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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 5HT 3,
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
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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 PACADP, 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] Xenonl33 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
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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



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

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.

Diftusion 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
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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



Page 5 of 15

(2023) 24:106

Karsan and Goadsby The Journal of Headache and Pain

snajpnu [euiwiabliy feulds pue
suod |esiop ul ‘sydepesy buipadaid Y ¢
3|geleA 150w AJIAIID. Walsulelq bunsay

suod |es15010SI0p pue SUGUINDIe

SN3J2NU U93MI9G ALIAIIDSUUOD Pasealdu]
aseyd [e1o1-aid ayy Ul

snIAb [edwedoddiyesed pue sndwedoddiy
‘elepbAwe 13| pue suaquindde snajPnu
1ybu UsaMISQ ALIAIIDSUUOD PaseaIdU|

aydepesy 01
Joud y g 9Y1 Ul uoneAnde diwejeylodAH

X21102 21e|NBUID PU B||INP3W [BIPSUWIOIIUSA
[B41504 ‘'suod [BSIOP ‘DYd YIM ALIAINDDU

-U0D [euUoIdUNy Dlueey10dAY pasnpay
aydepeay 01 dn buipes| Y 7z snw
-e[ey10dAy [eis1e| Ul MOy POO|Q PRONPSY

19483121 Y 7/ 10§ Ulebe palsyje uayl
2J9M pUR ‘3Ydepeay JO PeaYER Y 77 S|A9)
|0J3UOD O} P3SI[BULIOU ‘'SNS|PNU [RUILISHY
|eulds pue suod [e[pawosIop ‘UlelgpIu Ul

sabueyd AUAISNYIP UeSW [eID1RIU|

A||p101-31d B|INPaW [RJIUSAOIL

-SO1 PUB SN3|2NU [eujwiabul [eulds usamiag
AUAIID3UUOD [PUODUN) PAONPY
Ajjex1-a1d snspnu

[eUIWS6M] [PUIDS JO UOIIRAIIDE PasSEaIDU]

aydepeay buipadald y ¢

Aususbouloy [euoibai pue A1AND3UU0D
[eUOIIDUNY SNWe|eyl0dAy pue uleigpiw
paseaidu| aydepeay aulelbiuw buipadaid
Y ¢ Waisulelq pue snwieleyiodAy ul
A)ANDE AI01B[[1DSO MO|S-BIJUI PSSERIOU|

ayoepeay a10j2q
Aep ay) suod [eI21[0SIOP pUE [3]oNU [PU
-lwab [eulds pue snwejeyiodAy usamiaqg
AVAIIDSUUOD [RUOIIDUNY PIBYY

aydepeay 01 dn

pea| ay3 ul ALANLDE Dlwe[eyiodAy pasealou|

snapnu [eulds ayy ul Ausuaiul [eubis Ag
pa121paid 9g ued yoe1ie SuleIBIW 1XaU Sy |
AJje1or syead uoneande jeuuwabu |

3YdepeRY JO U 77 10 7/ Ulyum
sueds [e1dl-24d pue [e1du1ul bulinboe
'SHIIM {7 10} }99M B SAep G Buluueds

syoene
G| bunnided ‘skep o¢ 1oy Buluueds Ajleq

syoene
£z buunided ‘sAep g 1oy buiuueds Ajieg

[RIDLRIUI 77 'DYdepeay 91049q Y 7
$123[qns / pue aydepeay Jaye Y 7/ s103f
-gns ¢ | buunided ‘sueds, |e1d1a1ul, [eUSS

[BIDRIUI | € ‘Bydepesy 210j3]
Yz s193[qns €| pue Yy z/ s13lgns
G| bunnided ‘sueds, |e1olL1ul, [BLISS

|eIDLBIUI 87 ‘Bydepeay a10q
Ytz s122(gns 0L pue y g/ s103fgns
01 Bunnided ‘sueds [e1da1ul, [elas

|e1dLBIUI 97 ‘aydepeay a10joq
Y s123lgns g pue y ¢/ s1dalgns
| | Bulnided ‘sueds, |eolaul, [eLas

Syoene snoaueluods
¢ bunnded ‘sAep g 1o} buiuueds Ajieg

(sasAjeue doy 3sod uo [e1d] €| ‘|eadl-aid
$193(QNs Q| [euonIppe) 3oeie sulelbiw
15| BUIMO||0J Y 7/ PUB 1X3U 210J3q

y 7/ 15e3| 1e buibew |eduau|

(G=U) s|oluod AyijeaH
(€=Uu) auresbiy

(8=U) auresbiy

(£=Uu) duresbiy

(97 =u) sjonuod AyyjeaH
(Fz=u) sureIBIy

(67 =U) S|o1uod Ay3jeaH
(9¢ =u) aueiBiy

(09=U) s|o1uod AyijeaH
(Le=u) aureibiy

(8/ =U) 5|011U0D AY1jeaH
(9z=u) sureIBIN

123[gns eine Jnoym auelbiw auQ

(0Z=U) s|o1u0d Ay3jeaH
(0z=u) sureiBipy

[4W) 81815 Bunsay

sisAjeue
AUAIIDBUUOD YUM [HN} 9181S Bunsay

(lou0d Jje pue uone|NWIAS 101080
JNOPO 3501 ‘UofIR|NWIS 3AIID0U elU
-owiwe sNoaseH ‘UoJBINWIAS [BNSIA) UOLe|
-NWINS 9ARADID0U YIM [N} POAS-YSRL

sisAjeue A1ADRU
-Uu0d pue 1Sy Dd Yum [y 1e1s bunsay

11d

(wa1sulelq Ajjed
-Y129ds) uoienuIns aANdaID0U YUM YA

S3SA|PUR ALIAIIDRUUOD pue
‘Ailausbowoy [euoibal ‘Alande Aioie|
-|I2SO MOJS-BAJUL LUIM [IA4 D3R1S Bunsay

(lou0d Jje pue uone|NWIAS 101080
JNOPO 3501 ‘UofIRINWIS 3AIID0U elU
-owiwe SNoaseb ‘UoNeINWIAS [BNSIA) UOLe|
-NWINS 9ARADID0U YIIM [N} POAS-YSRL

(sninwins aAdaddOU Sse ejluowwe sno
-95e6) UoeINWINS SARAIDD0U YIIM (YA

[12] 120z "o 12 Yyeks iy

(521 0207 "D 12 3)NYS

[61]1020T "fp32 33NYDS

[zc] 020z "o 12 Yyeks N

[75] 6107 /D15 HSMIZSIDIe|

[72] 810T ‘1D 12 HSMIZSIDIR|

(€21 810T “ID 12 YyeIks N

(021 9107 "D 12 3NNYS

[£2] 110T "0 10 ZUM3NURIS

sbuipuy urepy

ubisap Apnis

1oyod 13fgns

Ayjepow Buibew

Apmg

auleibiul Ul buibew [euas buisn ssipnis buibew |e1dl-aid paysiignd Ajpusiind ay3 Jo Alewwing L ajqelL



Page 6 of 15

(2023) 24:106

Karsan and Goadsby The Journal of Headache and Pain

ayoepeay HulNp auljdseq o} bujuiniai pue
Ajje1o1-aid Buiead pue 924> auleibiw J19A0
BuIseaIdUl SYI0MIDU D] pue A10SUSS0}
-ewlos ‘A1o1ipne ‘[ensiA ul sabueyo [ed1194D

sueds, |e1dlia1ul, [elas

(¢L=u)auteibiy

sisAjeue AlAin
-D3UU0D YIOMIDU UM [YIN4 181S Bunnsay

[97] TZ0T "0 19 ZIMURLS

sbuipuy urepy

ubisap Apnis

140yod 13[gns

Anjepow BHuibew

Apnis

(panunuod) L ajqey



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

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
(m=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].
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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 H, °0 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
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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
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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
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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
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sensory, limbic, and emotional
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and limbic symptoms Thalamus: sensory
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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,
LG, 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://
creativecommons.org/licenses/by/2.5, via Wikimedia Commons. The authors have annotated the figure for the purpose of this article
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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].
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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.
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BOLD Blood oxygen level dependant
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CBF Cerebral blood flow
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LC Locus coeruleus

NA Noradrenaline

NPY Neuropeptide Y

NRM Nucleus raphe magnus

NTG Nitroglycerin

PACAP Pituitary adenylate cyclase activating polypeptide
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