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Abstract

It is well established that migraine is a multifactorial disorder. A deep understanding of migraine
should be based upon both the underlying traits and the current states affected by different
physiological, psychological, and environmental factors. At this point, there is no framework
fully meeting these criteria. Here, we describe a broader view of the migraine disorder defined as
a dysfunctional brain state and trait interaction. In this model, we consider events that may
enhance or diminish migraine responsivity based on an individual’s trait and state. This could
provide an expanded view for considering how migraine attacks are sometimes precipitated by
“triggers” and sometimes not, how these factors only lead to migraine attacks in migraine
patients, or how individuals with an increased risk for migraine do not show any symptoms at
all. Summarizing recent studies and evidence that support the concept of migraine as a brain
state—trait interaction can also contribute to improving patient care by highlighting the
importance of precision medicine and applying measures that are able to capture how different
traits and states work together to determine migraine.

Introduction

Migraine is recognized as a complex disorder with severe, disabling, and neurological symptoms
that place a major burden on patients, society and the healthcare system.'™ Migraine affects
about 12% of the general population, and it is typically characterized by attacks of throbbing
headache that are often aggravated by activity and accompanied by nausea, vomiting, sensitivity
to light, and/or sound.”® The effect of migraine extends beyond the physical pain as it impacts
significant psychosocial aspects of an individual’s life. Although the condition is considered to be
affected by multiple endogenous (eg, genetic, epigenetic, neurochemical, neuroendocrine, and
neuroanatomical) and exogenous (eg, societal, rearing, environmental, and nutritional)
underpinnings, " there is currently no framework available for incorporating all of these
factors implicated in migraine. While it is well documented that migraine is not static since
internal and external modulatory factors, such as hormonal changes, phases of life, stress, and
sleep, can influence the level of excitability of the migraine brain, disentangling the contribution
of these underpinnings can be a daunting task given that they closely interact.

One way to uncover the complex interaction among these underpinnings is along the time
axis of the transient (ie, state) vs enduring (ie, trait) patterns and their potential interactions
within the “migraine phenotype.” The innate structural and biochemical makeup of the brain
defines its functions and susceptibilities. When neural processing is dysfunctional, neural
responses may evolve into a specific behavioral or phenotypic format (eg, increased susceptibility
to headaches).'"'* Thus, neural processing in the disease state (eg, migraine context), while
ongoing, may fluctuate within and between normal (ie, resistant brain state) and abnormal limits
(ie, susceptible brain state).” Our aim is to give a migraine model in the context of how different
traits and states could work together to determine this disorder. Figure 1 summarizes the
proposed interactions and the overall theme of the paper.

Migraine could be a perfect model to dissect the role of neural circuit function/dysfunction
(trait) in the context of alterations of the internal and external environment (state): While there
are certain trait components to migraine, current states are altered by different events which may
directly lead to migraine attacks or reduce the attack threshold by making the brain more
responsive to trigger factors."*”'® Migraine is considered as a chronic disorder with trait-like
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Figure 1. The basic concept. Using the two domains of brain trait and brain state provides a unique framework for understanding the role of neurobiological system in the context

of internal and external processes in migraine.

features interspersed with acute and temporary episodes, signs, and
symptoms.'*'® Defining migraine as a chronic disease also impli-
cates that the interictal migraine state is not a “healthy” brain state.
Increasing evidence suggests that brain networks involved in the
processing of pain, emotions, and sensory stimuli show stronger
functional connectivity and hyperexcitability even between the
attacks which supports the notion that there are enduring, under-
lying traits that are involved in migraine.'”*’ In addition, while
most migraine patients have a polygenetic underpinning,”’
migraine like-symptoms can also occur following head
trauma,”>”’ seizures,”* or medication overuse,” as examples, in
individuals who have not had a history of migraine attacks. These
brains were affected by physical impact or stress leading to neural
dysfunction. This speaks to the potential interplay of state and trait,
since the headache initially occurs after an event (eg, brain injury),
but the following structural changes are connected to the presence
of recurrent migraine states.” In line with this, the phenomenon of
migraine progression is also an example of state-trait interplay
where the overriding state drives an underlying trait (functional,
structural, and chemical) leading to disease transformation or
chronification.”” Studies showing brain alterations that are
connected to the migraine attack frequency and disease
duration (number of years with migraine) also strengthen this
assumption.zs’29

Here, we use this “migraine-model” to evaluate underpinnings
of the state-trait contributions to the manifestation of the disease in
three major sections: (a) migraine traits (MTs)—in the context of
genetics and disease expression; (b) migraine states (MSs)—in
terms of entropy vs negentropy (the reverse of entropy); and
(c) migraine interactive states (MIS).

Migraine Traits (MTs)

We suggest a classification of primary and secondary MTs. Primary
MTs (PMTs) are those brain traits specific to a migraine process
that is inherent in an individual’s genetic makeup/biology, perhaps
termed “the migraine brain.” Secondary MTs (SMTs) are those
inherited conditions such as behavioral (eg, increased risk of
depression and anxiety influenced by shared genetic factors) or
structural (eg, ectopic vessel) that drive the PMTs.”"* Sensitivity
to stress attack,” vulnerability to negative affect’* or underlying
autonomic dysfunction’’® may be SMTs that contribute to the

https://doi.org/10.1017/5109285292100064X Published online by Cambridge University Press

lowering of the threshold for a migraine in patients with a PMT
profile. However, secondary traits may also provide protection, for
example, trait optimism has a protective effect against anxiety.37 It
should be also noted that these SMTs, such as the sensitivity to
stress, could influence the onset and maintenance of migraine
states (MSs) (see below), but the recurring migraine attacks may
be also related to experiencing more negative emotions and stress
indicating state and trait interaction.”® Some traits could change
with progression or remission of a disease or other biological
factors such as age and sex.” In addition, they may be related to
another underlying disease (eg, attention deficit hyperactivity dis-
order, major depressive disorder [MDD], or Tourette syndrome40).
It is worth mentioning that such conditions may not be traits per
say, but contributing factors. The psychiatric co-morbidities and
how stress and migraine are related also support an interaction
between somatic and psychological factors in migraine (especially
in younger children)."” As such, migraine could be a dysfunctional
adaptation to predispositions (genetic) as well as endogenous and
exogenous events, where somatic complaints and emotional dis-
tress may be strongly related.

Genome-wide association studies (GWAS) have identified
genetic loci involved with MTs. However, it is unclear what the
contributions of genetic differences are as they relate to disease
expression or load. As an example, genetic load appears to be higher
in hemiplegic migraine and migraine with aura compared to with-
out aura supporting the view that migraine could be a spectrum
disorder.*' Furthermore, such traits may also relate to reactivity of
tissue (nerves, glia cells, and vessels) to processes such as cytokine
responsivity.'” Recent GWAS studies in patients with migraine”***
have identified single nucleotide polymorphisms (SNPs) in target
tissue, including blood vessels, that are associated with migraine
risk. However, the contribution of variants in SNPs to their
migraine susceptibility remains to be defined, independent of or
accounting for various MSs. For example, independent of MS, there
are overlapping genetic variants (SNPs rs146377178, rs672931, and
rs11858956) in migraine and MDD."” Evaluation of GWAS data
with gene expression in human brains has implicated some neu-
rochemical pathways involving the cortex, cerebellum, and sub-
cortical areas, suggesting a connection between neurochemical
changes and migraine pathophysiology.’® However, it is worth
noting two major caveats relating to genetically predisposed disease
states that could be applied to MTs: (a) that generally disease
prediction based on traits is difficult"” and (b) that interactions


https://doi.org/10.1017/S109285292100064X

CNS Spectrums

with the environment are complex and may alter susceptibility of
the migraine phenotype. Penetrance of a disease depends on the
proportion of individuals with a genetic trait that actually exhibit
the characteristic phenotype. Thus, expression of the disease may
relate to the relative environmental load encompassing social,
psychological, and physical stressors and the relative reactivity of
the individual based on genetic “load™*" previously considered in
the domain of “migrainomics.”*” Most studies, specifically identi-
fying variants that can contribute to the migraine disorder, have
concentrated on the SNPs associated with an increased or
decreased risk of migraine that may influence migraine suscepti-
bility but not necessarily lead to migraine onset. That is, genetic
research further supports the complexity of migraine, and empha-
sizes that traits could interact with states.”’

Migraine States (MSs)

A disease state may be defined as a condition that an individual has
and which manifests with well-defined signs or symptoms. While the
International Headache Society (IHS) has defined various migraine
subtypes (http://www.ihs-headache.org/ichd-guidelines), we refer to
primary MSs as that related to the headache itself with regard to
duration, intensity and whether acute or chronic; whereas secondary
MSs as that related to the nonheadache phenomena (eg, depression,
autonomic features, tiredness, nausea, vomiting, and sensitivity to
light and/or sound) that may be present either in the interictal or ictal
state. Migraine symptom variants also include those that may exist
alone or in combination outside of or without headache (eg, visual
aura, atypical auras, confusion, abdominal pain, cyclic vomiting,
vertigo, hemiplegia/hemiparesis [severe or mild loss of strength on
one side of the body], and dysarthria [speech problems]). As such,
disease states may refer to (a) disease load (ie, remission vs minimal
activity or severe activity); (b) temporal process (ie, acute or chronic;
intensity, frequency); and (c) treatment responsivity. It usually
reflects the clinical evaluation/impression of the individual’s
migraine condition. What is more difficult to capture is the undu-
lating nature of the disease state and the contributions of biological
and environmental processes. We discuss examples of how brain
traits may interact with brain states below.

Notably, MSs may be viewed as unstable brain states. As
such they may be considered entropic (more unstable or degree
of disorder) or negentropic (more stable or more ordered)
conditions. If one considers a stable state such as health,
patients with few episodic migraines of low intensity or dura-
tion may be viewed mildly entropic whereas patients with severe
or chronic migraine may be considered more entropic. Stabi-
lizing factors such as treatment, decreased stress could convert
or reverse the entropic state toward the more stable negentropic
state. These states and resistance to treatments may be models
for overall migraine state. Negentropy has been used to differ-
entiate headache states.”” Such approaches if reproducible can
provide a relative state along the continuum of entropy vs
negentropy.

Migraine Interactive States (MIS)

Behaviors are related to the function of the neural networks.”"

Migraine behaviors can be defined in terms of the headaches and a
multitude of other phenomena related to the condition as noted in
“MSs” above. Modulation of these behaviors may relate to the state
of the brain as well as environmental and multiple other factors at
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the time. In migraine, there is an abnormal brain function: Struc-
tural, functional, and chemical alterations are well documented
including changes in gray matter or white mater volumes, func-
tional connectivity alterations (during and between migraine
attacks), white matter alterations, infarct-like lesions, as well as
dysfunctional energy metabolism and mitochondrial disruption in
migraine patients compared to healthy controls.”” These brain
changes are exacerbated or improved based on relative effects of
environmental (eg, socioeconomic status) or psychological (eg,
anxiety) conditions. Variations in brain alterations could be also
attributed to the different disease states (eg, migraine duration,
pain intensity, attack frequency, and treatment responsivity). Brain
changes can be detected in the interictal period as well showing
slow progression that reaches a threshold in the preictal period
beyond which the migraine attack starts.'>**”> Considering differ-
ent states and traits and their interaction with each other may
provide insight into the migraine condition, for example, how
different triggers activate migraines in susceptible individuals, or
how individuals with an increased risk for migraine do not manifest
any symptoms at all. An example of the latter is the use of drugs to
activate/provoke headaches (may not be necessarily migraine) in
migraine patients but not in healthy individuals.”®

Weight and effect—a model for MIS

Using the concepts of weight—the value of a component (such as
age, sleep, etc.), and effect size—the relative quantitative contri-
bution (magnitude) of that process in the resulting action
(migraine), we can model the MIS using machine learning models
(Figure 2). For example, deep learning models allow interactions
in a matrix using “an exchangeability property.””” In this way, the
matrix may include biological interactions (eg, sex, weight, sleep
patterns, and sensory summation), and emotional interactions
(eg, fear, anxiety, depression, and psychological stress). We have
these in conjunction with the deep learning model of migraine in
the context of interactions of trait and state. A few examples are
provided below:

Summation of effects—multisensory disarray

Contribution of repeated migraines on altered primary sensory
systems has been well documented.” Why some individuals have
predominantly or only one sensory system affected (eg, allodynia)
remains unclear and may reflect underlying trait or trait pene-
trance. However, the more primary sensory systems affected, there
seems to be a greater disarray of sensory performance. In our recent
paper,”” we evaluated complexity of the sensory networks as they
converge and become functionally coupled in multimodal systems
and compared self-reported retrospective migraine symptoms in
the same patients, examining the prevalence of different primary
sensory symptoms (ie, photophobia, phonophobia, and osmopho-
bia) across the phases of the migraine cycle. The data suggest
widespread and persistent disturbances in the perceptions of mul-
tiple sensory modalities. Functional magnetic resonance imaging
results indicate that these primary sensory areas maintain local
functional connectivity but exhibit impaired long-range connec-
tions to higher-order association areas (including regions of the
default mode and salience network). Such data implicate that trait-
dependent migraine load (ie, frequency, duration of disease, inten-
sity, aura, etc.), represented by altered cortico-cortical interactions
may be strongly connected to the ongoing disarray of sensory
integration. In keeping with this theme, the data seem overwhelm-
ing that patients with aura have significantly worse outcomes in
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Figure 2. Migraine load and events. Twelve example events are derived from the four conditions that can induce migraines within patients (lower panel). Each event (x;-x;5) is given
a value between 0 and 1 (presented by the color bars) for how strong the state is during the induced event. These are modified by weights (w;-w;,) between 0 and 1 mimicking
genetic propensity for how much variable changes will affect the induced migraine in a particular patient. For example, if stress is shown to have a high correlation with the risk of
migraines, then the weight will be closer to 1, while if lack of sleep is unrelated, it will tend toward 0. The summation Y2 _ ;w; then provides a final numeric value. If this value is
greater than the threshold, then a migraine is induced. Successive migraines over time can build towards an ongoing effect that contributes to an allostatic load that could increase

the severity of the pain (upper panel).

terms of brain and behavioral changes.” In the latter, migraine with
aura was reportedly found to have greater presence of a number of
neurologic symptoms and be associated with a higher frequency of
autokinesis, metamorphopsia, dyschromatopsia, cinematographic
vision, illusionary visual spread, and synesthesia.”’ Thus, migraine
patients with aura seem to have a much severe form of the disease
and, as such, the overall migraine load is expected to be exacerbated.

Exacerbation by hormonal environment

Sex makes a difference in migraine. Menarche, menstruation, preg-
nancy, menopause, and hormonal contraceptives are well known to
exacerbate or inhibit migraine.”” Estrogen is implicated as a major
factor in female related migraine”’ possibly by moderating the
trigeminal neuron function more generally and the intracranial
vasodilatory response,”* and cross-sex administration of estrogen
in female transgender patients may lead to a worsening of head-
ache.”” Estrogen receptors are richly expressed in areas of the central
nervous system and the trigeminovascular system that are known to
be involved in migraine pathophysiology.”* In children, the preva-
lence of migraine in males and females is similar until puberty,”*"’
but after around the age of 11 years females are predominantly
affected.”® On a similar note, its prevalence increases at puberty in
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girls and decreases in postmenopausal women.” We have previously
reviewed sex differences in migraine that summarizes some of these
issues.”” Thus, a given trait (sex) is influenced by an exogenous
modulator (estrogen), providing an example of the trait-state inter-
action.

Circadian disruption

Altered sleep (duration, sleep-wake cycles) may trigger migraine
attacks.”’ Patients with migraine display lower sleep quality and
have more difficulty to overcome alterations in sleep-wake cycle.
Furthermore, days early in the week, especially among teenagers,
are the worst days for migraine attacks.”' Rapid large changes in
schedule including travel to different time zones and shift work
may also contribute to a lower threshold for a migraine attack.””
The suprachiasmatic nucleus is suggested to be the initial site of
migraine attacks, and sleep rhythms are driven by this region, thus,
a major biological disruption, presumably acting through the cir-
cadian pacemaker of the brain, can exacerbate migraine and pre-
sumably affect when the migraine typically strikes (eg, prevalent
morning or evening onset).”* Such oscillatory changes may also
reflect changes in brain susceptibility.”” Sensitivity to triggering
factors or the way nociceptive information is perceived may be
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altered by disrupted homeostatic regulation, but the vulnerability
to different stimuli could also challenge the brain’s homeostasis.
Also, it still needs to be determined if these atypical homeostatic
events are conditions enhancing migraine attacks or represent
migraine symptoms or relate to both.”

Psychiatric/psychological co-morbidity

A strong genetic association between anxiety trait and migraine
trait has been reported,”"”” and as such anxiety is more common in
individuals who have migraine.”® Anxiety is a useful model since
there may be an underlying anxiety trait, besides the expectancy
related to migraine attacks, which may itself induce an anxiety state
as a transitory emotional state or condition that can vary in
intensity and fluctuate based on the situation, and characterized
by feelings of apprehension, tension, and physiological symptoms
(eg, increased heart rate or respiration).” However, interindividual
differences relating to frequency and severity are present. While
trait anxiety is described as a rather stable and generalized vulner-
ability to experience anxious states, state anxiety is likely influenced
by the interaction of trait anxiety and situational factors.””*" Indi-
viduals with high trait anxiety are more likely to display hyper-
responsivity to aversive events or situations, which in turn activates
state anxiety. This state can be also determined by attentional
processing and behavioral characteristics that contribute to the
impact of long-term trait vulnerabilities.””*” The way these factors
interact on a variety of timescales can also be applied to migraine,
where MTs represent a generalized and enduring predisposition to
respond to different internal and external events in a relatively
consistent manner, and can explain individual differences in the
duration, frequency, and intensity of MSs. Thus, the anxiety-
migraine continuum could be a useful model for evaluating disease
strength and disease load interactions. Similarly, shared geneticand
environmental factors between migraine and other psychiatric
conditions such as depression and panic disorder, which seem to
have a bidirectional association with migraine, may also yield
useful models.”**> Of interest, the presence of psychiatric
co-morbidities (anxiety and depression) has been related to the
severity of migraine symptoms as well.***

Modeling trait-state conditions

Determinants of migraine responsivity are difficult to define.
Figure 2 shows a model of four processes that may enhance or
diminish migraine responsivity based on an individual’s trait and
state. In addition, a summarized description of the most common
conditions that could alter migraine is provided by Table 1. Again,
it is worth mentioning that some of these conditions (disease
comorbidities) may not only be aggravating or mitigating events
for migraine but could originate from the same genetic source. In
other words, this does not inevitably indicate that patients who
have more comorbidities also show enhanced migraine responsiv-
ity. As an example, some patients may have both depression and
migraine, but there are also patients who are depressed but do not
have any migraine attacks.

Variability across Individuals

Interindividual differences relating to migraine characteristics/pre-
sentation should be also taken into account.'’” For example, in
some patients, nausea and vomiting are more likely to be observed,
whereas other patients show allodynia symptoms. That is, the
overall load of migraine disease and the specific events that may
alter migraine responsivity (see Figure 2) could differ from patient
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to patient. Identifying migraine subgroups based on individual
differences in migraine manifestation could help understand the
role of the disease state in relation to the external and internal
environment. Also, individuals with migraine do not form a homo-
geneous group in terms of underlying biological predispositions.
What these patients share is the experienced MSs, and more
frequently recurring states could indicate a triggering environment
exposure, a stronger biological risk factor to experience these states,
or complex interactions between the two.

Clinical Implications

In patients care, focusing on the potential interplay of migraine-
specific traits and current states could be essential in a perspective
of precision medicine approach, facilitating risk evaluation and
tailored treatment of migraine. This personalized approach
accounts for each patient’s genetic, environmental, and lifestyle
factors to develop intervention and prevention that are adapted to
individuals or groups.''”"'" This could include identifying indi-
vidual risk factors for developing migraine disease (traits), and
predicting response to different pharmacological treatments or the
likelihood for drug-related adverse events (states). While the
majority of treatment options have been nonspecific to migraine
and restricted by adverse events and medical comorbidities, the
development of novel medications expands the range of options for
both acute and preventive treatment of migraine (including
gepants, and anti-calcitonin gene-related peptide monoclonal anti-
bodies).''>'"* Although medication is the mainstay of migraine
treatments, patients experiencing migraines can benefit from non-
pharmacological approaches as well, such as cognitive behavioral
therapy and mindfulness-based interventions, which can decrease
the physical symptoms of headache (migraines states) and enhance
psychological well-being and migraine disability.""*~"'® Migraine
treatments should be optimized based on the presence of psychi-
atric co-morbidities, and the potential bidirectional relation of
migraine with depression and panic disorders makes this popula-
tion a promising candidate for synergistic combination therapy.*
Monitoring and evaluating MTs and states can also help identify
treatment responders and nonresponders.

Conclusion

Consideration of migraine as a brain state—trait interaction in
response to environmental and/or endogenous events is a view
that has scientific support in the literature. Based on the framework
outline here, contribution to patient care would be metrics to
evaluate a migraine patient’s underlying trait/genetic status and
to be able to define the importance of their current brain state based
on physiological, psychological, and environmental measures. As
such, more specific therapeutic approach may be considered in the
context of disease susceptibility and progression risk. One
approach to this is a personal technology/system that continually
monitors some of these interoceptive and exteroceptive measures
consistent with the rapid evolution in the development of both
hardware and software. For example, and consistent with this
notion is the use of watch systems for the prediction of migraine
attacks."'”''® Given the multiple behavioral and physiological
changes in migraine, the use of multiple low-dose therapies for
prevention of migraine attacks would seem to make sense, since
there are multiple receptor targets within many migraine-related
tissues derived from different brain structures. Also, measuring
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Table 1. Summary of the Most Common Conditions that may Enhance or Diminish Migraine Responsivity

E. Szabo et al.

Condition Comments References
Biological
Age Migraine prevalence increases rapidly from childhood through adolescence, peaks in the Kelman®® and Victor
30s, and gradually decreases in the following decades. et al®
Sex Migraine is three times more prevalent in women than in men. Endogenous hormonal Chai et al®® and Sacco
changes (eg, menarche) or exogenous hormone use (eg, contraceptive medication) have et al®
an effect on migraine.
Weight The risk of migraine increases with increasing obesity status. Chai, Scher, et al*

Environmental

Barometric pressure

Changes of atmospheric pressure affect migraine severity.

Maini and Schuster®

Diet

Fasting or skipping meals, certain foods and drinks—or the ingredients they contain (eg,
alcohol and monosodium glutamate)—are precipitating factors for migraine.

Martin and Vij”” and
Rockett et al”®

Physical activity

While exercise can trigger migraine attacks, regular exercise may have prophylactic effect
against migraine.

Amin et al”*

Sensory stimuli

Bright lights, loud sounds, strong smells are precipitating factors for migraine.

Harriott and Schwedt™

Socioeconomic status (SES)

Low SES is associated with an increased prevalence for migraine.

Winter et al”

Weather

Patients with migraine are sensitive to specific weather conditions and changes.

Hoffmann et al®®

Psychosocial

Life events The occurrence of negative life events (eg, major financial crisis, death of a close relative) ~ Hedborg et al’” and
is associated with increased migraine activity. Santos et al”®
Sleep Sleep disorder and sleep complaints are common in patients with migraine. Kelman and Rains,” Kim
et al,’® and Lin et al”®
Stress Stressful experiences related to activities of daily life (emotional and physical) increase Borsook et al'’* and

migraine. Migraine attacks themselves are stressful experiences.

Sauro and Becker'””

Disease comorbidity

Psychological/Psychiatric

Anxiety Anxiety is more common in patients with migraine. Ligthart et al’” and
Senaratne et al’®
Depression Depression is more prevalent in patients with migraine. Ligthart et al,”” Stam

etal,” and Yanget al®

Panic disorder

Panic disorder prevalence rates are increased in patients with migraine.

Smitherman et al'®*

Post-traumatic stress disorder Migraine patients have a higher prevalence of PTSD. Peterlin et al'*
(PTSD)
Physical
Allergy Migraine is higher in patients with allergic disorders (eg, allergic rhinitis). Mehle'®

Cardiovascular disease

Cardiovascular disease (eg, myocardial infarction) appears to be more frequent in patients
with migraine.

Kurth et al'*®

Ehlers-Danlos syndrome (EDS)/
Joint hypermobility syndrome

(JHS)

EDS/JHS are strongly associated with migraine disease severity.

Puledda et al*"’

Gastrointestinal disorder

Migraine patients demonstrate an increased frequency of gastrointestinal disorders (eg,
Helicobacter pylori infection, irritable bowel syndrome).

Cémara-Lemarroy
et al'®®

These conditions were selected based on suggestions of the literature as being significant contributors to migraines.
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