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Abstract 

Background  The premonitory phase, or prodrome, of migraine, provides valuable opportunities to study attack 
initiation and for treating the attack before headache starts. Much that has been learned about this phase in recent 
times has come from the outcomes of functional imaging studies. This review will summarise these studies to date 
and use their results to provide some feasible insights into migraine neurobiology.

Main body  The ability to scan repeatedly a patient without radiation and with non-invasive imaging modalities, 
as well as the recognition that human experimental migraine provocation compounds, such as nitroglycerin (NTG) 
and pituitary adenylate cyclase activating polypeptide (PACAP), can trigger typical premonitory symptoms (PS) 
and migraine-like headache in patients with migraine, have allowed feasible and reproducible imaging of the pre-
monitory phase using NTG. Some studies have used serial scanning of patients with migraine to image the migraine 
cycle, including the ‘pre-ictal’ phase, defined by timing to headache onset rather than symptom phenotype. Direct 
observation and functional neuroimaging of triggered PS have also revealed compatible neural substrates for PS 
in the absence of headache. Various imaging methods including resting state functional MRI (rsfMRI), arterial spin 
labelling (ASL), positron emission tomography (PET) and diffusion tensor imaging (DTI) have been used. The results 
of imaging the spontaneous and triggered premonitory phase have been largely consistent and support a theory 
of central migraine attack initiation involving brain areas such as the hypothalamus, midbrain and limbic system. Early 
dysfunctional pain, sensory, limbic and homeostatic processing via monoaminergic and peptidergic neurotransmis-
sion likely manifests in the heterogeneous PS phenotype.

Conclusion  Advances in human migraine research, including the use of functional imaging techniques lacking radia-
tion or radio-isotope exposure, have led to an exciting opportunity to study the premonitory phase using repeated 
measures imaging designs. These studies have provided novel insights into attack initiation, migraine neurochemistry 
and therapeutic targets. Emerging migraine-specific therapies, such as those targeting calcitonin gene-related pep-
tide (CGRP), are showing promise acutely when taken during premonitory phase to reduce symptoms and prevent 
subsequent headache. Therapeutic research in this area using PS for headache onset prediction and early treatment 
is likely to grow in the future.
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Background
Migraine is the most common of the primary headache 
disorders and affects people at the peak of their working 
lives, thereby causing significant socio-economic burden 
[1]. Whilst initially thought of as a disorder of headache, 
the migraine phenotype extends beyond headache, and 
with widespread brain dysfunction involving pain, sen-
sory, homeostatic and limbic systems [2]. The symptoms 
associated with migraine are therefore heterogeneous 
and can include mood and cognitive dysfunction, altered 
sleep, arousal and feeding [3], as well as headache.

Some symptoms can start before headache onset, and 
in some patients can reliably warn of impending head-
ache [4]. These have been termed premonitory symptoms 
(PS), or erroneously mislabelled [5] as the prodrome in 
the current iteration of the International Classification of 
Headache Disorders, third edition (ICHD-3) [6]. PS occur 
before headache and in its absence and understanding 
the biological mediation of PS and their neuroanatomi-
cal substrates could provide insights into migraine attack 
initiation. PS include sensory sensitivities, such as photic 
hypersensitivity, phonophobia, movement sensitivity, 
arousal changes with sleep cycle changes or extreme 
fatigue and difficulty staying awake, cognitive changes 
such as word finding difficulty, difficulty with reading or 
writing and concentration change and neuroendocrine 
symptoms like thirst, polyuria, food cravings and yawn-
ing [3].

PS also provide a therapeutic window for early attack 
treatment in patients who can reliably identify them for 
the purposes of  headache prediction. There have been 
some encouraging results in small historical studies using 
domperidone, a dopamine antagonist versus placebo [7, 
8], and in an open label study of naratriptan, a 5HT1B/1D 
receptor agonist [9], when taken during the premoni-
tory phase. The drugs in this class, termed the triptans, 
were the first migraine specific drugs developed in the 
1990’s [10] and there are now seven available. Some of 
the triptan studies in the literature suggest that head-
ache is needed for therapeutic efficacy and that they are 
not effective when taken early, such as during migraine 
aura in those who get these symptoms prior to headache 
[11, 12]. One open label study with oral sumatriptan 
suggested it was useful in aura [13], although given the 
pharmacokinetics of the drug [14], the data are not com-
pelling and larger, placebo-controlled, randomised stud-
ies using parenteral formulations are warranted.

More recently, novel targeted treatments acting on the 
CGRP pathway have been developed and are changing the 
landscape of migraine treatment by providing well tolerated 
and specific targeted treatments for the first time since the 
triptan era. These have been shown in early studies to be 
effective acutely at preventing headache when taken during 

PS (the small molecule CGRP receptor antagonist, ubroge-
pant) [15], and may be effective in reducing other symp-
toms and disability when taken in the premonitory phase 
[16],  and preventively  CGRP-targeted therapies may also 
have an effect on non-headache symptoms such as cogni-
tive dysfunction (a CGRP ligand-binding monoclonal anti-
body, fremanezumab) [17], as well as on the occurrence of 
PS (a CGRP ligand-binding monoclonal antibody, galcan-
ezumab) [18]. These results provide hope for an exciting 
future in migraine therapeutics. Despite a wealth of patho-
physiological and therapeutic research in migraine, there 
has never been an unambiguously effective treatment for all 
those afflicted, and headache prediction and early treatment 
has not been a widely used strategy before. Clearly for both 
patients and physicians alike, the ability to prevent headache 
through early attack treatment is an attractive strategy for 
limiting attack-related disability and attack duration.

Studying the biological mediation of PS and the systems 
involved in attack initiation are therefore important, both 
to advance migraine pathophysiological understanding, 
and for future therapeutics development. One of the means 
that has been used in recent times has been the increas-
ing use of functional imaging methodologies to study 
migraine brain structure and function. Capturing sponta-
neous migraine attacks using these study designs has inher-
ent challenges, which are particularly pronounced when it 
comes to imaging PS. These symptoms may not necessar-
ily be promptly associated with migraine by patients, and 
in some, the time to headache onset is short [4], making 
them logistically difficult to capture reliably within imag-
ing study designs. Some study designs have therefore used 
the ability to image a patient with migraine serially, that is 
repeatedly on consecutive days, or serially in the interictal 
state, to capture the entirety of the migraine cycle, includ-
ing the lead up to headache, or the ‘pre-ictal’ phase [19–27]. 
Whilst these studies have not systematically studied the 
clinical phenotype of the patient during this time per se and 
have used the time to headache onset to define the ‘pre-
ictal’ phase, the demonstration of dynamic and oscillating 
changes within the migraine brain throughout the pre-ictal, 
ictal, post-ictal and interictal phases of the migraine cycle 
have been exciting advances to the understanding of the 
‘state and trait’ model of migraine. There are felt to be likely 
underlying alterations in sensory processing and brain-
stem function, which are present interictally, and further 
changes in the lead up to and during a migraine attack, may 
account for the interictal sensory sensitivities and other 
symptoms that some patients experience, as well as PS and 
attack-related symptoms.

Due to the difficulties in examining spontaneous 
attacks, some studies have used other methods to image 
the pre-ictal or pre-headache phase of migraine. Some of 
these have included the assessment of brain responses 
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of patients with migraine compared to healthy controls 
to nociceptive or olfactory stimulation of the trigemi-
nal system at intervals using fMRI [27, 28]. Others 
have used the imaging of triggered PS [29–35]. Whilst 
human experimental migraine models have been used in 
migraine research for some time [36, 37], it has only been 
through the increasing recognition of the importance of 
PS in migraine neurobiology and treatment, that led to 
the discovery that some of these compounds could trig-
ger PS as well as migraine-like headache in susceptible 
individuals [38–41]. Namely, NTG, a vasodilator which 
provokes migraine via nitric oxide mechanisms [38, 39, 
41] and PACAP, a vasodilatory and inflammatory neuro-
peptide which provokes migraine via the PAC1 or VPAC 
receptors [40], are the ones that seem to most commonly 
provoke PS, whereas CGRP less so [40], though it has a 
high affinity for provoking migraine-like headache in 
patients with migraine [42]. The NTG model has been 
exploited with imaging, and has provided an exciting 
opportunity to repeatedly image PS in a reliable fashion 
and has helped to provide supportive evidence for early 
neural dysfunction in migraine.

This review will summarise the current up-to-date 
imaging studies of the pre-ictal: for the purpose of this 
review, defined as the pre-headache phase of migraine 
irrespective of clinical symptoms, or premonitory phase: 
the symptomatic phase preceding headache of migraine. 
We will then discuss the insights that the results of 
these offer into migraine biology and novel therapeutics 
development.

Pre‑ictal imaging
Imaging the migraine cycle to capture the pre‑ictal phase
Historical imaging studies used the administration of 
inhaled [43] or intra-arterial [44] Xenon133 to meas-
ure cerebral blood flow (CBF) during migraine. CBF is 
a commonly used surrogate for neuronal activity, based 
on the concept of neurovascular coupling. There was a 
suggestion of occipitoparietal reduced CBF preceding 
migraine headache in migraine with aura in these studies, 
which spread anteriorly, and headache occurred during 
this oligaemia [44]. These findings were not reproduced 
using these models in migraine without aura [45], so 
these findings were assumed to be imaging correlates of 
cortical spreading depression (CSD), the neurophysiolog-
ical phenomenon of cortical depolarisation followed by 
repolarisation, which is thought to mediate aura symp-
toms in humans.

A subsequent study by Stankewitz and colleagues 
in 2011 used a previously validated model of trigemi-
nal nociception along  with behavioural assessment and 
fMRI [46], to study the migraine cycle in patients with 
migraine and compare this to healthy controls during the 

interictal, pre-ictal and ictal phases [27]. Using a combi-
nation of these results, the authors found that the level of 
trigeminal activation on fMRI in response to nociceptive 
stimulation increases over the migraine cycle and peaks 
ictally, and the next migraine attack can be predicted by 
signal intensity in the spinal nucleus. Dorsolateral pon-
tine activation seemed to occur later, and this had pre-
viously been demonstrated during spontaneous [47–49] 
and triggered [50] migraine headache. This study for the 
first time, suggested that oscillating responses to noci-
ceptive stimulation in migraine occur, and implicated 
areas of possible attack generation outside of the pontine, 
midbrain and hypothalamic areas that had been dem-
onstrated on imaging studies during migraine headache 
before [47–52].

Further studies followed using the approach of imaging 
the migraine cycle with trigeminal nociceptive stimula-
tion, aiming to capture imaging responses in the lead up 
to migraine headache and the pre-ictal phase. Schulte 
and colleagues imaged a patient with migraine every day 
for 30 days and managed to image 3 spontaneous attacks 
during this time [20]. This study demonstrated increased 
hypothalamic activity on nociceptive triggered blood oxy-
gen level dependant (BOLD) fMRI in the lead up to head-
ache, and also altered functional connectivity between 
the hypothalamus and the spinal trigeminal nuclei and 
dorsolateral pons on the day before migraine headache, 
providing supportive evidence for dynamic changes in 
hypothalamic and brainstem connectivity throughout the 
migraine cycle, with early changes preceding headache. A 
follow-up study used the same protocol in 9 subjects with 
migraine with daily imaging for 30  days, and acquired 
data from 7 subjects and 27 spontaneous attacks [19]. The 
authors found corroborative evidence for hypothalamic 
activation on BOLD fMRI in response to trigeminal noci-
ceptive stimulation in the 48 h prior to migraine headache 
and suggested that this interval should be used to define 
the pre-ictal or premonitory phase of migraine on future 
imaging studies. Resting state functional connectivity 
analyses, in 8 of the 9 subjects demonstrated increased 
connectivity between the right nucleus accumbens and 
the left amygdala, hippocampus and parahippocampal 
gyrus in the pre-ictal phase, as well as increased connec-
tivity between this region and the dorsorostral pons [25]. 
As well as the hypothalamus, this study demonstrated the 
likely involvement of other limbic and dopaminergic brain 
areas preceding headache in migraine.

Other groups have used different approaches to image 
the phase preceding headache without necessarily exam-
ining clinical symptoms. One study scanned the different 
phases of migraine in patients with migraine, by per-
forming periodic interictal scans, and thereafter identi-
fying that some scans were conducted in the 72 h ahead 
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of headache, and others in the 24 h preceding headache. 
The authors used a range of fMRI methods, including 
infra-slow oscillation power, regional homogeneity and 
functional connectivity analyses, and found increased 
infra-slow oscillatory activity in the hypothalamus and 
brainstem in the 24 h preceding migraine headache, and 
increased midbrain and hypothalamus functional con-
nectivity and regional homogeneity during this time. 
These findings were not present in the post-ictal phase 
following migraine headache,  and interictally and were 
significantly different to healthy controls. Using differ-
ent fMRI methods, the authors provided additional sup-
portive evidence for altered hypothalamic and brainstem 
function in the lead up to migraine headache by conduct-
ing serial fMRI imaging in 31 patients with migraine and 
31 healthy controls, therefore again capturing the pre-
headache period and used noxious orofacial stimulation 
and resting state functional connectivity analyses, specifi-
cally in the brainstem [24]. Sensitivity to pain was found 
to be heightened interictally, with a decrease immedi-
ately before migraine and increased activation of the 
spinal trigeminal nucleus in response to stimulation was 
present pre-ictally. There was reduced functional con-
nectivity between the spinal trigeminal nucleus and the 
rostroventral medulla during this time. Interictally, dif-
ferent changes occurred between the midbrain and ros-
troventral medulla. The authors postulated the pre-ictal 
enhancement of endogenous nociceptive mechanisms 
and that cyclical fluctuations in brainstem activity occur 
throughout the migraine cycle. This study again sup-
ported the theory that deep brain structures are involved 
in the lead up to a migraine headache, and also that pain 
sensitivity thresholds are altered throughout the migraine 
cycle [53], suggesting reduced sensory habituation and 
inhibitory mechanisms pre-ictally.

Diffusion tensor imaging (DTI) was then used to exam-
ine microstructural brainstem changes pre-ictally in 
migraine [54]. Interictal mean diffusivity changes in the 
midbrain, dorsomedial pons and spinal trigeminal nucleus 
normalised to control levels in the pre-ictal period 24  h 
ahead of headache and were then altered again for 72  h 
thereafter. These regional brainstem anatomical changes 
are therefore postulated to fluctuate over the migraine 
cycle, in particular pre-ictally, when they may be involved 
in activation or sensitisation of ascending trigeminal noci-
ceptive pathways. A follow-up study aimed to investigate 
the relationship between hypothalamic and brainstem 
activation pre-ictally further, using a combination of CBF 
(using pseudocontinuous arterial spin labelling, pCASL) 
and functional connectivity measurements [22]. The 
authors found reduced blood flow in the lateral hypothala-
mus in the 24 h leading up to headache and reduced hypo-
thalamic functional connectivity with brainstem regions 

such as the periacqueductal gray (PAG), dorsal pons, ros-
tral ventromedial medulla, as well as in cingulate cortex. 
This study suggested that the hypothalamus is involved 
in attack initiation and is involved in brainstem pain pro-
cessing sensitivity through connectivity changes before 
headache, thereby facilitating migraine headache via either 
internal or external triggering mechanisms. A final study 
by these authors examined these changes in more detail 
by imaging a cohort of patients with migraine and healthy 
controls 5  days a week for 4  weeks, and demonstrated 
that resting brainstem activity varied most dramatically 
in the 24  h preceding headache in the migraine group 
in the regions of the dorsal pons and spinal trigeminal 
nucleus [21]. Interestingly, the authors report that no sub-
jects reported prodromal symptoms in the 24 h preceding 
headache, suggesting that they were asymptomatic during 
those scans. This study once again supported the dynamic 
changes in brainstem circuitry during the migraine cycle 
and together these studies confirm the role of the hypo-
thalamus and its connections with trigeminal pain pro-
cessing brainstem structures in the lead up to migraine 
headache.

A recent fMRI study looked at intrinsic network con-
nectivity during spontaneous migraine attacks and fol-
low-up imaging ahead of the next attack [26]. This study 
suggested involvement of networks outside of hypotha-
lamic-brainstem ones, and implicated cyclical changes 
in visual, auditory, somatosensory and limbic networks, 
which increase over the migraine cycle and peak pre-
ictally and return to baseline during headache. A change 
in network integrity across sensory and limbic networks 
could feasibly be involved given the symptom phenotype 
that patients experience in the lead up to headache. The 
interaction between these pathways and those involv-
ing the hypothalamus and brainstem structurally and 
functionally are therefore of interest, and the top-down 
modulation of trigeminal sensory processing from the 
pre-ictal phase through to migraine headache may have a 
role via such pathways in thresholding ensuing headache, 
either endogenously or following exposure to an external 
migraine trigger.

The imaging studies from 2011 onwards imaging the 
pre-ictal phase of migraine are summarised in Table 1.

Triggering the migraine attack to capture the pre‑ictal phase
Given the challenges in capturing the pre-ictal phase of 
migraine spontaneously, and the need for serial imaging 
of spontaneous attacks to able to do this, the imaging of 
pharmacologically triggered attacks using human experi-
mental migraine models has been used by some groups. 
One such study examined the response of the blood 
oxygen-level dependant level (BOLD) contrast on fMRI 
in the region of the hypothalamus at baseline and  in 
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response to an oral glucose challenge in both spontane-
ous (n = 5) and NTG-triggered migraine (n = 16) dur-
ing the premonitory phase [34], and in healthy controls 
(n = 11). All migraine patients and healthy controls were 
imaged at baseline before any drug administration on one 
visit and remained in the scanner for further imaging fol-
lowing an oral glucose challenge  after around 7 min-
utes. NTG-triggered patients and healthy controls  were 
imaged following oral glucose ingestion at a fixed 90-min 
interval following NTG administration irrespective of 
clinical symptoms, but with the hope of imaging during 
PS in the ones with migraine on a different visit. PS were 
reported following NTG infusion at 90 min by 13/16 sub-
jects, but these were not compared to patient’s spontane-
ous symptoms to assess if they were typical. Spontaneous 
attack patients were asked to present for imaging as soon 
as they felt any symptoms of a migraine, but the authors 
do not elaborate on the premonitory phenotype in these 
subjects. The results suggested altered hypothalamic 
neuronal function in the pre-ictal phase of migraine only, 
with a steeper and faster recovery in BOLD signal in the 
hypothalamus following glucose administration in both 
spontaneous and NTG-triggered attacks during the pre-
monitory phase compared to healthy controls.

The same group used MR spectroscopy to image NTG-
triggered attacks at 3 intervals (baseline ahead of any drug 
exposure, following NTG exposure before migraine head-
ache irrespective of symptoms and during NTG-provoked 
migraine-like headache) and measured glutamate, glu-
tamine and gamma-aminobutyric acid (GABA) over a vol-
ume of interest in the visual cortex [55]. Whilst glutamate 
and glutamine concentrations did not change over the 
migraine cycle, GABA increased from the interictal to pre-
ictal states. This study suggested that increased GABA levels 
may be involved in the brain’s response in trying to inhibit 
sensory hypersensitivity or pain in the pre-ictal phase.

These triggered studies have again provided evidence for 
altered hypothalamic activity before migraine headache 
in both spontaneous and triggered attacks, and have sup-
ported the idea that triggered attacks are a reliable way to 
study PS. There may be an increase in sensory inhibition 
via GABA before migraine headache. This may be involved 
in reducing pain sensitivity in the pre-ictal phase and in 
mediating some of the oscillating changes in brainstem 
pain processing structures function that have been dem-
onstrated on the various imaging studies. The changes in 
sensory thresholding before migraine headache may alter 
the occurrence of headache thereafter via neurotransmitter 
alterations, depending on internal or external trigger expo-
sure. We have previously shown that following NTG expo-
sure, some patients with migraine can develop typical PS 
for them (similar to spontaneous attacks), but these are not 
necessarily followed by delayed migraine-like headache [39]. 

This concept of typical PS being present or being provoked 
but not being followed by migraine headache is interesting, 
as it provides a possible clinical correlate for such a sensory 
thresholding effect. Further systematic prospective diary 
studies of PS and possible triggers in spontaneous attacks 
would be needed to assess this in more detail.

Premonitory imaging
The first study that imaged the symptomatic premonitory 
phase of migraine was conducted by Maniyar and col-
leagues in 2014, and used H2 150 PET imaging in NTG-
provoked attacks [30]. This imaging methodology uses 
labelled water as an administered radioisotope, which 
acts as a freely diffusible tracer that enters cerebral tis-
sue without being metabolised. CBF changes  can be 
measured following equilibrium, and arterial blood sam-
pling via an arterial line is conducted. Eight subjects with 
migraine were scanned at baseline, during the sympto-
matic premonitory phase and during migraine-like head-
ache. Increases in blood flow were found in areas such 
as the hypothalamus, midbrain, dorsal pons and corti-
cal areas such as prefrontal and occipital cortex. This 
study for the first time, provided functional association 
between brain changes and the clinical phenotype that 
patients experienced during the imaging. Further studies 
by the same authors tried to characterise which changes 
could be responsible for particular symptoms  (neural 
substrates for specific PS), and identified that occipi-
tal activation in extrastriate visual cortex was increased 
in those with premonitory photic hypersensitivity com-
pared to those without this symptom [29], and similarly 
that activation in the region of the rostral dorsal medulla 
and PAG (the brain’s emesis network) was only present 
in those with premonitory nausea and not in those with-
out [31]. These studies provided feasible neural correlates 
for typical PS and linked the brain findings to the clini-
cal symptoms that patients experience. Pre-clinical work 
has suggested the role of hypothalamic [56–59], midbrain 
[60–62], medullary [63–65] and pontine [64, 66] areas 
in trigeminal nociceptive processing, providing possible 
links between PS and headache, and also feasible links 
between physiological symptoms such as those regulat-
ing sleep, mood and feeding with PS and migraine in gen-
eral, and imaging studies have supported this findings.

Further studies have followed using different imaging 
methods in NTG-triggered attacks. We used resting state 
fMRI and seed-based connectivity analyses to examine 
the premonitory and headache phases of NTG-triggered 
migraine in a cohort of deeply phenotyped patients with 
migraine (n = 21) [33]. Each subject acted as their own 
control and was also imaged at the same time points 
during a triggered attack (baseline, premonitory, head-
ache and recovery) and following placebo infusion in a 
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randomised double-blind crossover design. We identi-
fied alterations in thalamocortical (bilateral thalami and 
precuneus and cuneus cortical regions) and pontolim-
bic (pons and limbic lobe) functional connectivity in the 
premonitory phase, and whilst the pontolimbic changes 
persisted through headache, other connectivity changes 
between the pons, medulla and cerebellar tonsils also 
emerged. We therefore postulated early functional reor-
ganisation of sensory and limbic networks during the 
premonitory phase which could be mediating the clini-
cal phenotype. A study by another group using NTG-
triggered attacks and functional connectivity analyses in 
5 subjects with 4 scans throughout the NTG-triggered 
migraine attack (baseline, prodromal, headache and 
recovery), provided supportive findings for temporal 
changes in thalamic function in the premonitory phase 
when NTG-triggered subjects were imaged during PS 
which were typical for them [35]. The authors found 
changes in connectivity between the right thalamus and 
insula, pons and cerebellum in the premonitory  phase 
and a loss of synchronisation between the thalami and 
the salience network during this time, and these changes 
were also persistent during headache.

Most recently, we used 3D (three-dimensional) pCASL 
a non-invasive means of quantitatively measuring CBF 
in the same cohort of 21 NTG-triggered subjects we 
had previously imaged with resting state functional con-
nectivity. We have shown that  even in smaller numbers 
of more homogeneous patients, there were significant 
premonitory  increases in CBF  in anterior cingulate and 
frontal cortices, as well as in the caudate, lentiform, 
hippocampus and amygdala, and in the region of the 
hypothalamus on region of interest analysis [32]. These 
changes were only present in subjects not taking daily 
oral migraine prevention. This study has supported the 
role of the hypothalamus, but also other subcortical and 
cortical brain regions in mediating the premonitory phe-
notype. We have postulated the role of monoaminergic 
pathways in PS, including those involving dopamine via 
the hypothalamus, basal ganglia and ventral tegmentum, 
noradrenaline via the locus coeruleus and its projections 
and serotonin via the rostroventral medulla. These are 
all systems that have roles in trigeminal pain process-
ing, as well as in the regulation of physiological mecha-
nisms such as those involving sleep, mood and feeding, 
and are feasibly involved in the interactions of these fac-
tors with migraine, in terms of clinical symptoms and 
the perception of triggers. The same study also suggested 
that posterior hypoperfusion over the occipital cortices 
was present during the premonitory phase only in sub-
jects with an underlying history of aura, irrespective of 
whether these aura symptoms were triggered with NTG 
or not. This raised interesting questions about a possible 

asymptomatic imaging correlate for aura, and supported 
the role of the occipital cortex hypoperfusion in aura 
mechanisms [67], although the outcomes of other imag-
ing studies in this area have shown a combination of 
occipital hyper and hypoperfusion changes [68].

The studies performed during the triggered sympto-
matic premonitory phase of migraine are summarised in 
Table 2.

Neurobiological and therapeutic insights
The pre-ictal or premonitory phase of migraine offers a 
unique opportunity to understand the possible mecha-
nisms behind attack initiation. Despite advances in 
knowledge of the pathophysiology of migraine, the fun-
damental issue of how and where an attack starts ana-
tomically remain unknown, and remain debated amongst 
headache researchers. Whilst dural activation, only near 
large vessels, produces headache phenotypically similar 
to migraine [69], headache is not the first symptom of 
the attack, and interictal and pre-ictal changes on func-
tional brain imaging are evident in between attacks and 
leading up to an attack. Indeed, vasodilatation of extrac-
erebral blood vessels is not a pre-requisite to developing 
migraine headache. The pre-headache brain changes, 
and the cyclical nature of some of them demonstrated 
throughout the migraine cycle, suggest that migraine is 
a primarily neural disorder of fluctuating brain changes 
in areas integral to pain processing, such as in the brain-
stem, but also in other areas important in sensory, limbic 
and homeostatic regulation. How these central changes 
contribute to or lead to headache remains unknown, but 
there is animal model evidence that even vasodilatory 
pharmacological migraine triggers such as NTG, have 
central effects on trigeminocervical complex and thala-
mus, and that triggering of an attack may be a central 
rather than peripheral phenomenon [2].

Central neuronal to peripheral dural nociceptor acti-
vation and an inflammatory cascade sensitising menin-
geal nociceptors, seems unlikely as a feasible theory of 
central initiation of migraine causing headache thereaf-
ter, especially in the context of an intact macrostructural 
blood–brain barrier in migraine [70–72]. It has become 
clear over time that many targeted and efficacious treat-
ments for migraine abortion may not act solely periph-
erally and are present in albeit small concentrations in 
cerebrospinal fluid (CSF) in rodent models [73, 74], 
so there may be a central to peripheral mechanism in 
migraine pathophysiologically that is not yet under-
stood. This has previously been suggested in migraine 
with aura, as a means of providing a link between cor-
tical aura mechanisms and headache, and meningeal 
neuroinflammation and bridging vessels between brain 
and skull marrow have been suggested to be implicated 
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[75, 76]. It is, however, possible that the central changes 
lead to a heightened perception of pain, and that usu-
ally innocuous stimuli, such as dural vessel pulsation, 
are perceived as abnormally  painful during a migraine 
attack, due to preceding disturbance in brain sen-
sory regulation. Moreover, a carefully studied case of a 
patient with attacks of migraine with and without aura 
has shown the same pattern of activation in the hypo-
thalamus in the premonitory phase whether there is 
subsequent aura or not [77]. These data clearly suggest 
aura is not the trigger rather an epiphenomenon, occur-
ring in parallel with other components of the attack 
[78]. The brain changes during PS or pre-ictally could 
also have a role in top-down modulation of trigeminal 
nociceptive processing and could mediate the interplay 
between different systems such as those regulating sleep 
and feeding, the interaction of perceived triggers and PS 
[79, 80], and sensory thresholding during the migraine 
cycle. Several monoaminergic and peptidergic systems 
are involved and some of these share roles in pain as well 
as in these other associated migraine symptoms. Whilst 
all the answers are not yet known, the imaging studies 
during the premonitory phase have certainly supported 
that the vascular and neuroinflammatory theories of 
migraine that have been posed in the literature cannot 
solely be responsible for the entire clinical phenotype of 
migraine, nor the brain changes demonstrated on imag-
ing studies. Certainly, central neuronal mechanisms in 
complex and overlapping sensory and physiological sys-
tems are at play early in the attack.

The brain regions involved in PS that have emerged 
through the various imaging studies discussed involve 
complex networks that are involved in sensory, limbic 
and homeostatic regulation. These systems are closely 
linked with migraine, both symptomatically and in terms 
of trigger perception. For example, disrupted sleep (too 
much or too little) is a commonly reported migraine 
trigger, but sleep is often useful in aborting attacks and 
disrupted sleep and arousal changes are common PS. 
Another example is altered feeding; different foods such 
as sweets and chocolate, or skipping meals, are com-
monly reported migraine triggers, and food cravings for 
sweet things and anorexia are reported PS. These systems 
share anatomical substrates and neurochemical pathways 
with those involving trigeminovascular processing in 
migraine and provide avenues that may be explored mov-
ing forward with migraine therapeutics.

There has already been preclinical suggestion that tar-
geting the neuropeptide Y (NPY) pathway in the hypo-
thalamus, which has a role in appetite regulation, could 
hold therapeutic promise via the NPY Y1 receptor in 
migraine, as the pathway shares a role in trigeminovas-
cular nociception in an animal model [59]. Modulating 

neuroendocrine pathways involved in feeding via lep-
tin, insulin and glucose may also have a role in changing 
trigeminocervical neuronal responses in an animal model 
of migraine [58]. Furthering understanding of these 
systems, and the links between obesity and migraine 
and fluctuating blood sugars and migraine may provide 
therapeutic avenues through targeting systems involved 
in feeding, glucose and satiety regulation. The orexins 
(orexin A and B) are hypothalamic neurotransmitters 
also involved in feeding regulation, so these hypotha-
lamic feeding networks may all be involved in migraine 
pathophysiology. Other areas that may be involved in 
these mechanisms include the ventral tegmentum [60], 
and here leptin may be involved in modulating dopamin-
ergic signalling [81].

Preclinical work has suggested that the orexins may 
be involved in migraine via their roles in sleep and 
pain [82–84], and whilst a clinical trial of a dual orexin 
antagonist filorexant administered daily at night was not 
successful [85], more targeted therapeutics and differ-
ent dosing regimens within this system may be a future 
therapeutic option for migraine. Arousal is also regulated 
via midbrain structures such as PAG and its projections 
to rostroventral medulla, as well as the locus coeruleus 
(LC) in the pons. This is a noradrenergic structure which 
is excited by orexins and has a possible role in migraine 
pathophysiology [66]. NPY has a contributory role in 
sleep regulation and sleep is closely linked to energy 
homeostasis, thus these hypothalamic feeding systems 
are closely interlinked with those controlling arousal, as 
well as those involved in stress (which also involves orex-
ins, leptin and NPY) [2] and the motivation-cognition 
interaction [86].

Dopaminergic pathways have clearly been suggested 
to be involved in PS, given the dopaminergic nature to 
many symptoms [87], and the consistent hypothalamic 
involvement demonstrated on imaging studies. In addi-
tion, emerging evidence for involvement of dopaminer-
gic networks via the nucleus accumbens, basal ganglia 
and ventral tegmentum, support this theory. Many anti-
dopaminergic drugs have shown therapeutic efficacy in 
migraine, but these areas and dopaminergic pathways are 
involved in many other functions, that these drugs are not 
targeted for migraine and therefore do risk side effects.

The complex interplay between pain processing sys-
tems and other systems via shared anatomical brain 
regions and neurotransmitter systems, likely contrib-
utes to migraine being a genetically inherited trait of 
disordered sensory, limbic and homeostatic processing, 
which at times is triggered intrinsically or endogenously 
into an attack state. The role of perceived external trig-
gers remains debatable [79, 80].  The attack involves 
brain regions and neurotransmitter systems that share 
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pain processing with other physiological processes like 
sleep, feeding regulation, mood and cognition, and the 
interaction of these causes the heterogenous pheno-
type that patients experience including headache and 
non-headache symptoms during a migraine attack. The 

involvement of subcortical and cortical brain regions 
structurally and functionally and the early activation 
of hypothalamic, pontine and tegmental structures, as 
well as thalamic nuclei, leads to the disordered physi-
ology which can precede headache and perhaps the 

Fig. 1  Brain regions involved in mediating PS and the proposed interaction between monoaminergic (stars) and peptidergic (ovals) pathways 
between these areas. DA; dopamine, NA; noradrenaline, 5HT; serotonin, CGRP; calcitonin gene-related peptide, PACAP; pituitary adenylate cyclase 
activating polypeptide; RVM; rostroventral medulla, NRM; nucleus raphe magnus, TCC; trigeminocervical complex, SSN; superior salivatory nucleus, 
LC; locus coeruleus, CAS; cranial autonomic symptoms, PAG; periacqueductal gray, VTA; ventral tegmental area. Free to use sagittal brain image 
https://upload.wikimedia.org/wikipedia/commons/a/a0/Brain_human_sagittal_section.svgby, Patrick J. Lynch, medical illustrator, CC BY 2.5 https://​
creat​iveco​mmons.​org/​licen​ses/​by/2.5, via Wikimedia Commons. The authors have annotated the figure for the purpose of this article

https://creativecommons.org/licenses/by/2.5
https://creativecommons.org/licenses/by/2.5
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misperception of some exogenous trigger factors. How 
and why this leads to headache is unknown, but thresh-
olding may be at play, as well as top down modulation of 
trigeminovascular nociceptive processing via brainstem 
structures. The possible contribution of a peripheral 
dural component remains an area that warrants further 
attention.

Increasing understanding of the neurochemical sys-
tems within the brain regions that have emerged of 
interest from premonitory imaging may provide novel 
therapeutic targets. Targeting other non-pain systems 
identified  within the overall neurobiology of migraine 
may provide the opportunity to treat headache as well 
as other disabling symptoms associated with migraine. 
Whilst there have been huge advances in migraine thera-
peutics in the last decade, additional treatment options 
will always be needed in a field where there are no bio-
markers for treatment response prediction and a pro-
portion of sufferers remain underserved by currently 
available therapies.

A proposed pathway of neuronal changes via several 
brain regions and neurochemical systems is shown in 
Fig. 1.

Conclusions
In recent times, the evolution of human functional neu-
roimaging in migraine, as well as experimental migraine 
provocation, have provided the means to capture the 
earliest phase of the migraine attack with imaging meth-
odologies. The use of non-invasive MR methodologies 
in particular with techniques such as resting state fMRI 
and ASL, which lack radiation exposure or radio-isotope 
use, have allowed the design of repeated measures imag-
ing for such studies. The reliability of symptom triggering 
with phenotypic similarity across different episodes of 
pharmacological provocation have also supported these 
study designs [39]. Various imaging modalities of the 
pre-ictal or premonitory phase of migraine have contrib-
uted to a theory of disordered brain function early in the 
attack, involving areas involved in pain, sensory, limbic 
and homeostatic regulation such as the hypothalamus, 
basal ganglia, midbrain, pons, spinal trigeminal nuclei 
and limbic lobe. These areas are structurally and func-
tionally connected via pathways involving dopamine, 
serotonin and noradrenaline, and also express peptides 
such as CGRP and PACAP  which have demonstrated 
roles in migraine biology. This combination of monoam-
inergic and peptidergic brain dysfunction in areas shared 
between pain processing and other physiological systems 
is likely to contribute to the heterogeneous migraine phe-
notype, the association between symptoms and triggers, 
and the links to other symptoms and disorders such as 
those involving mood, sleep and cognition [88].

Interestingly, whilst NTG [38, 39, 41] and PACAP [40] 
can trigger PS when infused into patients with migraine 
(PACAP being another neuropeptide expressed in areas 
of interest in migraine, with a likely role in migraine 
pathophysiology [89–93] and future therapeutics [94–
96]), CGRP has a lower tendency to do this [40]. How-
ever, treatments targeting the CGRP pathway have still 
shown effectiveness in preventing headache when taken 
during PS [15], and also efficacy in reducing the num-
ber of PS occurring with attacks when treatments are 
taken preventively [18]. This dissociation between trig-
gering efficacy and targeted treatment efficacy remains 
poorly understood and certainly there is evidence CGRP 
may be involved in mediating some non-painful fea-
tures of migraine such as photophobia [97] and cogni-
tive dysfunction [98, 99], so there is a feasible way that 
this peptide could be involved in PS. PACAP has a role in 
mediating cranial autonomic symptoms (CAS) associated 
with migraine and cluster headache through expression 
in the sphenopalatine ganglion and cerebral vascula-
ture [91, 94]. We have shown that CAS can be present 
before headache in the premonitory phase  in experi-
mentally-provoked attacks [39], so the activation of the 
parasympathetic reflex that causes CAS via the superior 
salivatory nucleus (SSN) in the pons does not require 
headache. This has also been demonstrated in cluster 
headache [100, 101], where these symptoms tend to be 
more prominent and are important in the diagnosis [6]. 
The early involvement of PACAP in the migraine attack 
is also likely, and whether targeted treatments towards 
this pathway show therapeutic efficacy in preventing PS 
remains to be discovered. The future of migraine thera-
peutics remains exciting as a result of the outcomes of 
functional imaging research of the migraine attack. The 
potential to treat before headache and prevent headache 
onset, and the ability of targeted therapies to prevent or 
treat non-headache symptoms of the attack are attractive 
concepts to patients and physicians alike. Further under-
standing of the neurobiology of PS and attack initiation, 
and the focussed targeting of these monoaminergic and 
peptidergic systems is likely to only increase the possi-
ble neurochemical targets in migraine treatment to offer 
more hope to those disabled by this common and hetero-
geneous condition.

Abbreviations
ASL	� Arterial spin labelling
BOLD	� Blood oxygen level dependant
CAS	� Cranial autonomic symptoms
CBF	� Cerebral blood flow
CGRP	� Calcitonin gene-related peptide
CSD	� Cortical spreading depression
CSF	� Cerebrospinal fluid
DA	� Dopamine
DTI	� Diffusion tensor imaging



Page 13 of 15Karsan and Goadsby ﻿The Journal of Headache and Pain          (2023) 24:106 	

fMRI	� Functional magnetic resonance imaging
LC	� Locus coeruleus
NA	� Noradrenaline
NPY	� Neuropeptide Y
NRM	� Nucleus raphe magnus
NTG	� Nitroglycerin
PACAP	� Pituitary adenylate cyclase activating polypeptide
PAG	� Periacqueductal gray
pCASL	� Pseudocontinuous arterial spin labelling
PET	� Positron emission tomography
PS	� Premonitory symptoms
RVM	� Rostroventral medulla
SSN	� Superior salivatory nucleus
TCC​	� Trigeminocervical complex
VTA	� Ventral tegmental area
3D	� Three dimensional
5HT	� 5-Hydroxytriptamine or serotonin

Authors’ contributions
NK wrote the main manuscript text and formulated the tables and figure. PJG 
provided expert opinion and proof-read the manuscript ahead of submission.

Funding
No specific funding was obtained for the production of this manuscript.

Availability data and materials
No new data was generated from this work and this manuscript reviews 
previous studies in the literature. All data discussed are cited appropriately and 
available within these references.

Declarations

Competing interests
The authors report no relevant conflicts of interest related to this work.

Author details
1 Headache Group, NIHR King’s Clinical Research Facility and SLaM Biomedi-
cal Research Centre, The Wolfson Sensory, Pain and Regeneration Research 
Centre, Institute of Psychiatry, Psychology and Neuroscience, King’s College 
London, London SE5 9PJ, UK. 2 Department of Neurology, University of Califor-
nia, Los Angeles, USA. 

Received: 5 June 2023   Accepted: 20 June 2023

References
	 1.	 GBD 2017 Disease and Injury Incidence and Prevalence Collaborator 

(2018) Global, regional, and national incidence, prevalence, and years 
lived with disability for 354 diseases and injuries for 195 countries and 
territories, 1990–2017: a systematic analysis for the Global Burden of 
Disease Study 2017. Lancet 392:1789–1858. https://​doi.​org/​10.​1016/​
S0140-​6736(18)​32279-7#

	 2.	 Goadsby PJ, Holland PR, Martins-Oliveira M et al (2017) Pathophysiology 
of migraine: a disorder of sensory processing. Physiol Rev 97:553–622. 
https://​doi.​org/​10.​1152/​physr​ev.​00034.​2015

	 3.	 Karsan N, Goadsby PJ (2018) Biological insights from the premonitory 
symptoms of migraine. Nat Rev Neurol 14:699–710. https://​doi.​org/​10.​
1038/​s41582-​018-​0098-4

	 4.	 Giffin NJ, Ruggiero L, Lipton RB et al (2003) Premonitory symptoms in 
migraine: an electronic diary study. Neurology 60:935–940. https://​doi.​
org/​10.​1212/​01.​wnl.​00000​52998.​58526.​a9

	 5.	 Goadsby PJ, Evers S (2020) International Classification of Headache 
Disorders - ICHD-4 alpha. Cephalalgia 40(9):887–888. https://​doi.​org/​10.​
1177/​03331​02420​919098

	 6.	 Headache Classification Committee of the International Headache Soci-
ety (IHS) (2018). The International Classification of Headache Disorders, 
3rd edition. Cephalalgia 38(1):1–211. https://​doi.​org/​10.​1177/​03331​
02417​738202

	 7.	 Waelkens J (1984) Dopamine blockade with domperidone: bridge 
between prophylactic and abortive treatment of migraine? A dose-
finding study. Cephalalgia 4:85–90. https://​doi.​org/​10.​1046/j.​1468-​2982.​
1984.​04020​85.x

	 8.	 Waelkens J (1982) Domperidone in the prevention of complete clas-
sical migraine. Br Med J (Clin Res Ed) 284:944. https://​doi.​org/​10.​1136/​
bmj.​284.​6320.​944

	 9.	 Luciani R, Carter D, Mannix L et al (2000) Prevention of migraine during 
prodrome with naratriptan. Cephalalgia 20:122–126. https://​doi.​org/​10.​
1046/j.​1468-​2982.​2000.​00030.x

	 10.	 The Subcutaneous Sumatriptan International Study Group (1991) Treat-
ment of migraine attacks with sumatriptan. N Engl J Med 325:316–321. 
https://​doi.​org/​10.​1056/​nejm1​99108​01325​0504

	 11.	 Bates D, Ashford E, Dawson R et al (1994) Subcutaneous sumatriptan 
during the migraine aura Sumatriptan Aura Study Group. Neurology 
44:1587–1592. https://​doi.​org/​10.​1212/​wnl.​44.9.​1587

	 12.	 Olesen J, Diener HC, Schoenen J et al (2004) No effect of eletriptan 
administration during the aura phase of migraine. Eur J Neurol 
11:671–677. https://​doi.​org/​10.​1111/j.​1468-​1331.​2004.​00914.x

	 13.	 Aurora SK, Barrodale PM, McDonald SA et al (2009) Revisiting the 
efficacy of sumatriptan therapy during the aura phase of migraine. 
Headache 49:1001–1004. https://​doi.​org/​10.​1111/j.​1526-​4610.​2009.​
01429.x

	 14.	 Fowler PA, Lacey LF, Thomas M et al (1991) The clinical pharmacol-
ogy, pharmacokinetics and metabolism of sumatriptan. Eur Neurol 
31:291–294. https://​doi.​org/​10.​1159/​00011​6756

	 15.	 Dodick D, Goadsby PJ, Schwedt T et al (2023) Ubrogepant for the Acute 
Treatment of Migraine When Administered During the Prodrome (Pre-
monitory Phase): Results From a Phase 3, Randomized, Double-blind, 
Placebo-Controlled, Crossover Study. Headache 63(S1):177. https://​doi.​
org/​10.​1111/​head.​14523​10.​1111

	 16.	 Goadsby PJ, Ailani J, Dodick D et al (2023) Efficacy of Ubrogepant for 
the Treatment of Migraine Symptoms During the Prodrome (Premoni-
tory Phase): Results From the PRODROME Trial. Headache 63(S1):137. 
https://​doi.​org/​10.​1111/​head.​14523​10.​1111

	 17.	 VanderPluym J, Dodick DW, Lipton RB et al (2018) Fremanezumab for 
preventive treatment of migraine: functional status on headache-free 
days. Neurology 91:e1152–e1165. https://​doi.​org/​10.​1212/​01.​wnl.​00005​
44321.​19316.​40

	 18.	 Ashina S, Melo-Carrillo A, Toluwanimi A et al (2023) Galcanezumab 
effects on incidence of headache after occurrence of triggers, pre-
monitory symptoms, and aura in responders, non-responders, super-
responders, and super non-responders. J Headache Pain 24:26. https://​
doi.​org/​10.​1186/​s10194-​023-​01560-x

	 19.	 Schulte LH, Mehnert J, May A (2020) Longitudinal neuroimaging over 
30 days: temporal characteristics of migraine. Ann Neurol 87:646–651. 
https://​doi.​org/​10.​1002/​ana.​25697

	 20.	 Schulte LH, May A (2016) The migraine generator revisited: continuous 
scanning of the migraine cycle over 30 days and three spontaneous 
attacks. Brain 139:1987–1993. https://​doi.​org/​10.​1093/​brain/​aww097

	 21.	 Meylakh N, Marciszewski KK, Di Pietro F, et al (2021) Brainstem func-
tional oscillations across the migraine cycle: a longitudinal investiga-
tion. NeuroImage Clin 30:102630. https://​doi.​org/​10.​1016/j.​nicl.​2021.​
102630

	 22.	 Meylakh N, Marciszewski KK, Di Pietro F et al (2020) Altered regional 
cerebral blood flow and hypothalamic connectivity immediately prior 
to a migraine headache. Cephalalgia 40:448–460. https://​doi.​org/​10.​
1177/​03331​02420​911623

	 23.	 Meylakh N, Marciszewski KK, Di Pietro F et al (2018) Deep in the brain: 
changes in subcortical function immediately preceding a migraine 
attack. Hum Brain Mapp. https://​doi.​org/​10.​1002/​hbm.​24030

	 24.	 Marciszewski KK, Meylakh N, Di Pietro F et al (2018) Changes in brain-
stem pain modulation circuitry function over the migraine cycle. The J 
Neurosci 38:10479–10488. https://​doi.​org/​10.​1523/​jneur​osci.​1088-​18.​
2018

	 25.	 Schulte LH, Menz MM, Haaker J et al (2020) The migraineur’s brain 
networks: Continuous resting state fMRI over 30 days. Cephalalgia 
40:1614–1621. https://​doi.​org/​10.​1177/​03331​02420​951465

	 26.	 Stankewitz A and Schulz E (2022) Intrinsic network connectivity reflects 
the cyclic trajectory of migraine attacks. Neurobiol Pain 11:100085. 
https://​doi.​org/​10.​1016/j.​ynpai.​2022.​100085

https://doi.org/10.1016/S0140-6736(18)32279-7#
https://doi.org/10.1016/S0140-6736(18)32279-7#
https://doi.org/10.1152/physrev.00034.2015
https://doi.org/10.1038/s41582-018-0098-4
https://doi.org/10.1038/s41582-018-0098-4
https://doi.org/10.1212/01.wnl.0000052998.58526.a9
https://doi.org/10.1212/01.wnl.0000052998.58526.a9
https://doi.org/10.1177/0333102420919098
https://doi.org/10.1177/0333102420919098
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1046/j.1468-2982.1984.0402085.x
https://doi.org/10.1046/j.1468-2982.1984.0402085.x
https://doi.org/10.1136/bmj.284.6320.944
https://doi.org/10.1136/bmj.284.6320.944
https://doi.org/10.1046/j.1468-2982.2000.00030.x
https://doi.org/10.1046/j.1468-2982.2000.00030.x
https://doi.org/10.1056/nejm199108013250504
https://doi.org/10.1212/wnl.44.9.1587
https://doi.org/10.1111/j.1468-1331.2004.00914.x
https://doi.org/10.1111/j.1526-4610.2009.01429.x
https://doi.org/10.1111/j.1526-4610.2009.01429.x
https://doi.org/10.1159/000116756
https://doi.org/10.1111/head.1452310.1111
https://doi.org/10.1111/head.1452310.1111
https://doi.org/10.1111/head.1452310.1111
https://doi.org/10.1212/01.wnl.0000544321.19316.40
https://doi.org/10.1212/01.wnl.0000544321.19316.40
https://doi.org/10.1186/s10194-023-01560-x
https://doi.org/10.1186/s10194-023-01560-x
https://doi.org/10.1002/ana.25697
https://doi.org/10.1093/brain/aww097
https://doi.org/10.1016/j.nicl.2021.102630
https://doi.org/10.1016/j.nicl.2021.102630
https://doi.org/10.1177/0333102420911623
https://doi.org/10.1177/0333102420911623
https://doi.org/10.1002/hbm.24030
https://doi.org/10.1523/jneurosci.1088-18.2018
https://doi.org/10.1523/jneurosci.1088-18.2018
https://doi.org/10.1177/0333102420951465
https://doi.org/10.1016/j.ynpai.2022.100085


Page 14 of 15Karsan and Goadsby ﻿The Journal of Headache and Pain          (2023) 24:106 

	 27.	 Stankewitz A, Aderjan D, Eippert F et al (2011) Trigeminal nocicep-
tive transmission in migraineurs predicts migraine attacks. J Neurosci 
31:1937–1943. https://​doi.​org/​10.​1523/​jneur​osci.​4496-​10.​2011

	 28.	 Stankewitz A, May A (2011) Increased limbic and brainstem activity 
during migraine attacks following olfactory stimulation. Neurology 
77:476–482. https://​doi.​org/​10.​1212/​WNL.​0b013​e3182​27e4a8

	 29.	 Maniyar FH, Sprenger T, Schankin C et al (2014) Photic hypersensitivity 
in the premonitory phase of migraine- a positron emission topography 
study. Eur J Neurol 21:1178–1183. https://​doi.​org/​10.​1111/​ene.​12451

	 30.	 Maniyar FH, Sprenger T, Monteith T et al (2014) Brain activations in the 
premonitory phase of nitroglycerin-triggered migraine attacks. Brain 
137:232–241. https://​doi.​org/​10.​1093/​brain/​awt320

	 31.	 Maniyar FH, Sprenger T, Schankin C et al (2014) The origin of nausea in 
migraine-a PET study. J Headache Pain 15:84. https://​doi.​org/​10.​1186/​
1129-​2377-​15-​84

	 32.	 Karsan N, Bose RP, O’Daly O et al (2023) Regional cerebral perfu-
sion during the premonitory phase of triggered migraine: A 
double-blind randomized placebo-controlled functional imaging 
study using pseudo-continuous arterial spin labeling. Headache 
3(6):771–787. https://​doi.​org/​10.​1111/​head.​14538

	 33.	 Karsan N, Bose PR, O’Daly O et al (2020) Alterations in functional 
connectivity during different phases of the triggered migraine attack. 
Headache 60:1244–1258. https://​doi.​org/​10.​1111/​head.​13865

	 34.	 van Oosterhout WPJ, van Opstal AM, Schoonman GG et al (2021) 
Hypothalamic functional MRI activity in the initiation phase of 
spontaneous and glyceryl trinitrate-induced migraine attacks. Eur J 
Neurosci 54:5189–5202. https://​doi.​org/​10.​1111/​ejn.​15369

	 35.	 Martinelli D, Castellazzi G, De Icco R, et al (2021) Thalamocortical con-
nectivity in experimentally-induced migraine attacks: a pilot study. 
Brain Sci. 11. https://​doi.​org/​10.​3390/​brain​sci11​020165

	 36.	 Iversen HK, Olesen J and Tfelt-Hansen P (1989) Intravenous nitroglyc-
erin as an experimental model of vascular headache. Basic character-
istics. Pain 38:17–24. https://​doi.​org/​10.​1016/​0304-​3959(89)​90067-5

	 37.	 Krabbe AA, Olesen J (1980) Headache provocation by continu-
ous intravenous infusion of histamine Clinical results and receptor 
mechanisms. Pain 8:253–259. https://​doi.​org/​10.​1016/​0304-​3959(88)​
90012-7

	 38.	 Afridi SK, Kaube H, Goadsby PJ (2004) Glyceryl trinitrate triggers 
premonitory symptoms in migraineurs. Pain 110:675–680. https://​doi.​
org/​10.​1016/j.​pain.​2004.​05.​007

	 39.	 Karsan N, Bose PR, Thompson C et al (2020) Headache and non-
headache symptoms provoked by nitroglycerin in migraineurs: a 
human pharmacological triggering study. Cephalalgia 40:828–841. 
https://​doi.​org/​10.​1177/​03331​02420​910114

	 40.	 Guo S, Vollesen AL, Olesen J et al (2016) Premonitory and nonhead-
ache symptoms induced by CGRP and PACAP38 in patients with 
migraine. Pain 157:2773–2781. https://​doi.​org/​10.​1097/j.​pain.​00000​
00000​000702

	 41.	 Onderwater GLJ, Dool J, Ferrari MD et al (2020) Premonitory symptoms 
in glyceryl trinitrate triggered migraine attacks: a case-control study. 
Pain 161:2058–2067. https://​doi.​org/​10.​1097/j.​pain.​00000​00000​001894

	 42.	 Lassen LH et al (2002) CGRP may play a causative role in migraine. 
Cephalalgia 22, 54–61. https://​doi.​org/​10.​1046/j.​1468-​2982.​2002.​
00310.x

	 43.	 Lauritzen M, Olesen J (1984) Regional cerebral blood flow during 
migraine attacks by Xenon-133 inhalation and emission tomography. 
Brain 107(Pt 2):447–461. https://​doi.​org/​10.​1093/​brain/​107.2.​447

	 44.	 Olesen J, Larsen B, Lauritzen M (1981) Focal hyperemia followed by 
spreading oligemia and impaired activation of rCBF in classic migraine. 
Ann Neurol 9:344–352. https://​doi.​org/​10.​1002/​ana.​41009​0406

	 45.	 Olesen J, Tfelt-Hansen P, Henriksen L et al (1981) The common migraine 
attack may not be initiated by cerebral ischaemia. Lancet 2:438–440. 
https://​doi.​org/​10.​1016/​s0140-​6736(81)​90774-1

	 46.	 Stankewitz A, Voit HL, Bingel U et al (2010) A new trigemino-nocicep-
tive stimulation model for event-related fMRI. Cephalalgia 30:475–485. 
https://​doi.​org/​10.​1111/j.​1468-​2982.​2009.​01968.x

	 47.	 Afridi SK, Giffin NJ, Kaube H et al (2005) A positron emission tomo-
graphic study in spontaneous migraine. Arch Neurol 62:1270–1275. 
https://​doi.​org/​10.​1001/​archn​eur.​62.8.​1270

	 48.	 Bahra A, Matharu MS, Buchel C et al (2001) Brainstem activation specific 
to migraine headache. Lancet 357:1016–1017. https://​doi.​org/​10.​1016/​
s0140-​6736(00)​04250-1

	 49.	 Weiller C, May A, Limmroth V et al (1995) Brain stem activation in spon-
taneous human migraine attacks. Nat Med 1:658–660. https://​doi.​org/​
10.​1038/​nm0795-​658

	 50.	 Afridi SK, Matharu MS, Lee L et al (2005) A PET study exploring the 
laterality of brainstem activation in migraine using glyceryl trinitrate. 
Brain 128:932–939. https://​doi.​org/​10.​1093/​brain/​awh416

	 51.	 Denuelle M, Fabre N, Payoux P et al (2007) Hypothalamic activation in 
spontaneous migraine attacks. Headache 47:1418–1426. https://​doi.​
org/​10.​1111/j.​1526-​4610.​2007.​00776.x

	 52.	 Cao Y, Aurora SK, Nagesh V et al (2002) Functional MRI-BOLD of brain-
stem structures during visually triggered migraine. Neurology 59:72–78

	 53.	 Strupf M, Fraunberger B, Messlinger K et al (2019) Cyclic changes in sen-
sations to painful stimuli in migraine patients. Cephalalgia 39:585–596. 
https://​doi.​org/​10.​1177/​03331​02418​793641

	 54.	 Marciszewski KK, Meylakh N, Di Pietro F, et al (2019) Fluctuating regional 
brainstem diffusion imaging measures of microstructure across the 
migraine cycle. eNeuro 6. https://​doi.​org/​10.​1523/​eneuro.​0005-​19.​2019

	 55.	 Onderwater GLJ, Wijnen JP, Najac C, et al (2021) Cortical glutamate and 
gamma-aminobutyric acid over the course of a provoked migraine 
attack, a 7 Tesla magnetic resonance spectroscopy study. NeuroImage 
Clin 32:102889. https://​doi.​org/​10.​1016/j.​nicl.​2021.​102889

	 56.	 Charbit AR, Akerman S, Goadsby PJ (2011) Trigeminocervical complex 
responses after lesioning dopaminergic A11 nucleus are modified by 
dopamine and serotonin mechanisms. Pain 152:2365–2376. https://​doi.​
org/​10.​1016/j.​pain.​2011.​07.​002

	 57.	 Charbit AR, Akerman S, Holland PR et al (2009) Neurons of the dopa-
minergic/calcitonin gene-related peptide A11 cell group modulate 
neuronal firing in the trigeminocervical complex: an electrophysi-
ological and immunohistochemical study. J Neurosci 29:12532–12541. 
https://​doi.​org/​10.​1523/​jneur​osci.​2887-​09.​2009

	 58.	 Martins-Oliveira M, Akerman S, Holland PR et al (2017) Neuroendocrine 
signaling modulates specific neural networks relevant to migraine. 
Neurobiol Dis 101:16–26. https://​doi.​org/​10.​1016/j.​nbd.​2017.​01.​005

	 59.	 Martins-Oliveira M, Akerman S, Tavares I et al (2016) Neuropeptide Y 
inhibits the trigeminovascular pathway through NPY Y1 receptor: impli-
cations for migraine. Pain 157:1666–1673. https://​doi.​org/​10.​1097/j.​
pain.​00000​00000​000571

	 60.	 Martins-Oliveira M, Akerman S, Holland PR et al (2022) Pharmacologi-
cal modulation of ventral tegmental area neurons elicits changes in 
trigeminovascular sensory processing and is accompanied by glycemic 
changes: Implications for migraine. Cephalalgia 42:1359–1374. https://​
doi.​org/​10.​1177/​03331​02422​11101​11

	 61.	 Bartsch T, Knight YE, Goadsby PJ (2004) Activation of 5-HT(1B/1D) 
receptor in the periaqueductal gray inhibits nociception. Ann Neurol 
56:371–381. https://​doi.​org/​10.​1002/​ana.​20193

	 62.	 Pozo-Rosich P, Storer RJ, Charbit AR et al (2015) Periaqueductal 
gray calcitonin gene-related peptide modulates trigeminovascular 
neurons. Cephalalgia 35:1298–1307. https://​doi.​org/​10.​1177/​03331​
02415​576723

	 63.	 Edelmayer RM, Vanderah TW, Majuta L et al (2009) Medullary pain facili-
tating neurons mediate allodynia in headache-related pain. Ann Neurol 
65:184–193. https://​doi.​org/​10.​1002/​ana.​21537

	 64.	 Knight YE, Classey JD, Lasalandra MP et al (2005) Patterns of fos 
expression in the rostral medulla and caudal pons evoked by noxious 
craniovascular stimulation and periaqueductal gray stimulation in the 
cat. Brain Res 1045:1–11. https://​doi.​org/​10.​1016/j.​brain​res.​2005.​01.​091

	 65.	 Meng ID, Johansen JP (2004) Antinociception and modulation of rostral 
ventromedial medulla neuronal activity by local microinfusion of a can-
nabinoid receptor agonist. Neuroscience 124:685–693. https://​doi.​org/​
10.​1016/j.​neuro​scien​ce.​2003.​10.​001

	 66.	 Vila-Pueyo M, Strother LC, Kefel M et al (2019) Divergent influences of 
the locus coeruleus on migraine pathophysiology. Pain 160:385–394. 
https://​doi.​org/​10.​1097/j.​pain.​00000​00000​001421

	 67.	 Fu T, Liu L, Huang X et al (2022) Cerebral blood flow alterations in 
migraine patients with and without aura: an arterial spin labeling study. 
J Headache Pain 23:131. https://​doi.​org/​10.​1186/​s10194-​022-​01501-0

https://doi.org/10.1523/jneurosci.4496-10.2011
https://doi.org/10.1212/WNL.0b013e318227e4a8
https://doi.org/10.1111/ene.12451
https://doi.org/10.1093/brain/awt320
https://doi.org/10.1186/1129-2377-15-84
https://doi.org/10.1186/1129-2377-15-84
https://doi.org/10.1111/head.14538
https://doi.org/10.1111/head.13865
https://doi.org/10.1111/ejn.15369
https://doi.org/10.3390/brainsci11020165
https://doi.org/10.1016/0304-3959(89)90067-5
https://doi.org/10.1016/0304-3959(88)90012-7
https://doi.org/10.1016/0304-3959(88)90012-7
https://doi.org/10.1016/j.pain.2004.05.007
https://doi.org/10.1016/j.pain.2004.05.007
https://doi.org/10.1177/0333102420910114
https://doi.org/10.1097/j.pain.0000000000000702
https://doi.org/10.1097/j.pain.0000000000000702
https://doi.org/10.1097/j.pain.0000000000001894
https://doi.org/10.1046/j.1468-2982.2002.00310.x
https://doi.org/10.1046/j.1468-2982.2002.00310.x
https://doi.org/10.1093/brain/107.2.447
https://doi.org/10.1002/ana.410090406
https://doi.org/10.1016/s0140-6736(81)90774-1
https://doi.org/10.1111/j.1468-2982.2009.01968.x
https://doi.org/10.1001/archneur.62.8.1270
https://doi.org/10.1016/s0140-6736(00)04250-1
https://doi.org/10.1016/s0140-6736(00)04250-1
https://doi.org/10.1038/nm0795-658
https://doi.org/10.1038/nm0795-658
https://doi.org/10.1093/brain/awh416
https://doi.org/10.1111/j.1526-4610.2007.00776.x
https://doi.org/10.1111/j.1526-4610.2007.00776.x
https://doi.org/10.1177/0333102418793641
https://doi.org/10.1523/eneuro.0005-19.2019
https://doi.org/10.1016/j.nicl.2021.102889
https://doi.org/10.1016/j.pain.2011.07.002
https://doi.org/10.1016/j.pain.2011.07.002
https://doi.org/10.1523/jneurosci.2887-09.2009
https://doi.org/10.1016/j.nbd.2017.01.005
https://doi.org/10.1097/j.pain.0000000000000571
https://doi.org/10.1097/j.pain.0000000000000571
https://doi.org/10.1177/03331024221110111
https://doi.org/10.1177/03331024221110111
https://doi.org/10.1002/ana.20193
https://doi.org/10.1177/0333102415576723
https://doi.org/10.1177/0333102415576723
https://doi.org/10.1002/ana.21537
https://doi.org/10.1016/j.brainres.2005.01.091
https://doi.org/10.1016/j.neuroscience.2003.10.001
https://doi.org/10.1016/j.neuroscience.2003.10.001
https://doi.org/10.1097/j.pain.0000000000001421
https://doi.org/10.1186/s10194-022-01501-0


Page 15 of 15Karsan and Goadsby ﻿The Journal of Headache and Pain          (2023) 24:106 	

	 68.	 Karsan N, Silva E, Goadsby PJ (2023) Evaluating migraine with typical 
aura with neuroimaging. Front Hum Neurosci 17:1112790. https://​doi.​
org/​10.​3389/​fnhum.​2023.​11127​90

	 69.	 Olesen J, Burstein R, Ashina M et al (2009) Origin of pain in migraine: 
evidence for peripheral sensitisation. Lancet Neurol 8:679–690. https://​
doi.​org/​10.​1016/​s1474-​4422(09)​70090-0

	 70.	 Hougaard A, Amin FM, Christensen CE et al (2017) Increased brainstem 
perfusion, but no blood-brain barrier disruption, during attacks of 
migraine with aura. Brain 140:1633–1642. https://​doi.​org/​10.​1093/​
brain/​awx089

	 71.	 Amin FM, Hougaard A, Cramer SP et al (2017) Intact blood-brain barrier 
during spontaneous attacks of migraine without aura: a 3T DCE-MRI 
study. Eur J Neurol 24:1116–1124. https://​doi.​org/​10.​1111/​ene.​13341

	 72.	 Schankin CJ, Maniyar FH, Seo Y et al (2016) Ictal lack of binding to 
brain parenchyma suggests integrity of the blood-brain barrier for 
11C-dihydroergotamine during glyceryl trinitrate-induced migraine. 
Brain 139:1994–2001. https://​doi.​org/​10.​1093/​brain/​aww096

	 73.	 Humphrey PP, Feniuk W, Marriott AS et al (1991) Preclinical studies on 
the anti-migraine drug, sumatriptan. Eur Neurol 31:282–290. https://​doi.​
org/​10.​1159/​00011​6755

	 74.	 Johnson KW, Morin SM, Wroblewski VJ et al (2019) Peripheral and 
central nervous system distribution of the CGRP neutralizing antibody 
[(125)I] galcanezumab in male rats. Cephalalgia 39:1241–1248. https://​
doi.​org/​10.​1177/​03331​02419​844711

	 75.	 Hadjikhani N, Albrecht DS, Mainero C et al (2020) Extra-axial inflamma-
tory signal in parameninges in migraine with visual aura. Ann Neurol 
87:939–949. https://​doi.​org/​10.​1002/​ana.​25731

	 76.	 Albrecht DS, Mainero C, Ichijo E et al (2019) Imaging of neuroinflamma-
tion in migraine with aura: A [(11)C]PBR28 PET/MRI study. Neurology 
92:e2038–e2050. https://​doi.​org/​10.​1212/​wnl.​00000​00000​007371

	 77.	 Mehnert J, Fischer-Schulte L, May A (2023) Aura phenomena do not ini-
tiate migraine attacks-Findings from neuroimaging. Headache. https://​
doi.​org/​10.​1111/​head.​14597

	 78.	 Goadsby PJ (2001) Migraine, aura and cortical spreading depression: 
why are we still talking about it? Annals of Neurology 49, 4–6. https://​
doi.​org/​10.​1002/​1531-​8249(200101)​49

	 79.	 Schulte LH, Jurgens TP, May A (2015) Photo-, osmo- and phono-
phobia in the premonitory phase of migraine: mistaking symp-
toms for triggers? J Headache Pain 16:14. https://​doi.​org/​10.​1186/​
s10194-​015-​0495-7

	 80.	 Karsan N, Bose P, Newman J et al (2021) Are some patient-perceived 
migraine triggers simply early manifestations of the attack? J Neurol 
268:1885–1893. https://​doi.​org/​10.​1007/​s00415-​020-​10344-1

	 81.	 Fulton S, Pissios P, Manchon RP et al (2006) Leptin regulation of the 
mesoaccumbens dopamine pathway. Neuron 51:811–822. https://​doi.​
org/​10.​1016/j.​neuron.​2006.​09.​006

	 82.	 Holland PR, Akerman S, Goadsby PJ (2006) Modulation of nociceptive 
dural input to the trigeminal nucleus caudalis via activation of the 
orexin 1 receptor in the rat. Eur J Neurosci 24:2825–2833. https://​doi.​
org/​10.​1111/j.​1460-​9568.​2006.​05168.x

	 83.	 Holland PR, Akerman S, Goadsby PJ (2005) Orexin 1 receptor activa-
tion attenuates neurogenic dural vasodilation in an animal model of 
trigeminovascular nociception. J Pharmacol Exp Ther 315:1380–1385. 
https://​doi.​org/​10.​1124/​jpet.​105.​090951

	 84.	 Bartsch T, Levy MJ, Knight YE et al (2004) Differential modulation of 
nociceptive dural input to [hypocretin] orexin A and B receptor activa-
tion in the posterior hypothalamic area. Pain 109:367–378. https://​doi.​
org/​10.​1016/j.​pain.​2004.​02.​005

	 85.	 Chabi A, Zhang Y, Jackson S et al (2015) Randomized controlled trial 
of the orexin receptor antagonist filorexant for migraine prophylaxis. 
Cephalalgia 35:379–388. https://​doi.​org/​10.​1177/​03331​02414​544979

	 86.	 Petrovich GD (2018) Lateral hypothalamus as a motivation-cognition 
interface in the control of feeding behavior. Front Syst Neurosci 12:14. 
https://​doi.​org/​10.​3389/​fnsys.​2018.​00014

	 87.	 Barbanti P, Fofi L, Aurilia C et al (2013) Dopaminergic symptoms in 
migraine. Neurol Sci 34(Suppl 1):S67–70. https://​doi.​org/​10.​1007/​
s10072-​013-​1415-8

	 88.	 Karsan N and Goadsby PJ (2021) Migraine is more than just headache: 
is the link to chronic fatigue and mood disorders simply due to shared 
biological systems? Front Hum Neurosci 15:646692. https://​doi.​org/​10.​
3389/​fnhum.​2021.​646692

	 89.	 Steinberg A, Frederiksen SD, Blixt FW et al (2016) Expression of mes-
senger molecules and receptors in rat and human sphenopalatine 
ganglion indicating therapeutic targets. J Headache Pain 17:78. https://​
doi.​org/​10.​1186/​s10194-​016-​0664-3

	 90.	 Akerman S and Goadsby PJ (2015) Neuronal PAC1 receptors mediate 
delayed activation and sensitization of trigeminocervical neurons: 
relevance to migraine. Sci Transl Med 7:308ra157. https://​doi.​org/​10.​
1126/​scitr​anslm​ed.​aaa75​57

	 91.	 Csati A, Tajti J, Kuris A et al (2012) Distribution of vasoactive intestinal 
peptide, pituitary adenylate cyclase-activating peptide, nitric oxide syn-
thase, and their receptors in human and rat sphenopalatine ganglion. 
Neuroscience 202:158–168. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​
2011.​10.​055

	 92.	 Schytz HW, Birk S, Wienecke T et al (2009) PACAP38 induces migraine-
like attacks in patients with migraine without aura. Brain 132:16–25. 
https://​doi.​org/​10.​1093/​brain/​awn307

	 93.	 Tajti J, Uddman R, Edvinsson L (2001) Neuropeptide localization in 
the “migraine generator” region of the human brainstem. Cephalalgia 
21:96–101. https://​doi.​org/​10.​1046/j.​1468-​2982.​2001.​00140.x

	 94.	 Hoffmann J, Miller S, Martins-Oliveira M et al (2020) PAC1 receptor 
blockade reduces central nociceptive activity: new approach for 
primary headache? Pain 161:1670–1681. https://​doi.​org/​10.​1097/j.​pain.​
00000​00000​001858

	 95.	 Lundbeck H, A/S 2023 (2023) Lundbeck announces positive phase 
II Proof of Concept results with Lu AG09222 in migraine prevention 
(corporate release). Valby, Denmark

	 96.	 Zagami AS, Edvinsson L, Goadsby PJ (2014) Pituitary adenylate 
cyclase activating polypeptide and migraine. Ann Clin Transl Neurol 
1:1036–1040. https://​doi.​org/​10.​1002/​acn3.​113

	 97.	 Recober A, Kuburas A, Zhang Z et al (2009) Role of calcitonin gene-
related peptide in light-aversive behavior: implications for migraine. J 
Neurosci 29:8798–8804. https://​doi.​org/​10.​1523/​jneur​osci.​1727-​09.​2009

	 98.	 Na H, Gan Q, McParland L, et al (2020) Characterization of the effects 
of calcitonin gene-related peptide receptor antagonist for Alzheimer’s 
disease. Neuropharmacology 168:108017. https://​doi.​org/​10.​1016/j.​
neuro​pharm.​2020.​108017

	 99.	 Singh Y, Gupta G, Shrivastava B et al (2017) Calcitonin gene-related 
peptide (CGRP): a novel target for Alzheimer’s disease. CNS Neurosci 
Ther 23:457–461. https://​doi.​org/​10.​1111/​cns.​12696

	100.	 Snoer A, Lund N, Beske R et al (2018) Pre-attack signs and symptoms 
in cluster headache: characteristics and time profile. Cephalalgia 
38:1128–1137. https://​doi.​org/​10.​1177/​03331​02417​726498

	101.	 Snoer A, Lund N, Beske R et al (2018) Cluster headache beyond the pain 
phase: a prospective study of 500 attacks. Neurology 91:e822–e831. 
https://​doi.​org/​10.​1212/​01.​wnl.​00005​42491.​92981.​03

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3389/fnhum.2023.1112790
https://doi.org/10.3389/fnhum.2023.1112790
https://doi.org/10.1016/s1474-4422(09)70090-0
https://doi.org/10.1016/s1474-4422(09)70090-0
https://doi.org/10.1093/brain/awx089
https://doi.org/10.1093/brain/awx089
https://doi.org/10.1111/ene.13341
https://doi.org/10.1093/brain/aww096
https://doi.org/10.1159/000116755
https://doi.org/10.1159/000116755
https://doi.org/10.1177/0333102419844711
https://doi.org/10.1177/0333102419844711
https://doi.org/10.1002/ana.25731
https://doi.org/10.1212/wnl.0000000000007371
https://doi.org/10.1111/head.14597
https://doi.org/10.1111/head.14597
https://doi.org/10.1002/1531-8249(200101)49
https://doi.org/10.1002/1531-8249(200101)49
https://doi.org/10.1186/s10194-015-0495-7
https://doi.org/10.1186/s10194-015-0495-7
https://doi.org/10.1007/s00415-020-10344-1
https://doi.org/10.1016/j.neuron.2006.09.006
https://doi.org/10.1016/j.neuron.2006.09.006
https://doi.org/10.1111/j.1460-9568.2006.05168.x
https://doi.org/10.1111/j.1460-9568.2006.05168.x
https://doi.org/10.1124/jpet.105.090951
https://doi.org/10.1016/j.pain.2004.02.005
https://doi.org/10.1016/j.pain.2004.02.005
https://doi.org/10.1177/0333102414544979
https://doi.org/10.3389/fnsys.2018.00014
https://doi.org/10.1007/s10072-013-1415-8
https://doi.org/10.1007/s10072-013-1415-8
https://doi.org/10.3389/fnhum.2021.646692
https://doi.org/10.3389/fnhum.2021.646692
https://doi.org/10.1186/s10194-016-0664-3
https://doi.org/10.1186/s10194-016-0664-3
https://doi.org/10.1126/scitranslmed.aaa7557
https://doi.org/10.1126/scitranslmed.aaa7557
https://doi.org/10.1016/j.neuroscience.2011.10.055
https://doi.org/10.1016/j.neuroscience.2011.10.055
https://doi.org/10.1093/brain/awn307
https://doi.org/10.1046/j.1468-2982.2001.00140.x
https://doi.org/10.1097/j.pain.0000000000001858
https://doi.org/10.1097/j.pain.0000000000001858
https://doi.org/10.1002/acn3.113
https://doi.org/10.1523/jneurosci.1727-09.2009
https://doi.org/10.1016/j.neuropharm.2020.108017
https://doi.org/10.1016/j.neuropharm.2020.108017
https://doi.org/10.1111/cns.12696
https://doi.org/10.1177/0333102417726498
https://doi.org/10.1212/01.wnl.0000542491.92981.03

	Neuroimaging in the pre-ictal or premonitory phase of migraine: a narrative review
	Abstract 
	Background 
	Main body 
	Conclusion 

	Background
	Pre-ictal imaging
	Imaging the migraine cycle to capture the pre-ictal phase
	Triggering the migraine attack to capture the pre-ictal phase

	Premonitory imaging
	Neurobiological and therapeutic insights

	Conclusions
	References


