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Introduction [155 words] 

Migraine is a disabling neurological disorder, listed as the 2nd leading cause of years lived with 

disability worldwide.1 The pathogenesis of migraine has a strong genetic component2 and involves 

activation of different brain regions3 and the trigeminovascular system.4 At present, migraine is 

defined solely on clinical grounds5, with no validated biomarkers to provide clinicians with actionable 

information. This has fueled considerable research efforts to establish migraine-specific biomarkers 

that permit precision medicine approaches. Advances in genetics, provocation models, biochemistry, 

and neuroimaging provide promise and have greatly improved our understanding of migraine 

pathobiology. In this Review, we provide an overview of the considerable progress that has been 

made in the search for migraine-specific biomarkers. Furthermore, we discuss the use of data 

integration from multiple biomarker modalities as well as big data solutions to more accurately assess 

distinct and unique features of migraine. Lastly, we highlight challenges with the current biomarker 

approaches and provide recommendations to improve research into biomarkers of migraine.  
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Current Approaches to Classification and Characterization of Migraine [414 

words] 

Migraine diagnosis is based on clinical criteria provided by The International Classification of 

Headache Disorders- 3rd edition  (ICHD-3)5, with medical history being the mainstay of diagnosis. 

Typical clinical features include recurrent headache attacks of unilateral location, pulsating quality, 

moderate or severe intensity, aggravation by routine physical activity, and association with nausea 

and/or photophobia and phonophobia.5 On physical examination, individuals with migraine often 

appear normal, and neuroimaging is rarely indicated.6 However, it is important to recognize that 

diagnosis can be challenging, as migraine can present itself in a multitude of subphenotypes with 

distinct features.5,7 As such, the ICHD-3 has defined clinical criteria for migraine without aura (MO) 

and migraine with aura (MA) as well as rarer subphenotypes.5 Migraine aura occurs in about one 

third of individuals with migraine and is characterized by reversible focal neurological symptoms of 

recurrent nature that develop gradually over 5 to 60 min.5 Visual symptoms (e.g. scotoma, 

fortification spectra) are the most frequent clinical manifestation of aura, occurring in more than 90% 

of individuals with migraine aura.8 Less common are sensory symptoms (i.e. paraesthesia) and 

speech/language disturbances (e.g. aphasia), both of which are usually present in conjunction with 

visual aura symptoms.8 It should be noted that the temporal relation between the aura phase and the 

headache phase of a migraine attack is variable in timing.8,9 In MA, the aura phase typically occurs 

before the onset of headache although some data suggests that aura is quite frequent during or in the 

absence of headache as well.8,9 

Another important aspect of migraine classification is the diagnosis of chronic migraine.5 At present, 

the ICHD-3 defines chronic migraine as headache occurring on ≥ 15 days/month of which at least 8 

days fulfil the clinical criteria for MA or MO.5 Recently, alternative criteria have been proposed and 

include a recommendation to disregard the need for ≥ 15 headache days/month.10 This proposed 

refinement of the current criteria is estimated to double the number of individuals diagnosed with 
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chronic migraine10 although further validation is needed in large prospective cohorts before the 

proposed criteria are implemented in future iterations of the ICHD. 

As migraine is increasingly being recognized as a heterogeneous disorder, the International Headache 

Society has provided clinical criteria for probable migraine to better differentiate individuals with 

migraine-like attacks from individuals with tension-type headache.5 It is believed that disease 

mechanisms underlying probable migraine are similar to those of definite migraine; and that 

individuals with probable migraine might be more responsive to migraine-specific therapies. 

Panel 1. The International Classification of Headache Disorders- 3rd edition (ICHD-3) criteria for 

migraine without aura, migraine with aura, chronic migraine and probable migraine 

Migraine without aura A. At least five attacks1 fulfilling criteria B–D B. Headache attacks 

lasting 4–72 hours (when untreated or unsuccessfully treated) 

C. Headache has at least two of the following four characteristics:  

1. unilateral location  

2. pulsating quality  

3. moderate or severe pain intensity  

4. aggravation by or causing avoidance of routine physical activity (e.g. 

walking or climbing stairs) 

D. During headache at least one of the following: 1. nausea and/or 

vomiting 2. photophobia and phonophobia 

E. Not better accounted for by another ICHD-3 diagnosis. 

Migraine with aura A. At least two attacks fulfilling criteria B and C B. One or more of the 

following fully reversible aura symptoms: 1. visual 2. sensory 3. speech 

and/or language 4. motor 5. brainstem 6. retinal 

C. At least three of the following six characteristics:  
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1. at least one aura symptom spreads gradually over ≥5 minutes 

2. two or more aura symptoms occur in succession 3. each individual 

aura symptom lasts 5–60 minutes 

4. at least one aura symptom is unilateral  

5. at least one aura symptom is positive 

6. the aura is accompanied, or followed within 60 minutes, by headache 

D. Not better accounted for by another ICHD-3 diagnosis. 

Chronic migraine A. Headache (migraine-like or tension-type-like) on ≥15 days/month for 

>3 months, and fulfilling criteria B and C 

B. Occurring in a patient who has had at least five attacks fulfilling 

criteria B–D for migraine with- out aura and/or criteria B and C for 

migraine with aura 

C. On ≥8 days/month for >3 months, fulfilling any of the following: 

1. criteria C and D for migraine without aura 2. criteria B and C for 

migraine with aura 3. believed by the patient to be migraine at onset and 

relieved by a triptan or ergot derivative 

D. Not better accounted for by another ICHD-3 diagnosis. 

Probable migraine A. Attacks fulfilling all but one of criteria A–D for migraine without 

aura, or all but one of criteria A–C for migraine with aura 

B. Not fulfilling ICHD-3 criteria for any other headache disorder 

C. Not better accounted for by another ICHD-3 diagnosis. 
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Genetic Biomarkers [860 words] 

Migraine often shows a familial aggregation, suggesting a genetic component in migraine 

pathogenesis.7,11,12 Identification of genetic risk factors can potentially guide individualized 

management and improve clinical outcome. Family, twin, and population-based studies reveal that 

migraine is a genetically complex disorder.11,13 Complex traits are believed to result from gene-gene 

and gene-environment interactions, genetic heterogeneity, and potentially other yet unknown reasons. 

A recent genome wide association meta-analysis2 identified 38 susceptibility loci that predominantly 

showed enrichment for genes expressed in vascular and smooth muscle tissues. This is consistent 

with previously reported shared genetic susceptibility between migraine, stroke and cardiovascular 

diseases14,15. Seven genomic loci were specifically associated with MO, whereas, no loci were 

associated with MA. This may point towards a higher degree of heterogeneity in the clinical capture.2 

A higher polygenic risk score is associated with migraine severity, a lower-age-at-onset, and migraine 

with aura.16 However, based on family history only, an estimation of this can be made as well, where 

a stronger family history of migraine is associated with migraine with aura, a lower age-at-onset, and 

a higher number of medication days.17  

So far, small steps have been taken to dissect the epigenetic contribution towards migraine. The first 

genome-wide analysis of DNA methylation in migraine identified 62 independent differentially 

methylated regions in blood samples without distinguishing between migraine without and with 

aura.18 Epigenetic mechanisms might be responsible for parts of migraine pathophysiology, for 

instance in transformation from episodic into chronic migraine with or without acute medication 

overuse. 

Relevant genetic discoveries related to MA or its subtypes derive from investigating monogenetic 

migraine syndromes, such as Familial Hemiplegic Migraine (FHM1 with CACNA1A gene, FHM2 

with ATP1A2 gene, FHM3 with SCN1A gene), Cerebral Autosomal Dominant Arteriopathy with 

Subcortical Infarcts and Leukoencephalopathy (CADASIL with NOTCH3 gene), Retinal 

Vasculopathy with Cerebral Leukoencephalopathy and Systemic manifestations (RVCL-S with 
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TREX1 gene), and Familial Advanced Sleep Phase Syndrome (FASPS with CSNK1D gene).19 

Additional genes have been put forward as possible biomarkers for rare monogenetic migraine 

subtypes, i.e. PRRT2, SLC1A3, SLC4A4, and KCNK18, but evaluation of available data casts doubt 

on such claims.19,20 Identification of rare monogenic variants can be more straightforward than for 

the common polygenic migraine types. But even in these rare conditions more than one gene may 

play a role, as for instance no major FHM4 gene has been identified despite next generation 

sequencing efforts.21 Nonetheless, while many of the traits found in these monogenic subtypes of 

migraine (e.g. hemiplegia during aura, progressive ataxia) are not found in the common types of 

migraine, identification of (multiple) causal genes for monogenic subtypes can improve our 

understanding of the migraine pathogenesis in general, with the potential to facilitate development of 

new therapeutic approaches. 

An interesting future application of genetics in the migraine field will be mendelian randomization 

(MR).22 Mendelian randomization uses genetic variants to determine whether an observational 

association between a risk factor and an outcome is consistent with a causal effect. For example, a 

genetic variant associated with higher LDL cholesterol levels that also is associated with a higher risk 

of coronary heart disease would provide supportive evidence for a causal effect of LDL cholesterol 

on coronary heart disease.23  MR is an epidemiological study approach that may incorporate genetic 

information to address questions of causality without being hampered by the typical biases that 

frequently impact traditional studies, such as confounding and reverse causality (figure 2).23,24 As 

genotypes are passed on to offspring during meiosis randomly, this should be unrelated to possible 

confounding factors. Therefore, MR can be thought of as a ‘natural’ randomized trial. In a traditional 

study the association between risk factor (exposure or non-exposure) and outcome is estimated. In a 

MR study exposure is defined on the presence or absence of a ‘risk’ allele. It is a prerequisite that the 

association between this risk allele and exposure should be robust. MR is an upcoming study design 

with great potential, however, when study assumptions are violated results can be misleading. In the 

migraine genetics-biomarker field, mendelian randomization is still in its infancy. While the 
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opportunities for validating causality of biomarkers (e.g. blood or image based) are immense, current 

findings are preliminary24–26 and should be interpreted with caution until this field has further evolved.   

 

Challenges and Future Perspectives 

The fact that multiple genetic variants, with small effect sizes, together with environmental factors 

confer migraine susceptibility, has, thus far, hampered easy mapping of genetic biomarkers. While 

rare monogenic subtypes have been characterized in-depth27,28, the genomic characterization of the 

more common migraine forms are still in its infancy. Emerging genomic information could possibly 

comprise better disease characterization, as is already commonly used for monogenic subtypes for 

which genetic biomarkers have been identified and implemented in diagnostic criteria29. Also, 

identification of genetic risk factors might potentially guide individualized management and improve 

clinical outcome. A recent small proof-of-concept study suggested a correlation of high migraine 

polygenic risk score with better treatment response to triptans , providing a  first small step toward 

genetics-based precision medicine.30 Further exploration of the clinical use of pharmaco-genetics 

requires large, prospective (epi)genetic studies focusing on treatment response with in depth treatment 

response data with clear definition of effectiveness, as well as large groups of (non-) responders.  

 

Provocation Biomarkers [695 words] 

The pathogenesis of migraine is multifaceted, with a complex interplay between different molecular 

signaling pathways.5 A key feature of migraine is that various trigger factors are associated with an 

increased probability of attacks.31 This provides a unique opportunity to identify signaling pathways 

underlying migraine pathogenesis through human provocation models, wherein endogenous signaling 

molecules or other putative ‘trigger’ molecules are used to induce migraine in humans.31 An important 
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observation from human provocation studies is that only individuals with migraine develop provoked 

migraine attacks, whereas healthy volunteers only develop a mild featureless  headache.31  

In principle, human provocation models apply a double-blind, crossover design in which individuals 

with migraine or healthy volunteers are randomly allocated to receive a putative ‘trigger’ molecule 

or placebo.31 A headache diary is used to record headache occurrence as well as its characteristics 

and accompanying symptoms.31 Of note, provoked migraine attacks are defined as either (1) a 

headache that fulfils ICHD-3 criteria C and D for migraine without aura5 or (2) a headache that 

mimics the respective study participants’ usual migraine and is treatable with an acute medication for 

migraine.5  

The first migraine provocation study demonstrated that individuals with migraine were more likely 

to develop headache than healthy volunteers following intravenous administration of the nitric oxide 

donor, glyceryl trinitrate (GTN).32 Since then, various putative ‘trigger’ molecules have been tested 

for their ability to induce migraine, including calcitonin gene-related peptide (CGRP)33, pituitary 

adenylate cyclase-activating polypeptide (PACAP)34,35, vasoactive intestinal peptide (VIP)36, 

phosphodiesterase 3 and 5 inhibitors37,38 as well as an adenosine triphosphate-sensitive potassium 

channel opener (KATP).39  

Intravenous infusion of CGRP or PACAP induces migraine attacks in approximately two-thirds of 

individuals with migraine.33–35 Higher induction rates (≥80%) have been observed following 

administration of GTN and phosphodiesterase 3 and 5 inhibitors.32,37,38 A common denominator for 

all of these ‘trigger’ molecules is that they mediate their intracellular effects through the second 

messenger systems of either cyclic adenosine monophosphate (cAMP) or cyclic guanosine 

monophosphate (cGMP).40 Based on these findings, it was hypothesized that downstream effects of 

cAMP and cGMP signaling may involve modulation of ion channels.41,42 Indeed, it was subsequently 

demonstrated that administration of a KATP channel opener yielded a migraine induction rate of 100% 

in individuals with migraine.39  
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Challenges and Future Perspectives 

Human provocation models have provided enormous insight into signalling pathways underlying 

migraine pathogenesis. In addition, these studies have contributed to identification and development 

of drugs targeting specific ‘trigger’ molecules. An excellent example is the recently approved 

monoclonal antibodies (mAbs) targeting CGRP or its receptor that have proven effective for 

preventive treatment of migraine43 and the CGRP small molecule antagonists that are effective for 

the acute treatment of migraine and are under investigation for migraine prevention. As a result, future 

drug development should in part be guided by discoveries from human provocation studies. From this 

perspective, one highly intriguing drug target is KATP channel blockers, as opening of these channels 

provoked migraine attacks in all participants.39 However, there are also pitfalls in human provocation 

models.44 For example, GTN induces migraine attacks31 and migraine patients report headache relief 

after administration of non-selective nitric oxide synthase (NOS) inhibitor.45 Based on these data 

NOS inhibition has been suggested as a novel target for migraine therapy. However, inducible nitric 

oxide (iNOS) inhibition failed to abort or prevent migraine attacks.46,47 Nonetheless, selective 

inhibition of other NOS isoforms – endothelial NOS (eNOS) and neuronal NOS (nNOS) – might still 

prove to be useful drug targets, with promising data from preclinical pain trials using selective nNOS 

inhibition.48  

Apart from discovery of drug targets for migraine, human provocation models may also be used as a 

biomarker to predict efficacy of mechanism-based therapies, such as the anti-CGRP mAbs.49 To 

achieve this, large-scale registry studies are needed, in which individuals with migraine are initially 

provoked by intravenous infusion of CGRP and subsequently allocated to receive treatment with anti-

CGRP mAbs. The hypothesis is that individuals with migraine who develop provoked migraine 

attacks following CGRP infusion would benefit more from treatment with anti-CGRP Abs than those 

who did not develop provoked attacks after CGRP infusion. If successful, human provocation models 

could provide the first predictive biomarker of treatment response in individuals with migraine.  
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Blood Biomarkers [622 words] 

Research into blood biomarkers of migraine has garnered considerable attention over the past 

decades.50 This interest has been fueled by the concept of blood biomarkers providing a window into 

the molecular mechanisms underlying migraine. Efforts have also been made to establish blood 

biomarkers that could predict and monitor treatment response in individual patients. To date, blood 

biomarker studies have mainly focused on various circulating signaling molecules implicated in 

migraine pathophysiology.  

Ictal Biomarkers – during migraine attacks 

In 1990, the first study investigated plasma levels of CGRP in the external jugular vein during 

spontaneous migraine attacks.51,52 It was demonstrated that CGRP plasma levels were elevated in 

individuals with migraine, compared with historical non-headache controls. Subsequently, another 

study reported that ictal plasma levels of CGRP were also elevated in peripheral blood.53 However, 

these findings were not reproducible in a rigorous validation study that assessed CGRP plasma 

concentrations in both the external jugular vein and peripheral blood, using two different assays.54 

Ictal changes of PACAP and VIP have also been investigated. In both the external jugular vein and 

peripheral blood, elevated PACAP-like immunoreactivity was reported during spontaneous migraine 

attacks53,55, whereas no ictal increases were found for VIP, except in a small subset of patients with 

prominent autonomic symptoms.54,56  

Interictal Biomarkers – between migraine attacks 

Measurements of blood biomarkers have also been performed outside of migraine attacks in both 

individuals with episodic and chronic migraine. The available data is highly conflicting, with 

strikingly different findings. Two studies have reported elevated interictal plasma levels of CGRP in 

individuals with both episodic and chronic migraine, compared with healthy controls.57,58 However, 
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these findings were not reproduced by another study that found no differences in serum CGRP levels 

between individuals with chronic migraine, those with episodic migraine, and healthy controls.59 

Likewise, one study has found increased levels of VIP in both individuals with episodic and chronic 

migraine, whereas another study found no increase in those with episodic migraine, compared with 

healthy controls.60,61 In terms of PACAP, three studies have found no increases in the interictal phase 

of migraine.53,61,62  

Biomarker-Guided Therapy - prediction of treatment response 

Two studies have reported higher baseline concentrations of CGRP in individuals with migraine who 

subsequently benefited from preventive treatment with botulinum toxin A compared to those who did 

not receive therapeutic benefit.63,64  However, this finding was not reproduced in a subsequent 

validation study.59 

Other blood biomarker studies 

Recently, new large-scale plasma metabolome and proteome analyses are possible with high 

throughput screening. As an example, in a recent study, plasma samples from over 10.000 participants 

were profiled on a 1H-NMR-based metabolomics platform, to quantify almost 150 individual 

metabolites and metabolite ratios (e.g., lipids, fatty acids, and lipoproteins), and revealed alterations 

in HDL metabolism in migraine.65 

Challenges and Future Perspectives 

Research into blood biomarkers of migraine is still in its infancy, with much work left to be done. A 

lack of standardized methods for data collection and sample processing hampers comparisons 

between studies. In addition, suboptimal assay validation often leads to an inability in determining 

whether the assay only detects the blood biomarker of interest. For example, ELISA assays are used 

to detect CGRP and PACAP, but these assays may also detect close relatives, such as PACAP-38 

versus PACAP-27 or αCGRP versus βCGRP versus amylin (~40% identical sequence to CGRP).66 
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As such, each assay must initially be validated through a rigorous process that accounts for sensitivity, 

specificity, inter- and intra-assay variability as well as the effect of matrix interference 

(serum/plasma).67 Aside from assay validation, much emphasis should also be placed on conducting 

studies with large samples and appropriate control groups. Lastly, future studies should consider a 

shift from single-biomarker approaches to a panel of multiple biomarkers. Such an approach might 

show better separation between groups and yield reproducible data needed for validation of blood-

based biomarkers for migraine.  
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Imaging Biomarkers [602 words] 

In the search for migraine biomarkers, neuroimaging studies have emphasized certain functional 

signatures and structural alterations characterizing the different phases of the migraine cycle. 

Anatomical and functional studies have been conducted either interictally (between attacks), or 

ictally, during migraine attacks. 

Structural Imaging 

Numerous studies have investigated differences in brain structure between migraine vs. healthy 

controls and between migraine with aura vs. without aura. In addition, a few studies have compared 

migraine to other headache types, such as cluster headache, tension-type headache, and post-traumatic 

headache. These studies have demonstrated that differences in regional volumes, cortical thickness, 

and white matter tract integrity that might be associated with migraine and its subtypes. For example, 

a population-based study reported that females with migraine with aura had a thicker cortex 

corresponding to visual areas.68 A diffusion tensor imaging study found interictal alterations of the 

trigeminal somatosensory pathway and periaqueductal gray matter in migraine.69 Studies that have 

developed imaging-based diagnostic classification models using brain structural data demonstrate 

feasibility for differentiating migraine from healthy controls, episodic migraine from chronic 

migraine, and migraine from other headache types. White matter hyperintensities (WMH) are often 

reported in migraine studies.70 A metanalysis study71 showed association between WMH and MA, 

but not MO compared to controls. Additionally, the analysis revealed no differences in WMH 

between MA and MO. A population based study found no evidence of an association between WMH 

and migraine with aura.72 Thus, WMH lacks both sensitivity and specificity to be used as a biomarker 

for migraine or its subtypes. 

 

Functional Imaging 
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Interictal Phase 

Functional imaging performed during the interictal phase demonstrates that migraine is associated 

with differences in functional connectivity and in stimulus-induced brain activation in the pain 

processing and visual systems73 74,75 In addition, recently interictal imaging of neuroinflammation 

with PET/MRI76 has revealed the presence of neuroinflammation in migraine with aura in nociception 

processing areas, correlated with the frequency of migraine attacks. 

Interictal functional connectivity data have been used to develop diagnostic biomarkers for 

differentiating migraine vs. healthy controls, high frequency vs. low frequency migraine attacks, and 

migraine vs. other pain conditions. Similar to the structural imaging classification models, these 

functional models require further refinement and validation. 

Pre-Ictal Phase  

During the preictal phase, which starts up to 48 hours before onset of migraine headache, clinical 

signs such as sleep disturbances or food craving have been linked to hypothalamic activation77, 

including in a study of one migraine patient scanned daily over a month.78 Imaging studies during the 

aura phase of a migraine attack have revealed changes consistent with cortical spreading 

depression,79,80 which is believed to be the underlying biological substrate of aura.81 

Ictal Phase 

Functional imaging studies showed increased activity within the dorsal pons during the pain 

phase82,83, which contains primary afferents from the trigeminal system, together with cholinergic 

and noradrenergic nuclei that may be involved in pain perception and modulation.84 This has been 

replicated multiple times with different imaging modalities in MA and MO77,83,85–88, leading to the 

conclusion that dorsal pontine activation might be a neuroimaging biomarker for the pain phase of 

migraine. Increased functional connectivity between dorsal pons and primary somatosensory cortex 

corresponding to the head and face somatotopic areas has also been reported during pain phase in 
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MA.89 In MO, Amin et al. reported altering of the network connectivity between thalamus and pain 

encoding and modulating cortical areas90, whereas the diameter of extracranial arteries remained 

unchanged.91  

 

Challenges and Future Perspectives 

Structural and functional imaging studies have provided important insights into migraine 

pathobiology and have set the stage for development of imaging-based biomarkers. Much more work 

is required to refine these imaging biomarkers, improve their accuracy, determine their specificity for 

migraine and its subtypes, and ultimately to validate them for clinical use. Standardized imaging 

protocols, advanced imaging techniques with ultra-high (7-T) MRI imaging, homogeneous study 

samples, better characterization, and data integration are needed to define a migraine-specific 

biomarker.92 To provide information beyond that which can be collected by clinical history alone, the 

biomarkers should differentiate amongst headache types with overlapping clinical symptoms, 

prognosticate patient outcomes, and predict treatment responses.   

 

Data integration: Challenges and Opportunities [655 words] 

The continued search for and validation of biomarkers with diverse applications from risk prediction 

and screening to diagnosis and prognosis, and the creation of specific algorithms useful in preclinical 

and clinical settings are encouraged. To identify and integrate promising biomarkers, several steps in 

the investigations are required; (a) assessing associations with preclinical and clinical phases of 

migraine, (b) confirming their replication in numerous studies, (c) revealing the link to high biological 

(i.e., sex, age, and genetic background, ethnicity, epigenetics, microbiome and environmental factors) 

and methodological variability, and (d) testing their effective clinical utility before affirming any 
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definitive statement on their potential relevance in clinical migraine management. In addition, 

combinations of multi-omics biomarkers (epigenomics, genomics, transcriptomics, proteomics, 

metabolomics, radiomic, and nutrigenomics), rather than a single biomarker, are required to improve 

migraine prediction, diagnosis, and prognosis by creating algorithms. To this aim, further advances 

may be achieved by studying, through a new technological appraisal based on innovative approaches 

and systems, molecules associated with disease pathways that can represent valid migraine 

surrogates. 

Data Integration of Biomarker Modalities 

A combination of genetic and provocation biomarker modalities has been used to investigate the 

effects of CGRP in individuals with FHM. Interestingly, CGRP did not induce migraine attacks in 

both FHM patients who had known ion channel mutations95 as well as those who did not.96 These 

findings indicate that individuals with FHM do not display hypersensitivity to CGRP which differs 

from data in individuals with common types of migraine.33,97  In addition, another provocation study 

found no association between high family load (≥ 2 first-degree relatives with migraine) and migraine 

induction following PACAP infusion in individuals with migraine without aura.98 

Another combination of modalities includes neuroimaging and human provocation models. Three 

studies have used MRA to record vascular changes following provoked migraine attacks in 

individuals with migraine without aura. The first MRA study found that CGRP-induced migraine 

attacks were accompanied by dilation of both the MCA and MMA.99 Interestingly, MCA and MMA 

dilation were only present on the pain side in those who developed unilateral migraine attacks.99 In 

another MRA study, MCA and MMA changes were recorded after migraine induction using a 

phosphodiesterase 3 inhibitor.100 The authors reported that the provoked attacks were associated with 

an MMA dilation on the pain side, but no dilation of the MCA. Lastly, another MRA study found that 

PACAP-induced migraine attacks were associated with MMA dilation, but not MCA dilation.101 In 

addition, the authors found no association between provoked attacks and pain location. Another 
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option is to combine neuroimaging and provocation model to examine changes in functional 

connectivity before and at onset of provoked migraine attacks. In one randomized, double-blind rs-

fMRI study, abnormal functional connectivity was found in all investigated cerebral networks 

(sensorimotor, salience, and default mode) following intravenous infusion of PACAP.102 No changes 

in functional connectivity were found after intravenous infusion of VIP (active placebo). 

Interestingly, all of the investigated cerebral networks had previously been implicated in processing 

of nociception and emotions .103,104 

Machine Learning and Big Data Solutions 

The integration of biomarkers from multiple pathophysiological modalities into an understandable 

format to ensure that it is clinically useful is a major challenge not only in migraine. Despite that 

migraine biomarkers are in their infancy, identifying research and clinically important parameters 

using computational and informatics techniques, is unavoidable and potentially rewarding, but 

challenging. To process high-dimensional data, the field of machine learning has established a 

statistical and computational technique so-called big data solution. Improved characterization and 

classification of migraine will, ultimately, require integration of information not only from clinical 

methods, but also from a range of sources including genetic, blood, human models and neuroimaging 

biomarkers. Such integration of information will be a considerable endeavor but has the potential to 

enable classification of migraine patients into subgroups with more homogeneous pathophysiological 

mechanisms for targeted trials of novel specific interventions. This approach depends on highly 

accurate clinical phenotyping coupled with access to large data sources, which require inter- 

disciplinary and intercentre collaboration 
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Figure 1. Migraine biomarkers. Advances in migraine-specific biomarkers hail from genetics, 

provocation models, biochemistry, and neuroimaging. 
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Figure 2. Genetic biomarkers. Emerging genomic information could possibly comprise better 

disease characterization, risk identification, guide individualized management and improve clinical 

outcome. 
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Figure 3. Molecular signaling pathways in migraine. The migraine induction pathways of migraine 

have been outlined by the use of various putative ‘trigger’ molecules, including calcitonin gene-

related peptide (CGRP; ~60% induction rate), pituitary adenylate cyclase-activating polypeptide 

(PACAP); ~60% induction rate, phosphodiesterase 3 and 5 inhibitors (cilostazol; ~90% and 

sildenafil; ~80% induction rate) as well as an adenosine triphosphate-sensitive potassium channel 

opener (KATP; ~100% induction rate).  
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Figure 4. Functional activity the migraine brain. The preictal phase before a headache attack have 

been linked to hypothalamic activation while studies showed increased activity within the dorsal 

pons during the pain phase. During the aura phase of a migraine attack, cerebral blood flow imaging 

studies have revealed changes consistent with cortical spreading depression. 

 


