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Abstract 

Background Despite the pervasiveness of migraine, the underlying pathophysiological mechanisms initiating 
migraine attacks are far from well understood and are matter of scientific debate.

Objective In this narrative review, we discuss key evidence for that suggest a peripheral origin or central origin and 
provide directions for future studies that may provide further clarification.

Discussion Migraine pathogenesis is considered to involve the trigeminovascular system, a term that encompasses 
the trigeminal nerve and its axonal projections to the intracranial blood vessels. Beyond any doubt both peripheral 
and central mechanisms are involved in migraine pathogenesis, but an unresolved question is the how the initial 
activation occurs in a migraine attack. Evidence favoring a peripheral origin of migraine attacks, i.e., initial events occur 
outside of the blood–brain barrier, include the importance of sensitization of perivascular sensory afferents early on in 
a migraine attack. Evidence favoring a central origin include the occurrence of prodromal symptoms, migraine aura, 
and activation of structures within the central nervous system early in and during a migraine attack.

Conclusions Both peripheral and central mechanisms are likely involved in a migraine attack, e.g., peripheral nocic-
eptive input is necessary for pain transmission and cortical activity is necessary for pain perception. Yet, the debate of 
whether migraine attacks are initiated a peripheral or central site remains unresolved. The increased focus on pro-
dromal symptoms and on the development of a human model of migraine aura will possibly provide key arguments 
needed to answer this question in the near future. Until then, we cannot draw firm conclusions and the debate goes 
on.

Video link Video recording of the debate held at the 1st International Conference on Advances in Migraine Sciences 
(ICAMS 2022, Copenhagen, Denmark) is available at: https:// www. youtu be. com/ watch?v= NC0nl cKohz0.
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Graphical Abstract

Introduction
Migraine is a common neurological disorder charac-
terized by recurrent headache attacks of moderate-
to-severe pain intensity accompanied by a range of 
symptoms including nausea, vomiting and hypersensi-
tivity to light and sounds [1, 2]. Despite its pervasive-
ness, the underlying pathophysiological mechanisms 
initiating migraine attacks are far from well understood 
and are matter of scientific debate. On one side, evi-
dence favoring a peripheral origin of migraine attacks, 
i.e., initial events occur outside of the blood–brain bar-
rier, include the importance of sensitization of perivas-
cular sensory afferents early on in a migraine attack 
[3, 4], and that migraine attacks can be triggered and 
attenuated using pharmacological compounds that do 
not appear to need to cross the blood–brain barrier to 
exert their effects [5]. In contrast, occurrence of pro-
dromal symptoms, i.e., a symptoms before the onset 
of headache, migraine aura, and data supporting dys-
function of the diencephalon and the brainstem sug-
gest a migraine attack generator localized within the 
central nervous system [3, 4]. In this narrative review, 
we will describe some of the key evidence that suggest a 
peripheral origin or a central origin of migraine attacks, 

respectively. In particular, we focus on the possible 
role of prodromal symptoms and central dysfunction, 
migraine aura, and migraine pain (Table 1).

Search strategy and selection criteria
We searched MEDLINE (in both cases from database 
inception to August 1, 2022) for original research articles, 
systematic reviews and meta-analyses. We used the search 
term “migraine” in combination with the terms “epide-
miology”, “pathophysiology”, “premonitory”, “prodromal”, 
“aura”, “central dysfunction”, “nociception”, “diagnosis” and/
or “treatment”. We preferentially selected publications 
from the past 10 years but did not exclude commonly ref-
erenced and highly regarded older publications. We also 
searched the reference lists of articles identified by this 
search strategy and selected those we judged relevant.

Migraine attacks are of peripheral origin
Prodromal symptoms and central dysfunction
Individuals with migraine may report a symptomatic 
phase before the onset of pain in migraine [6, 7], so-
called prodromal symptoms (previously known as pre-
monitory symptoms). Although not all patients report 
prodromal symptoms, understanding the underlying 
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mechanisms of this proposed prodromal symptomatic 
phase in migraine may provide insights into the mecha-
nisms of migraine attack initiation [1, 2, 7]. Yet, estimates 
of the relative frequency of prodromal symptoms fluctu-
ate considerably between epidemiological studies [7], and 
it remains unclear if any specific individual symptoms are 
characteristic of this proposed phase [8]. Non-specific 
symptoms, e.g., fatigue, irritability, food cravings, yawn-
ing, are among the most frequently reported symptoms 
before onset of a migraine attack [7], which may suggest 
limbic dysfunction (e.g., dopaminergic and hypothalamic 
dysfunction). However, these are common symptoms 
amongst both individuals without and with migraine, 
and often have no association with a migraine attack [9]. 
These uncertainties question whether the available evi-
dence can confirm the existence of a prodromal phase 
as a distinct component of a migraine attack. As patients 
can have migraine attacks without reporting prodromal 
symptoms, this suggests that the underlying mechanisms 
are not necessary to develop a migraine attack, but rather, 
they may co-occur as epiphenomena. A key feature of 
migraine is that attacks can be provoked, which provides 
a framework for investigating migraine pathophysiology 
by deliberately triggering migraine attacks in humans, 
i.e., a human provocation model [5]. Interestingly, this 
model has demonstrated that intravenous administration 
of calcitonin gene-related peptide (CGRP) and pituitary 
adenylate cyclase-activating peptide (PACAP) to suscep-
tible individuals can induce migraine attacks [10, 11]. 
However, these migraine attacks occurred without pro-
dromal symptoms in most cases following administration 
of CGRP and PACAP in a clinical trial [12]. Moreover, in 
those individuals who did report prodromal symptoms, 
these sometimes occur at or after onset of headache – or 
without any migraine attack developing at all [12].

Furthermore, the hypothesis of a hypothalamic or 
brainstem generator of migraine attacks does not explain 
specificity to migraine headache in humans and exclu-
sion of other nociceptive dorsal horn neurons [4]. Most 
likely, brainstem activation as observed on neuroimaging 
studies in humans is dependent on activation of menin-
geal or other intracranial nociceptors [4]. Of note, sev-
eral neuroimaging studies reporting activation of central 
structures, e.g., brainstem, were reliant on peripheral 
noxious stimulation or human provocation model with 
a peripheral administration of a pharmacological trig-
ger [13]. Interestingly, activation of the periaqueductal 
grey matter is a consequence of nociceptor activation 
anywhere in the body; it is highly unspecific and involve 
areas outside the trigeminal system and cannot be used 
as a marker for a pain phenomenon restricted exclusively 
to trigeminal regions [14–17]. In clinical case reports of 
headache secondary to brainstem lesions, it cannot be 

excluded that there was direct or indirect activation of 
intracranial nociceptors due to close proximity, and the 
phenotype of these headaches rarely resemble migraine-
like pain [18–20].

Another line of reasoning for a central sensitization/
dysfunction is the occurrence of allodynia in individuals 
with migraine [21, 22]. One would expect that allodynia 
would develop before the onset of a migraine attack if 
central sensitization/dysfunction is the etiology, but 
allodynia typically takes one hour or longer for develop-
ment after onset of a spontaneous migraine attack [23]. 
Furthermore, one-third of individuals with migraine do 
not experience allodynia as an accompanying symptom 
of migraine attacks [21, 22]. More likely, central sensiti-
zation in migraine is driven by a nociceptive peripheral 
input [4].

Migraine aura
While migraine aura clearly has a cortical origin with 
cortical spreading depression (CSD) as the underlying 
neurobiological mechanism [24], this is not a prerequi-
site for migraine headache. Migraine aura is only experi-
enced by one-third of individuals with migraine [25], and 
in some of these patients, migraine aura does not occur 
consistently through all attacks. In addition, headache, 
as well as other migraine-associated symptoms, are pre-
sent early during the aura phase in most patients, and 
sometimes even before the aura phase [26]. More impor-
tantly, migraine aura does not provide an explanation for 
migraine attacks without aura. Occurrence of “silent” 
migraine aura, i.e., an event of CSD without focal neuro-
logical symptoms, has been proposed to occur prior to 
migraine attacks without aura. However, this has never 
been demonstrated in humans and remains specula-
tive. Hemodynamic changes associated with CSD has 
been described on neuroimaging in individuals experi-
encing migraine aura [27, 28], but these findings cannot 
be reproduced in studies of individuals with migraine 
attacks without aura [29]. Furthermore, observations 
of individuals who experience migraine aura without 
headache suggests that cortical spreading depression is 
merely another potential trigger of a migraine headache 
[30–33]. This is emphasized through human provocation 
studies of patients with migraine with aura, who report 
a migraine attack without aura for the first time in their 
lives following peripheral administration of an experi-
mental trigger compound, e.g., CGRP [5, 34]. As CGRP 
is not able to cross the blood–brain barrier [35], and 
current evidence suggest there is no blood–brain bar-
rier disruption in migraine pathophysiology [36, 37], the 
site of action is likely outside of the brain. Interestingly, 
there are reports of migraine aura following peripheral 
administration of CGRP [5, 34], and migraine aura-like 
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phenomena and CSD can be caused by vascular events, 
e.g., carotid dissection, arteriovenous malformations 
[38, 39]. Whether CSD in these cases is caused by rea-
sons such as microembolization, focal ischemia through 
disruption in blood flow or disturbances in local homeo-
stasis secondary to these events remains speculative, but 
fact is that symptomatic migraine with aura can occur 
due to an initial vascular circumstance [40].

In vivo studies of mice with knock-ins of two differ-
ent familial hemiplegic migraine (FHM)-genes showed 
increased susceptibility to and propagation velocity of 
cortical spreading depression compared with wild-type 
animals [41–44]. However, these findings are not nec-
essarily relevant for other migraine types [45–48], and 
many of the traits found in these monogenic subtypes 
of migraine (e.g., hemiplegia during aura, progressive 
ataxia, attacks triggered by mild head trauma; brain 
edema, mental retardation, and progressive ataxia) are 
certainly not found in common migraine subtypes.

Based on these observations, migraine aura and cor-
tical spreading depression are likely another potential 
trigger of migraine headache and does not provide an 
explanation for the most common phenotype, migraine 
attacks without aura.

Migraine pain
The most convincing arguments for a peripheral ori-
gin of migraine attacks is the fact that migraine attacks 
can be produced and attenuated entirely at peripheral 
sites of action. A key feature of migraine is that vari-
ous trigger factors are able to provoke migraine attacks. 
Human provocation models draw advantage of this 
feature, wherein endogenous molecules or other puta-
tive triggers are administered in humans to induce 
migraine, to identify signaling pathways that are involved 
in migraine pathophysiology. Series of randomized tri-
als with human provocation models have consistently 
demonstrated that intravenous administration of vari-
ous neuropeptides, e.g., CGRP and PACAP [49–51], is 
able to induce migraine attacks in susceptible individu-
als [5]. The site of action of these neuropeptides (e.g., 
CGRP and PACAP) includes the cranial arteries as neu-
roimaging studies consistently demonstrate a marked 
extracerebral vasodilation but not of the large cerebral 
arteries following administration [2, 5, 11]. Interestingly, 
animal models demonstrate that administration of these 
n CGRP and PACAP within the central nervous system 
can induce antinociception rather than nociception [52–
55]. Observations during neurosurgical procedures in 
awake patients suggest that the pain-sensitive structures 
are limited to the surrounding structures of the brain, 
e.g., dura mater, pia mater and their feeding vessels, 
whereas stimulation of the brain parenchyma itself does 

not evoke pain [56]. The trigeminovascular system pro-
vides a framework wherein peripheral input can lead to 
migraine attacks through sensitization and activation of 
trigeminal primary afferents, mediated through vasodila-
tion of intracranial arteries [2, 3]. A proposed mechanism 
of how this vascular signaling contributes to pain per-
ception involves sensitization through increased extra-
cellular potassium [2]. Arterial vasodilation is caused by 
opening of cation channels, mainly potassium channels, 
in vascular smooth muscle cells and results in accumula-
tion of positively charged ions in the extracellular space 
[2]. In turn, this electrical gradient drives positively 
charged ions into and activate neighboring trigeminal 
pain fibers [2]. This is supported by the observation that 
activation of downstream targets of CGRP and PACAP, 
e.g.,  KATP channels and  BKCa channels, induces migraine 
attacks at a much higher rate in parallel with a marked 
vasodilation, which suggests a vascular site of action [57, 
58]. Interestingly, while these channels are also expressed 
in C- and Aδ-fibers, intradermal and intramuscular injec-
tions of levcromakalim, a  KATP channel opener, does not 
evoke cutaneous or muscle pain [59]; in turn, a direct 
activation of these channels in peripheral neurons is an 
unlikely site of action for migraine attacks.

In other paroxysmal pain disorders, e.g., familial epi-
sodic pain syndrome, ion channels have been demon-
strated to exhibit modulatory activity and provides a 
context for the episodic nature of migraine attacks [60, 
61]. In line with these observations, a genome wide asso-
ciation meta-analysis identified 123 susceptibility loci 
that showed enrichment for genes expressed in vascular 
and smooth muscle tissues in individuals with migraine 
without or with aura [62]. These findings suggest vascu-
lar dysfunction, and possibly also smooth muscle dys-
function (consistent with a shared polygenic risk scores 
of migraine, stroke, and cardiovascular diseases) [63–67], 
are crucial in migraine pathogenesis and strongly impli-
cates a vascular etiology of migraine. Interestingly, rare 
vasculopathies have an overrepresentation of migraine. 
Cerebral autosomal dominant arteriopathy with subcor-
tical infarcts and leukoencephalopathy (CADASIL) is a 
hereditary small artery disease and one of its character-
istic presentations include migraine [68]. Patients with 
mitochondrial encephalopathy, lactic acidosis and stroke-
like episodes (MELAS) are especially known to suffer 
from repeated episodes of migraine [69]. Morphologi-
cal observations suggest MELAS involves mitochondrial 
angiopathy as autopsies of patients show abnormally pro-
liferated mitochondria in the smooth muscle cells and 
endothelial cells of the small cerebral blood vessels [70].

Migraine drugs that purely exhibit their effects at a 
peripheral site of action exist, i.e., monoclonal antibodies 
targeting CGRP or its receptor, as they are very unlikely 
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to cross the blood brain barrier [35, 71]. Interestingly, 
these monoclonal antibodies are also effective in patients 
with migraine with aura [72, 73]. Other compounds with 
a predominant peripheral site of action include onabotu-
linumtoxinA where the mechanism of action is likely to 
involve attenuation of peripheral pain transmission [74]. 
In individuals with chronic headache, the clinical effect 
of onabotulinumtoxinA has been suggested to involve 
reduction in periosteal inflammation [75]. These find-
ings are consistent with the observation that onabotuli-
numtoxinA is able to reduce release of inflammatory and 
excitatory neurotransmitters and neuropeptides from 
primary nociceptors [76, 77]. Of note, adverse events 
related to the central nervous system are not reported 
for either monoclonal antibodies nor onabotulinumtox-
inA [71]. These observations are also true for commonly 
used acute migraine medications. Dihydroergotamine 
(acute migraine drug) is not able to cross the blood–brain 
barrier in humans [78], and while sumatriptan (acute 
migraine drug) is able to cross the blood–brain bar-
rier and may present with adverse events related to the 
central nervous system, preclinical models suggest the 
site of action for its migraine-attenuating effects is likely 
mediated through modulation of the first-order neuron 
localized outside of the blood–brain barrier [79]. This is 
supported by the observation that sumatriptan constricts 
the superficial temporal artery and middle meningeal 
artery, but not the middle cerebral artery, in migraine 
attacks in humans, which favors a perivascular site of 
action outside of the blood–brain barrier [80].

Migraine attacks are of central origin
Prodromal symptoms and central dysfunction
From a clinical perspective, the site of origin of a 
migraine attack is reflected by the earliest symptoms 
of the attack. Many migraine patients report prodro-
mal symptoms, which include mood changes, excessive 
yawning, thirst, and cravings for certain foods [81]. Such 
symptoms would be expected to arise from brain regions 
such as the hypothalamus or other parts of the limbic 
system, and not from peripheral nerves or from blood 
vessels. The symptoms may not be specific for migraine 
but, importantly, a prospective study demonstrated that 
some patients can accurately predict their migraine 
attacks based on these early symptoms indicating that 
prodromal symptoms are truly linked to migraine at least 
in a subgroup of patients [82].

The notion that this early phase of the migraine attack 
originates in the brain is supported by a line of evi-
dence based on advanced neuroimaging studies. One 
study investigated migraine patients during glyceryl 
trinitrate-induced prodromal symptoms and subsequent 
migraine headache and found increased activity of the 

hypothalamus, brainstem, and various cortical areas spe-
cifically during the prodromal phase [83]. Another study 
using BOLD functional MRI and painful trigeminal stim-
ulation to study a migraine patient every day for 30 days, 
and during three spontaneous migraine attacks, found 
increased activation of the hypothalamus, and increased 
functional connectivity between the hypothalamus and 
the pons within 24  h before headache onset [13]. The 
authors later reproduced these findings of preictal hypo-
thalamic activation in seven migraine patients scanned 
every day for at least 30 consecutive days [84].

Migraine aura
Approximately one-third of migraine patients experience 
aura symptoms. The aura symptoms begin before the 
onset of pain in nearly all cases [85] and based on their 
clinical presentation they clearly originate from the cer-
ebral cortex [86]. The underlying mechanism of migraine 
aura is widely accepted to be the electrophysiological 
phenomenon of CSD, involving a wave of neuronal and 
glial depolarization spreading across the cerebral cor-
tex at an approximate rate of 3 mm/min [87]. Although 
electrophysiological recordings from the cortical surface 
have not been performed during attacks of migraine with 
aura, gradually spreading changes of cerebral blood flow 
consistently shown in functional neuroimaging studies 
support that the aura phase of migraine is indeed due to 
CSD [28, 88]. Interestingly, a recent PET-MRI study in 
migraine aura patients, applying a radioactive marker of 
inflammation, indicated that CSD may directly induce 
meningeal inflammation and thereby potentially head 
pain and associated symptoms of migraine [89]. Thus, 
CSD appears to be a primary event that precedes, and 
causes, the pain phase of migraine. In support of this, 
animal studies have demonstrated that experimentally 
induced CSD leads to activation of meningeal nocicep-
tors and central trigeminovascular neurons [90]. In addi-
tion, CSD leads to pain and anxiety behavior in animals 
even when elicited in a minimally invasive manner using 
optogenetics [91].

Collectively, migraine attacks with aura clearly originate 
from the cerebral cortex. In the subset of patients with 
familial hemiplegic migraine (FHM), the site of origin 
can even be specified at the molecular level. Three genes 
are known to be involved in familial hemiplegic migraine. 
In FHM type 1, mutations in CACNA1A, encoding the 
α1 subunit of the voltage-gated channel CaV2.1 calcium 
leads to gain of channel function. FHM type 2 muta-
tions in the ATP1A2 gene encoding the α2 subunit of 
Na/K-ATPases result in a loss of function in glial cells. 
In FHM type 3, mutations in the SCN1A gene lead to a 
gain of function of NaV1.1 sodium channels. These muta-
tions facilitate neuronal depolarization. Knock-in mouse 
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models have been developed for all three types of familial 
hemiplegic migraine and in these an enhanced suscepti-
bility to experimental CSD elicitation has been demon-
strated [92]. Interestingly, a recent genome-wide analysis 
of 102,084 migraine cases indicated that the CACNA1A 
gene is also involved in migraine with typical aura [62]. 
Likely, migraine with aura patients in general are suscep-
tible to CSD initiation due to ion channel dysfunction 
leading to occasional neuronal depolarization.

Attacks of symptoms that are clinically indistinguish-
able from migraine with aura may occur due to e.g., 
carotid dissection or carotid aneurysms [40]. The likely 
mechanism behind this observation is that carotid 
pathology may lead to hypoperfusion or microem-
bolization, which is known to be able to trigger CSD 
[93]. Clear-cut cases of “symptomatic migraine aura”, 
although apparently rare, have been reported and are 
most often caused by lesions to the cerebral cortex 
including brain arteriovenous malformations or brain 
tumors [40]. Rare vasculopathies including CADASIL, 
MELAS, Sneddon syndrome, and Moyamoya disease 
may present with migraine with aura as well as stroke 
[94]. In these cases, attacks of migraine with aura are 
likely secondary to cortical lesions caused by the cer-
ebrovascular pathology.

Migraine pain
It is possible that the pain of migraine originates from 
peripheral structures although there is no firm evidence 
to support this. Vasodilation seems not be the cause of 
pain in migraine. Even strong vasodilation of cephalic 
arteries causes only mild headache [95] and there is no 
correlation between the degree of vasodilation and phar-
macologically induced headache in healthy volunteers 
[96]. An MR angiography study of spontaneous migraine 
attacks without aura reported slight dilation of intrac-
ranial, but not extracranial, arteries during attacks [97]. 
Administration of subcutaneous sumatriptan resulted 
in pain relief but not constriction of the dilated intrac-
erebral arteries. Triptans, 5-HT1B/1D agonists cross the 
blood–brain barrier [98] and their anti-migraine effects 
may depend on binding to central serotonin receptors. 
Likewise, ditans, i.e., 5-HT1F agonists, cause relief of 
migraine headache, cross the blood–brain barrier, and 
do not appear to cause vasoconstriction [99, 100]. Even 
a central action of monoclonal antibodies cannot be 
excluded with certainty since these may cross the blood–
brain barrier although at a small rate of 1:1000 [101].

Migraine-inducing neuropeptides like CGRP may exert 
their effects in the periphery but this does not provide 
evidence of a peripheral origin of spontaneous migraine 
attacks. Interestingly, drugs that provoke migraine 
attacks clinically generally do not cause migraine aura 

symptoms, even in patients who always experience aura 
during their spontaneous migraine attacks [5]. Thus, 
these substances likely exert their migraine-provoking 
effects peripherally and downstream as opposed to spon-
taneous migraine attacks that originate centrally and sub-
sequently lead to peripheral effects.

Lessons learned and future directions
Prodromal symptoms and central dysfunction
Methodological uncertainties limits inferences from 
reports on prodromal symptoms in migraine, which 
otherwise may assist our understanding of migraine 
attack initiation. Heterogeneity between investigations, 
including application of different definitions and mat-
ters of enquiry, allows for large discrepancies. Further-
more, non-specific symptoms such as fatigue and mood 
change are commonly reported, and strict criteria need 
to be applied to allow discrimination between spontane-
ous occurrence or migraine-associated occurrence. These 
shortcomings can be addressed through harmonization 
of studies by standardized methodology and data report-
ing. The fact there are no internationally acknowledged 
guidelines yet warrants an investment.

Migraine aura
Although migraine aura and migraine headache are 
temporally associated in many cases, it may be counter-
productive to discuss these disorders as a single entity 
as their mechanistic relationship is not clarified. Experi-
mental research in humans has been limited by the lack 
of a potent human model of migraine aura. Recent find-
ings suggest that opening of potassium channels may be a 
potent trigger of migraine aura in humans [102]. If these 
observations are confirmed, it would allow for investiga-
tions into the mechanisms that link migraine aura and 
migraine headache using neuroimaging, electrophysiol-
ogy, and biochemistry.

Migraine pain
Beyond any doubt, migraine pain is modulated through 
activity of CGRP and other neuropeptides within the 
trigeminovascular system [3]. Release of CGRP and other 
neuropeptides have been demonstrated to be released at 
a peripheral site at the level of the trigeminal ganglion 
[103], but we cannot at the present time confirm or reject 
a downstream regulation through central dysfunction as 
there is an absence of evidence, not evidence of absence. 
While cortical spreading depression is able to depolar-
ize meningeal nociceptors [24], thereby causing pain, 
this does not provide an explanation for the majority 
of migraine attacks experienced in the world: migraine 
attacks without aura. Experimental investigations need 
to address whether it is possible to induce a peripheral 
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release of these neuropeptides through a central mecha-
nism in humans with migraine without aura.

Conclusions
Both peripheral and central mechanisms are likely involved 
in a migraine attack, e.g., peripheral nociceptive input is 
necessary for pain transmission and cortical activity is 
necessary for pain perception. Yet, the debate of whether 
migraine attacks are initiated a peripheral or central site 
remains unresolved. The increased focus on prodromal 
symptoms and on the development of a human model of 
migraine aura will possibly provide key arguments needed 
to answer this question in the near future. Until then, we 
cannot draw firm conclusions and the debate goes on.
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