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Abstract

Introduction Advanced neuroimaging techniques have extensively contributed to elucidate the complex mecha-
nisms underpinning the pathophysiology of migraine, a neurovascular disorder characterized by episodes of head-
ache associated with a constellation of non-pain symptoms. The present manuscript, summarizing the most recent
progresses of the arterial spin labelling (ASL) MRI techniques and the most significant findings from ASL studies
conducted in migraine, is aimed to clarify how ASL investigations are contributing to the evolving insight on migraine
pathophysiology and their putative role in migraine clinical setting. ASL techniques, allowing to quantitatively dem-
onstrate changes in cerebral blood flow (CBF) both during the attacks and in the course of interictal period, could rep-
resent the melting point between advanced neuroimaging investigations, conducted with pure scientific purposes,
and conventional neuroimaging approaches, employed in the diagnostic decision-making processes.

Main body Converging ASL evidences have demonstrated that abnormal CBF, exceeding the boundaries of a single
vascular territory, with biphasic trend dominated by an initial hypoperfusion (during the aura phenomenon but also
in the first part of the headache phase) followed by hyperperfusion, characterizes migraine with aura attack and can
represent a valuable clinical tool in the differential diagnosis from acute ischemic strokes and epileptic seizures.

Studies conducted during migraine without aura attacks are converging to highlight the involvement of dorsolateral
pons and hypothalamus in migraine pathophysiology, albeit not able to disentangle their role as ‘migraine gen-
erators” from mere attack epiphenomenon. Furthermore, ASL findings tend to support the presence of perfusion
abnormalities in brain regions known to be involved in aura ignition and propagation as well as in areas involved in
multisensory processing, in both patients with migraine with aura and migraine without aura.

Conclusion Although ASL studies have dramatically clarified quality and timing of perfusion abnormalities during
migraine with aura attacks, the same cannot be said for perfusion changes during migraine attacks without aura

and interictal periods. Future studies with more rigorous methodological approaches in terms of study protocol, ASL
technique and sample selection and size are mandatory to exploit the possibility of better understanding migraine
pathophysiology and identifying neuroimaging biomarkers of each migraine phase in different migraine phenotypes.
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Introduction

Migraine is a genetically determined neurovascular dis-
order featuring recurrent episodes of headache accompa-
nied by a constellation of non-pain symptoms including
sensory hypersensitivity, neurovegetative symptoms as
well as cognitive and emotional changes [1]. A non-neg-
ligible percentage of patients (about one third of patients
with migraine) experiences focal neurological symptoms
(the so-called aura), usually starting before the headache
onset, gradually spreading up to slowly disappear. Inter-
estingly, besides the ictal burden, compelling evidences
support clinical and psychosocial impact also during
interictal periods in these patients [2].

The diagnosis of migraine is based on the different fea-
tures of headache (e.g., quality, location, duration, tim-
ing, severity), the presence of accompanying symptoms
as phono/photophobia, nausea and vomiting, along
with attacks-related disability and precipitating events
[3]. Therefore, due to the unavailability of specific neu-
roimaging biomarkers, in the current clinical practice,
migraine diagnosis is an eminently clinical process where
instrumental examinations take a part only in excluding
causes of secondary headaches or, eventually, migraine-
worsening disorders [4].

In the last decades, among the advanced functional,
structural and microstructural neuroimaging approaches,
arterial spin labelling (ASL) techniques, able to quantita-
tively investigate, with clinical high field MRI, both global
and local changes in cerebral blood flow (CBF), repre-
sented a substantial breakthrough in the knowledge of
human brain processes as well as in other brain disorders
[5].

Specifically, ASL techniques have contributed to elu-
cidate the complex mechanisms underlying migraine
pathophysiology by the identification of CBF abnormali-
ties both during attacks and in the course of interictal
period.

Furthermore, while until few years ago the idea that
advanced neuroimaging techniques could play a role in
the evaluation of patients with migraine in clinical set-
ting was “heretical’; nowadays ASL techniques, by pro-
viding quantitative MRI biomarkers, could represent the
melting point between advanced neuroimaging inves-
tigations, often conducted on a group-level with pure
scientific purposes, and conventional neuroimaging
approaches, already employed in the diagnostic decision-
making process applied to single patients with migraine
[6]. Similarly, in a futuristic way, ASL techniques could
be putatively able to provide prognostic critical informa-
tion in order to support “tailored” therapeutic strategies
in every single patient with migraine, overcoming the
limitations related to the variability of the judgment and
experience of clinicians.
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The present narrative review focuses on the progresses
of the ASL techniques over time, their role in the evo-
lution of understanding migraine pathophysiology and
their applicability in migraine clinical setting.

Methods

Two of the authors (AR and MS) performed searches
on the PubMed.com website to identify all the origi-
nal articles by entering the key word "migraine without
aura” or “migraine with aura” combined with "arterial
spin labeling". The literature search was finalized on
Pubmed.com March 20%, 2023 and was restricted to
human studies written in English language. Our search
approach resulted, after removing duplicates, in a total
of 57 papers. Among these, 25 reviews, letters, experi-
ments testing treatment effects or studies not focused on
migraine as well as articles in which methods were not
properly described were excluded.

To identify additional relevant studies, we thoroughly
checked the reference list for each considered arti-
cle. Finally, the author neurologists (AR, AT and GT)
reviewed the papers found in the preliminary phase to
screen for inclusion and exclusion criteria. We ended up
with a total of 32 peer-reviewed studies.

Arterial spin labelling

ASL is a non-contrast MRI technique able to perform a
measurement of brain perfusion by means of magneti-
cally labelled arterial blood water working as an endog-
enous freely diffusible tracer [7-9]. Radiofrequency
inversion pulses are used to modify the T1 signal longi-
tudinal magnetizing (“label”) moving protons within the
carotid and vertebral arteries at the skull base. Image
acquisition occurs after a time delay to allow the labeled
blood to flow into the cerebral arteries (i.e. arterial cap-
illaries) where imaging slices are acquired. Perfusion
characteristics are quantitatively determined by pairwise
comparison of imaging data with and without labeling
(the latter working as control) [7-9].

The advantages of ASL compared with conventional
(e.g. 133Xe-SPECT, H2150-PET) as well as advanced
(e.g. phase-contrast MRI) perfusion-based techniques
include absolute quantification, repeatability, avoid-
ance of intravenous contrast administration and, overall,
superior spatial resolution and sensitivity. More specifi-
cally, all the major methods that have been developed
for measuring CBF are based on the principles of com-
partmental modeling and tracer kinetics describing the
dynamics of a tracer as it crosses the arterial tree into
the brain’s microvasculature (non-diffusible tracers) and
into the tissue (diffusible tracers) prior to venous wash-
out. Contrariwise, ASL fMRI uses arterial water as an
endogenous tracer and thus does not require injection of
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exogenous tracers that can be uncomfortable and poten-
tially harmful. Therefore, ASL, being noninvasive, is safe
to repeat over time and can be used to track changes in
CBF in the course of disease progression or treatment.
Furthermore, ASL yields an absolute measurement of
CBF and therefore any change in flow can be expressed in
physiologically meaningful units rather than as a percent-
age of change. Finally, ASL yields CBF images with higher
spatial and temporal resolution than any other current
technique.

Based on the labeling scheme, ASL can be divided into
3 categories: pulsed ASL (pASL), continuous ASL (cASL)
and the more recently introduced pseudo-continuous
ASL (pcASL).

The pASL was the first approach developed and is char-
acterized by the application of a single inversion pulse
providing high and stable labeling efficiency (e.g., up to
95%), although this approach is burdened by a subopti-
mal SNR and a limited spatial coverage.

Contrariwise, cASL, characterized by the constant
application of a pulse gradient to label arterial blood
flowing through a given plane, provides a higher SNR
(about 30-50% higher than pASL) although with subop-
timal labeling efficiency (e.g., up to 68%).

Finally, the pcASL, using a long series of radiofre-
quency and gradient pulses, provides a more robust
measure of CBE, even at low flows, and is able to offer
both higher SNR and labeling efficiency compared with
pASL and cASL respectively.

In order to maximize the SNR and temporal stability
of ASL scans, background suppression techniques and
three-dimensional (3D) fast imaging sequences have
been developed. 3D acquisitions not only offer increased
SNR compared with two-dimensional (2D) acquisitions
but they are also ideally suited for background suppres-
sion. A recent consensus recommended pcASL with
background-suppressed 3D acquisitions as the preferred
strategy for ASL clinical applications [5].

It is noteworthy that using the ASL techniques the
selection of post-labeling delay (PLD) (that is the time
interval between the labeling and the slice acquisition)
is crucial to obtain reliable measurements. Specifically,
the time interval must be long enough to allow labeled
protons to flow into the imaging slice, but not so long
that the majority of measurable tracer has decayed. For
this reason, until few years ago, the above-mentioned
ASL sequences, characterized by a single PLD between
the labeling plane and the image acquisition, were bur-
dened by a poor accuracy. More specifically, the variabil-
ity of regional arterial transit time (ATT), depending on
physiological and anatomical parameters (including, e.g.,
the cardiac output) as well as on the coexistence of some
cerebrovascular conditions (e.g., stenotic or low calibre

Page 3 of 17

arteries, or collateral circulation), resulted in a poten-
tial mismatch between labeling plane (radiofrequency-
labeled local blood flow) and 3D image acquisition (PLD
sequences) [10]. Another limitation of ASL sequences is
related to the fact that settings cannot be easily adjusted
or optimized to achieve the highest sensitivity for
regional CBF changes, considering single or multiple per-
fusion territories, within functional relevant domains of
interest. This is a momentous issue whenever the highest
effects of reduced or increased CBF may encompass adja-
cent perfusion territories characterized by different ATT
or when specific pathological conditions, systematically
affecting CBF parameters, may occur.

In order to surmount the above-mentioned constraints
a modified ASL technique has been developed, the so-
called multi-delay-3D-pcASL, adding to the noteworthy
advantages of 3D-pcASL: i) the proficiency of acquir-
ing volumes with multiple different post-labeling delay
times within the same series (i.e. multi-delay) increasing
the reliability of whole brain CBF analyses ii) the possi-
bility to contextual estimate adjunctive hemodynamic
parameters as “mean arterial transit time” (ATT), arte-
rial cerebral blood volumes and visualize the collateral
flow through dynamic image series [11]. As a proof of
the concept, previous multi-delay-3D-pcASL studies
have demonstrated that the use of multiple post-labeling
times may lead to sufficiently accurate ATT estimation,
thus improving the overall perfusion quantification mod-
els and, consequently, providing CBF maps with reduced
errors from ATT and tissue T1 variations [12].

Beyond the mere evaluation of regional CBF, ASL tech-
niques allow broader applications to assess brain function
during both resting and task condition [13]. Specifically,
ASL can be used to explore the brain resting-state func-
tional connectivity (as an alternative way than the blood
oxygen level-dependent (BOLD) technique) for a func-
tional connectome analysis), and neurovascular coupling
(if CBF and BOLD signals are properly combined from
concurrent ASL and BOLD sequences) [14]. The neu-
rovascular coupling is the complex biological process
that underlies use-dependent increases in blood flow in
response to neural activation.

ASL application to migraine models

It is known that migraine is not simply headache but a
complex and multifaceted neurological disease. Although
head pain is the most characterizing symptom, patients
with migraine also experience a plethora of non-head-
ache symptoms starting before headache onset or per-
sisting after its resolution, classically divided into the
preictal, aura, headache and postdromal as well as inter-
ictal phases, overall configuring the so-called migraine
cycle. In the last years, advanced neuroimaging studies
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have played a critical role in demonstrating, during the
preictal phase but persisting throughout the whole head-
ache timeline, the early activation of the hypothalamus
as well as trigeminal, pontine and thalamo-cortical path-
ways [15]. Along with the elucidation of the involve-
ment of neuronal pathways underpinning each phase of
migraine cycle, the ASL techniques have further contrib-
uted to clarify the neurovascular substrates of migraine
disorder (See Table 1 and Fig. 1 for further information).

ASL investigation during aura and headache phases

of migraine with aura attacks

About 30% of patients with migraine reports fully revers-
ible focal neurological symptoms, constituting the so-
called aura, gradually spreading in about 5 min, most
often before the headache onset (more rarely starting
along with headaches), until slowly disappearing between
5 to 60 min.

Visual symptoms, either negative or positive, are the
most frequently reported in the course of aura, followed
by somatosensory symptoms (frequently manifesting
as cheiro-oral paraesthesias) and dysphasic symptoms
respectively in about one third and 10% of patients [44,
45]. Nevertheless, patients may rarely report other higher
cortical dysfunctions such as memory disturbances,
prosopagnosia, dyscalculia and manual dyspraxia in
the course of aura phenomenon. The cortical spreading
depolarization (CSD), a wave of initial increase, followed
by a sustained decrease, was invoked as the pathophysi-
ologic mechanism underlying the aura phenomenon
based on well-known electrophysiological studies on rab-
bit brain [46]. Only several decades later, the pioneering
studies of Olesen and colleagues demonstrated, using
133Xe-SPECT during aura phase of provoked or spon-
taneous migraine attacks, a cortical oligemia spread-
ing from occipital areas to the anterior regions over
15-45 min, not congruent with large cerebral arteries
vascular territories [47, 48]. Interestingly, the regional
hypoperfusion involving cerebral hemisphere during
the aura symptoms kept being detectable by SPECT
sequences also after 30 and 150 min from the onset of
spontaneous migraine with aura and the same cerebral
regions were then overwhelmed by hyperemia [49].
Subsequently, Hadjikhani and colleagues by means of
BOLD-fMRI experiments in patients with migraine dur-
ing the aura symptoms showed that perfusion changes,
far from being the “primum movens” of aura, resulted
from autoregulatory mechanisms secondary to the neu-
ronal spreading depression [50-52]. These findings stim-
ulated the interest of researchers and clinicians so that
several ASL studies have been conducted to explore the
perfusion pattern of aura phenomenon in order to eluci-
date the underpinning mechanisms and to improve the
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differential diagnosis between the manifestations of aura
spectrum and cerebral ischemic events.

Among these studies, patients with migraine were
investigated with 2D-pASL within 6 h from the onset
of aura phenomenon to identify CBF changes corre-
lated with the diagnosis of migraine with aura (MwA).
The results showed asymmetrical hypoperfusion, pre-
dominantly in the parieto-occipital regions, not confined
to specific vascular territories [52]. The aura-related
perfusion changes were associated, in the majority of
patients (74%), with intracranial vasculature vasospasm
as detected by TOF-MRA images. Nevertheless, both
perfusion and vasculature features were only qualita-
tively evaluated based on a mere visual assessment [16].
Pathophysiological and clinical insights on aura-related
cerebral hypoperfusion could be even more relevant in
complex aura phenotypes (such as hemiplegic migraine,
atypical aura or confusional migraine attacks) often
representing a diagnostic challenge, difficult to be dif-
ferentiated from acute ischaemic strokes. Focusing on
hemiplegic migraine attacks, a pattern of cerebral hypop-
erfusion involving the hemisphere contralateral to motor
dysfunction was detected since the first ASL approaches
[17]. However, over time, specific and accurate data arose
from studies employing ASL technique evolutions. For
instance, using 3D-pcASL, abnormal CBF has been dem-
onstrated in paediatric patients with MwA manifesting
complex aura phenotypes [18]. Interestingly, patients
investigated within 14 h from the onset of the aura exhib-
ited a decreased CBF, involving the hemisphere con-
tralateral to aura symptoms, whereas after 17 h from the
onset of the aura, an increased CBF was highlighted in
the same areas, independently from the symptoms or
the persistence of either aura or headache at the time of
the scan [18]. This biphasic perfusion evolution charac-
terized by an initial regional hypoperfusion followed by
hyperperfusion, seems to represent the typical pattern of
MwA attack since it has been observed also in patients
experiencing typical visual MwA when investigated after
the onset of aura phenomenon as well as when explored
several hours after the aura resolution during the head-
ache phase [19-21]. The shift from regional cerebral
hypoperfusion to hyperperfusion (due to delayed arrival
of labelled blood in the territories involved) justify the so-
called “arterial transit artefact” in patients explored dur-
ing the transition from the aura to the headache phase,
as already demonstrated in the early reperfusion follow-
ing intravenous thrombolysis in patients with ischaemic
stroke [21].

While the presence of a biphasic CBF changes involving
aura and early headache phases is an indisputable fact,
the time-course of the perfusion phenomenon seems dif-
ficult to be consistently delineated. Therefore, 3D-pcASL



Page 5 of 17

(2023) 24:71

Russo et al. The Journal of Headache and Pain

VM SB 4oNS 3011S
4O S2lWW 9soubelp o1 buid|ay sidyap [ed
-160j0IN3u 21nde Ul Njasn Ajeadss si 1Sy

9242 sureibiw

Jo aseyd aydepeay ayi buLNp eine sy} Jo
uonn|osal aye bunsisiad Ajjenusiod pue
3oe1e suleIBIW JO buluuibag sy Jaye
SINoY [e19Aas uoisnpiadiadAy pakelsp
pUE ‘S9110111191 Je[ndseA 3|diynuwl J1oA0 bul
-pus1xs eIne Jo aseyd [enjul sy buunp
uolsnyadodAy 10919p 01 Smojje ISy

aseyd aydepeay ay1 buLnp uols
-nyadiadAy pue aseyd eine sy buunp
uoisnyiadodAy paieosse buimoys Aq
saulelbiw d16a|diway JO JejNdseA yum sid
Aynuapl djay Aew sisAjeue uoisnjad 1Sy

950415 DIWRLYDS| 3INJE INO
Buint sdjay pue ympy jo AbojoisAydoyred
40 buipuelsiapun ul ybisul sapirocid ISy

anbiuyda1 1Sy Yim pazijensia g

Aew 219ydsiwsy [eIga192 Pa1daye 9yl Ul
uoisnpiadodAy yoene aurelbiu a1noe ue
Bunnp ‘auresbiw d1631diway yim sid uj

spe1e YMA JO Sisoubelp

ple Ued ‘YN0 Ul WsedsoseA Jejndsea
pue ‘S311031143} Je[ndseA 03 Bulpuodsaliod
10U ‘suoIBaJ Uleiq Ul Sy UO salljeu
-jouge uoisnyad Jo uoneosse ay |

S0l
-191 Je|NdseA JouR1sod pue Jousiue
BuiAjoAul ‘21aydSIway T Y3 JO OIS

-nyladodAy aAISUSIXS UB PaMOYS 1SY -

IMQ PUB YIv14-CL [BIXE [BULION -

(panjosail eiseyde quasaid

[|11S 2Yoepeay) 1a1e| Y 8¢ x31402 [edIDd0
-01o1ed 7 9yl Jan0 uoisnpadiadAy o
eine buunp alaydsiway 7 a4nus

9y 1oA0 Bulpualxe uoisnyadodAy o
-PomOys TSy -

IMQ [EUWLION -

A|[eJ21e]1q $900] [e1dI200 [elpaw

a1 ul uoisnyiadiadAy pamoys 1Sy -

‘e puecid

X21102 |e191ied pue [ejuoly Y

2y ul uoisnyladiadAy [euoibal paylew -
13

[PWLIOU SeM |M( -

Ja)yeasow oy /|

paulloiad Sem [y SY3 §I pasealdul -
195UO Ja)e Y 1| Uey) Ss9| pawioyad
SEM [YN USUYM SWOIdWAS Ylm U
-1SISUOD UOIB3I UlRIQ B Ul PISEIDIP -
sem 49D

sbulpuy

DSA YHM ||om pa1e[a1lod uolsnyiad 1Sy -
2laydsiway

[P4g219D 7 31 Ul 2dueUIWIOPaId Jo1d)
-sod yum uoisnyadodAy pamoys s -

uoisnpadodAy el

-1eJOWOY Y1IM P1RIDOSSE 2Jom sabeul
VdN-40L [eUlioUqe 941 JO 9001 -
2JN1EJNJSEA [BIUBIDRIIUI SU1 UIYUM Wised
-S0SeA pa1uasaid UaIp|IYd 7| yYIN-4OL -
$300] |BAG192 3JOW JO SUO Ul UOIS
-npadodAy payuasaid uaup|iyd 9| ISy -

1Sy Buipnpu) |4

1Sy Buipnpu) |4

(uoisnyiad ISy Buipnpul (YN

(IMQ@ pue 1Sy sno
-nupuod-opnasd g Buipnpul) YA LS'L

(DSA pue ISy sno
-nupuod-opnasd Qg Buipnpul) YA 1 €

sy
pasind gz pue YYN-40L Butpnpul) [y

eine Buunp (syoepesy
AQ pamo||a4 eiseyde usappns) 1d ymp |

(e1seyde
pue eissyisaled qui Jaddn Y) eine
191je pue buunp M pue A yumad |

195U0 SwWodWAS [e2160[0INSU WOy
Y 7 PUB 9 U9aM1SQ (RINE [BNSIA YIIM 7
‘autesbiw o16a(diway |) s1d sureibiw ¢

(Y 21 sem Kejap [YN-031-135Uo
uelpawl) yoere buunp sid ymp 0|

(Papis ¥) 3oene
Bunnp sulelbiw d163(diwsy yumid |

(39suo swordwiAs ayy
1914e Y 9 JO oW} ueipawl) sid VM /|

[12] £10T "[e 13 SA-meT]

071 107 “|e 32 suing

[61] 800€ "2 32120104

[811 9107 “[2 13 sinojnog

[£11910T "2 3 Wiy

[0118107 "|e19101pRD

uonejaidiaiu|

sbuipuy urepy

anbjuyda)

sjuaned Jo°N

ERTIEYEIEN]

auleibiw 03 paljdde ssipnis ISy JO saIn1eaj ulely L ajqeL



Page 6 of 17

(2023) 24:71

Russo et al. The Journal of Headache and Pain

YOM BulINp N30 01 pa1dadxe
10U aJe sabueyd uoisnyiad Juedyubig

wsijogelaw Abiaus palsye ue 1sab

-bns Aew |9A3| sulleaId [10) PaseaIdUl
AJUSLINDUOD 3Y1 3IYM ‘S|9A3| 91eWweIn|b
19ybIy yum pa1enosse 10U sem aulelbiw
BuLNp uoleAilde aunuod |eia1e|osioq

yoe1e SuleIbiw
40 sissuaboyied ayy ul a1edipipied Aew
seale BbulpunolIns s pue snuiejeyiodAH

200 [euddo0o

2y1 Ul Ajjepadsa ‘Aljewlouge uoisnyiad
Jo @duseAaid ybiy e smoys ISy ‘surebiuw
Yum s3d Juadsajope pue dpreipaed uj

015 wouy suresbiw o163|d
-lwiay burysinbunsip o1 djisy Mg [ewiou
YUM S90UaNbas ISy JO uonessi|e sy |

eine Jae Aj91eipaww

10 bunnp sabueyd uoisnyad 3|qIsianal
JO JUSUISSISSE JO) 9|CPUNS POYIDW
22l4-1usbe

15e13U0D B 5| bulbew uoisnyiad 1Sy

30B11E U1 SPISINO PUB UM
Je[IWIS DI3M S3N|RA 4D (101 9BRIDAY

PaseaIdUl S|9AS| U1 [B10)
‘sspene bupnp pabueydun paulewsai
IR SUIRS 9Y1 Ul S|9A9| 91eWeIN|D) -
S$Y2e11e 9PISINO 01 pasedulod

‘syoene buunp opis uted o0y [essieisdl
‘suod [eJ91e|0SIOP Ul PIsealdul 49D -

snwejeylodAy

pue seaJe djwe|ey} UeIpaW [eile|iq 3y}
ul uoisnyiad Jo JuswaAoidwl SAIIe[SI -
‘(2e1e buunp sabew

01 pasedwod) JUSUIIeaI] JS1JE UIW OE
X9}110 [PIUOI Y3

ul uoisnyadiadAy aaizeal JuedyiubIs -
snwejeyiodAy

pue Seale djwejeyl UeIpauU [esle|iq

ul uolsnyadodAy aaneai yuedyiubis -
‘(porad 231y

-aulelbiw 03 paledwod) yoene buung

SallewIouqe uoisnpad yum

s1d Ul uonezijendsoy ‘uoISNuOd ‘saljige
-SIp J010W ‘eine Jo du3jerald JaybiH -
YN TSY-UOU UO Ayjjewioude ou -

(%€ /) 290] [PUdIDD0 Y3 Ul A|[eadsa ‘Au
-lewsouqe uoisnpiad paugiyxa sd || -

(Yszpue

'S 'L | Aq uoisnyladiadAy oy uonisuen
a3 bunesipul) uoisnpadiadAy € o
uolsnyiadodAy 6 o

2Jaydsiway

pa3123jjeun ayl Yim pasedwod uoisny
-12d [Iga19D Ul S3OUBIBYIP YIM sBuipuy
ISV [euiouqe pue @ [ewiou pey ||y
uols

-nyiad [ewllou :seyd dnewordwAsy -
uols

-nyiadiadAy [euoibai :ayoepeay buung -
EEDGINEN

1B|N2SeA [eIga132 Jofew JO Sallepunoq
2y bunoadsal jou sease pasnyadiadAy
pue pasnjiadodAy uadelpe :einy -

(IS sno
-nunuod-opnasd g¢ buipnpul) YW 1 €

Adoosoiioads Yy uoiold pue (1Y
snonuiuod-opnasd bulpnpul) YW | €

ISV pesind buipnpul) (YW L €

(ISv pesind @g Buipnpul) [YW L €

sy
snonupuod-opnasd ¢ Buipnpul) (YA

(asv
snonupuod-opnasd Q¢ Buipnpul) (YA

polad aai-aydepeay
pue 3oene buunp syd Yomp €|

SHDB1R YoM 2dNPUl
0} |JeUSPJIS pUB dYDD JO UoleISuIWpe
J3Ye Y 9 pue 21029 s3d YOM 97

polad aai-xoene bu | ueiduiezi

4O UORISIUIWIPE [BIO JaYe UlW OF -
(39suo-150d Y | UIyam) yoene buunp -
dulelbiu Jo

soposida 7 bulnp pauueds YoM auQ

soe1e buunp (UOISNUod / ‘s9)
-SIp JOJOW 6 ‘'SWOIdWAS [ensIA € ‘eine
8 :swoidwAs [e2160]0IN3U YO YIM
91 ‘auleibiw Ajuo €¢) sxd sulelbiw 61

19500
swoldwAs D160joINaU WO Y | | pue €
u9M1g $1d aulesbiw d163(diway 7 |

saseyd dnewoldwAse
pue ‘sysepesy ‘eine buunp s1d ymp 1

[£2] £10T "2 32 BISANOD-|ID

[92] 1Z0T "2 13 SIUNOA

(521 010¢ "2 12 018y

[r7] 810C "8 12 lUeI™N

(€21 810T "I 39 PAsHd-qqoD

(€2 £10T "B 13 JIom

uonejaidiaiu|

sbuipuy urepy

anbiuydap

sjuaned Jo N

EMIEFETEN ]

(panunuod) L ajqey



Page 7 of 17

(2023) 24:71

Russo et al. The Journal of Headache and Pain

Syoene aulelbiw
paleadal Jo adusanbasuod aq Aew snIAL
[BJ1U9-150d UIYLIM SUONRISL|R 953U |

Audnseld [euonsuny sanndepejew 10 A1
-depe Aq UaALp 99 Aewl ya1ym ‘Aemyred
|PD1140D-0UIWSbI] 941 JO UoIbal umouy e
Ul 31249p |[PUOIIDUNY DYIDadSs-95e3sIp € JO
90UasaJd 2Y1 1R1ISUOWISP SINSDI 9S3Y |

J9pIos|p Siy3
JO J01DB) [PSNED B 3Q P|NOD Sallijeudiouge
95943 1841 bunsabbns ‘sninwiis [ensia
[eUISIX3 Ue JO 9duasald ay) Jo Apusp
-uadapul $91e1s 9ARIUDOD pue A10suas
x3|dwod Jo buIssed01d BY) Ul PIA|OAUL
seale Uleiq JISULIUI JO }IOMIDU SpIMm e

Ul 49D PseaIdUl U MOYS SSA YIM S1d

S3M[PUWIOUGR 49D YIM pa1eidosse
S| pue ‘DH ueyl sid yYMIA Ul UIOWWOD
240U S| SI|JIM JO 3]2413 d13|dwodUl Uy

A||eJodwi1-011d1530 pPa1ed0| 195UO
asD Jo uoibas pasoddns ay1 ul punoy
sem uolsnpadiadAy ‘a1e1s [PIOLSIUI SUI U]

eIUAPO||E SNOaUEIND pue

Kouanbaly yoenre aulelbiu yum anjea
MO}} POO|Q U99M12q UOIIR[24I0D AL
-1s0d snuAD [e11u92-150d Y SY3 UIYUAN -
DH Yum pased

-WoD SNIAD [e)1ua-150d [eId1e|Ig UM
Sasealoul 4gDJ bunsas JuedyiubIs -

s1d ay3 Jo abe ayrio

SS3UJ|I JO UOIIRINP 3Y3 JoU ING ‘Adusnb
-31J Y211 Y1IM P31e|21I0D AjRAIsod
2JaM snIAD |elyuad-1s0d Ul sanjea 49D -
JH 03 patedwod snAb

|enua2-1s0d 7 pue Y sy y1oq ul 4gDi
12ybiy Ajauedyiubis pey sinaureibi -
uopenwis [ensia buunp DH

sA s3d GSA Ul BINSUL Y Ul paseainul 491 -
3|ngoj [eudidd0 Jopadns pue ajp

-piw ‘snAB |el3uad 1s0d ‘sniAb Jejnbue
'SnIAD [PIUOIY SPPIW 21102 218|NBUID
Joua1sod ‘xa110d Jojowald ‘spjay 943 |ey
-uoJy ‘ease Jojou Alejusua|ddns ‘B|ngo)
|e1aiied Jopadns 3|nqo| |eanied Jopadns
pue Jouajul 'snaundaid ‘snaund ay3 uj
SNINWIAS [BNSIA,2Y1|-MOUs, Bulinp pue
1591 18 DH SA $1d SSA Ul 4gDJ JoybIH -
K1031419) K191 [RIGRISD

J0o1150d BY3 Ul MO} POO|Q JO SILIDUI
-WASe 1918316 Y1IM Pa1RID0SSE SIaM SIuP
-LieA AJ91e [elga1ad Jouaisod oyidads -
49D duaydsiway ul AllswwAse 191eaib
pey 3|41 313|dWodUl Ue YIIM Sid -

DOH ey

SIUBLIBA JO USPING JBYDIY B PRy YMA -
YOM|A pue DH 01 paledulod

VM SU1 Ul UOWWOD 310w Ajjuedyiu
-B1s sem sij|iAA JO 9]2410 213|dwiodu| -

2183S [RIDLAIUI DI BULIND YMN

U] padunouoid alow ‘DH 03 uosiedwod
ul sinauelbiw uj (GA ea1e) X3110d
31e111SeIIXd 3y Ul uoisnpiadiadAn

sy
snonupuod-opnasd Buipnpul) (YA 1 €

(sv
snonupuod-opnasd Bulpnpul) [YN 1 €

(IS sno
-nunuod-opnasd g buipnpul) YW | €

ISy sno
-nupuod-opnasd Qg Buipnpul) YA 1 €

1SV sno
-nupuod-opnasd Qg Buipnpul) YA 1 €

DHCC
‘W J21R Y $Z pue 210J3q Y 7/ 1se| 18
syoe1e SuleIBIW WOl 934) S3d YOM 77

DH /L
‘|4 191 Y ¢ pue 21049q Y 7/ 1ses| 1e
Syoe11e Sulelbiul Woly 9314 $3d YOM /|

SNINWIS [BNSIA
LI[-MOUS, BulINp pue 1531 1e pauueds
JH ¢ pue (sisoubelp aureibiw J1pos
-1d9 JUPWODUOD YUM G 1) S1d SSA #7

DH €5
(VOMAI L9 "YMN 96) $3d durelbiu /| |

DH 61 'ldIA J9)e pue 21099
Y 8f 15e3] 18 $3OP1IR SUIRIDIW WO} 931}
(VOMW + 'YMIA €1) s3d auteibiu /|

[2€] £10T “|e 13 JoSSNOA

[L€] S1OZ "2 12 UOSUINPOH

[0€] LZOT "2 12 ePP3|Nd

[62] €102 “|e 12 eJeIyddND

[82] 610€ "B 33 SIPYII

uonelaidiaiu|

sbuipuy urepy

anbiuydap

sjyuaned jo*N

EMIEFETEN ]

(panunuod) L ajqey



Page 8 of 17

(2023) 24:71

Russo et al. The Journal of Headache and Pain

s1d D 4o Jasewolq buibew dnsoubelp
|errua10d e se palapIsuod ag PINod suaq
-wnNJoe sNajoNnuU a3 Jo uoisnjiadodAH

Bujssadoid [ensiA pue ujed ‘[euoiows pue
‘uonjesbalul uonewsoul ‘uondsdiad uon
-BULIOJU| 9A|OAU SBRIE UI SY U1 1B S103)9p
UO[123UU0D {gD) 2Injed) pue 4g) [euoibal
Ul safljewouge 1gIyxa sid yompy

DH pue YoM WOy
VM BullenuaIayip Ul saipnis snoiasid
YHm ASU3151SU0D pamoys pue buissadoid
uted aulelbiw Bue|Npow suNID

pue SyI0MmIdU

-0Jnau JO Jusuodwod Jueniodul] plejaAo
SuoIbal Uleiq ul 4g0) paleulsi|e sy

SIsauab YoM Y3
Ul WS|UBYDaW djUsboINau ay3 1epidn|d
Aew uoisnyadiadAy [e1gaiad Jo ulalieyd

DHSAND Ul

SUSQUINDIE SNS|ONU [B21E|I] JO SUIN|OA
U1 J0J duaI3YIP 1uedYIUBIS ON -

21025 YA

PUE SUSCUINDIE SN3j2NU T 3Y3 JO SN|eA
49D U99M12q UONe[2110D dANEHON -
SUSQUINDIR SN9|PNU

T Ul DH SA Sd D Ul aNjeA 49D JamoT -
snuAb |enquo

[PIUOLJ S|PPIW Y PUE X91I0D Sulied|ed
U29M19¢ ANIAIIDRUUOD 4gD) Paseaidu| -
snJAD Jejnbue Y ‘s1epned

Y ‘usweind y ‘sniAb |eyuoly Jouadns

7 pue snAB [eIQIO [PIUOL S|PPIW Y
U93M197 ANAIIDRUUOD 4gD) pasealdaq -
21025 Aousnb

-a4p42e1e ALQUOW pue 8-DSTA Yim
pa1e|2.110 A]9ANIsOd 49D pasesidu| -
paul>ep

SILISA Ul 1eY1 3IyM ‘SnuAB [eruoly s|p
-piw Y pue sniAD [e3glo (eIl S|PPIW
Y ut 49D Jaybiy pey syusned yom -
S9[eds Buliel [eo1Ul)D Yim

pa1e[21102 A[JURDYIUDIS SUOIBLEA 953U[1 -
X21102 [e11d1220

|PJIUSAOIPIW pUE SNueeyl ‘snukb
[PIUOJ D|PPIW 31 Ul S|9AS]| 49D JOMO| -
‘win|

-[2ga192 pue snIAH [enuaisod ‘sniAb
[eauo4} Jouadns ul sjaAs| 49D Jaybiy -
uasald DH PUB YOMIA SA YMIA YUM Sid
8evd

7943 JO dN[eA 49D Y3 Y1IM UOIIR[91I0D
ansod Apuedyiubis $9103s QNVH -
49D pasealdap Ajpuedyiubis o -

8€vd Ul 4G posealdu] -

(IS sno
-nupuod-opnasd gg buipnpul YA L€

1Sy sno
-nupuod-opnasd Qg Buipnpul) YA L €

ISy sno
-nupuod-opnasd ge buipnpul) YW 1 €

(I1SV sno
-nupuod-opnasd Qg Buipnpul) YA 1 €

DHGL
(pouad [eyduaiul bulnp) sid WD €1

DH Tt 4N J3Ye PUe 21049q Y 8% Ise3| 18
Syoe1e SUlRIBIW WOl 9314 S3d YOM O

OH 7
pouad |e1dua1ul Bunp

(VOMA 96 "YMN 7€) sid surelbiw g8

DH S L 4N 210)2q Y 7/ 1589 18
Sy2e1e SUIRIBIW WOl 9344 SId YOM G |

[9€] zzoC "[e 19 NI

[G€] 120T "2 32 bueyz

[vel czoz "r 19 ng

[€€]810T "2 12 UBYD

uonejaidiaiu|

sbuipuy urepy

anbiuydap

sjuaned Jo N

EaIVESETE)]

(panunuod) L ajqey



Page 9 of 17

(2023) 24:71

Russo et al. The Journal of Headache and Pain

(PSIDADIA 10) 49D
Bupsal uj suopelsie o) paieal aq Aeuwl
VM UL S21ISUSIULIRAAY 12118W 1Y

4[95) eINe pue ssauaAisuodsaliadAy
|BDI1J0D U93M1SQ UOIID2UUOD 10311p B
BunsabHNS ‘SNINWILS [BNSIA 01 SSIUDAIS
-uodsauadAy [eD11J0D aARY S13(gNS YMN

UoIUBI oe1R SUlRIDIW U]

PIA|OAUL ST SNwie[ey10dAY 1eyl sisayrodAy
a1 suioddns aydepeay aulelbiw e

01 Joud

Aj21eIpawud] polad ayi ul A1AID3UU0D
pue uonouNny diue[eylodAY paisiy

4gD |euolbal pue UoleAlde

DIWEB[BY] [BUOINBU 3SBIDU] O} pe3| PjN0d
‘s3d D Ul duleIBIW JO syde1e Buindal
‘uoileullojul 9AIdadIDOU bulpuadse

10} 23U3D Ae|2l B SNUIeeY) 9Y3 Bulag

$3d YoM pue DH Ul

U995 Sem 49D pue peoj| sanisusiuLadAy
1911PW 3YM USIMIQ UOIIRIDOSSE ON -
49D Jamo| pey peoj sanisuaiuuadAy
1931w 3UYM Ybiy yum sid ymA -

sdnoib usam1aq JayIp 10U PIp

MO} POOIQ |eIga1aD Bunsal [euolbay -
ajod [eudid0 ay3 01 pauy

-UOD SBM WA Ul UOIIBAIIDR PaSeaIdU|
DH PUB YOMA| US3MIS] 90UI34IP ON
DOH pue

VOMA\ O paiedulod M Ul 191ea1b -
:SeM 19]2NU 218|NDJUD |RISIR| BY)

Ul puB Xa110d [ensiA Alewilid ulyim uon
-e|nwis [ensia 01 asuodsal YWY 109

¥DB11E UB 910§9¢| A|UO (X9110D

91e|NbUId pUE ‘B||NPaU [BIPSUWIOIIUSA
[essol ‘suod |esiop ‘Aelb [e1dnpanberiad
ulelgpiw) Aemyied buissadoid ujed
9U3 4O suolbas pue snwejeyiodAy
[BJ91B] 9Y1 US9MISQ Pasealdap Yibuais
A)AI1D3UU0D [PUONDUNY BUNSAY -
snulejeylodAy [essre| syl

Ul Paseaiap 4gD-SY Sfoele Ue 01 10ld -

AJjeia1e(q

Snuie[eyl JO SN3JINU [eJ31e| [BIIUDA 3L
Ul S9N [eA AGDE PUB 4g0) Paseaidul -
DHSANWD

(snwejeyy

JO SN3PNU JOLBIUR [RAIUDA ‘SNIAD [eUGIO
3|ppIW pue Joua1sod) aaydsiusy Y

Ul SaN|eA AGDE pue 490 Pasea.dap -

“DH SAHJAN

OH +§ ‘pouad [erduaiul bulnp
(VOMW 09 ‘YMIA 96) sid aureibjw 91 |

1Sy sno

-nunuod-opnasd ¢ Bulpnppul) |4 L € (0] £10¢ “|e 32 Bueyz

(I4W-a109 DH Gz ‘pouiad [eyduaiul buinp

pue 1Sy pasind Buipn|pul) [YN L € (VOMIA ST 'YMA G7) sid aureibiu 0g [6€] €102 "2 12 B1IEQ
DH 9t
(Ye

UIYHM) 3e3ie ue 0} Jopd pauueds / -

(4 T2 ulyum) syoene Jo pus

dY3 BUIMO||0f A|21RIPaWWI PauUURDS €| -

(14 1oye y vz pue

210J2q Y 7/ 1583| 18 uleIBiW WOJ) 934))

sy polad [eydpaiul bulnp pauueds zg -

snonunuod-opnasd Buipnpul) [N L € (VMW 6 ‘YoM §7) 51d aureibiul ¢ [8€] 020Z 12 13 YfelAs

1SV sno
-nupuod-opnasd Qg Buipnpul) YA 1 €

DH SL 'HdaN

Sl ‘pouad jeusiul bulnp WD 81 [£€] cToT "e 12 leg

uonelaidiaiu|

sbuipuy urepy

anbiuydap sjyuaned jo*N ERIIEIETEN

(panunuod) L ajqey



Page 10 of 17

(2023) 24:71

Russo et al. The Journal of Headache and Pain

Kouanbaiy-mo| Jo apnidwy 447y ‘Buiidnod sejndseacinaN JAN ‘[HIN [rUORDUNY (YA ‘Auspuadap [9A3] uoneuabAxo poolg G104 ‘Dydepeay Jualsisiad Ajlep MaN HddN ‘D1eis bunsay sy ‘g-aileuuonsand A3

uonenNy A>uanbaly-moj jo apniijdwe jeuonouny 4474 ‘uoieniony

14617 |ensIA 8DSTA ‘9|edS uolssaidag uoljiweH gWYH ‘edle uuewpolg g ‘DWoIpuAks mous [ensiA S/ ‘uolssaidap buipeaids [21110D s ‘s|011uod AyyjeaH DH ‘apiidad pale|ay aUsaD UIUOUD|eD) dyD) ‘swelb! E bw
‘S9INUIW UJW ‘eIne INOYUM duleIBI YoMy ‘AI9A0D3I UOISISAUL palenualle-pin|4 y/y74 ‘@uieibiw diuoayd ) ‘waned 1d ‘Buibewi paiybiam uoisnyiq /M ‘Mol poolq [eiqalad 49D ‘buibew| pai1ybiapn uoisnyiad iMd
14977 1senuod Ajiqndadsns sjweukgHsg Wybiy ¥ ‘buljagel-uids jeuslly 7Sy ‘Aydesboibue soueuosal diaubew 1ybiy-jo-awi] Yy W-40L ‘Buibew) adueuosal d11aube Yy ‘SINOY Y ‘S1uslied sid ‘eine Yum sutelbiy ympuy

N2

DIqUI| Y3 UO UonIgIyul dlwejeyiodAy 1soj
3U1 JO 3nsai 2y Juasaldai Kew syoene
aulelbiw pue ‘sAemyied dIqul| [043UOD 0}
3|ge ‘s9559201d [eulalUl JO SUWOUOIDW

e Se 10 0] SWaas snwiejeyiodAy ay |
YMIA UL

9UWI0123UUO0D UleI] 3|CBUIXD DIOU 210}
-2J9Y3 ‘puUe SYIOMISU PIZIUOCIYDUAS A|yod1y
‘pa1dnIsIP AJISea ‘9|gelaulNA 3J0W Ul 3nsal
Kew A1IA[1B1I0SSE |eqo|D YI0MISU MOT

uleiq ay3 03 ujed djuolypd o 1edull
9y3 ssasse 03 sid |\ Ul uoduNgsAp JAN
10919p 01 Pasn 3q PINO YA [ePOW-INIA

aseyd aydepeay ay1 buunp buisde|
-|03 USY) 42E11e 91 SPJeMO] [AISIUI
[BIDLISIUI Y3 JSAO WIR1SAS DIqUll| 9Y1 O}
AUAI1D3UU0D Dlwejeyl0dAY JO 9seaIdU| -
yoene buunp uoisnjad

159YBIY 841 Yam UNdIID dIgul| Y3 Ul
uoisnyad uleiq Jo sabueyd dIPAD -

(JUDIDLYJ20D SAIIRHIOSSE JaMO)) A1IAIIDRU
-U0D [eUOIdUNY [BCO|6 Ul SSOUIDYIP -
AJAIID3UUOD [eINIdNAS [eqO|D JO SN
-SeaW YI0MIDU DY Ul S3DUSISYIP OU -
Usa1d YOMA SA YMIA YHM Sid

UORIPUOD Yi[eay 0} paiefal
Ajnsod pue Aouanbaly ayoepesy o}
paie|al ApAiebau 21om snuAb Jejnbue
7 ul pue snuAb jeuibiew Jopadns Ul -

48044714
awn bunsisiad aurelbiw
Yum paieja1i0d AjpAnebau snaundaid

d 9IYM AIOISIY 9SBISIP YIM Pa1e[a1iod

Kjpamisod snuAb |eyauied souadns Y ul -
49D-447V

Buissadoid uonewoul A10suas

10 [BNSIA O} PI1B[2J UM SBIR IS |
snaundaid pue ‘snuAb |eraued Jouadns

Y ‘'snuAD |e11d1220 Joadns Y ul Jaybiy -

snIAD

Jejnbue 7 pue ‘snuAb jeuibiew Jopadns

7 'snIAD [p1aLied JOLIDJUL T Ul JSMO| -
:2UDM SISYJRWOIG DAN

(sv
snonupuod-opnasd buipnpul YA 1 €

(1S sno
-nupuod-opnasd gg buipnpul) YA L€

(sebewl [YIN-a109 PUe [4IA4-1SY Sno
-nupuod-opnasd Qg Buipnpul) YA 1 €

(oe1e JUSNbasaNS ay3 210j9q

Y 8t uIyum buipiodas feuy) shep |
K193 pauuedsas (buluuibag ayi Jaye

U 9 UIyum) pee buunp sid YoM 71 -

pouad [e1dpaiul Bunp
(VOMW Zt "'YMW | 1) S3d autesbiu gg

DH v Sid WD +T

[€¥] 1Z0T "8 12 ZUMSNUEIS

[ev] ¢zoT e 19 yied

[1¥1610T "[e 12 NH

uonelaidiau|

sbuipuy urepy

anbiuydap

sjuaned jo*N

ERIVESET )]

(Panunuod) 1 3jqey



Russo et al. The Journal of Headache and Pain (2023) 24:71

Page 11 of 17

craving

Heightened
perception

preictal

-

Nucleus Accumbens

itivity Symp

Neurpvegetative Symptoms \

Cogriitive Abnormalities

interictal

Visual cortex (V5)

Superior temporal gyrus

Fig. 1 ASL perfusion changes for each phase of migraine cycle. A and B CBF maps showing an early left hemisphere hypoperfusion followed by
hyperperfusion in areas congruous with aura symptoms (exceeding the boundaries of single vascular territories) (modified from Boulouis et al,,
2016 [18]). C Reduced regional CBF in lateral hypothalamus and visual cortex during the preictal phase of migraine attack (modified from Meylakh
etal, 2020 [38]). D Increased regional CBF in limbic circuit during the headache phase of migraine (migraine without aura attack) (modified from
Stankewitz et al., 2021 [43]). E Increased regional CBF in extrastriate cortex and superior temporal gyrus during the interictal period (migraine with

aura) (modified from Michels et al., 2019 [28])

quantitative and qualitative analyses, along with MRA
and SWI qualitative analyses, have been conducted in
patients with MwA or hemiplegic migraine within 12 h
from symptoms onset. Consistently with previous stud-
ies, initial hypoperfusion (with concomitant apparent
constriction of distal vessels on MRA and deoxygenated
blood in cerebral veins on SWI) followed by a rebound
hyperperfusion in the affected hemisphere were demon-
strated [23]. Focusing on the time-course of perfusion
changes, the duration of cerebral regional hypoperfusion
lasted over 11 h (since the aura onset) in the majority of
patients, although more rapid transition to the rebound
hyperperfusion could be noticed in some patients. Inter-
estingly, a discordance between increased regional CBF
and reduction of vessel calibres was observed during the
hyperperfusion in a small percentage of patients, sug-
gesting reversible disturbances of neurovascular cou-
pling (the mutual relation between neuronal activity and
perfusion) during the transition from aura and headache
phases.

Considering the cerebral topography of the bipha-
sic hypoperfusion-hyperperfusion phenomenon, the

involvement of posterior regions during the attack of
sporadic hemiplegic migraine was highlighted in an
early anecdotal report [17]. Subsequently, a pASL study
with a larger sample-size confirmed that occipital and
parietal cortices were the most frequently encompassed
by hypoperfusion in patients with MwA compared
to patients with MwoA, whit a significant correlation
between the hyperperfusion magnitude and the com-
plexity of aura phenotype [24]. Although limited, these
findings suggest that i) the shift from regional cerebral
hypoperfusion to hyperperfusion may occur in some
patients sooner than expected according to the findings
of previous ASL studies ii) the time-gap between the clin-
ical onset of aura and MRI images acquisition is crucial
more than the actual presence of symptoms at the time
of imaging scan, considering the risk of detecting aura-
related hypoperfusion also in the course of the following
headache, when the aura symptoms are clinically extin-
guished iii) posterior cerebral areas, especially parietal
and occipital cortices, are preferentially involved by per-
fusion changes in the course of both aura and headache
phases of migraine attacks.
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Altogether the above-mentioned ASL findings, beyond
the insight provided about the pathophysiological mech-
anisms underlying the different phases of migraine cycle,
give some critical pieces of advice with potential impact
in the clinical practice. First, the presence of hypoperfu-
sion during the first phases of MwA attacks, especially in
patients with hemiplegic migraine, may suggest avoiding
triptans during the aura symptoms in these patients due
to the triptans vasoconstrictive properties and related
concerns about ischaemic events. Moreover, ASL tech-
niques, detecting in patients presenting with aura symp-
toms the presence of biphasic CBF changes involving
vascular territories belonging to different vessels in the
absence of DWI abnormalities, may allow us to confute
alternative diagnoses such as ischaemic attacks and epi-
leptic seizures.

ASL investigation during migraine without aura attacks

It should be underlined that there is a scarcity of brain
perfusion studies based on ASL sequences focusing on
the headache phase of MwoA attacks and those con-
ducted have shown inconsistent results. Indeed, it has
been reported, by anecdotic observations, a signifi-
cant relative hypoperfusion in the bilateral median tha-
lamic structures (including hypothalamus) as well as in
the frontal cortex during the headache phase of MwoA
when compared to the interictal phase [25]. Interestingly,
after 30 min from rescue therapy with rizatriptan, the
observed hypoperfusion partially normalized. These find-
ings support the involvement of hypothalamus and sur-
rounding brain structures as a critical mechanism in the
pathogenesis of migraine attacks, as widely demonstrated
by means of BOLD investigations [53].

Nevertheless, other observations tend to be in line
with the pioneering observations of Weiller showing, by
means of H2'°O PET, a higher regional CBF values in the
dorsal pons during a spontaneous MwoA attack, persis-
tent after sumatriptan-related pain relief, compared to
the pain-free state [54]. In particular, a multiparametric
study evidenced a significant CBF increase in the dorso-
lateral pons (ipsilaterally to the headache side) concomi-
tantly with increase in creatine levels (in the absence of
changes in glutamate concentration), during provoked
MwoA attacks (by CGRP or sildenafil) compared to the
interictal period and to healthy subjects [26]. Contrari-
wise, by using 3D-pcASL, no global or regional perfusion
differences were identified during spontaneous migraine
attacks and migraine-free phases [27].

It should be underlined that the results of the above-
mentioned longitudinal studies, aimed to investigate dif-
ferent phases of migraine attacks in the same patient (e.g.
ictal versus interictal scans), may be potentially biased
by the well-known influence of caffeine intake, tobacco
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smoking, and hematocrit changes on CBE, as well as by
the physiologic circadian variation of CBF values.

Despite the paucity of studies, the above-mentioned
data highlight the momentous involvement of dorsolat-
eral pons and hypothalamus in the headache phases of
migraine attacks. However, they are not able to disentan-
gle which structure can assume the role of “migraine gen-
erator” or, whether, alternatively, the activation of both
hypothalamus and dorsolateral pons could represent
an epiphenomenon of the persistence of hypothalamus
involvement (started in the so-called preictal phases of
migraine attacks) and the migraine-related pain percep-
tion, respectively [55—57].

ASL investigation during the interictal period

Similarly to the lack of converging evidences about the
presence of perfusion abnormalities during the headache
(i.e. ictal) phases in patients experiencing MwoA, many
discrepancies emerged from ASL studies investigat-
ing the interictal period of both patients with Mwa and
patients with MwoA.

Patients with episodic migraine (both with and without
aura) showed extrastriate cortex (V5 area) and superior
temporal gyrus hyperperfusion compared to healthy sub-
jects when explored by means of 2D-pcASL during the
interictal period [28]. Interestingly, the perfusion abnor-
malities were more pronounced in MwA patients [28].
The involvement of posterior brain areas, in the terms
of asymmetries of blood flow in the posterior cerebral
artery territories, has been also demonstrated, by explor-
ing a large sample of 170 subjects, in MwA patients (but
not MwoA) during the interictal period [29]. Interest-
ingly, the hypoperfusion in the territories supplied by
the posterior cerebral artery was significantly associated
with a higher prevalence of abnormalities of the circle of
Willis.

A significant increase in regional CBF has been dem-
onstrated in the primary somatosensory cortex (S1) in
patients with migraine experiencing ictal cutaneous allo-
dynia investigated during the interictal period (subjects
were headache-free from at least 48 h at the time of scan
acquisition) [31]. Moreover, the authors found a positive
correlation between regional CBF degree and headache
attack frequency, as already observed also in a cohort of
paediatric and adolescent patients with migraine [32].
Increased regional CBF has been also demonstrated by
means 3D-pc-ASL in the temporal areas (Brodmann 38),
supposed to represent a convergence zone of informa-
tion from auditory, somatosensory, visual, and olfactory
inputs and, therefore, involved in multisensory integra-
tion [33].

Finally, interictal regional CBF abnormalities have been
recently investigated by means of 3D-pcASL in a large
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cohort of patients with migraine. After whole brain voxel-
based CBF comparison between patients with migraine
and healthy subjects, the areas showing significant dif-
ferences between the groups were extracted as ROIs to
compare the normalized regional CBF values among all
the subjects [34]. Over and above the visual, somatosen-
sory and multisensory integration cortices observed in
the previous studies, higher CBF levels in superior fron-
tal and postcentral gyri and cerebellum, and lower CBF
levels in the bilateral middle frontal gyrus, thalamus and
medioventral occipital cortex have been demonstrated in
patients with MwA compared with patients with MwoA
and healthy subjects. Interestingly, based solely on CBF
values of these six cerebral regions, by using a machine
learning approach, it was possible to correctly classify
more than 80% of patients with MwA or MwoA [34].

In this scenario, although aimed to investigate the CBF
pattern underpinning visual snow, a syndrome charac-
terized by the presence of continuous and unremitting
visual disturbances often, but not exclusively, found as
migraine comorbidity [30, 58], a very recent 3D-pcASL
study is worth to be mentioned due to the enrolment of
patients with MwA and MwoA. While a higher regional
CBF encompassing an extensive brain network has been
demonstrated in patients with visual snow (regardless
of concomitant migraine) during both’snow-like’ visual
stimuli and rest condition, a post-hoc analysis has sug-
gested that the involvement of bilateral cuneus, poste-
rior cingulate cortex, primary auditory cortex, fusiform
gyrus, and cerebellum might be more closely related to
the interictal phases of migraine. Visual symptoms, and
specifically visual sensitivity to light (explored by Visual
Light Sensitivity Questionnaire-8), along with migraine
frequency have demonstrated a positive correlation with
reduced regional CBF of frontal areas in a wide sample
of patients with MwoA compared with healthy subjects
[35]. Moreover, frontal ROI were characterized by a dis-
rupted CBF connectivity with several cortical (i.e., con-
tralateral frontal and angular gyri and calcarine cortex)
and subcortical (i.e., putamen and caudate) brain areas,
further supporting the involvement of an “advanced neu-
rolimbic visual pain network” in patients with MwoA as
well as in patients with MwA [59].

A reduced CBF of nucleus accumbens (identified
as ROI using a specific nucleus accumbens perfusion
mask) has been demonstrated by 3D-pcASL in patients
with chronic migraine during the interictal period when
compared with healthy subjects [36], further corrobo-
rated by the ROC curve analysis enabling the identifi-
cation of patients with chronic migraine from healthy
subjects (sensitivity of 50.00% but with a specificity over
90%). Apart from the known role played by the nucleus
accumbens in pain modulation and reward/addiction
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mechanisms, no specific information have been reported
about the presence of medication overuse headache
in these patients. Moreover, the lack of a comparison
group (e.g., patients with episodic migraine) made not
possible to clarify the specificity of nucleus accum-
bens hypoperfusion in chronic migraine. CBF changes
have been recently investigated by the same research
group in patients with chronic migraine compared with
healthy subjects, using the novel multi-delay-3D-pcASL
approach, showing increased regional CBF and arte-
rial cerebral blood volumes in bilateral ventral lateral
nuclei of thalamus [37]. Being the thalamus a relay cen-
tre of ascending trigemino-cortical nociceptive infor-
mation, characterized by increased activation during
migraine attacks as well as by abnormal functional con-
nectivity in the interictal period in patients with episodic
migraine [60], the authors suggested that the chronifi-
cation process, towards a never-ending attack, could be
underpinned by a constant increase of neuronal thalamic
activation and, in turns, of regional CBE. However, this
riveting hypothesis is burdened by a low sample size and
spatial resolution making impossible to clearly discrimi-
nate among thalamic nuclei (being the ASL imaging reso-
lution of about 1.6 mm X 1.6 mm X 4.0 mm).

Totally different are the results from three recent stud-
ies, finding no CBF changes in both patients with MwoA
and MwA [38-40], although a significantly lower global
CBF characterizes patients with MwA with high white
matter hyperintensities load explored during interictal
period when compared to healthy subjects [40]. Albeit
the findings do not allow a univocal interpretation, the
authors argued that the well-known CBF fluctuations
observed during the MwA attacks might affect microvas-
cular haemodynamic leading to microischaemic injury
that can be observed also during the interictal period.
Nevertheless, the possibility that the decreased CBF
could be the result, rather than the cause, of white matter
abnormalities in patients with MwA cannot be excluded,
to date [40].

The evidences of both impaired cerebral perfusion and
functional neuronal changes tend to support the hypoth-
esis of an altered relationship between neuronal activity
and cerebral perfusion maps (i.e. neurovascular coupling)
during the different phases of migraine cycle. On the
other hand, neurovascular coupling abnormalities have
been demonstrated in patients with chronic migraine
investigated by using 3D-pcASL technique [41]. Specifi-
cally, significantly lower neurovascular coupling indices
in inferior parietal, superior marginal and left angular
gyri, as well as significantly higher neurovascular cou-
pling indices in precuneus, superior occipital and parietal
gyri were identified, probably underpinning migraine-
related abnormalities in visual and sensory processing.
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The 3D-pcASL has been recently employed, along
with DWI sequences, to investigate global functional
and structural brain connectome parameters in patients
with MwoA patient compared to patients with MwA [42]
showing no differences in network measures of global
structural connectivity but significantly lower assor-
tative coefficient in patients with MwA compared to
patients with MwoA. Based on the fact that assortativ-
ity coefficient is a parameter of network resilience able
to quantify the mutually interconnection among cortical
hubs (so-called nodes), networks with low assortativity,
as observed in patients with MwA, are more vulnerable
to insult, easily disrupted, and more synchronized than
those with high assortativity [61]. Unfortunately, the low
sample size as well as the absence of a healthy subjects
group strongly affect both the specificity and the general-
izability of the results.

Although the above-mentioned studies suffer from
several limitations such as differences in patients homo-
geneity, disparities in ASL techniques (with consequent
divergences in labeling schemes, background suppres-
sions, dimensional resolutions, etc.), as well as in meth-
odological procedures (e.g. whole-brain analysis or
ROI-based approaches), altogether they support disease-
specific functional changes in trigemino-cortical pathway
and in brain regions known to be involved in somatosen-
sory, auditory and visual processing suggesting abnormal
pain perception and modulation as well as dysfunctional
mechanisms of multisensory integration in both patients
with MwoA and MwA, also during the interictal phase.
To the same extent, ASL findings, consistently with data
from advanced neuroimaging literature [62], further cor-
roborate the critical role of brain structures related to
cortical spreading depression ignition and propagation
also between MwA attacks.

ASL investigation during the preictal phase
In the last years, besides with the insight about the dif-
ferences within the phases of migraine cycle the preictal
phase of migraine attacks has been specifically investi-
gated with even more advanced ASL approaches as well
as using methodologically rigorous study paradigms.
Unfortunately, due to the unpredictability of migraine
attacks, it is quite difficult to collect MRI scans during the
period immediately prior to migraine attacks, frequently
only by chance and, therefore, in a low sample of patients.
By means of 3D-pcASL, immediately before the onset
of headache in patients with MwoA (within at least 24 h),
a decreased regional CBF has been observed in the lateral
hypothalamus that was also characterized by a reduced
functional connectivity with several regions within the
pain processing pathway (e.g. midbrain periaqueductal
grey, dorsal pons, rostral ventromedial medulla and
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cingulate cortex) [38]. These findings are in line with lit-
erature data supporting the role played by the hypothala-
mus in migraine attack ignition previously suggested by
both PET and fMRI studies showing an increased hypo-
thalamic activity during the hours preceding the head-
ache of the migraine attack [56, 57].

The rhythmicity of the cerebral perfusion and changes
of hypothalamic functional connectivity over migraine
cycle have been explored by daily longitudinal intra-
individual scanning (82 scans to cover the course of
migraine cycles of twelve patients with migraine) [43].
Interestingly, during the headache phases, the highest
perfusion of the limbic circuit (i.e., insula and nucleus
accumbens) was detected along with a collapse of func-
tional connectivity between the hypothalamus and the
limbic areas. More in depth, the functional connectiv-
ity between hypothalamus and limbic structures pro-
gressively increased, over the migraine cycle towards
the next attack, up to rapidly drop during the headache
phase. According with these data, while the hypothala-
mus seems to act as a metronome of internal processes,
able to control limbic pathways, the migraine attacks may
represent the result of the lost hypothalamic inhibition
on the circuit.

Whether the functional and perfusion hypotha-
lamic abnormalities may represent the correlates of the
brain changes closely preceding the headache phases
of migraine attacks, reflecting modulatory input to the
trigeminovascular system from several cortical and
subcortical areas, or if they represent the neuronal and
perfusion correlates of preictal symptoms is still mat-
ter of debate, although the current trend to accept that
premonitory symptoms as due to hypothalamic dysfunc-
tion seems to be premature [63]. Future insight on post-
drome phase could further improve our knowledge about
migraine cyclicity shedding a light on the mechanisms
underlying not only the ignition of migraine attacks but
also the self-limitation of migraine attacks in a way char-
acterizing the typical migraine attack duration (i.e., the
well know duration of about 4-72 h) and that, on the
other hand, may set up the neuronal patterns towards the
interictal changes predisposing the next migraine attack.

Final considerations

Taken together, the data emerging from the ASL stud-
ies in patients with migraine allow to achieve some
conclusions:

1) During MwA attacks the areas congruous with
aura symptoms are characterized by an altered cer-
ebral perfusion, exceeding the boundaries of a sin-
gle vascular territory, with a biphasic trend domi-
nated by an initial hypoperfusion (persisting even
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during the first hours of the headache attack) fol-
lowed by an hyperperfusion phase. However, future
studies are mandatory to determine the duration
of the hypoperfusion, over different phases of
migraine cycle, as precise as possible. Neverthe-
less, beyond the role of ASL techniques to explore
migraine pathophysiological mechanisms, they
could represent a valuable clinical tool to be applied
in the differential diagnosis of migraine aura from
acute ischemic strokes (in particular in the cases
of atypical aura, hemiplegic migraine, confusional
migraine, HANDL).

2) Although perfusion abnormalities have been
observed in the visual associative and primary
somatosensory cortices as well as in areas involved
in the processing and modulation of the pain-
ful experience, the scarcity of data does not allow
univocal and conclusive insight on regional CBF
changes found in the intercritical period, as wit-
nessed by the conflicting results and most likely due
to several methodological issues. Among these, i)
different ASL techniques adopted in the perfusion
studies, from the most pioneering and rudimental
to the most advanced and accurate approaches, up
to the more complete multi delay-3D-pcASL which
has been only recently sufficiently developed for
clinical studies; ii)) heterogeneous patients samples
(e.g. groups of patients including different migraine
phenotype, with or without concomitant preventive
treatments, with no reference to the intake of medi-
cations for the acute phase).
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