigal, M. E. (2009). Temporomandibular
disorders and migraine chronification. Curr. Pain Headache Rep. 13, 314-318.
doi: 10.1007/s11916-009-0050-9

Gruber, H., Bernecker, C., Pailer, S., Fauler, G., Horejsi, R., Moller, R,, et al.
(2010). Hyperinsulinaemia in migraineurs is associated with nitric oxide stress.
Cephalalgia 30, 593-598. doi: 10.1111/].1468-2982.2009.02012.x

Gryglas, A. (2016). Allergic rhinitis and chronic daily headaches: is there a link?
Curr. Neurol. Neurosci. Rep. 16, 1-8. doi: 10.1007/s11910-016-0631-z

Giirkan, F., Ece, A., Haspolat, K., and Dikici, B. (2000). Parental history of migraine
and bronchial asthma in children. Allergol. Immunopathol. 28, 15-17.

Hagen, K., Asvold, B. O., Midthjell, K., Stovner, L. J., Zwart, J. A., and Linde, M.
(2018). Inverse relationship between type 1 diabetes mellitus and migraine.
Data from the nord-trendelag health surveys 1995-1997 and 2006-2008.
Cephalalgia 38, 417-426. doi: 10.1177/0333102417690488

Hamberger, A., and van Gelder, N. M. (1993). Metabolic manipulation of neural
tissue to counter the hypersynchronous excitation of migraine and epilepsy.
Neurochem. Res. 18, 503-509. doi: 10.1007/BF00967254

Hamedani, A. G., Rose, K. M., Peterlin, B. L., Mosley, T. H., Coker, L. H., Jack,
C. R, etal. (2013). Migraine and white matter hyperintensities: the ARIC MRI
study. Neurology 81, 1308-1313. doi: 10.1212/WNL.0b013e3182a8235b

Hamel, E. (2007). Serotonin and migraine: biology and clinical implications.
Cephalalgia 27, 1293-1300. doi: 10.1111/§.1468-2982.2007.01476.x

Hanly, J. G., Urowitz, M. B., O’Keeffe, A. G., Gordon, C., Bae, S. C., Sanchez-
Guerrero, J., et al. (2013). Headache in systemic lupus erythematosus: results
from a prospective, international inception cohort study. Arthritis Rheum. 65,
2887-2897. doi: 10.1002/art.38106

Hansen, J. M., Schytz, H. W, Larsen, V. A,, Iversen, H. K., and Ashina, M. (2011).
Hemiplegic migraine aura begins with cerebral hypoperfusion: imaging in the
acute phase. Headache 51, 1289-1296. doi: 10.1111/j.1526-4610.2011.01963.x

Harer, C.,, and von Kummer, R. (1991). Cerebrovascular CO2 reactivity in
migraine: assessment by transcranial doppler ultrasound. J. Neurol. 238, 23-26.
doi: 10.1007/BF00319705

Harnod, T., Wang, Y. C., and Kao, C. H. (2015). Association of migraine and
sleep-related breathing disorder: a population-based cohort study. Medicine.
94:e1506. doi: 10.1097/MD.0000000000001506

Hiuser, W., Sarzi-Puttini, P., Tolle, T. R., and Wolfe, F. (2012). Placebo and nocebo
responses in randomised controlled trials of drugs applying for approval for
fibromyalgia syndrome treatment: systematic review and meta-analysis. Clin.
Exp. Rheumatol. 30, 78-87.

He, Z., Dong, L., Zhang, Y., Kong, Q., Tan, G., and Zhou, J. (2015). Metabolic
syndrome in female migraine patients is associated with medication overuse
headache: a clinic-based study in China. Eur. J. Neurol. 22, 1228-1234.
doi: 10.1111/ene.12732

Hering, R., Couturier, E. G. M., Steiner, T. J., Rose, F. C., and Asherson, R.
A. (1991). Anticardiolipin antibodies in migraine. Cephalalgia 11, 19-21.
doi: 10.1046/j.1468-2982.1991.1101019.x

Heshmat-Ghahdarijani, K., Javanmard, S. H., Sonbolestan, S. A., Saadatnia,
M., and Sonbolestan, S. A. (2015). Endothelial function in patients with
migraine without aura during the interictal period. Int. J. Prev. Med. 6:2.
doi: 10.4103/2008-7802.151432

Hindiyeh, N. A., Zhang, N., Farrar, M., Banerjee, P., Lombard, L., and Aurora, S.
K. (2020). The role of diet and nutrition in migraine triggers and treatment: a
systematic literature review. Headache 60, 1300-1316. doi: 10.1111/head.13836

Hinse, P., Schulz, A., Haag, F., Carvajal-Lizano, M., and Thie, A. (1993).
Anticardiolipin antibodies in oculocerebral ischaemia and migraine: prevalence
and prognostic value. Cerebrovasc. Dis. 3, 168-173. doi: 10.1159/000108693

Ho, G. W. K., Karatzias, T., Valliéres, F., Bondjers, K., Shevlin, M., Cloitre,
M, et al. (2021). Complex PTSD symptoms mediate the association between
childhood trauma and physical health problems. J. Psychosom. Res. 142110358.
doi: 10.1016/j.jpsychores.2021.110358

Hoffmann, J., Supronsinchai, W., Akerman, S., Andreou, A. P., Winrow, C. J.,
Renger, J., et al. (2015). Evidence for orexinergic mechanisms in migraine.
Neurobiol. Dis. 74, 137-143. doi: 10.1016/j.nbd.2014.10.022

Hogan, M. J., Brunet, D. G., Ford, P. M., and Lillicrap, D. (1988). Lupus
anticoagulant, antiphospholipid antibodies and migraine. Can. J. Neurol. Sci.
15, 420-425.

Holzer, P. (2007). Role of visceral afferent neurons in mucosal inflammation and
defense. Curr. Opin. Pharmacol. 7, 563-569. doi: 10.1016/j.coph.2007.09.004
Hoogeveen, E. S., Arkink, E. B., van der Grond, J., van Buchem, M. A,
Ferrari, M. D., Terwindt, G. M., et al. (2020). MRI evaluation of the
relationship between carotid artery endothelial shear stress and brain white
matter lesions in migraine. J. Cereb. Blood Flow Metab. 40, 1040-1047.

doi: 10.1177/0271678X19857810

Hougaard, A., Amin, F. M., and Ashina, M. (2014). Migraine and
structural abnormalities in the brain. Curr. Opin. Neurol. 27, 309-314.
doi: 10.1097/WCO.0000000000000086

Hovatta, I., Kallela, M., Firkkili, M., and Peltonen, L. (1994). Familial
migraine: Exclusion of the susceptibility gene from the reported
locus of familial hemiplegic migraine on 19p. Genomics 23, 707-709.
doi: 10.1006/geno.1994.1563

Huang, Q., Lv, X., He, Y., Wei, X., Ma, M,, Liao, Y., et al. (2017). Structural
differences in interictal migraine attack after epilepsy: A diffusion tensor
imaging analysis. Epilepsy Behav. 77, 8-12. doi: 10.1016/j.yebeh.2017.09.002

Hughes, G. R. (2010). Antiphospholipid syndrome, migraine and stroke. Lupus 19,
555-556. doi: 10.1177/0961203309358186

Hwang, H. S., Choi, H. S., Bin, J. H., Kim, Y. H,, Lee, I. G., and Chung, S. Y. (2016).
Clinical manifestation of primary headache with epigastric pain or tenderness
in children. J. Korean Child Neurol. Soc. 16, 169-174.

Hwang, S. T., Goodman, T., and Stevens, S. J. (2019). Painful seizures:
a review of epileptic ictal pain. Curr. Pain Headache Rep. 23:83.
doi: 10.1007/s11916-019-0825-6

IASP Terminology. (2020). IASP. Available online at: https://www.iasp-pain.org/
Education/Content.aspx?ItemNumber=1698 (accessed October 21, 2020).

ICHD (2018). Headache classification committee of the international headache
society (IHS) the international classification of headache disorders, 3rd edition.
Cephalalgia 38, 1-211. doi: 10.1177/0333102417738202

Iniguez, C., Pascual, C., Pardo, A., Martinez-Castrillo, J. C., and Alvarez-Cermeno,
J. C. (1991). Antiphospholipid antibodies in migraine. Headache J. Head Face
Pain 31, 666-668. doi: 10.1111/j.1526-4610.1991.hed3110666.x

Isenberg, D. A., Meyrick-Thomas, D., Snaith, M. L., McKeran, R. O., and Royston,
J. P. (1982). A study of migraine in systemic lupus erythematosus. Ann. Rheum.
Dis. 41, 30-32. doi: 10.1136/ard.41.1.30

James, M. H., Campbell, E. J., and Dayas, C. V. (2017). Role of the
orexin/hypocretin system in stress-related psychiatric disorders. Curr. Top.
Behav. Neurosci. 33, 197-219. doi: 10.1007/7854_2016_56

Jen, J. C., Wan, J., Palos, T. P., Howard, B. D., and Baloh, R. W. (2005). Mutation
in the glutamate transporter EAAT1 causes episodic ataxia, hemiplegia,
and seizures. Neurology 65, 529-534. doi: 10.1212/01.WNL.0000172638.
58172.5a

Jenabi, E., and Khazaei, S. (2020).
headache risk: a meta-analysis.
doi: 10.1080/03630242.2020.1779905

Jennum, P., and Jensen, R. (2002). Sleep and headache. Sleep Med. Rev. 6, 471-479.
doi: 10.1053/smrv.2001.0223

Jensen, R., and Stovner, L. J. (2008). Epidemiology and comorbidity of headache.
Lancet Neurol. 7, 354-361. doi: 10.1016/S1474-4422(08)70062-0

Jette, N., Patten, S., Williams, J., Becker, W., and Wiebe, S. (2008). Comorbidity
of migraine and psychiatric disorders - a national population-based study.
Headache 48, 501-516. doi: 10.1111/j.1526-4610.2007.00993.x

Joffily, L., de Melo Tavares de Lima, M. A., Vincent, M. B., and Frota,
S. M. M. C. (2016). Assessment of otoacoustic emission suppression

Endometriosis
Women  Health

and migraine
60, 939-945.

Frontiers in Human Neuroscience | www.frontiersin.org

24

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1007/s10072-020-04476-5
https://doi.org/10.1177/1352458512451943
https://doi.org/10.1080/08964289.2015.1086721
https://doi.org/10.1016/S1389-9457(02)00006-0
https://doi.org/10.1007/s11916-009-0050-9
https://doi.org/10.1111/j.1468-2982.2009.02012.x
https://doi.org/10.1007/s11910-016-0631-z
https://doi.org/10.1177/0333102417690488
https://doi.org/10.1007/BF00967254
https://doi.org/10.1212/WNL.0b013e3182a8235b
https://doi.org/10.1111/j.1468-2982.2007.01476.x
https://doi.org/10.1002/art.38106
https://doi.org/10.1111/j.1526-4610.2011.01963.x
https://doi.org/10.1007/BF00319705
https://doi.org/10.1097/MD.0000000000001506
https://doi.org/10.1111/ene.12732
https://doi.org/10.1046/j.1468-2982.1991.1101019.x
https://doi.org/10.4103/2008-7802.151432
https://doi.org/10.1111/head.13836
https://doi.org/10.1159/000108693
https://doi.org/10.1016/j.jpsychores.2021.110358
https://doi.org/10.1016/j.nbd.2014.10.022
https://doi.org/10.1016/j.coph.2007.09.004
https://doi.org/10.1177/0271678X19857810
https://doi.org/10.1097/WCO.0000000000000086
https://doi.org/10.1006/geno.1994.1563
https://doi.org/10.1016/j.yebeh.2017.09.002
https://doi.org/10.1177/0961203309358186
https://doi.org/10.1007/s11916-019-0825-6
https://www.iasp-pain.org/Education/Content.aspx?ItemNumber=1698
https://www.iasp-pain.org/Education/Content.aspx?ItemNumber=1698
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1111/j.1526-4610.1991.hed3110666.x
https://doi.org/10.1136/ard.41.1.30
https://doi.org/10.1007/7854_2016_56
https://doi.org/10.1212/01.WNL.0000172638.58172.5a
https://doi.org/10.1080/03630242.2020.1779905
https://doi.org/10.1053/smrv.2001.0223
https://doi.org/10.1016/S1474-4422(08)70062-0
https://doi.org/10.1111/j.1526-4610.2007.00993.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

in women with migraine and phonophobia. Neurol. Sci. 37, 703-709.
doi: 10.1007/s10072-016-2565-2

Johnson, K. G., Ziemba, A. M., and Garb, J. L. (2013). Improvement in
headaches with continuous positive airway pressure for obstructive
sleep apnea: a retrospective Headache 53, 333-343.
doi: 10.1111/j.1526-4610.2012.02251.x

Johnson, M. P, and Griffiths, L. R. (2005). A genetic analysis of serotonergic
biosynthetic and metabolic enzymes in migraine using a DNA pooling
approach. J. Hum. Genet. 50, 607-610. doi: 10.1007/s10038-005-0301-5

Jones, K. W., Ehm, M. G., Pericak-Vance, M. A., Haines, J. L., Boyd, P. R, and
Peroutka, S. J. (2001). Migraine with aura susceptibility locus on chromosome
19p13 is distinct from the familial hemiplegic migraine locus. Genomics 78,
150-154. doi: 10.1006/geno0.2001.6665

Kalaydjian, A., and Merikangas, K. (2008). Physical and mental comorbidity of
headache in a nationally representative sample of US adults. Psychosom. Med.
70, 773-780. doi: 10.1097/PSY.0b013e31817f9¢80

Kashikar-Zuck, S., Zafar, M., Barnett, K. A., Aylward, B. S., Strotman, D., Slater,
S. K., et al. (2013). Quality of life and emotional functioning in youth with
chronic migraine and juvenile fibromyalgia. Clin. J. Pain 29, 1066-1072.
doi: 10.1097/AJP.0b013e3182850544

Kasteleijn-Nolst Trenité, D., and Parisi, P. (2012). Migraine in the borderland
of epilepsy: “migralepsy” an overlapping syndrome of children and adults?
Epilepsia 53 (Suppl 7), 20-25. doi: 10.1111/j.1528-1167.2012.03711.x

Kastrup, A., Thomas, C., Hartmann, C., and Schabet, M. (1998). Cerebral blood
flow and CO2 reactivity in interictal migraineurs: a transcranial doppler study.
Headache 38, 608-613. doi: 10.1046/j.1526-4610.1998.3808608.x

Kati¢, B. J., Golden, W., Cady, R. K., and Hu, X. H. (2009). GERD prevalence in
migraine patients and the implication for acute migraine treatment. J. Headache
Pain 10, 35-43. doi: 10.1007/s10194-008-0083-1

Katsiari, C. G., Vikelis, M., Paraskevopoulou, E. S., Sfikakis, P. P., and
Mitsikostas, D. D. (2011). Headache in systemic lupus erythematosus vs
multiple sclerosis: a prospective comparative study. Headache 51, 1398-1407.
doi: 10.1111/j.1526-4610.2011.01962.x

Kelman, L. (2007). The triggers or precipitants of the acute migraine attack.
Cephalalgia 27, 394-402. doi: 10.1111/].1468-2982.2007.01303.x

Kemper, R. H. A., Meijler, W. ], Korf, J., and Ter Horst, G. J. (2001).
Migraine and function of the immune system: a meta-analysis of clinical
literature published between 1966 and 1999. Cephalalgia 21, 549-557.
doi: 10.1046/j.1468-2982.2001.00196.x

Kemper, R. H. A., Spoelstra, M. B., Meijler, W. ], and Ter Horst, G.
J. (1998). Lipopolysaccharide-induced hyperalgesia of intracranial
capsaicin  sensitive afferents in Pain 78, 181-190.
doi: 10.1016/S0304-3959(98)00125-0

Kim, J., Cho, S. J., Kim, W. J., Yang, K. I, Yun, C. H., and Chu, M. K. (2017).
Insufficient sleep is prevalent among migraineurs: a population-based study. J.
Headache Pain 18. doi: 10.1186/s10194-017-0756-8

analysis.

conscious rats.

Kim, J. S, Yue, Q. Jen, J. C, Nelson, S. F., and Baloh, R.
W. (1998). Familial migraine with vertigo: no  mutations
found in CACNAlA. Am. J. Med.  Genet. 79, 148-151.

doi: 10.1002/(sici) 1096-8628(19980901)79:2 < 148::aid-ajmg11>3.0.c0;2-j

King, E., and Odette, W. (2012). Complex migraine with subtherapeutic
INR in antiphospholipid syndrome. Am. J. Med. 125, e9.
doi: 10.1016/j.amjmed.2012.03.003

Kis, B., Abrahdm, C. S., Deli, M. A., Kobayashi, H., Niwa, M., Yamashita, H.,
et al. (2003). Adrenomedullin, an autocrine mediator of blood-brain barrier
function. Hypertens. Res. 26 (Suppl), $61-S70. doi: 10.1291/hypres.26.561

Kister, I., Caminero, A. B., Monteith, T. S., Soliman, A., Bacon, T. E., Bacon,
J. H., et al. (2010). Migraine is comorbid with multiple sclerosis and
associated with a more symptomatic MS course. J. Headache Pain 11, 417-425.
doi: 10.1007/s10194-010-0237-9

Kister, I, Munger, K. L., Herbert, J., and Ascherio, A. (2012). Increased risk of
multiple sclerosis among women with migraine in the nurses’ health study II.
Mult. Scler. ]. 18, 90-97. doi: 10.1177/1352458511416487

Kok, S. N., Hayes, S. N., Cutrer, F. M., Raphael, C. E., Gulati, R., Best, P.
J. M., et al. (2018). Prevalence and clinical factors of migraine in patients
with spontaneous coronary artery dissection. . Am. Heart Assoc. 7:€010140.
doi: 10.1161/JAHA.118.010140

Kopytek, M., Natorska, T and Undas, A. (2018).
Antiphosphatidylserine/prothrombin (aPS/PT) antibodies are associated with
raynaud phenomenon and migraine in primary thrombotic antiphospholipid
syndrome. Lupus 27, 812-819. doi: 10.1177/0961203317751644

Kristoffersen, E. S., Borte, S., Hagen, K., Zwart, J. A., and Winsvold, B. S. (2020).
Migraine, obesity and body fat distribution - a population-based study. J.
Headache Pain 21. doi: 10.1186/s10194-020-01163-w

Kruit, M. C., Launer, L. J., Ferrari, M. D., and van, B. (2005). Infarcts in
the posterior circulation territory in migraine. the population-based MRI
CAMERA study. Brain 128, 2068-2077. doi: 10.1093/brain/awh542

Kruit, M. C.,, Van Buchem, M. A., Launer, L. J., Terwindt, G. M., and
Ferrari, M. D. (2010). Migraine is associated with an increased risk of deep
white matter lesions, subclinical posterior circulation infarcts and brain iron
accumulation: the population-based MRI CAMERA study. Cephalalgia 30,
129-136. doi: 10.1111/§.1468-2982.2009.01904.x

Kruit, M. C., van, B., Hofman, P. A., Bakkers, J. T., Terwindt, G. M., Ferrari, M. D.,
et al. (2004). Migraine as a risk factor for subclinical brain lesions. JAMA 291,
427-434. doi: 10.1001/jama.291.4.427

Ku, M., Silverman, B., Prifti, N., Ying, W., Persaud, Y., and Schneider, A. (2006).
Prevalence of migraine headaches in patients with allergic rhinitis. Ann. Aller.
Asthma Immunol. 97, 226-230. doi: 10.1016/S1081-1206(10)60018-X

Kigiiksen, S., Geng, E., Yilmaz, H. Salli, A., Gezer, 1. A., Karahan, A.
Y., et al. (2013). The prevalence of fibromyalgia and its relation with
headache characteristics in episodic migraine. Clin. Rheumatol. 32, 983-990.
doi: 10.1007/s10067-013-2218-2

Kumar, S., Singh, S., Kumar, N., and Verma, R. (2018). The effects of repetitive
transcranial magnetic stimulation at dorsolateral prefrontal cortex in the
treatment of migraine comorbid with depression: a retrospective open study.
Clin. Psychopharmacol. Neurosci. 16, 62-66. doi: 10.9758/cpn.2018.16.1.62

Kurth, T., Chabriat, H., and Bousser, M. G. (2012). Migraine and stroke: a
complex association with clinical implications. Lancet Neurol. 11, 92-100.
doi: 10.1016/S1474-4422(11)70266-6

Kurth, T., Holtmann, G., Neufang-Hiiber, J., Gerken, G., and Diener, H. C.
(2006). Prevalence of unexplained upper abdominal symptoms in patients with
migraine. Cephalalgia 26, 506-510. doi: 10.1111/].1468-2982.2005.01076.x

Kurth, T., Mohamed, S., Maillard, P., Zhu, Y. C., Chabriat, H., Mazoyer, B.,
et al. (2011). Headache, migraine, and structural brain lesions and function:
Population based epidemiology of vascular ageing-MRI study. BMJ 342:215.
doi: 10.1136/bmj.c7357

Lake, A. E., Rains, J. C., Penzien, D. B., and Lipchik, G. L. (2005). Headache and
psychiatric comorbidity: historical context, clinical implications, and research
relevance. Headache 45, 493-506. doi: 10.1111/.1526-4610.2005.05101.x

Lapucci, C., Saitta, L., Bommarito, G., Sormani, M. P., Pardini, M.,
Bonzano, L., et al. (2019). How much do periventricular lesions assist
in distinguishing migraine with aura from CIS? Neurology 92, 1-6.
doi: 10.1212/WNL.0000000000007266

Larsen, J. S., Skaug, E. A., Wisloff, U., Ellingsen, @., Stovner, L. J., Linde, M., et al.
(2016). Migraine and endothelial function: the HUNT3 Study. Cephalalgia 36,
1341-1349. doi: 10.1177/0333102416631961

Lateef, T. M., Cui, L., Nelson, K. B., Nakamura, E. F., and Merikangas, K. R. (2012).
Physical comorbidity of migraine and other headaches in US adolescents. J.
Pediatr. 161, 308-313.e1. doi: 10.1016/j.jpeds.2012.01.040

Latremoliere, A., and Woolf, C. J. (2009). Central sensitization: a generator
of pain hypersensitivity by central neural plasticity. J. Pain 10, 895-926.
doi: 10.1016/j.jpain.2009.06.012

Le, H., Tfelt-Hansen, P., Russell, M. B., Skytthe, A. Kyvik, K. O. and
Olesen, J. (2011). Co-morbidity of migraine with somatic disease in a large
population-based study. Cephalalgia 31, 43-64. doi: 10.1177/03331024103
73159

Lebedeva, E. R.,, Gurary, N. M., Gilev, D. V., Christensen, A. F., and
Olesen, J. (2018). Explicit diagnostic criteria for transient ischemic attacks
to differentiate it from migraine with aura. Cephalalgia 38, 1463-1470.
doi: 10.1177/0333102417736901

Lee, M. C., Zambreanu, L., Menon, D. K., and Tracey, I. (2008). Identifying
brain activity specifically related to the maintenance and perceptual
consequence of central sensitization in humans. J. Neurosci. 28, 11642-11649.
doi: 10.1523/JNEUROSCI.2638-08.2008

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1007/s10072-016-2565-2
https://doi.org/10.1111/j.1526-4610.2012.02251.x
https://doi.org/10.1007/s10038-005-0301-5
https://doi.org/10.1006/geno.2001.6665
https://doi.org/10.1097/PSY.0b013e31817f9e80
https://doi.org/10.1097/AJP.0b013e3182850544
https://doi.org/10.1111/j.1528-1167.2012.03711.x
https://doi.org/10.1046/j.1526-4610.1998.3808608.x
https://doi.org/10.1007/s10194-008-0083-1
https://doi.org/10.1111/j.1526-4610.2011.01962.x
https://doi.org/10.1111/j.1468-2982.2007.01303.x
https://doi.org/10.1046/j.1468-2982.2001.00196.x
https://doi.org/10.1016/S0304-3959(98)00125-0
https://doi.org/10.1186/s10194-017-0756-8
https://doi.org/10.1002/(sici)1096-8628(19980901)79:2$<$148::aid-ajmg11$>$3.0.co;2-j
https://doi.org/10.1016/j.amjmed.2012.03.003
https://doi.org/10.1291/hypres.26.S61
https://doi.org/10.1007/s10194-010-0237-9
https://doi.org/10.1177/1352458511416487
https://doi.org/10.1161/JAHA.118.010140
https://doi.org/10.1177/0961203317751644
https://doi.org/10.1186/s10194-020-01163-w
https://doi.org/10.1093/brain/awh542
https://doi.org/10.1111/j.1468-2982.2009.01904.x
https://doi.org/10.1001/jama.291.4.427
https://doi.org/10.1016/S1081-1206(10)60018-X
https://doi.org/10.1007/s10067-013-2218-2
https://doi.org/10.9758/cpn.2018.16.1.62
https://doi.org/10.1016/S1474-4422(11)70266-6
https://doi.org/10.1111/j.1468-2982.2005.01076.x
https://doi.org/10.1136/bmj.c7357
https://doi.org/10.1111/j.1526-4610.2005.05101.x
https://doi.org/10.1212/WNL.0000000000007266
https://doi.org/10.1177/0333102416631961
https://doi.org/10.1016/j.jpeds.2012.01.040
https://doi.org/10.1016/j.jpain.2009.06.012
https://doi.org/10.1177/0333102410373159
https://doi.org/10.1177/0333102417736901
https://doi.org/10.1523/JNEUROSCI.2638-08.2008
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Lee, M. J., Park, B. Y., Cho, S., Park, H., and Chung, C. S. (2019). Cerebrovascular
reactivity as a determinant of deep white matter hyperintensities in migraine.
Neurology 92, E342-E350. doi: 10.1212/WNL.0000000000006822

Lee, Y. S, Lee, G. D,, Lee, J. S., Rhee, C. K., Shim, T. S., Kim, W. S., et al. (2013).
Is daily headache related to asthma? Results from a population-based survey. J.
Asthma 50, 745-750. doi: 10.3109/02770903.2013.795587

Leira, Y., Ameijeira, P., Dominguez, C., Leira, R., and Blanco, J. (2018). High
serum procalcitonin levels in patients with periodontitis and chronic migraine.
J. Periodontol. 89, 1069-1074. doi: 10.1002/JPER.17-0603

Leira, Y., Ameijeira, P., Dominguez, C., Lopez-Arias, E., Avila-Gémez, P., Pérez-
Mato, M., et al. (2020). Severe periodontitis is linked with increased peripheral
levels of STWEAK and PTX3 in chronic migraineurs. Clin. Oral Investig. 24,
597-606. doi: 10.1007/s00784-019-02950-9

Leo, R. J.,, and Singh, J. (2016). Migraine headache and bipolar disorder
comorbidity: a systematic review of the literature and clinical implications.
Scand. J. Pain 11, 136-145. doi: 10.1016/j.sjpain.2015.12.002

Leonardi, M., Steiner, T. J., Scher, A. T., and Lipton, R. B. (2005). The global
burden of migraine: measuring disability in headache disorders with WHO’s
classification of functioning, disability and health (ICF). J. Headache Pain 6,
429-440. doi: 10.1007/s10194-005-0252-4

Lessa, B., Santana, A., Lima, I., Almeida, J. M., and Santiago, M. (2006). Prevalence
and classification of headache in patients with systemic lupus erythematosus.
Clin. Rheumatol. 25, 850-853. doi: 10.1007/s10067-005-0186-x

Leung, A., Shirvalkar, P., Chen, R., Kuluva, J., Vaninetti, M., Bermudes, R., et al.
(2020). Transcranial magnetic stimulation for pain, headache, and comorbid
depression: INS-NANS expert consensus panel review and recommendation.
Neuromodulation 23, 267-290. doi: 10.1111/ner.13094

Levine, S., Joseph, R., D’andrea, G., and Welch, K. (1987). Migraine and the lupus
anticoagulant: case reports and review of the literature. Cephalalgia 7, 93-99.
doi: 10.1046/j.1468-2982.1987.0702093.x

Li, C, Yu, S, Li, H, Zhou, J., Liu, J., Tang, W., et al. (2017). Clinical features and
risk factors for irritable bowel syndrome in migraine patients. Pakistan J. Med.
Sci. 33, 720-725. doi: 10.12669/pjms.333.12379

Li, J., Chen, Y., Chen, Q. Y., Liu, D., Xu, L., Cheng, G., et al. (2019). Role of
transient receptor potential cation channel subfamily V. member 1 (TRPV1)
on ozone-exacerbated allergic asthma in mice. Environ. Pollut. 247, 586-594.
doi: 10.1016/j.envpol.2019.01.091

Li, L., Schulz, U. G., Kuker, W., and Rothwell, P. M. (2015). Age-specific association
of migraine with cryptogenic TIA and stroke. Neurology 85, 1444-1451.
doi: 10.1212/WNL.0000000000002059

Li, X. L, Fang, Y. N, Gao, Q. C, Lin, E. ], Hu, S. H,, Ren, L, et al. (2011). A
diffusion tensor magnetic resonance imaging study of corpus callosum from
adult patients with migraine complicated with depressive/anxious disorder.
Headache 51, 237-245. doi: 10.1111/j.1526-4610.2010.01774.x

Li, Y., Jiang, Y. C, and Owyang, C. (1998). Central CGRP inhibits
pancreatic enzyme secretion by modulation of vagal parasympathetic
outflow. Am. J. Physiol. - Gastrointest. Liver Physiol. 275, G957-963.
doi: 10.1152/ajpgi.1998.275.5.g957

Ligthart, L., Hottenga, J. J., Lewis, C. M., Farmer, A. E., Craig, I. W., Breen, G,,
et al. (2014). Genetic risk score analysis indicates migraine with and without
comorbid depression are genetically different disorders. Hum. Genet. 133,
173-186. doi: 10.1007/s00439-013-1370-8

Liman, T. G., Bachelier-Walenta, K., Neeb, L., Rosinski, J., Reuter, U., BShm, M.,
etal. (2015). Circulating endothelial microparticles in female migraineurs with
aura. Cephalalgia 35, 88-94. doi: 10.1177/0333102414529671

Lin, G. Y, Lin, Y. K, Lee, J. T., Lee, M. S, Lin, C. C., Tsai, C. K., et al.
(2016). Prevalence of restless legs syndrome in migraine patients with and
without aura: a cross-sectional, case-controlled study. J. Headache Pain 17.
doi: 10.1186/s10194-016-0691-0

Lippi, G., Mattiuzzi, C., and Cervellin, G. (2015). Meta-analysis of factor v
Leiden and prothrombin G20210A polymorphism in migraine. Blood Coagul.
Fibrinolysis 26, 7-12. doi: 10.1097/MBC.0000000000000188

Lipton, R. B., Hamelsky, S. W., Kolodner, K. B., Steiner, T. J., and Stewart,
W. F. (2000). Migraine, quality of life, and depression: a population-based
case-control study. Neurology 55, 629-635. doi: 10.1212/WNL.55.5.629

Lipton, R. B., Ottman, R., Ehrenberg, B. L., and Hauser, W. A. (1994). Comorbidity
of migraine: the connection between migraine and epilepsy. Neurology
44, 528-32.

Lipton, R. B., Stewart, W. F., Diamond, S., Diamond, M. L., and Reed,
M. (2001). Prevalence and burden of migraine in the United States:
data from the American migraine study II. Headache 41, 646-57.
doi: 10.1046/j.1526-4610.2001.041007646.x

Lisicki, M., D’Ostilio, K., Coppola, G., Scholtes, F., Maertens de Noordhout,
A., Parisi, V., et al. (2018). Evidence of an increased neuronal activation-to-
resting glucose uptake ratio in the visual cortex of migraine patients: a study
comparing 18FDG-PET and visual evoked potentials. J. Headache Pain 19:49.
doi: 10.1186/s10194-018-0877-8

Lisicki, M., and Schoenen, J. (2020). Metabolic treatments of migraine. Expert Rev.
Neurother. 20, 295-302. doi: 10.1080/14737175.2020.1729130

Liu, J., Lan, L., Mu, J., Zhao, L., Yuan, K., Zhang, Y., et al. (2015). Genetic
contribution of catechol-O-methyltransferase in hippocampal structural and
functional changes of female migraine sufferers. Hum. Brain Mapp. 36,
1782-1795. doi: 10.1002/hbm.22737

Lodi, R., Tonon, C., Testa, C., Manners,
(2006). Energy metabolism in migraine.
doi: 10.2174/0929867325666180622154411

Loh, N. K., Dinner, D. S., Foldvary, N., Skobieranda, F., and Yew, W. W. (1999).
Do patients with obstructive sleep apnea wake up with headaches? Arch. Intern.
Med. 159, 1765-1768. doi: 10.1001/archinte.159.15.1765

Longo, L., Cecora, V., Rossi, R., Niolu, C., Siracusano, A., and Di Lorenzo, G.
(2019). Dissociative symptoms in complex post-traumatic stress disorder and
in post-traumatic stress disorder. J Psychopathol. 25, 212-219.

Lonngqvist, T., Paetau, A., Valanne, L., and Pihko, H. (2009). Recessive twinkle
mutations cause severe epileptic encephalopathy. Brain 132, 1553-1562.
doi: 10.1093/brain/awp045

Lopez-De-Andrés, A., Del Barrio, J. L., Herndndez-Barrera, V., De Miguel-Diez, J.,
Jimenez-Trujillo, I., Martinez-Huedo, M. A., et al. (2018). Migraine in adults
with diabetes; is there an association? Results of a population-based study.
Diab. Metab. Syndr. Obes. Targets Ther. 11, 367-374. doi: 10.2147/DMSO.S
170253

Lopez-Sola, M., Woo, C. W., Pujol, J., Deus, J., Harrison, B. J., Monfort, J., et al.
(2017). Towards a neurophysiological signature for fibromyalgia. Pain 158,
34-47. doi: 10.1097/j.pain.0000000000000707

Low, N. C. P, Du Fort, G. G., and Cervantes, P. (2003). Prevalence, clinical
correlates, and treatment of migraine in bipolar disorder. Headache 43,
940-949. doi: 10.1046/j.1526-4610.2003.03184.x

Lucchesi, C., Bonanni, E., Maestri, M., Siciliano, G., Murri, L., and Gori, S. (2012).
Evidence of increased restless legs syndrome occurrence in chronic and highly
disabling migraine. Funct. Neurol. 27, 81-94.

Maalouf, M., Sullivan, P. G., Davis, L, Kim, D. Y, and Rho, J. M.
(2007). Ketones inhibit mitochondrial production of reactive oxygen species
production following glutamate excitotoxicity by increasing NADH oxidation.
Neuroscience 145, 256-264. doi: 10.1016/j.neuroscience.2006.11.065

Magalhaes, J. E., Barros, I. M. L., de, Pedrosa, R. P., and Sampaio Rocha-Filho,
P. A. (2019). Migraine and markers of carotid atherosclerosis in middle-
aged women: a cross-sectional study. Headache 59, 77-85. doi: 10.1111/head.
13460

Magalhdes, J. E., and Sampaio Rocha-Filho, P. A. (2018). Migraine and
cerebrovascular diseases: epidemiology, pathophysiological, and clinical
considerations. Headache 58, 1277-1286. doi: 10.1111/head.13378

Magis, D., D’Ostilio, K., Thibaut, A., De Pasqua, V., Gerard, P., Hustinx, R,
et al. (2017). Cerebral metabolism before and after external trigeminal
nerve stimulation in episodic migraine. Cephalalgia 37, 881-891.
doi: 10.1177/0333102416656118

Mahmood, T., and Silverstone, T. (2001). Serotonin and bipolar disorder. J. Affect.
Disord. 66, 1-11. doi: 10.1016/S0165-0327(00)00226-3

Mahmoud, A. N., Mentias, A., Elgendy, A. Y., Qazi, A., Barakat, A. F,
Saad, M., et al. (2018). Migraine and the risk of cardiovascular and
cerebrovascular events: a meta-analysis of 16 cohort studies including
1 152 407 subjects. BM] Open 8:2020498. doi: 10.1136/bmjopen-2017-0
20498

Mainieri, G., Cevoli, S., Giannini, G., Zummo, L., Leta, C., Broli, M., et al. (2015).
Headache in epilepsy: prevalence and clinical features. J. Headache Pain 16:556.
doi: 10.1186/510194-015-0556-y

Maitrot-Mantelet, L., Hugon-Rodin, J., Vatel, M., Marcellin, L., Santulli,
P., Chapron, C,, et al. (2020). Migraine in relation with endometriosis

D,
Neurol.

and Barbiroli, B.
Sci. 2, S82-5.

Frontiers in Human Neuroscience | www.frontiersin.org

26

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1212/WNL.0000000000006822
https://doi.org/10.3109/02770903.2013.795587
https://doi.org/10.1002/JPER.17-0603
https://doi.org/10.1007/s00784-019-02950-9
https://doi.org/10.1016/j.sjpain.2015.12.002
https://doi.org/10.1007/s10194-005-0252-4
https://doi.org/10.1007/s10067-005-0186-x
https://doi.org/10.1111/ner.13094
https://doi.org/10.1046/j.1468-2982.1987.0702093.x
https://doi.org/10.12669/pjms.333.12379
https://doi.org/10.1016/j.envpol.2019.01.091
https://doi.org/10.1212/WNL.0000000000002059
https://doi.org/10.1111/j.1526-4610.2010.01774.x
https://doi.org/10.1152/ajpgi.1998.275.5.g957
https://doi.org/10.1007/s00439-013-1370-8
https://doi.org/10.1177/0333102414529671
https://doi.org/10.1186/s10194-016-0691-0
https://doi.org/10.1097/MBC.0000000000000188
https://doi.org/10.1212/WNL.55.5.629
https://doi.org/10.1046/j.1526-4610.2001.041007646.x
https://doi.org/10.1186/s10194-018-0877-8
https://doi.org/10.1080/14737175.2020.1729130
https://doi.org/10.1002/hbm.22737
https://doi.org/10.2174/0929867325666180622154411
https://doi.org/10.1001/archinte.159.15.1765
https://doi.org/10.1093/brain/awp045
https://doi.org/10.2147/DMSO.S170253
https://doi.org/10.1097/j.pain.0000000000000707
https://doi.org/10.1046/j.1526-4610.2003.03184.x
https://doi.org/10.1016/j.neuroscience.2006.11.065
https://doi.org/10.1111/head.13460
https://doi.org/10.1111/head.13378
https://doi.org/10.1177/0333102416656118
https://doi.org/10.1016/S0165-0327(00)00226-3
https://doi.org/10.1136/bmjopen-2017-020498
https://doi.org/10.1186/s10194-015-0556-y
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

phenotypes: results from a french case-control study. Cephalalgia 40, 606-613.
doi: 10.1177/0333102419893965

Maizels, M., Aurora, S., and Heinricher, M. (2012). Beyond neurovascular:
migraine as a dysfunctional neurolimbic pain network. Headache 52,
1553-1565. doi: 10.1111/j.1526-4610.2012.02209.x

Maizels, M., and Burchette, R. (2004). Somatic symptoms in headache patients:
the influence of headache diagnosis, frequency, and comorbidity. Headache 44,
983-993. doi: 10.1111/j.1526-4610.2004.04192.x

Makunts, T., Alpatty, S., Lee, K. C., Atayee, R. S., and Abagyan, R. (2019). Proton-
pump inhibitor use is associated with a broad spectrum of neurological adverse
events including impaired hearing, vision, and memory. Sci. Rep. 9:17280.
doi: 10.1038/s41598-019-53622-3

Malik, R., Winsvold, B., Auffenberg, E., Dichgans, M., and Freilinger, T. (2016). The
migraine-stroke connection: a genetic perspective. Cephalalgia 36, 658-668.
doi: 10.1177/0333102415621055

Mameniskiené, R., Karmonaite, I, and Zagorskis, R.
burden of headache in people with epilepsy. Seizure 41,
doi: 10.1016/j.seizure.2016.07.018

Mar, S., Kelly, J. E., Isbell, S., Lenox, W. Y. A.]., and Prensky, A. (2013). Prevalence
of white matter lesions and stroke in children with migraine. Neurology 81,
1387-1391. doi: 10.1212/WNL.0b013e3182a8412e

Markus, H. S., and Hopkinson, N. (1992). Migraine and headache in systemic lupus
erythematosus and their relationship with antibodies against phospholipids. J.
Neurol. 239, 39-42. doi: 10.1007/BF00839210

Martami, F., Ghorbani, Z., Abolhasani, M., Togha, M., Meysamie, A., Sharifi,
A., et al. (2018). Comorbidity of gastrointestinal disorders, migraine, and
tension-type headache: a cross-sectional study in Iran. Neurol. Sci. 39, 63-70.
doi: 10.1007/s10072-017-3141-0

Martin, A. T., Pinney, S. M., Xie, C., Herrick, R. L., Bai, Y., Buckholz, J., et al.
(2017). Headache disorders may be a risk factor for the development of new
onset hypothyroidism. Headache 57, 21-30. doi: 10.1111/head.12943

Martin, V. T., Fanning, K. M., Serrano, D., Buse, D. C., Reed, M. L., and Lipton,
R. B. (2016). Asthma is a risk factor for new onset chronic migraine: results
from the American migraine prevalence and prevention study. Headache 56,
118-131. doi: 10.1111/head.12731

Martin, V. T., Taylor, F., Gebhardt, B., Tomaszewski, M., Ellison, J. S., Martin,
G. V., et al. (2011). Allergy and immunotherapy: are they related to migraine
headache? Headache 51, 8-20. doi: 10.1111/j.1526-4610.2010.01792.x

Mavromichalis, I., Zaramboukas, T., and Giala, M. M. (1995). Migraine of
gastrointestinal origin. Eur. J. Pediatr. 154, 406-410

Mawet, J., Eikermann-Haerter, K., Park, K. Y., Helenius, J., Daneshmand, A.,
Pearlman, L., et al. (2015). Sensitivity to acute cerebral ischemic injury in
migraineurs. Neurology 85, 1945-1949. doi: 10.1212/WNL.0000000000002166

McCarthy, L. C., Hosford, D. A, Riley, J. H.,, Bird, M. L, White, N. J., Hewett,
D. R, et al. (2001). Single-nucleotide polymorphism alleles in the insulin
receptor gene are associated with typical migraine. Genomics 78, 135-149.
doi: 10.1006/geno.2001.6647

Meldrum Robertson, R., Dawson-Scully, K. D., and David Andrew, R. (2020).
Neural shutdown under stress: an evolutionary perspective on spreading
depolarization. J. Neurophysiol. 123, 885-895. doi: 10.1152/JN.00724.2019

Merino, J. G., Luby, M., Benson, R. T., Davis, L. A, Hsia, A. W., Latour,
L. L, et al. (2013). Predictors of acute stroke mimics in 8187 patients
referred to a stroke service. J. Stroke Cerebrovasc. Dis. 22:¢397-403.
doi: 10.1016/j.jstrokecerebrovasdis.2013.04.018

Meroni, P. L., Chighizola, C. B., Rovelli F., and Gerosa, M. (2014).
Antiphospholipid syndrome in 2014: more clinical manifestations, novel
pathogenic players and emerging biomarkers. Arthritis Res. Ther. 16:209.
doi: 10.1186/ar4549

Messina, A., Bitetti, ., Precenzano, F., Iacono, D., Messina, G., Roccella, M., et al.
(2018). Non-rapid eye movement sleep parasomnias and migraine: a role of
orexinergic projections. Front. Neurol. 9:95. doi: 10.3389/fneur.2018.00095

Messina, R., Filippi, M., and Goadsby, P. J. (2018). Recent advances
in headache neuroimaging. Curr. Opin. 31, 379-385.
doi: 10.1097/WCO.0000000000000573

Mesulam, M. M. (1990). Large-scale neurocognitive networks and distributed
processing for attention, language, and memory. Ann. Neurol. 28, 597-613.
doi: 10.1002/ana.410280502

(2016). The
120-126.

Neurol.

Meucci, G., Radaelli, F., Prada, A., Bortoli, A., Crotta, S., Cerrato, C., et al. (2005).
Increased prevalence of migraine in patients with uninvestigated dyspepsia
referred for open-access upper gastrointestinal endoscopy. Endoscopy 37,
622-625. doi: 10.1055/s-2005-870251

Miller, C., and Goldberg, M. F. (2012). Susceptibility-weighted imaging and
computed tomography perfusion abnormalities in diagnosis of classic migraine.
Emerg. Radiol. 19, 565-569. doi: 10.1007/s10140-012-1051-2

Miller, J. A., Missmer, S. A., Vitonis, A. F., Sarda, V., Laufer, M. R, and DiVasta,
A.D. (2018). Prevalence of migraines in adolescents with endometriosis. Fertil.
Steril. 109, 685-690. doi: 10.1016/j.fertnstert.2017.12.016

Mitsikostas, D. D., Sfikakis, P. P., and Goadsby, P. J. (2004). A meta-analysis for
headache in systemic lupus erythematosus: the evidence and the myth. Brain
127, 1200-1209. doi: 10.1093/brain/awh146

Mohrke, J., Kropp, P., and Zettl, U. K. (2013). Headaches in multiple sclerosis
patients might imply an inflammatorial process. PLoS ONE 8:¢69570.
doi: 10.1371/journal.pone.0069570

Moisset, X., Bommelaer, G., Boube, M., Ouchchane, L., Goutte, M., Dapoigny,
M, et al. (2017). Migraine prevalence in inflammatory bowel disease patients:
a tertiary-care centre cross-sectional study. Eur. J. Pain 21, 1550-1560.
doi: 10.1002/ejp.1056

Monari, L., Mochi, M., Valentino, M. L., Arnaldi, C., Cortelli, P., De Monte, A.,
etal. (1997). Searching for migraine genes: exclusion of 290 cM out of the whole
human genome. Neurol. Sci. 18, 277-282. doi: 10.1007/bf02083304

Morreale, M., Marchione, P., Giacomini, P., Pontecorvo, S., Marianetti, M.,
Vento, C., et al. (2014). Neurological involvement in primary sjégren
syndrome: a focus on central nervous system. PLoS ONE 9:e84605.
doi: 10.1371/journal.pone.0084605

Mortimer, M. J., Kay, J., Gawkrodger, D. J., Jaron, A. and Barker, D. C.
(1993). The prevalence of headache and migraine in atopic children: an
epidemiological study in general practice. Headache . Head Face Pain 33,
427-431. doi: 10.1111/§.1526-4610.1993.hed3308427.x

Moschiano, F., D’Amico, D., Canavero, L., Pan, 1., Micieli, G., and Bussone,
G. (2011). Migraine and depression: common pathogenetic and therapeutic
ground? Neurol. Sci. 32 (Suppl. 1), S85-S88. doi: 10.1007/s10072-011-0545-0

Moulton, E. A., Becerra, L., Maleki, N., Pendse, G., Tully, S., Hargreaves,
R, et al. (2011). Painful heat reveals hyperexcitability of the temporal
pole in interictal and ictal migraine States. Cereb. Cortex 21, 435-448.
doi: 10.1093/cercor/bhq109

Miiller, M., and Marziniak, M. (2005). The linear behavior of the system
middle cerebral artery flow velocity and blood pressure in patients
with migraine: lack of autonomic control? Stroke 36, 1886-1890.
doi: 10.1161/01.STR.0000177886.94134.92

Mulvihill, S. J., and Yan, P. (1995). Impaired release of gallbladder calcitonin
gene-related peptide in human gallstone disease. J. Surg. Res. 58, 641-645.
doi: 10.1006/jsre.1995.1101

Napoli, R, Guardasole, V., Zarra, E., Matarazzo, M., D’Anna, C., Sacc,a, F., et al.
(2009). Vascular smooth muscle cell dysfunction in patients with migraine.
Neurology 72, 2111-2114. doi: 10.1212/WNL.0b013e3181aa53ce

Neau, J. P., Paquereau, J., Bailbe, M., Meurice, J. C., Ingrand, P., and Gil, R.
(2002). Relationship between sleep apnoea syndrome, snoring and headaches.
Cephalalgia 22, 333-339. doi: 10.1046/j.1468-2982.2002.00303.x

Netzer, C., Freudenberg, J., Heinze, A., Heinze-Kuhn, K., Goebel, I., McCarthy, L.
C., etal. (2008). Replication study of the insulin receptor gene in migraine with
aura. Genomics 91, 503-507. doi: 10.1016/j.ygeno.2008.03.006

Nicoletti, A., Patti, F., Lo Fermo, S., Liberto, A., Castiglione, A., Laisa,
P, et al. (2008). Headache and multiple sclerosis: a population-
based case-control study in Catania, Sicily. Cephalalgia 28, 1163-1169.
doi: 10.1111/j.1468-2982.2008.01662.x

Nieuwkamp, D. J., Van Der Schaaf, I. C, and Biessels, G. J. (2010).
Migraine aura presenting as dysphasia with global cognitive dysfunction
and abnormalities on perfusion CT. Cephalalgia 30, 1007-1009.
doi: 10.1111/j.1468-2982.2009.02007.x

Nikfar, S., Rahimi, R., and Abdollahi, M. (2010). A meta-analysis of the efficacy and
tolerability of interferon-p in multiple sclerosis, overall and by drug and disease
type. Clin. Ther. 32, 1871-1888. doi: 10.1016/j.clinthera.2010.10.006

Nilsson, S., Edvinsson, L., Malmberg, B., Johansson, B., and Linde, M. (2010).
A relationship between migraine and biliary tract disorders: findings in

Frontiers in Human Neuroscience | www.frontiersin.org

27

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1177/0333102419893965
https://doi.org/10.1111/j.1526-4610.2012.02209.x
https://doi.org/10.1111/j.1526-4610.2004.04192.x
https://doi.org/10.1038/s41598-019-53622-3
https://doi.org/10.1177/0333102415621055
https://doi.org/10.1016/j.seizure.2016.07.018
https://doi.org/10.1212/WNL.0b013e3182a8412e
https://doi.org/10.1007/BF00839210
https://doi.org/10.1007/s10072-017-3141-0
https://doi.org/10.1111/head.12943
https://doi.org/10.1111/head.12731
https://doi.org/10.1111/j.1526-4610.2010.01792.x
https://doi.org/10.1212/WNL.0000000000002166
https://doi.org/10.1006/geno.2001.6647
https://doi.org/10.1152/JN.00724.2019
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.04.018
https://doi.org/10.1186/ar4549
https://doi.org/10.3389/fneur.2018.00095
https://doi.org/10.1097/WCO.0000000000000573
https://doi.org/10.1002/ana.410280502
https://doi.org/10.1055/s-2005-870251
https://doi.org/10.1007/s10140-012-1051-2
https://doi.org/10.1016/j.fertnstert.2017.12.016
https://doi.org/10.1093/brain/awh146
https://doi.org/10.1371/journal.pone.0069570
https://doi.org/10.1002/ejp.1056
https://doi.org/10.1007/bf02083304
https://doi.org/10.1371/journal.pone.0084605
https://doi.org/10.1111/j.1526-4610.1993.hed3308427.x
https://doi.org/10.1007/s10072-011-0545-0
https://doi.org/10.1093/cercor/bhq109
https://doi.org/10.1161/01.STR.0000177886.94134.92
https://doi.org/10.1006/jsre.1995.1101
https://doi.org/10.1212/WNL.0b013e3181aa53ce
https://doi.org/10.1046/j.1468-2982.2002.00303.x
https://doi.org/10.1016/j.ygeno.2008.03.006
https://doi.org/10.1111/j.1468-2982.2008.01662.x
https://doi.org/10.1111/j.1468-2982.2009.02007.x
https://doi.org/10.1016/j.clinthera.2010.10.006
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

two Swedish samples of elderly twins. Acta Neurol. Scand. 122, 286-294.
doi: 10.1111/§.1600-0404.2009.01310.x

Noble-Topham, S. E., Dyment, D. A., Cader, M. Z., Ganapathy, R., Brown, J. D.,
Rice, G. P. A,, et al. (2002). Migraine with aura is not linked to the FHM
gene CACNALIA or the chromosomal region, 19p13. Neurology 59, 1099-1101.
doi: 10.1212/WNL.59.7.1099

Noseda, R., Kainz, V., Jakubowski, M., Gooley, J. J., Saper, C. B., Digre, K,
et al. (2010). A neural mechanism for exacerbation of headache by light. Nat.
Neurosci. 13, 239-245. doi: 10.1038/nn.2475

Nye, B. L., and Thadani, V. M. (2015). Migraine and epilepsy: review of the
literature. Headache 55, 359-380. doi: 10.1111/head.12536

Oaklander, A. L., and Nolano, M. (2019). Scientific advances in and clinical
approaches to small-fiber polyneuropathy: a review. JAMA Neurol. 76,
1240-1251. doi: 10.1001/jamaneurol.2019.2917

O’Connor, T. P, and Van der Kooy, D. (1988). Enrichment of a vasoactive
neuropeptide (calcitonin gene related peptide) in the trigeminal sensory
projection to the intracranial arteries. J. Neurosci. 8, 2468-2476.
doi: 10.1523/jneurosci.08-07-02468.1988

Qdegard, S. S., Sand, T., Engstrom, M., Zwart, J. A., and Hagen, K. (2013). The
impact of headache and chronic musculoskeletal complaints on the risk of
insomnia: longitudinal data from the nord-trendelag health study. J. Headache
Pain 14:24. doi: 10.1186/1129-2377-14-24

Oedegaard, K. J., Greenwood, T. A., Johansson, S., Jacobsen, K. K., Halmoy,
A., Fasmer, O. B, et al. (2010). A genome-wide association study of
bipolar disorder and comorbid migraine. Genes, Brain Behav. 9, 673-680.
doi: 10.1111/j.1601-183X.2010.00601.x

Ohayon, M. M. (2004). Prevalence and risk factors of morning
headaches in the general population. Arch. Intern. Med. 164, 97-102.
doi: 10.1001/archinte.164.1.97

Qie, L. R, Qie, L. R, Kurth, T., Gulati, S., Gulati, S., and Dodick, D. W. (2020).
Migraine and risk of stroke. J. Neurol. Neurosurg. Psychiatry 91, 593-604.
doi: 10.1136/jnnp-2018-318254

Okamoto, K., Thompson, R., Tashiro, A., Chang, Z., and Bereiter, D. A. (2009).
Bright light produces fos-positive neurons in caudal trigeminal brainstem.
Neuroscience 160, 858-864. doi: 10.1016/j.neuroscience.2009.03.003

Olesen, J., Tfelt-Hansen, P., and Welch, K. M. A (eds). (2006). The Headaches, 2nd
Edn. Philadelphia, PA: Lippincott Williams & Wilkins

Oliveira, G. R, Teles, B. C. V., Brasil, E. F., Souza, M. H. L. P., Furtado, L. E. T. A,
De Castro-Costa, C. M., et al. (2008). Peripheral neuropathy and neurological
disorders in an unselected brazilian population-based cohort of IBD patients.
Inflamm. Bowel Dis. 14, 389-395. doi: 10.1002/ibd.20304

Ong, J. C, and Park, M. (2012). Chronic headaches and
working toward a biobehavioral model. Cephalalgia 32,
doi: 10.1177/0333102412455709

Ortiz, A., Cervantes, P., Zlotnik, G., van de Velde, C,, Slaney, C., Garnham, J., et al.
(2010). Cross-prevalence of migraine and bipolar disorder. Bipolar Disord. 12,
397-403. doi: 10.1111/§.1399-5618.2010.00832.x

Qygarden, H., Kvistad, C. E., Bjork, M., Thomassen, L., Waje-Andreassen, U., and
Naess, H. (2014). Diffusion-weighted lesions in acute ischaemic stroke patients
with migraine. Acta Neurol. Scand. 129, 41-46. doi: 10.1111/ane.12236

Ozge, A., Ozge, C., Oztiirk, C., Kaleagasi, H., Ozcan, M., Yalginkaya, D. E.,
et al. (2006). The relationship between migraine and atopic disorders -
The contribution of pulmonary function tests and immunological screening.
Cephalalgia 26, 172-179. doi: 10.1111/j.1468-2982.2005.01021.x

Paiva, T., Farinha, A., Martins, A., Batista, A., and Guilleminault, C. (1997).
Chronic headaches and sleep disorders. Arch. Intern. Med. 157, 1701-1705.

Pakpoor, J., Handel, A. E., Giovannoni, G., Dobson, R., and Ramagopalan, S.
V. (2012). Meta-Analysis of the relationship between multiple sclerosis and
migraine. PLoS ONE 7:e45295. doi: 10.1371/journal.pone.0045295

Pal, B, Gibson, C., Passmore, J., Griffiths, I. D., and Dick, W. C. (1989). A study of
headaches and migraine’s in sjogren’s syndrome and other rheumatic disorders.
Ann. Rheum. Dis. 48, 312-316. doi: 10.1136/ard.48.4.312

Palm-Meinders, I. H., Koppen, H., Terwindt, G. M., Launer, L. J., Konishi, J.,
Moonen, J. M,, et al. (2012). Structural brain changes in migraine. JAMA 308,
1889-1897. doi: 10.1001/jama.2012.14276

Panayiotopoulos, C. P. (1999). Visual phenomena and headache in occipital
epilepsy: a review, a systematic study and differentiation from migraine.
Epileptic Disord. 1, 205-216.

insomnia:
1059-1070.

Parisi, P. (2009). Why is migraine rarely, and not usually, the sole ictal epileptic
manifestation? Seizure 18, 309-312. doi: 10.1016/j.seizure.2009.01.010

Parisi, P., Paolino, M. C., Raucci, U., Vecchia, N., Della, B. V., Villa, M. P,, et al.
(2019). Ictal epileptic headache: when terminology is not a moot question.
Front. Neurol. 10:785. doi: 10.3389/fneur.2019.00785

Parisi, P., Piccioli, M., Villa, M. P., Buttinelli C., and Kasteleijn-Nolst
Trenité, D. G. A. (2008). Hypothesis on neurophysiopathological
mechanisms linking epilepsy and headache. Med. Hypotheses 70, 1150-1154.
doi: 10.1016/j.mehy.2007.11.013

Parisi, P., Striano, P., Negro, A., Martelletti, P., and Belcastro, V. (2012a). Ictal
epileptic headache: an old story with courses and appeals. J. Headache Pain 13,
607-613. doi: 10.1007/s10194-012-0485-y

Parisi, P., Striano, P., Trenit,é, D. G. K. N., Verrotti, A., Martelletti, P., Villa, M. P.,
etal. (2012b). “Ictal epileptic headache”: recent concepts for new classifications
criteria. Cephalalgia 32, 723-724. doi: 10.1177/0333102412447536

Parisi, P., Striano, P., Verrotti, A., Villa, M. P., and Belcastro, V. (2013). What have
we learned about ictal epileptic headache? A review of well-documented cases.
Seizure 22, 253-258. doi: 10.1016/j.seizure.2013.01.013

Parisi, P., Verrotti, A., Costa, P., Striano, P., Zanus, C., Carrozzi, M., et al.
(2015). Diagnostic criteria currently proposed for “ictal epileptic headache™
Perspectives on strengths, weaknesses and pitfalls. Seizure 31, 56-63.
doi: 10.1016/j.seizure.2015.07.005

Patti, F., Nicoletti, A., Pappalardo, A., Castiglione, A., Lo Fermo, S., Messina, S.,
et al. (2012). Frequency and severity of headache is worsened by interferon-
B therapy in patients with multiple sclerosis. Acta Neurol. Scand. 125, 91-95.
doi: 10.1111/j.1600-0404.2011.01532.x

Pavlovic, J. M., Vieira, J. R., Lipton, R. B,, and Bond, D. S. (2017). Association
between obesity and migraine in women. Curr. Pain Headache Rep. 21:41.
doi: 10.1007/s11916-017-0634-8

Peck, K. R., Smitherman, T. A., and Baskin, S. M. (2015). Traditional and
alternative treatments for depression: implications for migraine management.
Headache 55, 351-355. doi: 10.1111/head.12521

Pellegrino, A. B. W., Davis-Martin, R. E., Houle, T. T., Turner, D. P., and
Smitherman, T. A. (2018). Perceived triggers of primary headache disorders:
a meta-analysis. Cephalalgia 38, 1188-1198. doi: 10.1177/0333102417727535

Pennell, L. M., Galligan, C. L., and Fish, E. N. (2012). Sex affects immunity. J.
Autoimmun. 38,]282-291. doi: 10.1016/j.jaut.2011.11.013

Peres, M. F. P., Sanchez Del Rio, M., Seabra, M. L. V., Tufik, S., Abucham, J.,
Cipolla-Neto, J., et al. (2001). Hypothalamic involvement in chronic migraine.
J. Neurol. Neurosurg. Psychiatry 71, 747-751. doi: 10.1136/jnnp.71.6.747

Perko, D., Pretnar-Oblak, J., Sabovic, M., Zvan, B., and Zaletel, M. (2011a).
Endothelium-dependent vasodilatation in migraine patients. Cephalalgia 31,
654-660. doi: 10.1177/0333102410390396

Perko, D., Pretnar-Oblak, J., Sabovi¢, M., Zvan, B., and Zaletel, M. (2011b).
Cerebrovascular reactivity to l-arginine in the anterior and posterior
cerebral circulation in migraine patients. Acta Neurol. Scand. 124, 269-274.
doi: 10.1111/j.1600-0404.2010.01468.x

Peroutka, S. J., Price, S. C., Wilhoit, T. L., and Jones, K. W. (1998). Comorbid
migraine with aura, anxiety, and depression is associated with dopamine D2
receptor (DRD2) Ncol alleles. Mol Med 4, 14-21.

Peterlin, B. L., Nijjar, S. S., and Tietjen, G. E. (2011). Post-traumatic stress disorder
and migraine: epidemiology, sex differences, and potential mechanisms.
Headache 51, 860-868. doi: 10.1111/j.1526-4610.2011.01907.x

Peterlin, B. L., Rosso, A. L., Rapoport, A. M., and Scher, A. 1. (2010). Obesity and
migraine: the effect of age, gender and adipose tissue distribution. Headache 50,
52-62. doi: 10.1111/j.1526-4610.2009.01459.x

Peterlin, B. L., Sacco, S., Bernecker, C., and Scher, A. I. (2016). Adipokines and
migraine: a systematic review. Headache 56, 622-644. doi: 10.1111/head.12788

Peterlin, B. L., Tietjen, G., Meng, S., Lidicker, J., and Bigal, M. (2008). Post-
traumatic stress disorder in episodic and chronic migraine. Headache 48,
517-522. doi: 10.1111/j.1526-4610.2008.00917.x

Pezzini, A., Busto, G., Zedde, M., Gamba, M., Zini, A., Poli, L., et al.
(2018).  Vulnerability to infarction during cerebral ischemia in
migraine sufferers. Stroke 49, 573-578. doi: 10.1161/STROKEAHA.118.
020554

Piccinelli, P., Borgatti, R., Nicoli, F., Calcagno, P., Bassi, M. T., Quadrelli, M., et al.
(2006). Relationship between migraine and epilepsy in pediatric age. Headache
46, 413-421. doi: 10.1111/j.1526-4610.2006.00373.x

Frontiers in Human Neuroscience | www.frontiersin.org

28

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1111/j.1600-0404.2009.01310.x
https://doi.org/10.1212/WNL.59.7.1099
https://doi.org/10.1038/nn.2475
https://doi.org/10.1111/head.12536
https://doi.org/10.1001/jamaneurol.2019.2917
https://doi.org/10.1523/jneurosci.08-07-02468.1988
https://doi.org/10.1186/1129-2377-14-24
https://doi.org/10.1111/j.1601-183X.2010.00601.x
https://doi.org/10.1001/archinte.164.1.97
https://doi.org/10.1136/jnnp-2018-318254
https://doi.org/10.1016/j.neuroscience.2009.03.003
https://doi.org/10.1002/ibd.20304
https://doi.org/10.1177/0333102412455709
https://doi.org/10.1111/j.1399-5618.2010.00832.x
https://doi.org/10.1111/ane.12236
https://doi.org/10.1111/j.1468-2982.2005.01021.x
https://doi.org/10.1371/journal.pone.0045295
https://doi.org/10.1136/ard.48.4.312
https://doi.org/10.1001/jama.2012.14276
https://doi.org/10.1016/j.seizure.2009.01.010
https://doi.org/10.3389/fneur.2019.00785
https://doi.org/10.1016/j.mehy.2007.11.013
https://doi.org/10.1007/s10194-012-0485-y
https://doi.org/10.1177/0333102412447536
https://doi.org/10.1016/j.seizure.2013.01.013
https://doi.org/10.1016/j.seizure.2015.07.005
https://doi.org/10.1111/j.1600-0404.2011.01532.x
https://doi.org/10.1007/s11916-017-0634-8
https://doi.org/10.1111/head.12521
https://doi.org/10.1177/0333102417727535
https://doi.org/10.1016/j.jaut.2011.11.013
https://doi.org/10.1136/jnnp.71.6.747
https://doi.org/10.1177/0333102410390396
https://doi.org/10.1111/j.1600-0404.2010.01468.x
https://doi.org/10.1111/j.1526-4610.2011.01907.x
https://doi.org/10.1111/j.1526-4610.2009.01459.x
https://doi.org/10.1111/head.12788
https://doi.org/10.1111/j.1526-4610.2008.00917.x
https://doi.org/10.1161/STROKEAHA.118.020554
https://doi.org/10.1111/j.1526-4610.2006.00373.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Pietrobon, D. (2010). Biological science of headache channels. Handb. Clin. Neurol.
97, 73-83. doi: 10.1016/S0072-9752(10)97005-X

Poceta, J. S., and Dalessio, D. J. (1995). Identification and treatment of sleep apnea
in patients with chronic headache. Headache J. Head Face Pain 35, 586-589.
doi: 10.1111/j.1526-4610.1995.hed3510586.x

Porter, A., Gladstone, J. P.,, and Dodick, D. W. (2005). Migraine and
white matter hyperintensities. Curr. Pain Headache Rep. 9, 289-293.
doi: 10.1007/s11916-005-0039-y

Poser, C. M., Presthus, J., and H'ORsdal, O. (1966). Clinical characteristics of
autopsy-proved multiple sclerosis: a study of British, Norwegian, and American
cases. Neurology 16, 791-798. doi: 10.1212/wnl.16.8.791

Pradalier, A., Giroud, M., and Dry, J. (1987). Somnambulism, migraine
and propranolol. Headache ]. Head Face 27, 143-145.
doi: 10.1111/.1526-4610.1987.hed2703143.x

Prakash, R., and Mullen, K. D. (2010). Mechanisms, diagnosis and management
of hepatic encephalopathy. Nat. Rev. Gastroenterol. Hepatol. 7, 515-525.
doi: 10.1038/nrgastro.2010.116

Puledda, F., Ffytche, D., O'Daly, O., and Goadsby, P. J. (2019). Imaging
the visual network in the migraine spectrum. Front. Neurol. 10:1325.
doi: 10.3389/fneur.2019.01325

Putzki, N., Pfriem, A., Limmroth, V., Yaldizli, O., Tettenborn, B., Diener,
H. C, et al. (2009). Prevalence of migraine, tension-type headache and
trigeminal neuralgia in multiple sclerosis. Eur. ]. Neurol. 16, 262-267.
doi: 10.1111/j.1468-1331.2008.02406.x

Radat, F., and Swendsen, J. (2005). Psychiatric comorbidity in migraine: a review.
Cephalalgia 25, 165-178. doi: 10.1111/].1468-2982.2004.00839.x

Raichle, M. E., Hartman, B. K., Eichling, J. O., and Sharpe, L. G. (1975). Central
noradrenergic regulation of cerebral blood flow and vascular permeability.
Proc. Natl. Acad. Sci. U.S.A. 72, 3726-3730. doi: 10.1073/pnas.72.9.3726

Rainero, I, Limone, P., Ferrero, M., Valfr,¢, W., Pelissetto, C., Rubino, E., et al.
(2005). Insulin sensitivity is impaired in patients with migraine. Cephalalgia
25, 593-597. doi: 10.1111/j.1468-2982.2005.00928.x

Rains, J. C. (2008). Chronic headache and potentially modifiable risk factors:
screening and behavioral management of sleep disorders. Headache 48, 32-39.
doi: 10.1111/j.1526-4610.2007.00972.x

Rains, J. C. (2018). Sleep and migraine: assessment and treatment of comorbid
sleep disorders. Headache 58, 1074-1091. doi: 10.1111/head.13357

Rajan, R, Khurana, D., and Lal, V. (2014). Interictal cerebral and systemic
endothelial dysfunction in patients with migraine: a case-control study. J.
Neurol. Neurosurg. Psychiatry 86, 1253-1257. doi: 10.1136/jnnp-2014-309571

Rath, C. L., He, J., Nordling, M. M., and Wienecke, T. (2017). Acute intravenous
calcium antagonist for suspected hemiplegic migraine - a case story. Case Rep.
Neurol. 9, 98-105. doi: 10.1159/000474934

Reinhard, M., Schork, J., Allignol, A., Weiller, C., and Kaube, H. (2012).
Cerebellar and cerebral autoregulation in migraine. Stroke 43, 987-993.
doi: 10.1161/STROKEAHA.111.644674

Reinhard, M., Schwarzer, G., Briel, M., Altamura, C., Palazzo, P., King, A,, et al.
(2014). Cerebrovascular reactivity predicts stroke in high-grade carotid artery
disease. Neurology 83, 1424-1431. doi: 10.1212/WNL.0000000000000888

Reinhard, M., Wehrle-Wieland, E., Roth, M., Niesen, W. D., Timmer, J., Weiller,
C., et al. (2007). Preserved dynamic cerebral autoregulation in the middle
cerebral artery among persons with migraine. Exp. Brain Res. 180, 517-523.
doi: 10.1007/500221-007-0879-2

Rezaeiashtiani, A., Jadidi, A., Khanmohammadi-Hezaveh, A., Aghaeipour, S.,
Pourandish, Y., Malekhosseini, S., et al. (2019). Is the treatment of constipation
can relieve the migraine symptoms? A randomized clinical trial study. J.
Pediatr. Neurosci. 14, 186-190. doi: 10.4103/jpn.JPN_19_19

Rhode, A. M., Hosing, V. G., Happe, S., Biehl, K., Young, P., and Evers, S. (2007).
Comorbidity of migraine and restless legs syndrome - a case-control study.
Cephalalgia 27, 1255-1260. doi: 10.1111/j.1468-2982.2007.01453.x

Ridolfi, M., Granato, A., Polverino, P., Furlanis, G., Ukmar, M., Zorzenon,
I, et al. (2018). Migrainous aura as stroke-mimic: the role of perfusion-

Pain

computed tomography. Clin.  Neurol. Neurosurg. 166, 131-135.
doi: 10.1016/j.clineuro.2018.01.032

Robbins, L. (1991). Migraine and anticardiolipin  antibodies-case
reports of 13 patients, and the prevalence of antiphospholipid

antibodies in migraineurs. Headache ]. Head Face Pain 31, 537-539.
doi: 10.1111/j.1526-4610.1991.hed3108537.x

Roberto, G., Piccinni, C., D’Alessandro, R., and Poluzzi, E. (2014). Triptans and
serious adverse vascular events: data mining of the FDA adverse event reporting
system database. Cephalalgia 34, 5-13. doi: 10.1177/0333102413499649

Rocca, M., Messina, R., Colombo, B., Falini, A., Comi, G., and Filippi, M. (2014).
Structural brain MRI abnormalities in pediatric patients with migraine. J.
Neurol. 261, 350-357. doi: 10.1007/s00415-013-7201-y

Rocca, M. A., Pagani, E, Colombo, B., Tortorella, P., Falini, A., Comi,
G., et al. (2008). Selective diffusion changes of the visual pathways in
patients with migraine: a 3-T tractography study. Cephalalgia 28, 1061-1068.
doi: 10.1111/j.1468-2982.2008.01655.x

Rome, H. P., and Rome, J. D. (2000). Limbically augmented pain syndrome
(LAPS): kindling, corticolimbic sensitization, and the convergence of affective
and sensory symptoms in chronic pain disorders. Pain Med. 1, 7-23.
doi: 10.1046/j.1526-4637.2000.99105.x

Rossi, P., Di Lorenzo, G., Malpezzi, M. G., Di Lorenzo, C., Cesarino, F., Faroni,
J., et al. (2005). Depressive symptoms and insecure attachment as predictors
of disability in a clinical population of patients with episodic and chronic
migraine. Headache 45, 561-570. doi: 10.1111/§.1526-4610.2005.05110.x

Rubino, E., Rainero, I., Garino, F., Vicentini, C., Govone, F., Vacca, A., et al. (2019).
Subclinical hypothyroidism is associated with migraine: a case-control study.
Cephalalgia 39, 15-20. doi: 10.1177/0333102418769917

Rubino, E., Vacca, A., Govone, F., Gai, A., Boschi, S., Zucca, M., et al. (2017).
Investigating the role of adipokines in chronic migraine. Cephalalgia 37,
1067-1073. doi: 10.1177/0333102416665871

Ruiz-Gayo, M., Gonzélez, M. C., and Fernidndez-Alfonso, S. (2006). Vasodilatory
effects of cholecystokinin: new role for an old peptide? Regul. Pept. 137,
179-184. doi: 10.1016/j.regpep.2006.06.006

Russo, A., Marcelli, V., Esposito, F., Corvino, V., Marcuccio, L., Giannone,
A., et al. (2014). Abnormal thalamic function in patients with vestibular
migraine. Neurology 82, 2120-2126. doi: 10.1212/WNL.00000000000
00496

Saberi-Firoozi, M. (2007). Correlation of gastroesophageal reflux disease with
positive family history and headache in Shiraz city, Southern Iran. Saudi J.
Gastroenterol. 13, 176-179. doi: 10.4103/1319-3767.36748

Sacre, S., Medghalchi, M., Gregory, B., Brennan, F., and Williams, R. (2010).
Fluoxetine and citalopram exhibit potent antiinflammatory activity in human
and murine models of rheumatoid arthritis and inhibit toll-like receptors.
Arthritis Rheum. 62, 683-693. doi: 10.1002/art.27304

Sahota, R. K., and Dexter, J. D. (1990). Sleep and headache
syndromes: a clinical review. Headache ]. Head Face Pain 30, 80-84.
doi: 10.1111/j.1526-4610.1990.hed3002080.x

Sances, G., Ghiotto, N., Galli, F., Guaschino, E., Rezzani, C., Guidetti,
V., et al. (2010). Risk factors in medication-overuse headache: a 1-
year follow-up study (care II protocol). Cephalalgia 30, 329-336.
doi: 10.1111/j.1468-2982.2009.01934.x

Sandor, P., Dydak, U., Schoenen, J., Kollias, S. S., Hess, K., Boesiger, P., et al.
(2005). MR-spectroscopic imaging during visual stimulation in subgroups of
migraine with aura. Cephalalgia 25, 507-518. doi: 10.1111/j.1468-2982.2005.0
0900.x

Sandor, P. S., Di Clemente, L., Coppola, G., Saenger, U., Fumal, A,
Magis, D., et al. (2005). Efficacy of coenzyme Q10 in migraine
prophylaxis: a randomized controlled trial. Neurology 64, 713-715.
doi: 10.1212/01.WNL.0000151975.03598. ED

Sanna, G., D’Cruz, D., and Cuadrado, M. J. (2006). Cerebral manifestations in
the antiphospholipid (hughes) syndrome. Rheum. Dis. Clin. North Am. 32,
465-490. doi: 10.1016/j.rdc.2006.05.010

Sarchielli, P., Alberti, A., Coppola, F., Baldi, A., Gallai, B., Floridi, A., et al.
(2004). Platelet-activating factor (PAF) in internal jugular venous blood of
migraine without aura patients assessed during migraine attacks. Cephalalgia
24, 623-630. doi: 10.1111/].1468-2982.2003.00717.x

Savi, L., Ribaldone, D., Fagoonee, S., and Pellicano, R. (2014). Is helicobacter pylori
the infectious trigger for headache?: A Review. Infect. Disord. Drug Targets 13,
313-317. doi: 10.2174/1871526513666131201125021

Scher, A. I, Lipton, R. B, and Stewart, W. F. (2003a). Habitual snoring
as a risk factor for chronic daily headache. Neurology 60, 1366-1368.
doi: 10.1212/01.WNL.0000055873.71552.51

Scher, A. I, Midgette, L., a, and Lipton, R. B. (2008). Risk factors for headache
chronification. Headache 48, 16-25. doi: 10.1111/§.1526-4610.2007.00970.x

Frontiers in Human Neuroscience | www.frontiersin.org

29

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1016/S0072-9752(10)97005-X
https://doi.org/10.1111/j.1526-4610.1995.hed3510586.x
https://doi.org/10.1007/s11916-005-0039-y
https://doi.org/10.1212/wnl.16.8.791
https://doi.org/10.1111/j.1526-4610.1987.hed2703143.x
https://doi.org/10.1038/nrgastro.2010.116
https://doi.org/10.3389/fneur.2019.01325
https://doi.org/10.1111/j.1468-1331.2008.02406.x
https://doi.org/10.1111/j.1468-2982.2004.00839.x
https://doi.org/10.1073/pnas.72.9.3726
https://doi.org/10.1111/j.1468-2982.2005.00928.x
https://doi.org/10.1111/j.1526-4610.2007.00972.x
https://doi.org/10.1111/head.13357
https://doi.org/10.1136/jnnp-2014-309571
https://doi.org/10.1159/000474934
https://doi.org/10.1161/STROKEAHA.111.644674
https://doi.org/10.1212/WNL.0000000000000888
https://doi.org/10.1007/s00221-007-0879-2
https://doi.org/10.4103/jpn.JPN_19_19
https://doi.org/10.1111/j.1468-2982.2007.01453.x
https://doi.org/10.1016/j.clineuro.2018.01.032
https://doi.org/10.1111/j.1526-4610.1991.hed3108537.x
https://doi.org/10.1177/0333102413499649
https://doi.org/10.1007/s00415-013-7201-y
https://doi.org/10.1111/j.1468-2982.2008.01655.x
https://doi.org/10.1046/j.1526-4637.2000.99105.x
https://doi.org/10.1111/j.1526-4610.2005.05110.x
https://doi.org/10.1177/0333102418769917
https://doi.org/10.1177/0333102416665871
https://doi.org/10.1016/j.regpep.2006.06.006
https://doi.org/10.1212/WNL.0000000000000496
https://doi.org/10.4103/1319-3767.36748
https://doi.org/10.1002/art.27304
https://doi.org/10.1111/j.1526-4610.1990.hed3002080.x
https://doi.org/10.1111/j.1468-2982.2009.01934.x
https://doi.org/10.1111/j.1468-2982.2005.00900.x
https://doi.org/10.1212/01.WNL.0000151975.03598.ED
https://doi.org/10.1016/j.rdc.2006.05.010
https://doi.org/10.1111/j.1468-2982.2003.00717.x
https://doi.org/10.2174/1871526513666131201125021
https://doi.org/10.1212/01.WNL.0000055873.71552.51
https://doi.org/10.1111/j.1526-4610.2007.00970.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Scher, A. 1., Stewart, W. F., and Lipton, R. B. (2004). Caffeine as a risk factor for
chronic daily headache: a population-based study. Neurology 63, 2022-2027.
doi: 10.1212/01.WNL.0000145760.37852.ED

Scher, A. L, Stewart, W. F., Ricci, J. A., and Lipton, R. B. (2003b). Factors associated
with the onset and remission of chronic daily headache in a population-based
study. Pain 106, 81-89. doi: 10.1016/s0304-3959(03)00293-8

Scher, A. I, Terwindt, G. M., Picavet, H. S., Verschuren, W. M., Ferrari,
M. D., and Launer, L. J. (2005).
migraine: the GEM population-based study. Neurology 64, 614-620.
doi: 10.1212/01.WNL.0000151857.43225.49

Schoenen, J., Jacquy, J., and Lenaerts, M. (1998). Effectiveness of high-dose
riboflavin in migraine prophylaxis. a randomized controlled trial. Neurology 50,
466-470. doi: 10.1212/wnl.50.2.466

Schulte, L. H., and May, A. (2016). The migraine generator revisited: continuous
scanning of the migraine cycle over 30 days and three spontaneous attacks.
Brain 139, 1987-1993. doi: 10.1093/brain/aww097

Schulte, L. H., Mehnert, J., and May, A. (2020). Longitudinal neuroimaging
over 30 days: temporal characteristics of migraine. Ann. Neurol. 87, 646-651.
doi: 10.1002/ana.25697

Schur, E. A., Noonan, C., Buchwald, D., Goldberg, J., and Afari, N. (2009). A twin
study of depression and migraine: evidence for a shared genetic vulnerability.
Headache 49, 1493-1502. doi: 10.1111/j.1526-4610.2009.01425.x

Schiirks, M., Winter, A. C., Berger, K., Buring, J. E., and Kurth, T. (2012).
Migraine and restless legs syndrome in women. Cephalalgia 32, 382-389.
doi: 10.1177/0333102412439355

Schwedt, T. J., Schlaggar, B. L., Mar, S., Nolan, T., Coalson, R. S., Nardos, B., et al.
(2013). Atypical resting-state functional connectivity of affective pain regions
in chronic migraine. Headache 53, 737-751. doi: 10.1111/head.12081

Sen, S., Michelle Androulakis, X., Duda, V., Alonso, A., Chen, L. Y., Soliman,
E. Z, et al. (2018). Migraine with visual aura is a risk factor for
incident atrial fibrillation: a cohort study. Neurology 91, E2202-E2210.
doi: 10.1212/WNL.0000000000006650

Sfikakis, P. P., Mitsikostas, D. D., Manoussakis, M. N., Foukaneli,
D., and Moutsopoulos, H. M. (1998). Headache in systemic lupus
erythematosus: a controlled study. Br. J. Rheumatol. 37, 300-303.
doi: 10.1093/rheumatology/37.3.300

Shah, L., Rana, S., Valeriano, J., and Scott, T. F. (2013). Reversible CT perfusion
abnormalities in patient with migraine variant: a two phase process. Clin.
Neurol. Neurosurg. 115, 830-832. doi: 10.1016/j.clineuro.2012.08.012

Shechter, M., Shechter, A., Koren-Morag, N., Feinberg, M. S., and Hiersch, L.
(2014). Usefulness of brachial artery flow-mediated dilation to predict long-
term cardiovascular events in subjects without heart disease. Am. J. Cardiol.
113, 162-167. doi: 10.1016/j.amjcard.2013.08.051

Sicuteri, F. (1976). Hypothesis: central  biochemical
dysnociception. Headache 16, 145-159. Hypothesis: migraine, a central
biochemical dysnociception.

Silberstein, S. D., Holland, S., Freitag, F., Dodick, D. W., Argoff, C., and Ashman, E.
(2012). Evidence-based guideline update: pharmacologic treatment for episodic
migraine prevention in adults report of the quality standards subcommittee
of the American academy of neurology and the american headache society.
Neurology 78, 1337-1345. doi: 10.1212/WNL.0b013e3182535d20

Silvestrini, M., Baruffaldi, R., Bartolini, M., Vernieri, F., Lanciotti, C., Matteis,
M, et al. (2004). Basilar and middle cerebral artery reactivity in patients with
migraine. Headache 44, 29-34. doi: 10.1111/j.1526-4610.2004.04006.x

Silvestrini, M., Matteis, M., Troisi, E., Cupini, L. M., and Bernardi, G. (1996).
Cerebrovascular reactivity in migraine with and without aura. Headache 36,
37-40. doi: 10.1046/j.1526-4610.1996.3601037.x

Sinnecker, T., Clarke, M. A., Meier, D., Enzinger, C., Calabrese, M., De
Stefano, N., et al. (2019). Evaluation of the central vein sign as a diagnostic
imaging biomarker in multiple sclerosis. JAMA Neurol. 76, 1446-1456.
doi: 10.1001/jamaneurol.2019.2478

Song, T. J., Yun, C. H,, Cho, S. J., Kim, W. J,, Yang, K. I, and Chu, M. K. (2018).
Short sleep duration and poor sleep quality among migraineurs: a population-
based study. Cephalalgia 38, 855-864. doi: 10.1177/0333102417716936

Spanou, I, Bougea, A., Liakakis, G., Rizonaki, K., Anagnostou, E., Duntas,
L., et al. (2019). Relationship of migraine and tension-type headache

Cardiovascular risk factors and

migraine, a

Sparaco, M., Feleppa, M., Lipton, R. B., Rapoport, A. M., and Bigal, M. E.
(2006). Mitochondrial dysfunction and migraine: evidence and hypotheses.
Cephalalgia 26, 361-372. doi: 10.1111/j.1468-2982.2005.01059.x

Spierings, E. L. H. (2002). Headache of gastrointestinal origin: case studies.
Headache 42, 217-219. doi: 10.1046/j.1526-4610.2002.02054.x

Stam, A. H., Weller, C. M., Janssens, A. C. J. W., Aulchenko, Y. S., Oostra,
B. A, Frants, R. R, et al. (2013). Migraine is not associated with enhanced
atherosclerosis. Cephalalgia 33, 228-235. doi: 10.1177/0333102412466966

Stankewitz, A., Aderjan, D., Eippert, F., and May, A. (2011). Trigeminal
nociceptive transmission in migraineurs predicts migraine attacks. J. Neurosci.
31, 1937-1943. doi: 10.1523/JNEUROSCI.4496-10.2011

Streel, S., Donneau, A. F., Dardenne, N., Hoge, A., Albert, A., Schoenen, J.,
et al. (2017). Screening for the metabolic syndrome in subjects with migraine.
Cephalalgia 37, 1180-1188. doi: 10.1177/0333102416672494

Su, J., Zhou, X. Y., and Zhang, G. X. (2014). Association between Helicobacter
pylori infection and migraine: a meta-analysis. World J. Gastroenterol. 20,
14965-14972. doi: 10.3748/wjg.v20.i40.14965

Suzuki, K., Miyamoto, M., Miyamoto, T., Inoue, Y., Matsui, K., Nishida, S.,
et al. (2015). The prevalence and characteristics of primary headache and
dream-enacting behaviour in Japanese patients with narcolepsy or idiopathic
hypersomnia: a multi-centre cross-sectional study. PLoS ONE 10:¢0139229.
doi: 10.1371/journal.pone.0139229

Suzuki, S., Suzuki, K., Miyamoto, M., Miyamoto, T., Watanabe, Y., Takashima,
R, et al. (2011). Evaluation of contributing factors to restless legs syndrome in
migraine patients. J. Neurol. 258, 2026-2035. doi: 10.1007/s00415-011-6064-3

Tabby, D., Majeed, M. H., Youngman, B., and Wilcox, J. (2013). Headache in
multiple sclerosis: features and implications for disease management. Int. . MS
Care 15, 73-80. doi: 10.7224/1537-2073.2012-035

Tang, Y., Liu, S., Shu, H., Yanagisawa, L., and Tao, F. (2020). Gut microbiota
dysbiosis enhances migraine-like pain via TNFa upregulation. Mol. Neurobiol.
57, 461-468. doi: 10.1007/s12035-019-01721-7

Tao, W.-W., Cai, X.-T., Shen, J., Shi, X.-G., and Wang, Y. (2019). Hypoechogenicity
of brainstem raphe correlates with depression in migraine patients. J. Headache
Pain 20:53. doi: 10.1186/s10194-019-1011-2

Tarantino, S., De Ranieri, C., Dionisi, C., Gagliardi, V., Capuano, A., Vigevano,
F., et al. (2015). Migraine equivalents and related symptoms, psychological
profile and headache features: which relationship? J. Headache Pain 16:536.
doi: 10.1186/s10194-015-0536-2

Taylor, A. K., Lebwohl, B., Snyder, C., and Green, P. (2016). “Chapter 34: Celiac
Disease,” in Pediatric Gastrointestinal and Liver Disease, eds. M. Adam, H.
Ardinger, R. Pagon, S. Wallace, L. Bean, K. Stephens, et al. (Philadelphia, PA:
Elsevier Inc.), 395-404.e5.

Terrin, A., Toldo, G., Ermani, M., Mainardi, F., and Maggioni, F. (2018). When
migraine mimics stroke: a systematic review. Cephalalgia 38, 2068-2078.
doi: 10.1177/0333102418767999

Thomsen, L. L., Iversen, H. K., and Olesen, J. (1995).
cerebrovascular pCO2 reactivity in migraine with aura- a transcranial
doppler study during hyperventilation. Cephalalgia 15, 211-215.
doi: 10.1046/j.1468-2982.1995.015003211.x

Tietjen, G. E. (1992). Migraine and antiphospholipid antibodies. Cephalalgia 12,
69-74. doi: 10.1046/j.1468-2982.1992.1202069.x

Tietjen, G. E., and Collins, S. A. (2018). Hypercoagulability and migraine.
Headache 58, 173-183. doi: 10.1111/head.13044

Tietjen, G. E., Day, M., Norris, L., Aurora, S., Halvorsen, A., Schultz, L. R,, et al.
(1998). Role of anticardiolipin antibodies in young persons with migraine and
transient focal neurologic events: a prospective study. Neurology 50, 1433-1440.
doi: 10.1212/WNL.50.5.1433

Tietjen, G. E., Herial, N. A., Hardgrove, J., Utley, C., and White, L.
(2007). Migraine comorbidity constellations. Headache 47, 857-865.
doi: 10.1111/j.1526-4610.2007.00814.x

Tjensvoll, A. B., Harboe, E., Goransson, L. G., Beyer, M. K., Greve, O. J., Kvaloy, J.
T, et al. (2013). Headache in primary sjegren’s syndrome: a population-based
retrospective cohort study. Eur. J. Neurol. 20, 558-563. doi: 10.1111/ene.12033

Toldo, L, Perissinotto, E., Menegazzo, F., Boniver, C., Sartori, S., Salviati, L., et al.
(2010). Comorbidity between headache and epilepsy in a pediatric headache
center. J. Headache Pain 11, 235-240. doi: 10.1007/s10194-010-0191-6

Increased

with hypothyroidism: a literature review. Headache 59, 1174-1186. Tollefsen, E., Langhammer, A., Bjermer, L., Romundstad, P., and
doi: 10.1111/head.13600 Holmen, T. L. (2008). Allergy: a systemic disease? The HUNT and
Frontiers in Human Neuroscience | www.frontiersin.org 30 April 2021 | Volume 15 | Article 640574


https://doi.org/10.1212/01.WNL.0000145760.37852.ED
https://doi.org/10.1016/s0304-3959(03)00293-8
https://doi.org/10.1212/01.WNL.0000151857.43225.49
https://doi.org/10.1212/wnl.50.2.466
https://doi.org/10.1093/brain/aww097
https://doi.org/10.1002/ana.25697
https://doi.org/10.1111/j.1526-4610.2009.01425.x
https://doi.org/10.1177/0333102412439355
https://doi.org/10.1111/head.12081
https://doi.org/10.1212/WNL.0000000000006650
https://doi.org/10.1093/rheumatology/37.3.300
https://doi.org/10.1016/j.clineuro.2012.08.012
https://doi.org/10.1016/j.amjcard.2013.08.051
https://doi.org/10.1212/WNL.0b013e3182535d20
https://doi.org/10.1111/j.1526-4610.2004.04006.x
https://doi.org/10.1046/j.1526-4610.1996.3601037.x
https://doi.org/10.1001/jamaneurol.2019.2478
https://doi.org/10.1177/0333102417716936
https://doi.org/10.1111/head.13600
https://doi.org/10.1111/j.1468-2982.2005.01059.x
https://doi.org/10.1046/j.1526-4610.2002.02054.x
https://doi.org/10.1177/0333102412466966
https://doi.org/10.1523/JNEUROSCI.4496-10.2011
https://doi.org/10.1177/0333102416672494
https://doi.org/10.3748/wjg.v20.i40.14965
https://doi.org/10.1371/journal.pone.0139229
https://doi.org/10.1007/s00415-011-6064-3
https://doi.org/10.7224/1537-2073.2012-035
https://doi.org/10.1007/s12035-019-01721-7
https://doi.org/10.1186/s10194-019-1011-2
https://doi.org/10.1186/s10194-015-0536-2
https://doi.org/10.1177/0333102418767999
https://doi.org/10.1046/j.1468-2982.1995.015003211.x
https://doi.org/10.1046/j.1468-2982.1992.1202069.x
https://doi.org/10.1111/head.13044
https://doi.org/10.1212/WNL.50.5.1433
https://doi.org/10.1111/j.1526-4610.2007.00814.x
https://doi.org/10.1111/ene.12033
https://doi.org/10.1007/s10194-010-0191-6
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Young-HUNT study, Norway. Pediatr. Allergy Immunol. 19, 730-736.
doi: 10.1111/§.1399-3038.2008.00732.x

Tonini, M. C., Giordano, L., Atzeni, L., Bogliun, G., Perri, G., Saracco, M. G., et al.
(2012). Primary headache and epilepsy: a multicenter cross-sectional study.
Epilepsy Behav. 23, 342-347. doi: 10.1016/j.yebeh.2012.01.017

Totaro, R., Marini, C., De Matteis, G., Di Napoli, M., and Carolei, A.
(1997). Cerebrovascular reactivity in migraine during headache-free intervals.
Cephalalgia 17, 191-194. doi: 10.1046/j.1468-2982.1997.1703191.x

Tremblay, A., Lingrand, L., Maillard, M., Feuz, B., and Tompkins, T. A. (2021). The
effects of psychobiotics on the microbiota-gut-brain axis in early-life stress and
neuropsychiatric disorders. Prog. Neuro Psychopharmacology Biol. Psychiatry
105, 110142. doi: 10.1016/j.pnpbp.2020.110142

Tremblay, J. C., and Pyke, K. E. (2018). Flow-mediated dilation stimulated by
sustained increases in shear stress: a useful tool for assessing endothelial
function in humans? Am. J. Physiol. Hear. Circ. Physiol. 314, H508-H520.
doi: 10.1152/ajpheart.00534.2017

Turk, W. E., Uiterwijk, A., Pasmans, R., Meys, V., Ayata, C., and Koehler, P. J.
(2017). Aspirin prophylaxis for migraine with aura: an observational case series.
Eur. Neurol. 78, 287-289. doi: 10.1159/000481252

Uhlig, B. L., Engstrom, M., @degird, S. S., Hagen, K. K, and Sand, T.
(2014). Headache and insomnia in population-based epidemiological studies.
Cephalalgia 34, 745-751. doi: 10.1177/0333102414540058

Vacca, G., Marano, E., Brescia Morra, V., Lanzillo, R., De Vito, M., Parente, E., et al.
(2007). Multiple sclerosis and headache co-morbidity. A case-control study.
Neurol. Sci. 28, 133-135. doi: 10.1007/s10072-007-0805-1

Vaccaro, M., Riva, C., Tremolizzo, L., Longoni, M., Aliprandi, A., Agostoni, E.,
etal. (2007). Platelet glutamate uptake and release in migraine with and without
aura. Cephalalgia 27, 35-40. doi: 10.1111/j.1468-2982.2006.01234.x

Valente, M., Janes, F., Russo, V., Fontana, A., Travanut, A., Sommaro, M., et al.
(2017). Prevalence of restless legs syndrome in migraine patients: a case-control
study. Analysis of risk factors for restless legs syndrome in migraine patients.
Headache 57, 1088-1095. doi: 10.1111/head.13124

Valikovics, A., Oléh, L., Flesdi, B., Kdposzta, Z., Ficzere, A., Bereczki, D.,
et al. (1996). Cerebrovascular reactivity measured by transcranial doppler in
migraine. Headache 36, 323-328. doi: 10.1046/j.1526-4610.1996.3605323.x

Van Ameringen, M., Mancini, C., Pipe, B., Oakman, J., and Bennett, M. (2004). An
open trial of topiramate in the treatment of generalized social phobia. J. Clin.
Psychiatry 65, 1674-1678. doi: 10.4088/JCP.v65n1213

Van Os, H. J. A, Mulder, 1. A, Broersen, A. Algra, A, Van Der
Schaaf, I. C., Kappelle, L. J., et al. (2017). Migraine and cerebrovascular
atherosclerosis in patients with ischemic stroke. Stroke 48, 1973-1975.
doi: 10.1161/STROKEAHA.116.016133

Vanmolkot, F. H., and de Hoon, J. N. (2010). Endothelial function in migraine: a
cross-sectional study. BMC Neurol. 10:119. doi: 10.1186/1471-2377-10-119

Vanmolkot, F. H., Van Bortel, L. M., and De Hoon, J. N. (2007). Altered
arterial function in migraine of recent onset. Neurology 68, 1563-1570.
doi: 10.1212/01.wnl.0000260964.28393.ed

Vazquez-Cruz, J., Traboulssi, H., Rodriquez-De la Serna, A., Geli, C., Roig, C.,
and Diaz, C. (1990). A prospective study of chronic or recurrent headache
in systemic lupus erythematosus. Headache J. Head Face Pain 30, 232-235.
doi: 10.1111/j.1526-4610.1990.hed3004232.x

Vecchio, E., Lombardi, R., Paolini, M., Libro, G., Delussi, M., Ricci, K., et al. (2020).
Peripheral and central nervous system correlates in fibromyalgia. Eur. J. Pain
24, 1537-1547. doi: 10.1002/ejp.1607

Vernieri, F., Moro, L., Altamura, C., Palazzo, P., Antonelli Incalzi, R., Rossini, P.
M., etal. (2010). Patients with migraine with aura have increased flow mediated
dilation. BMC Neurol. 10:18. doi: 10.1186/1471-2377-10-18

Vernieri, F., Tibuzzi, F., Pasqualetti P., Altamura, C. Palazzo, P.,
Rossini, P. M., et al. (2008). Increased cerebral vasomotor reactivity
in migraine with aura: an autoregulation disorder?
Doppler and near-infrared spectroscopy study. Cephalalgia 28, 689-695.
doi: 10.1111/j.1468-2982.2008.01579.x

Verrotti, A., Cieri, F., Pelliccia, P., Morgese, G., and Chiarelli, F. (2000). Lack of
association between antiphospholipid antibodies and migraine in children. Int.
J. Clin. Lab. Res. 30, 109-111. doi: 10.1007/s005990070023

Vetvik, K. G., and MacGregor, E. A. (2017). Sex differences in the epidemiology,
clinical features, and pathophysiology of migraine. Lancet Neurol. 16:76.
doi: 10.1016/S1474-4422(16)30293-9

A transcranial

Vieira, D. S. S., Naffah-Mazacoratti, M. G., Zukerman, E., Senne Soares, C. A,,
Alonso, E. O., Faulhaber, M. H. W, et al. (2006). Cerebrospinal fluid GABA
levels in chronic migraine with and without depression. Brain Res. 1090,
197-201. doi: 10.1016/j.brainres.2006.03.051

Vikelis, M., and Rapoport, A. M. (2010).
drugs as preventive agents for migraine.
doi: 10.2165/11310970-000000000-00000

Villani, V., Prosperini, L., Ciuffoli, A., Pizzolato, R., Salvetti, M., Pozzilli,
C., et al. (2008). Primary headache and multiple sclerosis: preliminary
results of a prospective study. Newurol. Sci. 29 (Suppl. 1), S146-S148.
doi: 10.1007/s10072-008-0908-3

Villani, V., Prosperini, L, De Giglio, L., Pozzilli C. Salvetti, M. and
Sette, G. (2012). The impact of interferon beta and natalizumab on
comorbid migraine in multiple sclerosis. Headache 52, 1130-1135.
doi: 10.1111/j.1526-4610.2012.02146.x

Vincent, M. B. (2011). Headache and neck. Curr. Pain Headache Rep. 15, 324-331.
doi: 10.1007/s11916-011-0195-1

Vlagea, A., Gil, A, Cuesta, M. V., Arribas, F., Diez, J., Lavilla, P., et al
(2013). Antiphosphatidylserine/prothrombin antibodies (aPS/PT) as potential
markers of antiphospholipid syndrome. Clin. Appl. Thromb. 19, 289-296.
doi: 10.1177/1076029612437578

Vollono, C., Gnoni, V., Testani, E., Dittoni, S., Losurdo, A., Colicchio, S., et al.
(2013). Heart rate variability in sleep-related migraine without aura. J. Clin.
Sleep Med. 9, 707-714. doi: 10.5664/jcsm.2846

Walsh, D. A., and McWilliams, D. F. (2019). “CGRP and painful pathologies other
than headache,” in Handbook of Experimental Pharmacology (New York, Ny:
Springer; LLC), 141-167. doi: 10.1007/164_2019_242

Wang, I. C, Tsai, J. D, Lin, C. L, Shen, T. C, Li, T. C., and Wei, C. C.
(2016). Allergic rhinitis and associated risk of migraine among children:
a nationwide population-based cohort study. Int. Forum Allergy Rhinol. 6,
322-327. doi: 10.1002/alr.21654

Wang, X,, Lang, S., yang, He, M., wang, Zhang, X., Zhu, F., Dai, W, et al. (2014a).
High prevalence of headaches in patients with epilepsy. J. Headache Pain 15:70.
doi: 10.1186/1129-2377-15-70

Wang, X., Lang, S., yang, Zhang, X., Zhu, F., Wan, M., Shi, X,, et al. (2014b).
Comorbidity between headache and epilepsy in a Chinese epileptic center.
Epilepsy Res. 108, 535-541. doi: 10.1016/j.eplepsyres.2013.12.013

Wang, Y. C,, Huang, Y. P., Wang, M. T., Wang, H. L, and Pan, S. L. (2017).
Increased risk of rheumatoid arthritis in patients with migraine: a population-
based, propensity score-matched cohort study. Rheumatol. Int. 37, 273-279.
doi: 10.1007/s00296-016-3604-2

Wasserman, S. 1. (1994). Mast
asthma. in Am. J. Respir. Crit.
doi: 10.1164/ajrccm/150.5_pt_2.s39

Weder-Cisneros, N. D., Téllez-Zenteno, J. F., Cardiel, M. H., Guibert-Toledano,
M., Cabiedes, J., Veldsquez-Paz, A. L., et al. (2004). Prevalence and factors
associated with headache in patients with systemic lupus erythematosus.
Cephalalgia 24, 1031-1044. doi: 10.1111/j.1468-2982.2004.00822.x

Wei, C. C,, Lin, C. L., Shen, T. C., and Chen, A. C. (2018). Children with allergic
diseases have an increased subsequent risk of migraine upon reaching school
age. J. Investig. Med. 66, 1064-1068. doi: 10.1136/jim-2018-000715

Wei, H.,, Le, Z. X,, Chen, Y. C, Yu, Y. S, Guo, X,, Zhou, G. P,, et al
(2019). Impaired intrinsic functional connectivity between the thalamus
and visual cortex in migraine without aura. J. Headache Pain 20:116.
doi: 10.1186/s10194-019-1065-1

Weiller, C., May, A., Limmroth, V., Jiiptner, M., Kaube, H., Schayck, R. V, et al.
(1995). Brain stem activation in spontaneous human migraine attacks. Nat.
Med. 1, 658-660. doi: 10.1038/nm0795-658

Whitelaw, D. A., Hugo, F., Spangenberg, J. J., and Rickman, R. (2004). Headaches
in patients with systemic lupus erythematosus: a comparative study. Lupus 13,
501-505. doi: 10.1191/0961203304lul0500a

Wieser, T., Mueller, C., Evers, S., Zierz, S., and Deufel, T. (2003). Absence of
known familial hemiplegic migraine (FHM) mutations in the CACNAIA gene
in patients with common migraine: Implications for genetic testing. Clin. Chem.
Lab. Med. 41, 272-275. doi: 10.1515/CCLM.2003.042

Wilkinson, I. A., Halliday, J. A., Henry, R. L., Hankin, R. G., and Hensley,
M. J. (1994). Headache and asthma. J. Paediatr. Child Health 30, 253-256.
doi: 10.1111/j.1440-1754.1994.tb00628.x

Role  of
CNS  Drugs

antiepileptic
24, 21-33.

cells and
Care Med.

airway inflammation in
150 (5Pt. 2), S39-41.

Frontiers in Human Neuroscience | www.frontiersin.org

31

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1111/j.1399-3038.2008.00732.x
https://doi.org/10.1016/j.yebeh.2012.01.017
https://doi.org/10.1046/j.1468-2982.1997.1703191.x
https://doi.org/10.1016/j.pnpbp.2020.110142
https://doi.org/10.1152/ajpheart.00534.2017
https://doi.org/10.1159/000481252
https://doi.org/10.1177/0333102414540058
https://doi.org/10.1007/s10072-007-0805-1
https://doi.org/10.1111/j.1468-2982.2006.01234.x
https://doi.org/10.1111/head.13124
https://doi.org/10.1046/j.1526-4610.1996.3605323.x
https://doi.org/10.4088/JCP.v65n1213
https://doi.org/10.1161/STROKEAHA.116.016133
https://doi.org/10.1186/1471-2377-10-119
https://doi.org/10.1212/01.wnl.0000260964.28393.ed
https://doi.org/10.1111/j.1526-4610.1990.hed3004232.x
https://doi.org/10.1002/ejp.1607
https://doi.org/10.1186/1471-2377-10-18
https://doi.org/10.1111/j.1468-2982.2008.01579.x
https://doi.org/10.1007/s005990070023
https://doi.org/10.1016/S1474-4422(16)30293-9
https://doi.org/10.1016/j.brainres.2006.03.051
https://doi.org/10.2165/11310970-000000000-00000
https://doi.org/10.1007/s10072-008-0908-3
https://doi.org/10.1111/j.1526-4610.2012.02146.x
https://doi.org/10.1007/s11916-011-0195-1
https://doi.org/10.1177/1076029612437578
https://doi.org/10.5664/jcsm.2846
https://doi.org/10.1007/164_2019_242
https://doi.org/10.1002/alr.21654
https://doi.org/10.1186/1129-2377-15-70
https://doi.org/10.1016/j.eplepsyres.2013.12.013
https://doi.org/10.1007/s00296-016-3604-2
https://doi.org/10.1164/ajrccm/150.5_pt_2.s39
https://doi.org/10.1111/j.1468-2982.2004.00822.x
https://doi.org/10.1136/jim-2018-000715
https://doi.org/10.1186/s10194-019-1065-1
https://doi.org/10.1038/nm0795-658
https://doi.org/10.1191/0961203304lu1050oa
https://doi.org/10.1515/CCLM.2003.042
https://doi.org/10.1111/j.1440-1754.1994.tb00628.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Altamura et al.

Pathophysiological Bases of Migraine Comorbidity

Williams, F. M. K., Cherkas, L. F., Bertolaccini, M. L., Murru, V., Surdulescu, G. L.,
Hughes, G. R. V., et al. (2008). Migraine and antiphospholipid antibodies: no
association found in migraine-discordant monozygotic twins. Cephalalgia 28,
1048-1052. doi: 10.1111/j.1468-2982.2008.01646.x

Winter, A. C., Schiirks, M., Berger, K., Buring, J. E., Gaziano, J. M., and Kurth, T.
(2013). Migraine and restless legs syndrome in men. Cephalalgia 33, 130-135.
doi: 10.1177/0333102412466965

Wolfe, F., Clauw, D. J., Fitzcharles, M. A., Goldenberg, D. L., Katz, R. S., Mease,
P., etal. (2010). The American college of rheumatology preliminary diagnostic
criteria for fibromyalgia and measurement of symptom severity. Arthritis Care
Res. 62, 600-610. doi: 10.1002/acr.20140

Xu, Y., Padiath, Q. S., Shapiro, R. E., Jones, C. R, Wu, S. C., Saigoh, N.,
et al. (2005). Functional consequences of a CKI§ mutation causing familial
advanced sleep phase syndrome. Nature 434, 640-644. doi: 10.1038/nature
03453

Yamada, K., Moriwaki, K., Oiso, H., and Ishigooka, J. (2011). High prevalence
of comorbidity of migraine in outpatients with panic disorder and
effectiveness of psychopharmacotherapy for both disorders: a retrospective
open label study. Psychiatry Res. 185, 145-148. doi: 10.1016/j.psychres.2009.
08.004

Yamane, L. E., Montenegro, M. A., and Guerreiro, M. M. (2004). Comorbidity
headache and epilepsy childhood.  Neuropediatrics 35, 99-102.
doi: 10.1055/s-2004-815831

Yang, F.-C., Chou, K.-H., Hsu, A.-L., Fuh, J.-L., Lirng, J.-F., Kao, H.-W., et al.
(2018). Altered brain functional connectome in migraine with and without
restless legs syndrome: a resting-state functional MRI study. Front. Neurol. 9:25.
doi: 10.3389/fneur.2018.00025

Yang, M. H., Wang, P. H, Wang, S. J, Sun, W. Z, Oyang, Y. J,
and Fuh, J. L. (2012). Women with endometriosis are more likely to
suffer from migraines: a population-based study. PLoS ONE 7:e33941.
doi: 10.1371/journal.pone.0033941

Yetkin, E., Ozisik, H., Ozcan, C., Aksoy, Y., and Turhan, H. (2006). Decreased
endothelium-dependent vasodilatation in patients with migraine: a new aspect
to vascular pathophysiology of migraine. Coron. Artery Dis. 17, 29-33.
doi: 10.1097/00019501-200602000-00005

Yilmaz Avci, A., Akkucuk, M. H., Torun, E., Arikan, S., Can, U, and
Tekindal, M. A. (2019). Migraine and subclinical atherosclerosis:
endothelial dysfunction biomarkers and carotid intima-media thickness:
a case-control study. Neurol. Sci. 40, 703-711. doi: 10.1007/s10072-019-3
710-5

Yoon, M. S., Manack, A., Schramm, S., Fritsche, G., Obermann, M., Diener,
H. C, et al. (2013). Chronic migraine and chronic tension-type headache
are associated with concomitant low back pain: results of the German
headache consortium study. Pain 154, 484-492. doi: 10.1016/j.pain.2012.
12.010

in

Young, W. B., Piovesan, E. J., and Biglan, K. M. (2003). Restless legs syndrome
and drug-induced akathisia in headache patients. CNS Spectr. 8, 450-456.
doi: 10.1017/S1092852900018769

Yu, D, Yuan, K, Zhao, L, Dong, M., Liu, P, Yang, X, et al. (2013).
White matter integrity affected by depressive symptoms in migraine without
aura: a tract-based spatial statistics study. NMR Biomed. 26, 1103-1112.
doi: 10.1002/nbm.2924

Zambreanu, L., Wise, R. G., Brooks, J. C. Iannetti G. D., and Tracey,
1. (2005). A role for the brainstem in central sensitisation in humans.
Evidence from functional magnetic resonance imaging. Pain 114, 397-407.
doi: 10.1016/j.pain.2005.01.005

Zanigni, S., Giannini, G., Melotti, R., Pattaro, C., Provini, F., Cevoli, S., et al. (2014).
Association between restless legs syndrome and migraine: a population-based
study. Eur. J. Neurol. 21, 1205-1210. doi: 10.1111/ene.12462

Zeller, J., Weissbarth, E., Baruth, B., Mielke, H., and Deicher, H. (1983). Serotonin
content of platelets in inflammatory rheumatic diseases. Arthritis Rheum. 26,
532-540. doi: 10.1002/art.1780260413

Zhang, D. G., Amin, F. M., Guo, S., Vestergaard, M. B., Hougaard, A,
and Ashina, M. (2020). Plasma glucose levels increase during spontaneous
attacks of migraine with and without aura. Headache 60, 655-664.
doi: 10.1111/head.13760

Zis, P., Julian, T., and Hadjivassiliou, M. (2018). Headache associated with
coeliac disease: a systematic review and meta-analysis. Nutrients 10:1445.
doi: 10.3390/nu10101445

Zlotnik, Y., Plakht, Y., Aven, A., Engel, Y., Am, N., and Ifergane, G. (2014). Alcohol
consumption and hangover patterns among migraine sufferers. J. Neurosci.
Rural Pract. 5, 128-134. doi: 10.4103/0976-3147.131652

Zwart, J. A, Dyb, G., Hagen, K, Qdegérd, K. J., Dahl, A. A., Bovim, G,
et al. (2003). Depression and anxiety disorders associated with headache
frequency. The nord-trondelag health study. Eur. J. Neurol. 10, 147-152.
doi: 10.1046/j.1468-1331.2003.00551.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Altamura, Corbelli, de Tommaso, Di Lorenzo, Di Lorenzo, Di
Renzo, Filippi, Jannini, Messina, Parisi, Parisi, Pierelli, Rainero, Raucci, Rubino,
Sarchielli, Li, Vernieri, Vollono and Coppola. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Human Neuroscience | www.frontiersin.org

32

April 2021 | Volume 15 | Article 640574


https://doi.org/10.1111/j.1468-2982.2008.01646.x
https://doi.org/10.1177/0333102412466965
https://doi.org/10.1002/acr.20140
https://doi.org/10.1038/nature03453
https://doi.org/10.1016/j.psychres.2009.08.004
https://doi.org/10.1055/s-2004-815831
https://doi.org/10.3389/fneur.2018.00025
https://doi.org/10.1371/journal.pone.0033941
https://doi.org/10.1097/00019501-200602000-00005
https://doi.org/10.1007/s10072-019-3710-5
https://doi.org/10.1016/j.pain.2012.12.010
https://doi.org/10.1017/S1092852900018769
https://doi.org/10.1002/nbm.2924
https://doi.org/10.1016/j.pain.2005.01.005
https://doi.org/10.1111/ene.12462
https://doi.org/10.1002/art.1780260413
https://doi.org/10.1111/head.13760
https://doi.org/10.3390/nu10101445
https://doi.org/10.4103/0976-3147.131652
https://doi.org/10.1046/j.1468-1331.2003.00551.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Pathophysiological Bases of Comorbidity in Migraine
	Introduction
	Cerebrovascular Dysfunction and Migraine
	Scientific Evidence of Comorbidity and Pathophysiological Links
	Thrombosis and Embolism
	Hemodynamic Dysfunction
	Energetic Failure


	Metabolic and Endocrine Comorbidities of Migraine
	Scientific Evidence of Comorbidity
	Insulin Resistance, Metabolic Syndrome, and Migraine
	Diabetes and Migraine
	Obesity and Migraine
	Hypothyroidism and Migraine
	Endometriosis and Migraine

	Supposed Pathophysiological Mechanisms

	Epilepsy and Migraine
	Scientific Evidence of Comorbidity
	Supposed Pathophysiological Mechanisms

	Psychiatric Comorbidity
	Scientific Evidence of Comorbidity
	Depressive Disorders and Migraine
	Bipolar Disorders and Migraine
	Anxiety Disorders and Migraine
	Obsessive-Compulsive Disorders and Migraine
	Post-traumatic Stress Disorders and Migraine
	Substance Use Disorders and Migraine
	Somatic Symptom Disorders and Migraine

	Supposed Pathophysiological Mechanisms
	Neurotransmitters and Psychiatric Comorbidity
	Neuroinflammation and Psychiatric Comorbidity
	Genetics and Psychiatric Comorbidity
	Stress and Psychiatric Comorbidity
	Neurocircuits and Psychiatric Comorbidity


	Comorbidity With Other Pain Syndromes
	Scientific Evidence of Comorbidity
	Pathophysiological Basis of Comorbidity

	Sleep-Related Disorders and Migraine
	Scientific Evidence of Comorbidity
	Migraine and Insomnia
	Migraine and Sleep-Disordered Breathing
	Migraine and Restless Legs Syndrome
	Migraine and Narcolepsy
	Migraine and Advanced Sleep Phase
	Migraine and Parasomnias
	Sleep-Related Migraine
	Migraine, Sleep, and Chronification

	Supposed Pathophysiological Mechanisms

	Gastrointestinal Disorders and Migraine
	Scientific Evidence of Comorbidity
	Supposed Pathophysiological Mechanisms

	Immunological Disorders and Migraine
	Scientific Evidence of Comorbidity
	Supposed Pathophysiological Mechanisms

	Migraine Comorbidity as Judged by Neuroimaging Techniques
	Conclusion and Perspectives
	Data Availability Statement
	Author Contributions
	Funding
	References


