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Abstract

Background: The prodrome or premonitory phase is the initial phase of a migraine attack, and it is considered as a
symptomatic phase in which prodromal symptoms may occur. There is evidence that attacks start 24—48 hours before
the headache phase. Individuals with migraine also report several potential triggers for their attacks, which may be mis-
taken for premonitory symptoms and hinder migraine research.

Methods: This review aims to summarize published studies that describe contributions to understanding the fine differ-
ence between prodromal/premonitory symptoms and triggers, give insights for research, and propose a way forward to
study these phenomena. We finally aim to formulate a theory to unify migraine triggers and prodromal symptoms. For
this purpose, a comprehensive narrative review of the published literature on clinical, neurophysiological and imaging evi-
dence on migraine prodromal symptoms and triggers was conducted using the PubMed database.

Results: Brain activity and network connectivity changes occur during the prodromal phase. These changes give rise to
prodromal/premonitory symptoms in some individuals, which may be falsely interpreted as triggers at the same time as
representing the early manifestation of the beginning of the attack. By contrast, certain migraine triggers, such as stress,
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hormone changes or sleep deprivation, acting as a catalyst in reducing the migraine threshold, might facilitate these
changes and increase the chances of a migraine attack. Migraine triggers and prodromal/premonitory symptoms can
be confused and have an intertwined relationship with the hypothalamus as the central hub for integrating external

and internal body signals.

Conclusions: Differentiating migraine triggers and prodromal symptoms is crucial for shedding light on migraine patho-

physiology and improve migraine management.
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Introduction

Migraine is a cyclical neurological disorder characterized
by recurring attacks and multiple phases: interictal, pre-
monitory or prodrome, headache, and postdrome (1,2).
The prodrome is the beginning of the migraine attack,
representing the transition from the interictal to the head-
ache phase (3), and is considered a symptomatic phase
(4). The starting of the prodrome could result from cyclical
pathophysiological changes in different brain networks (5),
but certain triggers can also precipitate these changes and
facilitate the attack. Indeed, a significant portion of people
with migraine report that their attacks could be triggered
by several factors (6,7). It is plausible that migraine triggers
and prodrome have an intertwined relationship (8). In most
cases, prodrome may cause behaviours that can be misinter-
preted as triggers, but, in a minority of cases, certain trig-
gers may mimic prodrome at the same time as actually
acting as true triggers. Understanding this relationship and
revealing the underlying mechanisms of the prodromal
phase can highlight potential migraine initiation and pro-
gression steps. Furthermore, shedding light on this topic
might lead to the development of new drugs to treat
migraine attacks in their earliest phase, when they have
more chances to be effective (9). This review will illustrate,
in detail, both migraine triggers and prodrome to further
explore and shed light on how the migraine attack begins.

Search strategy and selection criteria

This is a narrative literature review. The reviewers were divided
into three groups and worked independently, performing an
extensive literature search from the PubMed database using
the search term “migraine” or “migraine cycle” in combination
with the terms “triggers”, “prodrome”, “premonitory”, “pre-
monitory symptoms”’, “prodromal symptoms”, “preictal”,
“preictal” and “MRI”, “preictal” and “neurophysiology”, “pro-
drome” and “MRI”, and “prodrome” and “imaging”.
Additionally, papers from references cited in relevant
articles were identified. No publication date restrictions

were applied, but we preferentially selected original articles

published in the last ten years. Reviews were selected when
space did not allow a more comprehensive discussion. We
excluded letters to editors, pediatric studies, and articles
published in languages other than English.

Each group selected the relevant articles and resolved the
conflicts with each other through serial discussions. Two of
the reviewers (GS and EC) supervised the main working
groups. After the initial round of discussions, all researchers
evaluated the full texts of the relevant studies in detail
regarding research quality and generated the exact study
reference list. The senior reviewers (PPR and EC) solved
the unresolved conflicts and approved the final reference
list.

Definition of triggers and prodrome

Migraine prodrome

The prodrome, also known as the premonitory or pro-
dromal/preictal phase, is considered the initial phase of
the migraine attack and is defined as a symptomatic phase
that occurs before the onset of headache in migraine
without aura or before the aura in migraine with aura (4).
Although this phase may extend up to 72 hours in some
attacks, clinical, electrophysiological, and neuroimaging
studies provided evidence that it lasts up to 48 hours in
most cases (10-12).

Nonpainful symptoms, the so-called prodromal/pre-
monitory symptoms (PSs), can occur during this phase.
The most frequently reported PSs in clinical studies are
fatigue, neck pain, mood changes, photophobia, yawning,
dizziness, difficulties in concentration, appetite changes
(craving), and nausea (Table 1). They can be broadly cate-
gorized into mood and cognitive changes, homeostatic and
hormonal changes, and sensory sensitivities (3). Occurring
days or hours before the headache phase, PSs may enable
some individuals with migraine to foresee their migraine
attacks (1,13,14). According to a study by Giffin et al.
(12), patients who experienced PSs correctly predicted the
following attack 75-95% of the time within the following
72 hours. Similar findings were observed by Gago-Veiga
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et al. (15), who showed that 67.6% of the patients were able
to predict at least one attack. However, PSs may not be
constant in every migraine attack (3,16), and only a minor-
ity of subjects can predict consistently more than 50% of
attacks (15).

Migraine triggers

Migraine triggers are factors alleged to initiate a sequence
of events that culminate in the attack. Stress, sleep depriv-
ation, fatigue, bright lights, odors, menses, noise, skipping
meals, weather changes, certain foods and alcohol are
among the most reported triggers in clinical studies
(Table 2) (17,21,27,29-47). Triggers are important for
patients because they want to avoid attacks and therefore
they modify behaviors that may facilitate them.

Clinical perspective on migraine attack
onset

The ongoing debate revolves around the differentiation of
“patient-perceived triggers” and PSs within the framework
of a migraine attack. The pivotal issue requiring clarifica-
tion is whether they represent distinct entities or are the
same early manifestations of the onset of a migraine
attack (7,20,25,49).

The prevalence of PSs is reported to be in the range 30—
80% (18,50). Some PSs (such as yawning and fatigue) are
frequently reported during headache and postdrome phases.
This observation suggests that the manifestation of these
symptoms may precede the onset of migraine pain, can
persist throughout the pain phase and further extend into
the postdrome (49). Although psychological and emotional
changes are commonly encountered in all three phases of
the migraine attack, anxiety, mood changes and impatience
are more explicit in the prodromal phase (51). The identifi-
cation of PSs might be more complex regarding patients
with a high frequency of attacks, such as subjects with
chronic migraine, where the borders between the end of
an attack and the beginning of another are blurred.
Indeed, the postdrome might overlap with the onset of a
new attack in these patients, making it challenging to iden-
tify triggers or PSs (52). Additionally, PSs might show var-
iations among distinct subtypes of migraine, with patients
with aura having more reported PSs than patients without
aura (21,25). By contrast, patients with migraine without
aura reported more triggers than those with aura (21).

Regarding migraine triggers, the scientific rationale for
establishing a causal connection with headache onset
remains insufficient for most of them (29). This is mainly
because the data on migraine triggers have been obtained
from epidemiological and clinical studies with a wide
range of heterogeneity. These include distinctive patient
population samples, different methods of collecting data
(diary-based, retrospective, prospective, etc.) and various

definitions of migraine triggers (Table 3). Most data are
based on patient perceptions and observations (49,53,54).
Considering that people with migraine could be driven by
the desire to comprehend precipitating factors and avoid
them, they may falsely associate specific triggers with the
initiation of headache.

Indeed, recording triggers with a smartphone application
for 90 days, two recent studies observed that individuals
with episodic migraine believe that a huge amount of trig-
gers contribute to their attacks, whereas only a few are asso-
ciated with a real increase in the risk of attacks (55,56). By
contrast, patients may fail to identify a genuine yet subtle
trigger, highlighting the potential for overlooking triggers
that are less overt or conspicuous (53). It is currently
unclear whether a trigger can always start an attack if the
system is not ready for it, which enhances the complexity
between the balance of internal and external stimuli.

Overlap between premonitory symptoms and triggers

A conspicuous overlap appears between some PSs and trig-
gers (Figure 1). It was hypothesized that most of these
factors, rather than triggers, can be symptoms of abnormal
brain activity during the prodromal phase. Patients might
notice the time association with attack onset and consider
these factors as triggers rather than the onset of their
migraine attack (7). Neck pain, food cravings, and sensitiv-
ity to light are the most frequent PSs that might be per-
ceived as triggers (52). Photophobia and phonophobia
may cause the perception of lights and sound as unpleasant,
leading to the idea that these stimuli could have caused the
attacks. Similarly, neck pain is often viewed as a trigger
rather than an early symptom of the migraine attack (52).

Additionally, prodrome may lead to behaviors that could
be interpreted as triggers. Cravings for specific food might
result in consuming certain foods falsely perceived as trig-
gers or might lead to the mistaken belief that skipping meals
causes the attacks. Tiredness or sleep deprivation could
wrongly be interpreted as the cause of the attack rather
than PSs (fatigue and sleep disturbances). Mood changes
and irritability may lead to the false interpretation that
stress triggers the attack (8).

However, it is important to note that some triggers are
consistently reported among different studies, and caution
should be exercised in interpreting all triggers as PSs.
This could be the case with several well-recognized triggers
(6,52), such as stress, tiredness, sleep deprivation, menstru-
ation and fasting, which could have a plausible mechanism
in reducing the migraine threshold and could be defined as
“catalyst triggers” (see the section below on “How the
migraine attack starts: a unifying theory between triggers
and prodrome”). By lowering the migraine threshold, the
catalyst triggers may speed up the ongoing modifications
of the brain networks in the premonitory phase.
Therefore, even in a minority of cases, it should be



Cephalalgia 44(10)

(panunuod)

(ob=u) %S°CS

(9€) "Ie 32 pisukzpeyd

(88=u) %€TS€E

(£€) "Ie 32 sojnodoy|

(88=U) %9%'sy  (££) 'Ie 3 sonodoy|| (%0%9) (8£T=Y) %LS (9%) '|e 30 8ney
(%8L%5) %6L—11+HT (8e=u) %6,  (g¥) "|e 30 sSuuaidg an3no4 %1 €8-€T'SE (S9=u) %951+ (£1) e 32 114ey]  sa8upLp sinoy ¢as)s
(6€) "Ie 19 eheuy
(££1=1) %868 (S€) e 30 Jeypy
(e6€=U) %50L (0€) "le 30 21X
(€8=) %¥6 (07) 'Te 30 ues.ey
(€5=U) %TS¥T (z€) 'Ie 30 1egeelly
(91=u) %52 (9¢) "[e 32 pIsukzpeyD
(ob=u) %579 (1) e32 N (c6e=Y) %161 (5€) e 30 Jeypy
(82=u) %1€T6  (££) 'Te 3@ sojnodoy| (8eps=u) %9261 (17) "le 30 uey
(88=u) %87'TS (ov) (es=u) %T€l (07) "Ie 30 uesuey
(IS=u) %TL€  ‘[e 3@ sOplUBUBISUOD (91=u) %8¢  (T¢€) e 30 Leyeelly
(€£1=u) %80T  ($€) e 30 [PYSEH-IY (o =u) %59 (9¢) "[e 30 pisukzpeyD
(9T1=u) %€9  (p) Te 32 njSoejoly (82=1) %LL70€ (1) e 32 N
(0521 =) %8°6p (9) "e 30 uew|)y| (88=u) %60¥€ (£€) "[e 32 sojnodoy|
(s9=u) %1€TS (£1) &30 11y (€£1=u) %8S  (1£) Te 32 PYsEH-IY
(0zz=u) %108  (b¥) '[e 30 AOUIPEAIZ aoupgunisip (0521 =y) %€°LS (9) "Ie 30 vewa)
(%£8°65) %¥6-80T (8e=u) %pL  (g¥) "|e 39 s3uuaidg do3js/dasys 1004 (%S'6€) %T8-8'S (8e=u) %78  (g¥) e 32 sBuwaids  Bupspjsipaw Suiddnys
(16€=u) %ze (87) '|e 30 ueype.q
(L8y=v) %b'L (8%) e 30 |dweq
(0521 =) %8¢ (9) e 32 uewpRy (%¥£'90) (c6£=U) %6'6% (S€) e 30 Jeypy
(%9T°07) %¥'8—€T'€ (8L7=u) %€T€ (9%) '|e 30 28ney uing xpaN %6'6¥—65'€ (8£T=U) %65°€ (9%) "|e 30 8ney uonpipAysq
(6€) "Ie 39 eheuy
(LL1=1) %0°0L (S€) e 30 Jeypy
(6€) '|e 32 eheuy (c6£=U) %99 (0€) e 32 a1
(££1=u) %58¢€ (5€) "[e 30 Jeypy (e8=u) %08 (17) e 30 uey
(e6€=Uu) %8'1€ (0g) e 38 21X (8epS =) %L6'6T (07) "Ie 30 uesuey
(»9=u) %889 (17) "le 30 uey (5=u) %6y  (T€) "[e 30 Lejeelly
(8ebS=Y) %86 (z€) Te 30 Legeelly (91=u) %88 (9¢) "[e 32 pisukzpeyd
(91 =u) %57 (9¢) '|e 30 pjsukzpeyd (ov=u) %578 (1) e 32 N
(oy=u) %£9'99 (1¢) ‘e 32 N (82=u) %65°€6 (££) "e 32 sojnodoy|
(82=1) %1T£9  (££) 'Te 32 sojnodoy| (88=u) %56'C8 (ov)
(88 =) %S+'Sy (ov) (15=U) %67 °[e 30 saplunueIsuO)
(ep=u) %879 [e 19 soplunuEIsUOD (€£1=v) %6¥T (¥E) & 3° [PYsEH-IVY
(e£1=v) %eT  (¥€) B3 PUSY-IV (9z1=u) %98, (L¥) Te 32 nBoejoly
(9z1=u) %991  (£¥) "le 32 njSoe|joly (0S1 =) %L6L (9) e 32 uewpRy
(0S£1 =) %1°59 (9) e 32 uewpRy (8£T7=u) %8S (9%) '|e 30 8ney
(19=v) %¥'IS (Sp) Te 30 J9qOM (99=u) %£99 (Sp) Te 32 J9qOM
(59 =) %9485 (1) "le 39 ey (S9=u) %8¢'sL (1) "l 39 1y
(0zL=Y) %6y  (bb) e 32 AouUIpRAIZ (%58°'29) (0zL=u) %8£S () [e 3 roulpeArZ s198311
(%LL YY) %8'89-€T (0g=u) %25  (g¥) &30 suaids  uopDNISUSW/SIUOWIOH %65 €6-6FT (8e=u) %¥8  (gp) e 30 sBuuaidg ssa.15 reuaajug
(ueaw) (az1s a|dwes = u) ERIVENETEN| 128314 (ueaw) (sz1s a|dwes =u) ERIVENETEN| 193311 193310
Aousnbauy jo a3uey sausned jo Adusnbauy jo aduey sausped jo Jo AuoBare)

*(pa140dau j0u auam Apnas auo Ajuo Aq pa1e3isaAul a4am eyl sua33111) salpmas [ed1ul]d ul s4a3314 aureaSiw JusJaylp jo Adusnbauy jo a3uey °g d|qeL



Sebastianelli et al.

(panunuod)

(%8L°6€) %6¥'6L-5°S

(%L5°1€) %£5-98'1

(€8=U) %1'59
(€8=u) %529
(8ebS=u) %E1°SI
(8£=V) %6b'6L
(88=u) %¥98€
(9z1=w) %12
(9z1=u) %S'S

(e8=u) %€S
(8ep5=u) %98'I
(oy=u) %05
(L61T=1) %9°S¢
(82=1) $5'19
(88=u) %56'T€
(15=u) %5°sT
(9z1=u) %6'¢
(0521 =u) %8°L€
(§9=u) %80°¢
(8e =) %ty
(c6€=u) %T6
(ob=u) %S°£T
(88=U) %606

(0u) (0€) 'fe 3 a1

(P109) (0€) "2 30 31X

(17) e 30 ury

(1¢) le3@ no

(£€) 'le 38 sojnodoy||
(30u)

(Z¥) e 3 niSoejol
(e8))

(zp) Te 32 nj3oejoly

(0€) ‘e 32 31

(17) ‘e 30 uey

(9€) [e 30 pisuhzpey

(z¥) "Te 3 Jo3emazpuUO

(1€) e N

(££) 'Ie 30 sojnodor)|
(ov)

‘e 33 saplupueIsuo)

(£b) "Ie 3@ njSoejlo

(9) Te 39 urw|Ry

(£1) e 38 11y

(€%) "e 30 s8uwaidg

(5€) e 3@ ey

(9€) e 39 pisukzpeyd

(££) Te 30 sojnodo|

(LL1=1) %p8E
(€6 =) %8°0€
(€8=U) %6S
(8EbS =) %919
(82=u) %80°€L
(88=U) %50°TH
(9z1=u) %p'L1
(0S£1=Y) %L°€p
(S9=u) %69°£T
(8e=u) %19

(%£6°6€)

J3Y1DaM pjod 40 10H %80°€L—919

(e6€=Uu) %ET

(88=u) %701

(9T1=u) %0

(0S£1=Y) %T'S

ol joyodly  (%LY) %TTO1-0 (S9=u) %S1°9
(c6€ =) %6'6€

(%8¥'Th) (88="u) %S6°CE

(6€) '[e 19 eheuy
(5€) e 30 Jeppy
(0€) e 32 21X

(17) "le 30 uey

(1€) 3@ no

(£€) "Ie 39 sojnodo
(£¥) "e 39 nj3oejlol
(9) ‘Je 30 uewRy
(£1) e 19 ey

(g¥) " 39 sBuriaidg

(5€) e 30 Jeypy
(£€) "1e 32 sojnodoy|
(£¥) 1e 32 njgoejoly

(9) 'e 30 uewiEy

(1) "l 39 1y

(S€) ‘e 30 Jeypy
(£€) 'Te 3 sojnodoy|

awnjiad Jo
S|[aWs UID1I32/SI0PQ

Auanop |pnxas

(%P 1'¥1) %SLT-60'6 (§9=u) %LL01 (£1) e ey sspmuypSunjy AapsH %9 ¥S—S6°TE (@z1=v) %8%S (riNgehgemupeny Suiaapiy
(g€ =) %L62 (58) & ektepy
(€68 =) %09 (S€deke P 12Oy
(LL1=u) %519 (6£) e 30 eheuy (8€E8=y) %E%E (02) & Bey
(€6€=U) %885 (5€) e 38 Jeypy (des=uhpspTaE (07T 3 vesuey
(£28=u) %618 (6€bek 0 Bany (91=u) %58  (T€) '[e 30 LEjeelly
(debs =u) %ELS (SE)T)e poIzRYRY (der=a)pseE 09 (d2X)EBavsafmpdqn
(fss=hps9z8 (0T)om e ues ey (d8A S Rrwe  (£€) e 30 Rysaday]
(or=u) %5 (9¢fTR IR PBuULrely (9z1=v) %8¢  (LH)) yoIenBasyreny
(dor=)psss 28  (dgk)esamsafmpdqn (d9z1=y) %92T  (LpIoke Py
(882 =¥ psz8 98 (9) (E)o|evaupsy (d528=y) %088 (81) (BhaerauUCOYDy
(88(995-%keTe  (L€EHe Yo RN (BT %e08 ()1 rereaa3pmey)
(89T=)pz9%E (S ersa=3prey) (%19°€0) (ge)pseo6T  (vi) (2PPrer8ppEy Ayamop s4933113
(%17 €368%6)1 BTBs8 (d8z =) %65  ($&)) yeracrsBupendg ssgaoynayposps (%S LEVBEITH E (8e=u) %of (cp) ‘e 32 sBuuaids  suiysorsdyys apsuzBy [eus93x3
(c6€=1) %b'¥9 (S€) e 30 Jeypy (LL1=u) %T08 (6€) '|e 30 eheuy
(e8=u) %T'€9 (0€) e 30 @1 (e8=u) %1°€8 (0€) e 30 @1
(8e¥S=Y) %11+T (17) ‘e 30 uey (82=u) %81/8 (1) e 32 N
(ueaw) (az1s 9|dwes =u) CRIVENETEN| 1233141 (ueaw) (sz1s o|dwes =u) CRIVENCTEN| 193311 193310
Aousnbauy jo a8uey syusned Jo Adusnbauy Jo aduey sauaped jo Jo AuoBare)

(ponunuod) -z s|qer



Cephalalgia 44(10)

(%86'57) %8568

(%€T81) %16'9T-8'6

(%182€) %9T°09-1°¢

(%¥6°L7) %19-9°0

(%10°0€) %9709-15C

(%10°8%) %0L—+5'6T

(c6£=U) %68
(LL1=v) %T61
(e5=u) %L0°TE

(oy=u) %S°L€
(82=Y) %011

(88=u) %SCI

(1s=u) %g€e

(0521 =1) %6'9T

(§9=u) %LL0€
(0zz=u) %STI
(8 =u) %85

(€8=u) %691
(8£=1) %16'9T
(15=u) %86
(88=u) %TE61

(€8=u) %T°09
(8£=) %9709
(9z1=u) %1€
(§9=u) %69°L
(LL1=1) %Te6l
(c6€=u) %18
(e8=u) %1°0¢
(8£=1) %L6'8S
(88=u) 98'¢T
(e21=u) %8S
(9z1=u) %L'8

(0521 =u) %S¢

(8e=u) %19
(8£=) %9709
(88=V) %LT LT
(8T=u) %15T
(oy=u) %St
(88=u) %¥S 6T
(827=1) %0L

(99 =) %05

(5¢) "[e 39 Jeypy

(6€) "Ie 39 eheuy

(07) ‘Ie 10 uesaey

(9€) ‘e 19 pjsukzpeyd

(1€) e 32 N

(£€) "Ie 39 sojnodoy|
(o¥)

‘[e 39 soplunuBISUOD)

(9) e 30 urwEY

(£1) Te 3 1y

(¥b) Te 30 AouprAZ

(ep) 'Ie 30 sBupiaidg

(0€) e 30 a1x
(1¢) e N
(ov)
‘e 3@ sapluueIsuo)
(£€) "re 33 sojnodoy|

(0g) 'le 10 31

(1€) ‘le3@ N

(£¥) '1e 32 ni2oeyI0y
(£1) &30 ey

(6€) "Ie 39 eheuy
(5€) e 30 Jeppy
(0g) e 32 31X

(1€) e 32 no

(£€) "Ie 39 sojnodoy||
(#€) "Ie 32 pyseH-IY
(£¥) "e 32 nj3oejlol
(9) "Ie 30 uewRy
(%) "Ie 39 s3uneidg
(1€) le3@ N

(£€) "Ie 3@ sojnodo||
(9%) |e 3@ a8neH
(9€) "[e 33 pisukzpeyd
(£€) "Ie 39 sojnodo)|
(9%) |e 3@ a8neH
(Sb) "Ie 39 49q0M

(uonouiquiod
10 paifpads j0u) poo

%1¥91)
%ECEETH

awjoc0y)  (%Lb°0€) %Ly—€81

(%S€°SP)

UBLWIAAOW XD3U/PDIH %ET69-56'€

(%56°1¥)

Bupjows %L79-80°€T

PUM  (%ST'81) %S81-8I

§52.15 J3Yp UONDXDRY (%Y T €9) %TE 696

(e8=u) %L1T
(82=u) %ecce
(88=1) %05°CI

(Ly=v) %ty
(921 =u) %£01
(L21=v) %Lee

(€8=U) %L+

(91=u) %61
(82=1) %¥S9%
(88=u) %z£61
(921 =) %£81
(L£1=1) %865

(€8=U) %¥'6¥
(82=1) %/8¥+
(88=u) %9¢'9¢
(921 =u) %6'€S
(8£7=1) %S6'€
(S9=u) %€T69

(€8=u) %L79
(or=u) %009
(88="u) %89°0¢
(8T1=u) %ece
(59=u) %80°€T

(€21 =u) %581
(8e=u) %81

(e8=u) %¥'19
(88=u) %7€69
(8£T=1) %6S

(0€) e 30 a1

(1) e 32 N

(££) 1e 32 sojnodoy|
(ov)

A_M 19 me_C_HCSwr_OU

(£¥) 1e 32 njgoejoly

(6€) "Ie 19 eheuy

(0€) e 30 a1x

(z€) 'Ie 30 Legeelly

(1) e 32 N

(£¢€) "Ie 39 sojnodoy)|

(£¥) 1e 32 njgoejoly

(6€) "I& 39 eheuy

(0€) e 30 a1x

(1) e 32 N

(£€) "Ie 39 sojnodo

(Z¥) "Ie 32 njZoejjoly

(9%) "|e 3@ a8neH

(£1) "l 32 1y

(0£) e 32 21X

(9€) Te 32 pisukzpeyD
(£¢£) "Ie 39 sojnodoy)|
(£¥) 1e 32 njgoejoly
(1) "l 39 1y

(¥€) e 3 PysEH-IY
(€¥) "e 30 s8uwaidg

(0g) "le 12 31
(£€) "Ie 32 sojnodoy|

(9%) "|e 30 a3ney

spnpoid Aiipg

99fjo>

193unpH

[«EETSEYYe)

Suippas ypnpy

uonows asuauf

(ueaw)
Aouanbauy jo a8uey

(oz1s a|dwes = u)
syuaned jo 9

CRIEYETEN

1933141 (ueawi)

Aouanbauy jo a3uey

(sz1s ajdwes = u)
sauaned jo

CRIIENETEN

4933113
Jo Auo8a1eD)

12331

(penunuod) -7 s|qel



Sebastianelli et al.

(panunuod)

“aduny —
%0§ ‘SS9.3S U9y UonEeXeR —

%¥'1§ ‘uonen.nsusw — S/H9=WH -~
%L°99 ‘ssa.1s — AU = \YOM VM —
pa1e8nsaAul 10N %18 Yayream — 99=u Apnis [euopdas-ssolD BlLASNY (Sp) " 39 J2qOAA 900T
%6€ ‘ssauirddeyun —
%0p ‘Sulumel —
%y ‘Anqe — 81/18=WH —
%Y ‘eiqoydouoyd — S8/ | = YOMW/VMI —
%9% ‘A1s1xue — pa1e3saAul Jo0N 00| =u Apnis aAndadsouy ujedg (61) "Ie 3@ gPPAUIND ‘900T
%9°87 ‘asNneU —
%0°GE 22U Yis —
%8'S€ ‘Buumel — ¥£/00€ =WH —
%b'9€ ‘eiqoydouoyd — 6L1/981 =VOMW/VMIA — paseq-aJieuuonsanb
%5°9¢ ‘@n3ne) — pa1eSnsaAul 10N ylE=U ‘ApMas [BUONISS-5501D) spuelsYIsN (81) ‘e 3@ urwuoOYdS ‘900T
%9%'8€ ‘ssoulzzip — %T9 b ‘sa3ueyd Jayream — €1/€8=WH —
%0p ‘ssaussapisal — %1 €S ‘ssaussa|das|s — 6=HWNVL —
%9485 ‘swoadwiAs sAissaadep — %9%'85 ‘uonen.isusw — 1€=HLL —
%5198 ‘eiqoydouoyd — %ET'69 “4a8uny — EE/ET=VOMW/VMI — paseq-aJreuuonsanb
%5198 ‘eiqgoydojoyd — %8¢€°G/ “Avixue — 96=u ‘Apmas [BUONISS-S501D) Aodan (£1) 'Te 39 14e) ‘5007
%0°C ‘swordwiAs aks —
%S°€ ‘Suiypamajduiyde/ured peay — %E'67="55d ysm sad jo u —
%811 ‘swordwAs |5 — €E1/09L=W/H —
%p'p| ‘93ueyd> poow — JU = \YOMU/VMW —
(s2d [e203 Jo %) %'g'S| ‘on3ney — paie3nseaul 10N g68=u sisA|eue aAndadso.nay vsn (D) "Ie 33 uewRy| 400
%1°0p ‘s9douequnisip doas|s —
%6 @4nyedodwey
pue suolIpuo>d Jayieam ui sadueyd — 69T 1Sh =W/ —
%Y 6¥3124> [ennsusw — Yr/SSEVTT= VoM
%9°pS ‘Sul|joAe.ay 3uanbauy — + VMW/VOMN VM~
pa1e313s9AUl JON| %8'/§ ‘sso1s —  (dureddiw aANdE ¢€9) 0L =U AaAuns paseq-uopreindod BNEOID) (}+) "Ie 39 AoUIpBAIZ ‘€007
€08 ="5Sd pIm uoIssag
%p'8€ ‘@ARISUIS IsIOU — |0TL :Pap4023.
%8'8F ‘@AnISuas 13| — suolssas AJelp [e10]
%L 6 YP3U His — S/C6=WH —
%1°1§ AYNdouIp uone.IUIdUOD — €L T = VOMW/VMW — AJeIp dlUO.N9D VSN
%G/ ‘Kieam/paun — pa1ednsaAul 10N l6=U yum Apmis aAndadsodd N “peWULQ (Z1) ‘T2 32 UYD ‘€00T
%[ “4ayream —
%/ ‘doa)s jo djoe| —
%6L on3ne) — 81/0€=W/H—
%78 ‘@wn uo 3unes jou — AU = \YOM VM — M3IAIU] Buoydajel
pa1e8nsaAul 10N %b8 ‘UOISUS/SSINS — gg=u ‘ApMas [BUOIII3S-550.1D) VSN (gp) "1e 3@ sduwaids ‘| 00T
(g do) ssq uowwod 150} (g doa) s4e88113 uowwiod Isoy 1J0yod Apmas jo adA| Anuno) ERITENCIEVRIL-CY

juaped pue (u) azis ojdwreg

‘swoidwiAs [ewo.po.d pue sua33113 pariodau 1soW SYa Yam sa1pnIs [ed1UI]D JO IsIT € d|qeL



Cephalalgia 44(10)

10

(panunuod)

%TE~ KBaeyra) —
%EE~ ‘@8ueyd poow —

SLYIYYLI =WH —
1€01/881 1 = VOMW/VMIA —

paseq-aJreuuonsanb

%y~ Bulumel — pa1e8nsaAul 10N 6lTT=u ‘Apm1s [euonas-ssou) puejui4 (57 ‘Ie 39 |Pane] ‘9]0T
%G5'9¢ ‘saSuryd JayIEIM —
%Ly on3ney — €UE6=IWH —
%980 ‘dod)s o >oe| — 8C=HLL —
%69°0L ‘suonows asusiul — LY/ 1y = VOMW/VNMIN —
pa3e8nsaAul 10N %T9°€8 ‘SIUDAD 3| |NyssaaIs — 9]|=u Apnis [euopdas-ssou) EREENI) (££) "Ie 3@ sojnodol|| ‘5107
an3ney —
uonsneyxs —
8unenuaduod Ajnoyp — 181/678=W/H —
riqoydouoyd — 669/1 | £ = VOMW/NMI — Apmis paseg-adreuuonsanb
599U dsudl — paiiodad JoN 0101 =u 1J0Y0d 3ARd3dsonsy Auewany (£) "Ie 3@ ?nY>s ‘5107
1€1/9S€=WH —
Pa1eSNSaAUI 10U UM SSd JBYPIO SLE/TI | = VOMW/VMI — aJadreuonsanb
%'/ ‘ured ddu — pa1e3saAul Jo0N /8y =u PaJ|y-j|9s “Apnas aAndadso.y eLISNY (8p) ‘Ie 30 |[dweT ‘5107
%LT ‘loyode —
%EE ‘POo} — 6/VS=WH —
%LE ‘eluwosul — CI=HLL-
%€S ‘ssads — 6€/T1 = VOMW/VMI —
pa3e8nsaAul 10N %E9 ‘sasuaW — £9=u Apnis [euo3s-ssOID) 929249  (Qp) "B 3@ SIPIUNUEISUOD) ‘G| 0T
%8S ‘Sunsey —
%8'G Supjows —
%171 ‘swexa —
%S°8| ‘Buipeau [enueisqns — LEOEI =IWH —
%8°07 ‘dod|s Jenda.ul — AU = \YOMJ VM — paseq-aJreuuonsanb
pa3e8nsaAul 10N %6 FT ‘ssaa1s — €/l =u ‘Apm1s [euondas-ssouD) UMY (¥€) "Ie 39 1PYSEH-IV ‘¥ 10T
%g €€ ‘dogsaano —
%/°S¢€ ‘dos|s jo awn ur sadueyd —
%6'€S “9Buny — 0¥/98 =W/ —
%G°€9 ‘dod|s jo e — €1/€G = VOMW/VM — paseg-aJieuuonsanb
pa1e8nsaAul 10N %9°8/ ‘ssoa1s — 9z =u ‘Apmis [euondas-ssou) Adpan] (£¥) “Te 3@ njBoejol ‘€10T
%/S ‘©Mmij/yanw ool 3uidaa|s —
%8S ‘(ssaJas Bulinp) ssouas a1nde —
%6S ‘S92UDN|jul [BUOIOWS dsuUdIUl — CEISIT=WA —
%19 ‘W31 ySuq — AU = \YOMJ VM — paseq-aJreuuonsanb
pa1e313saAUl JON| %0/ ‘sS9J1S U938 UOnEXeD — [pE=u ‘Apnas [euoN29s-ssouD) SJewuag (9%) ‘Je 39 a8neH ‘| 10T
%8 6% ‘@ourqumsip doajs — SLUSLYI =WH —
%TES Uayream — EVS/16V/91L=
%€°/S ‘Bunes Jou —  auresiw ajqeqoud/ /T —
%1°§9 ‘ssuowioy — AU = \YOMJ VM —
pa1e3nsaAul 10N %[ 6/ ‘Sso1s — 0SZ1=u sisAeue aAndadso.nsy vsn (9) uewdy| ‘£00T
(g do) ssq uowwod 150}, (g doa) sue8811 uowwod Iso)y 3J0yod Apmas jo adA| Anuno) ERIENETENRTSYY

jusped pue (u) azis sjdwreg

(penunuod) g s|qel



Sebastianelli et al.

(panunuod)

pa3e8nsaAul 10N

9% 8 ‘ssa.is pajejai-euonows —

%88 ‘ssa.is pajejaJ-Apnis — 9|=u Apnis 2AndLIdsap [euondas ssodD) BIqeJy IpNeS (z€) "e 32 1egeely ‘1202
%G°€ ‘SSauUIsMoUp —
%T Y ‘Sulumel — 6S01/79LE=W/H — aJreuuonsanb paunionais
%69 ‘ssauizzip — LO1¥/¥ 1 L=VOMWN/NMW — J1uoa3d9|P
%69 ‘SSAUYNS DU — pajJodad 30N 178y =u REMICRETIN] BUIYD (£7) "Ie 39 Buepp ‘1 70T
%§°T9 W31 WB1q — 0/0y =W/H —
%59 ‘Bunsey — 0y =DH -
%/9°99 ‘uonenysusw — y=WD-—
%G/ ‘Se8UBYD J9YIBSIM USPPNS — YE/T= VOMW/VMI —
pa3ednsaAul 10N %578 ‘ssaaIs — ‘0g=u Apmis Jeuop3dss-ssol) puejog (9¢) e 3 pysukzpeyd ‘610T
01€ /881 =WH—
pa3e81IsaAUl 30U 249M SIa3313 JBYIO IVEI/158=VOMWNVMIA = aJreuuonsanb
pa3ednsaAul 10N %9°S€ ‘loyodle — 1617=U ‘paseq-gam Apmis euONI3s-sSOID) SpuelIRYIDN (Z) "Ie 39 493eMIBPUQO ‘610T
pa1e8nsaAul a9M
sSd 2lwefeypodAy-aiBisuiwedop AluQ
%9°€| ‘@madde ur sadueys — 8E/10E=WH —
%6'S1 KdIxue/Ajiqer — 807/ €1 = VOMW/VMIN — SalJelp aydepesy
%T 1T ‘Sulumek — pa1e3nsaAul 0N 6£€=Uu pue aireuuonsanb Apnis aandadsouy Adn| (£7) '[e 39 usAND ‘g10T
%961 ‘eiqoydouoyd —
%9°6| ‘Sulumed —
%60 ‘Ondney — YE0E=WH —
%S"€T ‘ssauIsmo.p — S1/61 = VOMW/VMI —
%967 ‘elqoydoroyd — pa1e33saAul Jo0N pe=u Apnis [euoneAIasqo 9ANdadsold uredg (51) "Ie 19 e319p-08e9) ‘8| 0T
201/991 =W/H —
Pa1eS1ISAAUI 10U 9U9M SSd JAY3O  Pa1eSNSIAUI 30U UM SIS JIBYIO £7£/89 = VOMW/VMIW —
%€y ‘ured ddau — %7€ ‘ured ddau — l6E=u Apnis [eUOEBAISSGO SANRDadso.y BIpU| (87) "2 3 ueypedd ‘810T
%C'L8 ‘de3|s Jo awn ur a3ueyd — 99€/029 =W/H —
%€°T6 ‘dos|s jo doe| — AU = \YOM/ VM| — aJreuuonsanb pausisiuiwpe-jjas
pa3e313saAUl JON| %9°€6 “]MOM JO ApMis 1B ssau1s — 986 =u ‘Apnas [euon29s-ssouD) BUIYD (1€) ‘e No ‘810C
%EL ‘Kuanisuas 381 —
%08 ‘ssauyns >Pau —
%08 ‘@3uey> poow — UEI=WH—
%/8 ‘ssaupaJn/andne) — S1/0 = VOMW/VMI — Apmis [euonreAsasqo
%/8 ‘llPmun 3uiaq jo Suljaay pazijesauas — pa1e3nsaAul 10N G| =u jeulpniuo| sAnsadso.y VSN (97) & 3@ 3paMYdS ‘81 0T
%8 ‘saduryd Jay1EIM —
%G°g| ‘se8ueyd [euow.ioy —
%E€‘TT ‘@n3ney — 1/1S=WH —
% ‘uonealidsp dosjs — 09/7=VOMW/NMI — AJelp aydepeay
pa3e8nsaAul J0N %9€ ‘ssadls — 9=u suoydyaews Apnis aAandadsouy €340 (8€) ‘Ie 319 ded ‘910T
%0€~ AuAnisuss 3| —
%0€~ ‘swordwAs >dsu —
(g do) ssq uowwod 150} (g doa) s4e88113 uowwiod Isoy 1J0yod Apmas jo adA| Anuno) ERITENCIEVRIL-CY

juaped pue (u) azis ojdwreg

(ponunuod) g ajqel



Cephalalgia 44(10)

12

‘aydepeay aureaSiw-uou Yaim eane [ed1dAl = HNVYL 2ydepeay adAy uoisusr = H| | ‘sauaned = sid ‘swoidwis

[ewo.po.d = sgd ‘pa14odau 10U = Ju ‘BINE INOYIIM dUleSIW = \YOM]| ‘BINE YIIM dUreISIW = M| DeW = || ‘S|013U0d AY3[eay = DH ‘eunsaiulo.iseS = | B|ewd) = 4 DuredSiw dIUoIyd = |JD SUONEIASIGQY

%¥0€ ‘eiqoydoroyd —

%8°1 € Aujiqedta —

% €€ ‘ured >au —

%G€ ‘Sunenausduod Anoiyip —

69/€95=W/H —
I18E/IST=WD/WI —
179/661 = VOMIN/VMIA —

%6°6€ ‘ssaupaJn — sJ030ey 493311 pariodad %496 €9=u Apnis [euopd9s-ss01D) Sewuag (20 "B 38 yeAiereanyy ‘4707
0EE/9LY=WH —
%070/ ‘s4noy Apnas Suo| — G/ =9|qeyissepun —
%070, ‘ssa.3s — By=HlL -
%G/ ‘sanIAnde [ed1sAyd — (au ympy
%708 ‘utsoned doajs passae — INOMW) £/ | =dureddiy — SJreuuonsanb paJsisiuiwpe-yes
pa3e8nsaAul 10N %868 ‘uonealidsp deajs — 90g=u ‘Apms [BUONISS-S501D) aunssey (6€) "Ie 39 4 BARUY ‘TT0T
%885 ‘@siou pnoj —
%1719 ‘©WNn UIUDS SSIIXD —
%9 ‘ondne) — 98/L0E=W/H —
%/°99 ‘ssa.a1s — JU = \YOMU/VMA —
pa1e8nsaAul 10N %570/ ‘@2uequmsip deajs — €6€=U A3AJns auljuo ApnIs [eUONIDS —SSOID) ueaspied (5€) "[e 39 Jeyay ‘TTOT
%L08 ‘an3ne) —
9%/°08 ‘SS9.3S DIWSpedE —
%618 ‘3siou — 61/79=WH -
%1°€8 ‘@|npayas das|s uj adueyd — AU YOMU VM — aJreuuonsanb paJsisiujwpe-jjas
pa1e3nsaAul 10N %06 ‘dos|s jo yoe| — €g=u ‘ApMas [BUOIII3S-5501D) BuUIYD (0€) "Te 39 a1X ‘TT0T
%86 ‘(Aoueudaud
%68°T ‘elqgoydouoyd — 40 UonEN.ISUSW) ssuow.Ioy —
%€ ‘eiqgoydoroyd — %E1°S1 ‘Plo3 4o 30y —
%8T Y ‘Butumel — %9L°61 ‘9uegunisip daajs — S811/€STh=W/H —
%6E"/ ‘ssauIzzIp — %] |'pT ‘ssoupaun — 159%/£81 = VOMW/NMI — AsAJns d1uoad3p
%00'8 29U yias — %166 ‘SS9 — 8EySg=u 4U33Udd1NW ‘[BUOIIDSS-SSOID) BUIYD (17) 'le 3° ury ‘TT0T
%61 ‘uoneapAyap —
%ES ‘ssauyns dddu — %€T ‘punos —
%9 ‘@8uey> poow — %CE ‘SPOO} UIELIDD — 6/hy =W/ —
%LL ‘n3ie) — %S 31| — 0U/LT= VOMW/VMIN — aAndadsoud
%€8 “ANd1YIp UONE.NUSIUOD — %6l ‘ssaAIS — €5=u pue aAndadsoaiaa :Apnis 1ued-om| N (07) ‘e 3@ uesuey| ‘| 70T
%y ‘@siou —
% ‘S34B1| 3yBlq — SIT=WH -
%G/ ‘9duequnisip doajs — AU = \YOMU VM —
(g doa) sgd uowwod 1so (g doa) sua8311n uowwod 350}y 1J0yod Apnis jo adA| Anuno> ERIENETENRTSYY

jusped pue (u) azis sjdwreg

(penunuod) g s|qel



Sebastianelli et al.

F-

Triggers Prodromal symptoms
\ ®
a =
o Sound Phonophobia %
\-
. \\
Exercise , —_— 2 Co;r((:)elz)r;gritsion
Certain ; ;
foods Fasting Food craving

644 {/7.‘

Y

Sleep deprivation

Weather changes Tiredness Fatigue :
o0 Thirst ﬁ
.
A 4 Light Photophobia
g Nausea
Alcohol I‘—' I—II o

Sleep disturbance
[ ] a'

Stress

&

Menstruation

g W Vertigo/dizziness
Mood changes

-

Neck pain

¢ M

Neck pain Yawning

Figure 1. Common triggers (in purple) and prodromal symptoms (in light blue) with potential correlation/overlap between them (in

yellow). Created with BioRender.com.

hypothesized that the relationship between triggers and pro-
drome may be bidirectional, with some triggers acting as
true triggers and not just as PS.

Current limitations

As a result of this considerable overlap, the discrimination
between some triggers and PSs can be challenging (7) and
several methodological issues further hamper this distinction
(49,54). First, the number of prospective studies is limited,
and considering that reported sensations and symptoms are
patient-perceived, most data are prone to recall bias.

Secondy, a standardized and optimized method for
assessing PSs is lacking. A recent cross-sectional study
found that directly prompting PSs during medical inter-
views can influence the number of reported symptoms. It
was shown that prompted enquiry resulted in a higher pro-
portion of reported PSs (69.9 vs. 43.0%) and higher
symptom counts than unprompted enquiry (22). Lastly,
just a handful of evidence-based data regarding experimen-
tal, imaging and genetic studies focused on distinguishing
between these two entities (49).

Studies with provocative molecules can be a reliable and
standard model for investigating triggers and PSs.

However, most current studies are limited by not conduct-
ing repeat tests on the same patient. Large-scale, prospect-
ive and standardized methods for assessing PSs and triggers
are needed and constitute a prerequisite to estimating their
actual prevalence and understanding how they contribute
to the onset of migraine attacks.

Pathophysiological perspective on
migraine attack onset

Peripheral and central nervous system mechanisms have
been continuously investigated over the years aiming to
understand what is the primum movens of a migraine
attack; however, this is still an unresolved question (16).
Regardless of the activation source, it is demonstrated
that meningeal nociceptors have to be activated to initiate
migraine pain, making the trigeminovascular system the
final common pathway in starting the headache phase (57).

Prodromal phase

The presence of the pain makes the headache phase the most
recognizable by the patients, and this has led to a precise time
definition of its duration. The other phases of the migraine
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attack are less well-defined because the patients are not fully
aware of them. This makes studies focusing on patients’ per-
ceptions of PSs susceptible to bias. Indeed, studies focusing
on the time onset of the PSs reported different and variable
time windows (12,24,58). In a minority of migraine
attacks, the prodromal phase may cover up to 72 hours
before the headache phase (12). However, the current time
definition of the prodromal phase given by the
International Classification of Headache Disorders, 3rd edn
(ICHD-3) is up to 48 hours, and this appears to be justified
by several electrophysiological and neuroimaging evidence
(10). An increasing number of studies provide evidence
that the hypothalamus may play a crucial role in the pro-
dromal phase (59—61), and its activation was shown up to
48 hours before headache onset but not earlier (62), regard-
less of the presence of the aura (61). Some PSs, including
yawning, food cravings, homeostatic regulation, and sleep
disturbance, may be linked to hypothalamus activation
(3,63). On the other hand, several brainstem areas become
activated during the prodromal phase (59,60) and could be
responsible for other PSs, such as neck pain and nausea
(64,65). Indeed, patients who experienced nausea as a PS
have increased activation in the periaqueductal grey (PAG)
and the rostral dorsal medulla. The rostral dorsal medulla

includes the nucleus tractus solitarius, which is considered
to be involved in circuits that mediate nausea (65) and has
connections with the hypothalamus (66) and the trigemino-
vascular neurons (67). These distinct neuroanatomical path-
ways could be responsible for nausea as a PS and nausea
during the headache phase.

Other brain areas, including the visual cortex (59,60,65)
and several pain and limbic regions (68), have been shown
to become activated before the pain develops and could be
putatively associated with other PSs. Patients who experi-
ence photophobia during the prodromal phase have a
higher activation of the extrastriate visual cortex than those
without photophobia (69). This suggests that photic hyper-
sensitivity (aversion to light without increased pain) is
linked to visual cortex activation and is not dependent on tri-
geminal activation or pain (69). Similarly, sensory sensitiv-
ities (photo-phonophobia and allodynia) and changes in
mood and cognition (3) could also arise from the activation
of thalamocortical connections and functional reorganization
of different sensory pathways (63,70-72). Indeed, the thal-
amus, pons, and limbic areas have been found to change
their connectivity when patients experience PSs (73). The
prodromal symptoms and possible brain areas involved in
their generation are shown in Figure 2.

Activation of thalamocortical connections
and functional reorganization of different
sensory pathways and limbic areas

@ &%
v
Concentration

problems Mood changes

Phonophobia
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Photophobia

Extrastriate visual
cortex activation
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Sleep disturbance
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>
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-
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Figure 2. Prodromal symptoms and possible brain areas involved in their generation.
Abbreviations: PAG = periacqueducatl gray; TCC = trigemino-cervical complex. Created with BioRender.com.



Sebastianelli et al.

15

Changes in connectivity have been shown to occur cyc-
lically in several brain areas during the migraine cycle
(62,74), including the brainstem (75,76), hypothalamus
(59), thalamus (77,78), limbic areas (78,79), somatosensory
(80—83) and visual cortex (84-86).

Particularly, the changes in connectivity between the hypo-
thalamus and brainstem areas, including the spinal trigeminal
nucleus and dorsal rostral pons, are suggested to play a crucial
role in driving the different phases of the migraine cycle (59).
Furthermore, during the prodromal phase, positive functional
coupling was shown between the thalamus and several pain
areas (73,78), including the insula, pons, cerebellum, precu-
neus and cuneus, as well as an increase in connectivity
between limbic areas and the hypothalamus (79).

In line with neuroimaging studies, neurophysiological
studies provided evidence of fluctuations in central and per-
ipheral functions over the migraine cycle that are accom-
panied by changes in sensory thresholds, including
alterations in pain perception, as well as modifications in
sensitivity to light, sound and smell (87-89), confirming
that migraine is a cyclical disorder (90). However, brain
activity tends to change particularly before the onset of
the headache phase, with increased excitability and loss
of inhibitory control several hours before the ictal phase

(80,82,83,90-95). Cortical processing of sensorimotor
(80-83) and visual stimuli (84-86) showed excessive exci-
tation in the immediate pre-migraine phase (80,83,86,90).
During the 24 hours preceding the headache onset, the som-
atosensory excitability tends to reach its maximum in the
primary somatosensory cortex and the brainstem (76),
which also increases its oscillatory activity (96), particu-
larly in regions that process the pain signals arising from
the head (spinal trigeminal nucleus and dorsal pons) (75).

The relevant question is whether migraine triggers may
influence these intrinsically generated fluctuations leading
to an attack.

Migraine attack triggers

There are several questions here. How easy is it for a trigger
to start an attack? How many triggers are needed to start an
attack? In an individual, does a single trigger always facilitate
an attack? All of this is based on understanding the attack as a
headache phase and not on navigating through the presence
or absence of certain symptoms. Pathophysiologically, the
control of brain and bodily activity can be unbalanced by
many different controlling switches. In attacks, more than
one trigger might be present (Figure 3).

é Pharmacological triggers
(CGRP, Sildenafil,
Cilostazol, PACAP, GTN)

““Uel \ce the SUSCepub\\\\y to CSD
‘ -

&

Menstruation

4T

Stress

Sleep deprivation

Sleep deprivation .
Fasting

affect the cGMP and cAMP signaling pathways

Migraine Cycle

and raising CGRP levels

w

Alcohol

increases CGRP levels,
vasodilatation of
meningeal vessels and
cerebral blood flow

&

Certain foods

N
2
\(}

(3
Qe
0es©
X
oo 2
@ ’x
Exercise

influences hypocretin and lactate pathways,

Figure 3. Common migraine triggers and their influence on the migraine cycle.
Abbrevations: CGRP = calcitonin gene-related peptide; CSD = cortical spreading depression; PACAP = pituitary adenylate
cyclase-activating polypeptide-38; GTN =glyceryl trinitrate. Created with BioRender.com.
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Pharmacological triggers: provocative models

Different experimental models of migraine in humans have
been studied over the years, helping to understand the direct
pathophysiological and chronological link between a sub-
stance and the presence of an attack. These provocative
studies have provided evidence about the molecules and
pathways involved in migraine pathophysiology (97).
Among them, glyceryl trinitrate (GTN), sildenafil, cilosta-
zol, calcitonin gene-related peptide (CGRP) and pituitary
adenylate cyclase-activating polypeptide-38 (PACAP) infu-
sion are the most utilized and were shown to trigger
migraine-like attacks effectively (97). Hypoxia could be
another promising model for provocation studies in
migraine with aura because it has been shown to trigger
migraine-like headaches in healthy volunteers (98), with a
more significant proportion of induced attacks than GTN
(99). All these provocative models appear to induce
migraine by affecting the cGMP and cAMP signaling path-
ways (97). The ability to successfully trigger migraine
attacks has increased the experimental study of migraine
in humans, providing a unique opportunity to understand
what happens before the onset of pain. It is worth noting
that even experimentally triggered migraine-like attacks
tend to follow a similar chronological sequence of
symptom development, with PSs appearing first (100-
102). These studies have confirmed that the trigeminovas-
cular system can be activated, and therefore migraine
attacks can be initiated by factors external to the nervous
system itself.

Non-pharmacological triggers: internal and external
triggers

Non-pharmacological triggers could be ideally divided into
internal and external triggers. Internal triggers can be
defined as factors associated with the modification of the
internal homeostasis state (8). Stress, hormones, sleep
deprivation and fasting are among the most reported
internal triggers (6). These triggers can increase the
chance of a migraine attack by directly disrupting the sen-
sation of the body’s internal physiological state (i.e. intero-
ception), which is different between the ictal and interictal
phases with prevalent sensory and autonomic changes in
the peri-ictal phase (103,104).

By contrast, external triggers are factors or stimuli ori-
ginating from outside the body that could influence extero-
ception, which is the perceptual inference based on external
sensory signals (105). These include alcohol, bright lights,
intensive exercise or certain foods (8) (Table 2). However,
these factors are variably reported as migraine triggers,
making their role in causing migraine attacks less direct/
straightforward than that of internal triggers (6). Both
types of triggers were studied with several modalities, and
different animal models have been widely used in

preclinical studies to understand how some of them may
influence the cortical spreading depression (CSD) threshold
and, consequently, migraine attack susceptibility. Indeed, a
direct link between the CSD and the trigeminovascular system
was found in animal models (106). It was shown that CSD can
directly activate the trigeminovascular neurons in the trigem-
inal ganglion (107) and spinal trigeminal nucleus caudalis
(STN), playing a role in the onset of migraine pain (108).

Internal triggers: stress, hormones, sleep deprivation
and fasting

Cortisol is the predominant adrenal stress hormone in
humans, whereas corticosterone is the main corticosteroid
hormone in rodents and is the preferred hormone for study-
ing stress responses in animal models (109). In the animal
model, the stress hormone corticosterone can increase
neuronal excitability and lower the threshold of CSD
(110), whereas contrasting results emerged from studying
the effects of different stress conditions (111-113).
Interestingly, Balkaya et al. (112) found that chronic
stress may reduce the CSD threshold only when followed
by a period of relief, which could provide a biological
basis for the occurrence of migraine attacks during the
weekends or holidays (114).

Ovarian hormones also increase the susceptibility to
CSD (115,116), whereas androgen hormones were found
to have opposite effects (117). However, rather than estro-
gen itself, it appears that estrogen withdrawal plays a
pivotal role with respect to increasing the frequency of
CSD (118). Accordingly, it was found that stress may influ-
ence the levels of cortical excitability, particularly during
the premenstrual period of individuals with migraine
(119). This suggests that stress occurring during this
period may increase the likelihood of a migraine attack
(119). Estrogen withdrawal can also directly influence the
sensitization of the trigeminal system in animal models
(120). These findings are consistent with the evidence indi-
cating that hormonal changes in female migraine patients
can increase CGRP release from the trigeminovascular
system, potentially contributing to susceptibility to
migraine attacks (121).

Sleep deprivation and fasting are among the most fre-
quently reported triggers by subjects with migraine (6).
The role of fasting in triggering migraine has also been
demonstrated in several studies conducted during fasting,
which showed a worsening of migraine frequency and
severity during this period (122-124). In animal models,
insufficient glycogen-derived energy substrate supply to
synapses or sleep deprivation lowers the CSD threshold.
Interestingly, the CSD susceptibility could be reversed by
supplementing with an alternate energy source (glucose or
lactate). This suggests that both sleep deprivation and
fasting may predispose to migraine attacks by limiting the
energy supply to synapses (125). Additionally, sleep
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deprivation may predispose to migraine attacks by lowering
the CSD threshold (125) and through GABA modulation
(126,127).

External triggers: alcohol, foods, exercise and visual
stimulation

Alcohol is frequently reported as a migraine trigger and is
one of the most reported external triggers (6,27,33,38,40—
42,128). Red wine is the most reported trigger among alco-
holic beverages, although it consistently led to an attack in
only a minority of patients (42). This suggests that the
ability of alcohol to trigger headache may depend on fluc-
tuating trigger threshold (42). Furthermore, a dose effect
for alcohol as a migraine trigger appears to exist.
Consuming three or more servings of alcoholic beverages
may increase the risk of experiencing a headache the fol-
lowing day, whereas consuming one or two drinks does
not appear to increase this risk (41). Several theories have
been proposed to explain how alcohol may trigger migraine
attacks (129). These include the activation of neurogenic
inflammation in the trigeminovascular system via the
release of CGRP and the vasodilatation of meningeal
vessels (130), as well as its ability to increase cerebral
blood flow (131,132). However, the exact mechanism is
still unknown (129).

Several studies investigated the ability of certain foods
that contain histamines (133) or nitrates (134), such as
dairy, chocolate or preserved meat, to provoke headache.
However, inconsistent results emerged from these studies
(40,135-137). For example, a double-blind provocative
study showed no difference between chocolate and carob
(used as a placebo) in triggering headache, downsizing
the patient-perceived role of chocolate as an actual trigger
of migraine attacks (137).

Visual stimulations and physical activity were frequently
investigated in humans but with inconsistent results in trig-
gering aura. Indeed, various studies have employed visual
stimulation to induce aura in subjects with migraine, with
a total trigger rate of 30% (138). Hougaard et al. (139)
found that photostimulation and strenuous exercise were
able to trigger migraine aura only in a small subgroup of
patients, and none of the patients developed migraine
after exposure to photostimulation alone. This could be
because, for sensory stimulation alone, as demonstrated
by intense photic or whisker stimulation in animal
models, predisposing factors are required for CSD to be
ignited (140).

It should be noted that exercise has been shown to have
a double role in migraine (141). Regular exercise may
reduce the migraine frequency (142,143), whereas low
levels of physical activity were correlated with a high fre-
quency of migraine days (144,145). On the other hand,
intense exercise has been reported as a potential trigger
in some individuals with migraine (6,139,146,147).

However, the number of experimental studies investigat-
ing exercise as a migraine trigger is relatively limited,
and exercise was shown to trigger migraine in a subgroup
of patients (139,146,147). Different mechanisms are sug-
gested to explain how exercise can trigger migraine
attacks, such as influencing the hypocretin pathway
(147), altering lactate metabolism (148), and raising
CGRP levels (149,150).

How the migraine attack starts: a unifying
theory between triggers and prodrome

It is worth noting that, although few studies have investi-
gated patients focusing on their PSs and, most of all, with
different time definitions of the prodromal phase, neuroi-
maging studies have identified similar brain regions that
become activated during the days before the headache
phase (Table 4). As mentioned before, the changes in
brain activity were shown to start from hours to days
before the headache onset (80,82,83,90), suggesting
that the prodromal phase occurs even in the absence of
the PSs.

From a pathophysiological perspective (Table 5), the
prodromal phase is characterized by increased excitability
(80,82,83,90,94,95) and changes in connectivity within
interconnected brain networks (5,151). This hyperexcita-
tory state during the prodromal phase can be hypothesized
as the common link between triggers and prodrome.

Considering that the hypothalamus is the principal hub
for modulation and integration between external factors, it
is a potential candidate for integrating migraine triggers
and internal bodily signals (5). Additionally, the hypothal-
amic—thalamic—brainstem connections and their connectiv-
ity changes can influence cortical excitability and the
threshold for the migraine attack (152). Indeed, trigemino-
vascular thalamic neurons receive direct projections from
the hypothalamus (72) and are continuously influenced by
modulatory inputs based on changes in homeostasis (63).
This enables the thalamus to dynamically regulate the trans-
mission of sensory signals, facilitating the adjustment of the
cortex to changing physiological, behavioral and environ-
mental demands (153).

The functional reorganization of various pathways
between the thalamus and the cerebral cortex during the
prodromal phase (73) can impair the sensory filter function
of the thalamus (90). This can affect the regulation of the
cortex excitability and cause a widespread enhanced acti-
vation of different cortical and subcortical brain regions
(90). When the excitation level reaches a critical point,
the hypothalamus and brainstem areas undergo changes
in their connectivity driving the transition from the
prodromal to the ictal phase (59). These changes finally
activate the trigeminovascular system, which facilitates
pain processing and leads to the headache phase (3)
(Figure 4(a)).
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threshold for migraine attack

Level of excitability

Baseline cyclical fluctation of migraine attacks

Trigger

threshold for migraine attack

Level of excitability

Cyclical fluctation of migraine attacks influence by "catalyst" triggers

Days

Trigger

Level of excitability

Prodromal symptoms misinterpreted as a trigger

threshold for migraine attack \

Days

Prodromal symptom

Days

Figure 4. (a) Baseline cyclical fluctuation of cortical excitability. The ictal phase begins when a certain threshold (red dashed line) is
overcome. (b) Certain triggers (“catalyst triggers”) can facilitate the onset of the migraine attack by acting on cortical excitability and
triggering the migraine phase if the patient is close to the migraine threshold. (c) If the patient is far from the threshold of a migraine
attack, exposure to the trigger fails to provoke the headache phase. However, prodromal symptoms may arise during some attacks and
may be misinterpreted by the patients as a trigger rather than the onset of their migraine attack. Created with BioRender.com.

Certain migraine triggers, such as stress, hormone
changes, fasting or sleep deprivation, might play the role of
a catalyst by increasing the likelihood of a migraine attack,
speeding up the already ongoing modifications of the brain
networks. Then, these triggers may influence cortical excit-
ability by activating the hypothalamus (63) or increasing the
sensitization of the trigeminal system (120) and can provoke
the system to exceed the threshold, leading to attack gener-
ation (138). It is plausible that these ‘“catalyst” triggers may
facilitate a migraine attack only if the patient is close to the
migraine threshold (Figure 4(b)). This could explain the
high heterogeneity found in clinical studies because it
depends on the specific timing of the migraine cycle during
which the patients are being studied. This hypothesis is
further justified by the evidence that galcanezumab, a periph-
erally acting CGRP-monoclonal antibody, was able to reduce
the incidence of both PSs and triggers that were followed by
headaches in responders with at least 30% migraine frequency
reduction (154). Then, reducing pain signaling may restore the
normal excitability of several brain areas, including those that
mediate PSs (154).

By contrast, external triggers may be less potent with
respect to increasing the chance of the upcoming migraine
attack. These include some triggers such as exercise and
alcohol, which are less commonly reported as migraine trig-
gers (6) and for which the actions may depend on the dose
and the system’s state, requiring multiple hits to cause the
migraine attack.

For other types of external triggers that could be defined
as “perceived triggers”, such as bright lights, sound or
odors, it cannot be excluded that they are PSs misinter-
preted as triggers (7,27,53) because they are likely the con-
sequence of activation of certain brain areas during the
prodromal phase (Figure 4(c)). However, longitudinal and
standardized studies are needed to address this overlap
and understand their real pathophysiology.

Importance of understanding the migraine
attack onset

Recognizing the difference between prodrome and triggers
and distinguishing between true and false triggers is
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essential for patients and clinicians. By identifying true trig-
gers, patients can avoid them and reduce certain habits of
unmotivated avoidance. Understanding triggers and pro-
drome would also benefit clinicians and researchers, pro-
viding valuable insights into the chronobiology of
migraine pathophysiology. Similarly, accurately identify-
ing PSs would allow early treatment of migraine attacks,
reducing their disability. Indeed, ubrogepant has shown
effectiveness in treating migraine attacks and reducing
functional disability when taken during the prodromal
phase (155). In this randomized control trial, it was
shown that 46% of the qualifying prodrome events were
not followed by headache when treated with ubrogepant
compared to 29% of those treated with a placebo.
Additionally, treatments targeting the CGRP pathway
have been confirmed to reduce the frequency of PSs
when these drugs are used as preventive treatment (154).
Developing new drugs targeting the central structures
implicated in the PSs, such as the hypothalamus or its
effector pathways, could improve migraine management.
However, some crucial aspects still need to be fully
addressed. In recent years, various systems have been
used to track migraine symptoms in a clinical setting: smart-
phone apps, digital spreadsheets and written migraine
diaries. PSs assessment is subject to bias, and proper inter-
pretation of the symptoms reported by the patients is a chal-
lenge. Although neurophysiological tests such as
electroencephalography, visual evoked potentials, visual
processing and quantitative sensory testing could be

valuable indicators of different migraine phases, they
have limited applicability in daily life (10). A proof of
concept study developed an easy-to-use wearable EEG
system that recognizes early changes before the migraine
attack starts, enabling valuable pre-pain prediction and
earlier intervention (95). In this line, the progress of perso-
nalized medicine and artificial intelligence will facilitate
attack prediction and treatment in the initial phase.
Finally, increasing research interest in PSs using triggering
models, functional magnetic resonance imaging (fMRI) and
randomized controlled trials may be a path to detect new
therapeutic targets. Then, by expanding the migraine under-
standing, we could implement migraine care.

Conclusions

Brain activity and network connectivity changes occur during
the prodromal phase. They may result in the development of
PSs, which could be misunderstood as triggers. However, the
excitatory activity tends to increase during this phase, and
certain triggers (“catalyst triggers”) might facilitate the
onset of the migraine attack by acting on cortical excitability.
If the patient is far from the threshold of a migraine attack,
exposure to these same triggers is less likely to facilitate the
progression to a migraine attack. However, further studies
are necessary to test this unifying hypothesis.
Understanding triggers and prodromes opens up the possibil-
ity of more appropriate and precise migraine care.

Clinical implications

improve migraine management.

e Migraine triggers and prodromal symptoms can be confused and have an intertwined relationship with the hypo-
thalamus as the central hub for integrating external and internal body signals.

e The prodromal phase is characterized by increased excitability and changes in connectivity within interconnected brain
networks. This hyperexcitatory state can be hypothesized as the common link between triggers and prodromal symptoms.

e Certain migraine triggers might increase the likelihood of a migraine attack playing the role of a catalyst in the
process of migraine attack generation, whereas others may be falsely interpreted as triggers at the same time as
representing the early manifestation of the beginning of the attack.

o Differentiating migraine triggers and prodromal symptoms is crucial to shed light on migraine pathophysiology and
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