
Academic Editor: Jian Wang

Received: 26 November 2024

Revised: 30 December 2024

Accepted: 14 January 2025

Published: 20 January 2025

Citation: Scutelnic, A.; Stöckli, I.D.;

Klein, A.; Riederer, F.; Slavova, N.;

Schankin, C.J. Susceptibility Weighted

Imaging as a Biomarker for Cortical

Spreading Depression. Clin. Transl.

Neurosci. 2025, 9, 3. https://doi.org/

10.3390/ctn9010003

Copyright: © 2025 by the authors.

Published by MDPI on behalf of the

Swiss Federation of Clinical

Neuro-Societies. Licensee MDPI, Basel,

Switzerland. This article is an open

access article distributed under the

terms and conditions of the Creative

Commons Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Susceptibility Weighted Imaging as a Biomarker for Cortical
Spreading Depression
Adrian Scutelnic, Isabelle Dominique Stöckli, Antonia Klein, Franz Riederer , Nedelina Slavova †

and Christoph J. Schankin *,†

Department of Neurology, Inselspital, University Hospital Bern, University of Bern, Freiburgstrasse,
CH-3010 Bern, Switzerland; adrian.scutelnic@insel.ch (A.S.); isabelle.stoeckli@students.unibe.ch (I.D.S.);
antonia.klein@insel.ch (A.K.); franz.riederer@insel.ch (F.R.); nedelina.slavova@insel.ch (N.S.)
* Correspondence: christoph.schankin@insel.ch
† These authors contributed equally to this work.

Abstract: Introduction: Cortical spreading depression (CSD) is thought to be the pathophys-
iologic correlate of migraine aura. In experimental animals, CSD was shown to cause an
increase in oxyhemoglobin. Susceptibility weighted imaging (SWI) on magnetic resonance
imaging (MRI) depicts cerebral veins according to their concentration in oxyhemoglobin.
The aim of this study was to assess whether the distribution of SWI changes in people with
migraine aura resembles the clinical presentation, with a focus on topology. Methods: In
this retrospective single-center study, patients were included if they (i) had acute focal neu-
rological symptoms beginning with visual symptoms, (ii) underwent head MRI including
SWI within eight hours of symptom onset, (iii) SWI showed focal dilated veins, and (iv) they
had a discharge diagnosis of migraine with aura. Eleven predefined cerebral regions of
interest (ROIs) were assessed for prominent focal veins (PFVs) on SWI. We determined
whether symptoms correlated with the topography of ROIs with PFVs. Results: We found
a posterior to anterior gradient of SWI changes during acute migraine aura when visual
symptoms were present. Conclusion: MRI with SWI might be able to detect traces of CSD.
The posterior to anterior distribution of areas with SWI changes corresponds anatomically
to the canonical succession of symptoms in migraine aura.

Keywords: cortical spreading depression; migraine with aura; susceptibility weighted
imaging; cerebral veins

1. Introduction
After Leão’s first description of cortical spreading depression (CSD) in rabbits in 1944,

its presence in the non-injured healthy human brain has only been inferred from a few
in vivo techniques [1]. Markers for migraine aura are important in clinical practice and for
our understanding of its pathophysiology, given the phenotypical overlap of migraine aura
with other differential diagnoses such as vascular lesions or epileptic seizures [2].

The CSD was hypothesized to be the pathophysiologic correlate of migraine aura [3].
Given that migraine aura often contains visual symptoms, it is assumed that the occipital
lobes have the highest likelihood of CSD generation, and CSD likely starts in the occipital
lobes and slowly spreads rostrally [4,5]. The initial occipital localization of functional
changes during migraine aura was demonstrated in three subjects assessing blood oxygena-
tion level-dependent signal changes (BOLD) [5,6]. BOLD is usually available in research
settings only. Susceptibility weighted imaging (SWI), in contrast, is part of most routine
non-contrast magnetic resonance tomography (MRI) protocols and thus might be of use in
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imaging migraine aura. SWI changes during acute migraine aura were present in two-thirds
of a large population of pediatric patients [7]. In his original description of CSD, Leão found
an increase in oxyhemoglobin in pial veins following a wave of CSD [1]. However, whether
oxyhemoglobin has a specific role during a migraine attack or is simply a consequence
of CSD is not known. SWI depicts the cerebral veins according to their concentration in
oxyhemoglobin [8]. We therefore hypothesize that the SWI might be a marker for CSD.

The aim of this study was to assess whether the distribution of SWI changes in people
with migraine aura resemble the clinical presentation with a focus on topology.

2. Methods
This is a single-center retrospective cohort study. Study population consisted of

patients presenting at the emergency department of Inselspital Bern. The inclusion criteria
were (i) acute focal neurological symptoms beginning with visual symptoms; (ii) the
patients underwent a head MRI, including susceptibility weighted sequences (SWI), within
eight hours of symptom onset to exclude secondary causes, such as stroke or other structural
findings; (iii) SWI showed focal dilated veins; and (iv) a discharge diagnosis of migraine
with aura was made after all clinical data were taken into account. Patients with other
co-morbidities (e.g., psychiatric, vascular risk factors) were not excluded. In addition, we
exploratorily tested the hypothesis of whether the posterior regions are always involved in
migraine aura by identifying patients without visual symptoms.

The inclusion of patients with MRI within eight hours of symptom onset was per-
formed based on a previous study demonstrating persistent SWI changes within this
time-frame in migraine with aura [7]. The diagnosis of migraine with aura was made
by experienced board-certified neurologists in the emergency setting. The authors fur-
ther re-assessed the discharge letters to verify diagnoses according to the criteria of The
International Classification of Headache Disorders 3rd Edition [9].

Each MRI scan was evaluated by a board-certified neuroradiologist (NS) at three
horizontal levels: at the mesencephalon level, the basal ganglia level and the insula level
(Figure 1). The MRI scans were specifically evaluated for SWI changes at a later timepoint
than the presentation at the emergency department. A total of 10 regions per hemisphere
were defined. The first slice from inferior to superior is based on the level of the mesen-
cephalon and includes the regions P1 (occipital inferior) and M1 (temporal inferior). The
second slice at the level of the basal ganglia includes P2 (occipital superior), M2p (temporal
superior), M2a (temporal opercular) and A1 (frontal inferior). The last slice parallels the
ventricles above the insula and includes P3 (parietal), M3 (frontoparietal excluding MC),
MC (motor cortex, central) and A2 (frontal superior).

We then analyzed each of the 11 brain regions for SWI changes. Each region was scored
according to whether prominent focal veins (PFVs) could be seen and classified accordingly
as with or without PFVs. For the analysis, several regions of interest (ROIs) were then
merged, i.e., handled as subgroups that anatomically corresponded to corresponding symp-
toms (in order from posterior to anterior); the regions P1, P2, and P3 corresponded to visual
symptoms and were named collectively area P; the regions M1 and M2p corresponded
to sensory symptoms and were named area Mp; the regions M2a and M3 corresponded
to aphasia and dysarthria and were named area Ma; the region MC was named area MC
and corresponded to motor disturbance; and finally, the regions A1 and A2 were named
collectively area A. Once a ROI within an area had SWI changes, the whole area was
considered as having SWI changes regardless of whether there was PFVs in only one or all
ROIs of that area.
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Figure 1. Three axial MR SWI slices, arranged from inferior to superior, at the level of (a) the mes-
encephalon, (b) the basal ganglia and (c) the centrum semiovale just above the lateral ventricles. P1 
= occipital inferior, M1 = temporal inferior; P2 = occipital superior, M2p = temporal superior, M2a = 
temporal opercular, A1 = frontal inferior; P3 = parietal, M3p and M3a = frontoparietal excluding MC 
(divided into posterior and anterior sections), MC = motor cortex, central, A2 = frontal superior. 

We further analyzed concomitantly and contiguously affected areas in three planes 
for the left and right hemisphere separately: at the mesencephalon plane (P1 + M1), at the 
basal ganglia plane (P2 + M2p, P2 + M2p + M2a, and P2 + M2p + M2a + A1) and above the 
lateral ventricles (P3 + M2p, P3 + M2p + Mc, P3 + M2p + Mc + M2a, and P3 + M2p + Mc + 
M2a + A2). 

In the subjects without visual symptoms, we assessed SWI changes in the P1, P2 and 
P3 regions to approximate specificity of the SWI changes. 

3. Results 
In all, 18 patients were included in this study. Ten (56%) were women and the median 

age was 32 (interquartile range [IQR] 29–59). The MRI was performed after a median of 
205 min (IQR 157–352) after aura onset. Overall, 18/18 (100%) patients had visual symp-
toms, 10/18 (56%) had sensory symptoms, 12/18 (67%) had speech disturbance, and 3/18 
(17%) had motor symptoms. 

All 18 patients with visual disturbances had SWI changes in the posterior region (de-
tails visualized in Figure 2). Of the 12 patients with speech disturbance, all 12 had SWI-
changes in the Ma region, 5/12 (42%) had changes in the A region and none had changes 
in the MC region. Of the 10 patients with sensory disturbance, all had changes in the M 
region, 6 (60%) had changes in the A region and 2 (20%) had changes in the MC region. 
Of the three patients with motor symptoms, all patients had changes in the M region, two 
(67%) had changes in the A region and one (33%) had changes in the MC region. The 
distribution of symptoms for each region is given in Table 1. 

Figure 1. Three axial MR SWI slices, arranged from inferior to superior, at the level of (a) the
mesencephalon, (b) the basal ganglia and (c) the centrum semiovale just above the lateral ventricles.
P1 = occipital inferior, M1 = temporal inferior; P2 = occipital superior, M2p = temporal superior,
M2a = temporal opercular, A1 = frontal inferior; P3 = parietal, M3p and M3a = frontoparietal excluding
MC (divided into posterior and anterior sections), MC = motor cortex, central, A2 = frontal superior.

We further analyzed concomitantly and contiguously affected areas in three planes
for the left and right hemisphere separately: at the mesencephalon plane (P1 + M1), at
the basal ganglia plane (P2 + M2p, P2 + M2p + M2a, and P2 + M2p + M2a + A1) and
above the lateral ventricles (P3 + M2p, P3 + M2p + Mc, P3 + M2p + Mc + M2a, and
P3 + M2p + Mc + M2a + A2).

In the subjects without visual symptoms, we assessed SWI changes in the P1, P2 and
P3 regions to approximate specificity of the SWI changes.

3. Results
In all, 18 patients were included in this study. Ten (56%) were women and the median

age was 32 (interquartile range [IQR] 29–59). The MRI was performed after a median
of 205 min (IQR 157–352) after aura onset. Overall, 18/18 (100%) patients had visual
symptoms, 10/18 (56%) had sensory symptoms, 12/18 (67%) had speech disturbance, and
3/18 (17%) had motor symptoms.

All 18 patients with visual disturbances had SWI changes in the posterior region
(details visualized in Figure 2). Of the 12 patients with speech disturbance, all 12 had
SWI-changes in the Ma region, 5/12 (42%) had changes in the A region and none had
changes in the MC region. Of the 10 patients with sensory disturbance, all had changes
in the M region, 6 (60%) had changes in the A region and 2 (20%) had changes in the MC
region. Of the three patients with motor symptoms, all patients had changes in the M
region, two (67%) had changes in the A region and one (33%) had changes in the MC region.
The distribution of symptoms for each region is given in Table 1.

With each added area with PFVs, the proportions of affected patients declined (see
Table 2), e.g., for patients with visual symptoms with PFVs in the left hemisphere, there
were 10/12 (56%) with PFVs in the P2 + M2p areas, 7/12 (59%) in the P2 + M2p + M2a and
2/12 (11%) in the P2 + M2p + M2a + A1 areas. This pattern of distribution was observed
for all symptoms and both hemispheres.



Clin. Transl. Neurosci. 2025, 9, 3 4 of 10
Clin. Transl. Neurosci. 2025, 9, x FOR PEER REVIEW 4 of 10 
 

 

 

Figure 2. Distribution of susceptibility weighted imaging (SWI) changes (created in BioRen-
der.com). The percentages depict the frequencies of the SWI changes during acute migraine aura. 
The SWI changes were more frequent in the posterior regions, with a clear posterior to anterior 
gradient. There was a left-hemispheric dominance, likely due to a selection of patients with left-
hemispheric symptoms, which, being more severe (e.g., aphasia), are more likely to be worked-up 
in the emergency setting. 
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all symptoms and both hemispheres. 

Looking at the association between lack of symptoms (e.g., sensory) and PFVs, there 
were frequent changes in eloquent areas despite patients reporting no symptoms corre-
sponding to the affected area (Table 3). 

We identified additional 10 patients without visual symptoms. Of these, only 5/10 
(50%) had SWI changes in at least one of the posterior regions P1, P2 and/or P3. 

Figure 2. Distribution of susceptibility weighted imaging (SWI) changes (created in BioRender.com).
The percentages depict the frequencies of the SWI changes during acute migraine aura. The SWI
changes were more frequent in the posterior regions, with a clear posterior to anterior gradient.
There was a left-hemispheric dominance, likely due to a selection of patients with left-hemispheric
symptoms, which, being more severe (e.g., aphasia), are more likely to be worked-up in the emer-
gency setting.

Looking at the association between lack of symptoms (e.g., sensory) and PFVs, there
were frequent changes in eloquent areas despite patients reporting no symptoms corre-
sponding to the affected area (Table 3).

We identified additional 10 patients without visual symptoms. Of these, only 5/10
(50%) had SWI changes in at least one of the posterior regions P1, P2 and/or P3.
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Table 1. Distribution of affected areas by symptoms.

Visual,
N = 18,

Left
Hemisphere

Right
Hemisphere

Sensory,
N = 10

Left
Hemisphere

Right
Hemisphere

Speech,
N = 12

Left
Hemisphere

Right
Hemisphere

Motor,
N = 3

Left
Hemisphere

Right
Hemisphere

P1 1, n/N (%) 17 (94) 13 (72) 5 (28) 9 (90) 1 5 (50) 4 (40) 11 (92) 11 (92) 1 (8) 2 (67) 1 (33) 1 (33)
P2 2, n/N (%) 14 (78) 11 (61) 5 (28) 10 (100) 1 5 (50) 4 (40) 10 (83) 10 (83) 1 (8) 2 (67) 1 (33) 1 (33)
P3, n/N (%) 13 (72) 10 (56) 3 (17) 9 (90) 6 (60) 3 (30) 10 (83) 9 (75) 1 (8) 3 (100) 2 (67) 1 (33)
M1, n/N (%) 14 (78) 11 (61) 3 (17) 8 (80) 5 (50) 3 (30) 12 (100) 11 (92) 1 (8) 2 (67) 1 (33) 1 (33)

M2p 3, n/N (%) 17 (94) 14 (78) 6 (33) 10 (100) 7 (70) 5 (50) 12 (100) 11 (92) 3 (25) 3 (100) 3 (100) 1 (33)
M3p 1, n/N (%) 15 (83) 11 (61) 5 (28) 9 (90) 5 (50) 5 (50) 8 (67) 9 (75) 2 (17) 3 (100) 2 (67) 2 (67)
M3a, n/N (%) 10 (56) 8 (44) 2 (11) 8 (80) 6 (60) 2 (20) 7 (70) 6 (50) 1 (10) 3 (100) 2 (67) 1 (33)
M2a, n/N (%) 12 (67) 8 (44) 4 (22) 7 (70) 4 (40) 3 (30) 10 (83) 8 (67) 2 (17) 2 (67) 1 (33) 1 (33)
MC, n/N (%) 9 (50) 7 (39) 2 (11) 7 (70) 5 (50) 2 (20) 6 (50) 6 (50) 0 3 (100) 2 (67) 1 (33)
A1, n/N (%) 4 (22) 3 (17) 1 (6) 3 (30) 2 (20) 1 (10) 3 (25) 3 (25) 0 1 (33) 1 (33) 0
A2, n/N (%) 7 (39) 2 (11) 5 (28) 6 (60) 4 (40) 2 (20) 5 (42) 5 (42) 0 2 (67) 1 (33) 1 (33)

1 in n = 1 bilateral changes, 2 in n = 2 bilateral changes, 3 in n = 3 bilateral changes.

Table 2. Distribution of affected overlapping areas by type of symptoms.

Visual, N = 18 Sensory, N = 10 Speech, N = 12 Motor, N = 3

Left
Hemisphere

Right
Hemisphere

Left
Hemisphere

Right
Hemisphere

Left
Hemisphere

Right
Hemisphere

Left
Hemisphere

Right
Hemisphere

The Mesencephalon Level

P1 + M1, n/N (%) 11 (61) 3 (17) 5 (50) 3 (30) 11 (92) 1 (8) 1 (33) 1 (33)

The basal ganglia level

P2 + M2p, n/N (%) 10 (56) 4 (22) 5 (50) 4 (40) 10 (83) 1 (8) 1 (33) 1 (33)

P2 + M2p + M2a, n/N (%) 7 (39) 3 (17) 4 (40) 3 (30) 7 (58) 1 (8) 1 (33) 1 (33)

P2 + M2p + M2a + A1, n/N (%) 2 (11) 1 (6) 2 (20) 1 (10) 2 (17) 0 1 (33) 0

The ventricular level

P3 + M3p, n/N (%) 9 (50) 3 (17) 5 (50) 3 (30) 7 (58) 2 (17) 2 (67) 1 (33)

P3 + M3p + Mc, n/N (%) 6 (33) 2 (11) 4 (40) 2 (20) 5 (42) 1 (8) 2 (67) 1 (33)

P3 + M3p + Mc + M3a, n/N (%) 5 (28) 2 (11) 4 (40) 2 (20) 4 (33) 1 (8) 2 (67) 1 (33)

P3 + M3p + Mc + M3a + A2, n/N (%) 3 (17) 2 (11) 3 (30) 2 (20) 3 (25) 1 (8) 1 (33) 1 (33)
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Table 3. Distribution of areas with prominent focal veins in patients with absent symptoms despite SWI changes in eloquent regions.

No Sensory Symptoms, N = 8 No Speech Disturbance, N = 6 No Motor Symptoms, N = 15

Left Hemisphere Right Hemisphere Left Hemisphere Right Hemisphere Left Hemisphere Right Hemisphere

P region
P1, n/N (%) 8 (100) 1 (13) 2 (33) 4 (67) 12 (80) 4 (27)
P2, n/N (%) 6 (75) 1 (13) 1 (17) 4 (67) 10 (67) 4 (27)
P3, n/N (%) 4 (50) 0 1 (17) 2 (33) 8 (53) 2 (13)

Mp region
M1, n/N (%) 6 (75) 0 0 2 (33) 10 (67) 2 (13)

M2p, n/N (%) 7 (88) 1 (13) 3 (50) 3 (50) 11 (73) 5 (33)
M3p, n/N (%) 6 (75) 0 2 (33) 1 (17) 8 (53) 5 (33)

Ma region M3a, n/N (%) 2 () 0 2 (33) 1 (17) 6 (40) 1 (7)
M2a, n/N (%) 4 (50) 1 (13) 0 2 (33) 7 (47) 3 (20)

Mc region MC, n/N (%) 2 (25) 0 1 (17) 2 (33) 5 (33) 1 (7)

A region A1, n/N (%) 1 (13) 0 0 1 (17) 2 (13) 1 (7)
A2, n/N (%) 1 (13) 0 0 2 (33) 4 (27) 1 (7)



Clin. Transl. Neurosci. 2025, 9, 3 7 of 10

4. Discussion
The main findings of our study is the posterior to anterior gradient of SWI changes

during acute migraine aura, when visual symptoms are present. This supports the hypoth-
esis that SWI changes might be an imaging marker for CSD. One hypothesis explaining the
emergence of CSD in the posterior regions is likely related to the histological composition
of the posterior regions. In human and monkeys, it was shown that the posterior regions
have a higher density of neurons compared to the anterior regions. Since the CSD is a
neuronal phenomenon that is inhibited by astroglial cells, which have a higher density in
the anterior regions of the cortex, it is more likely that the CSD originates in the posterior
regions [5,6,10–12]. Furthermore, in females with migraine aura the cortical thickness in the
occipital regions was higher than in females without migraine [13]. In addition, the vaso-
motor autoregulation was impaired in patients with migraine aura, possibly explaining the
increase in deoxyhemoglobine during an attack [14–24]. In contrast to more sophisticated
laboratory [25] but also imaging methods, such as BOLD and machine learning algorithms,
MRI-SWI is widely available [26,27].

However, there are some unclear aspects related to our findings. First, it is not clear
why some regions had PFV despite the patients not reporting symptoms corresponding
to the affected areas. This was also the case for the posterior region in people without
visual symptoms of migraine aura. The phenomenon of silent CSD has been proposed,
which is a CSD wave spreading thorough a non-eloquent brain area, which does not have
a subjectively perceived function [28]. On the other hand, this might also be caused by
the reporting and/or assessment bias in an emergency setting, and further prospective
studies are needed to confirm or infirm this finding. Furthermore, we cannot know for sure
whether the regions of interest we chose correspond to an anatomical function given their
large distribution. Our qualitative (and not quantitative) assessment might have biased our
analyses of SWI changes related to the presence or absence of symptoms.

Second, looking at patients with no visual symptoms, there was, as mentioned, still
a proportion with changes in the posterior regions. In addition to this possibly being
explained by silent auras, the presence of PFV in only 50% compared to 100% in auras
with visual symptoms supports that SWI changes are indeed associated with CSD and
might be a marker of migraine aura, as hypothesized for this study based on SWI depicting
veins according to their content of deoxyhemoglobin and Leão showing an increase in
deoxyhemoglobin after a wave of CSD [1,8,29]. Furthermore, the posterior to anterior
distribution of the SWI changes we found in our study corresponds to the usual succession
of symptoms in migraine aura [4]. Therefore, MRI with SWI might be a good method for
detecting traces of CSD. The main advantage over more sophisticated methods is that it
is widely available and is usually part of standardized MRI protocols in many centers.
This is important because migraine aura in its acute phase is very difficult to examine,
given its lack of predictability and logistical difficulties related to more advanced imaging
techniques. However, its main disadvantage is the low sensitivity, as shown in previous
studies [30].

We observed SWI changes localized in regions distal to the central sulcus, which
does not correspond to the current theory of CSD, which is thought to cease at anatomical
barriers such as big cerebral sulci. This is supported by the clinical observation that true
motor weakness, represented in the precentral gyrus, is exceptional in migraine aura,
except for the special case of familial hemiplegic migraine. One possible explanation is
that the CSD wave travels beyond the central sulcus but loses its ability to cause cerebral
dysfunction. This, however, is speculative.

Our study has limitations, with the first and most important one being its retrospective
design, with no prospective assessment of symptoms. Furthermore, there were different
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protocols of the MRI with different field strengths (1.5T or 3T) and different slice thicknesses.
Different MRI protocols might have altered the sensitivity of the results. However, given
the consistent findings in this study, we believe that this limitation does not affect our
conclusions. Given that the patients were included in an emergency setting, the majority
had left-hemispheric symptoms and, therefore, there might have been a selection bias in our
study. This is, however, expected, as dysfunction of the left hemisphere causes symptoms
that are more worrisome (e.g., speech disturbance). One further limitation is that SWI
changes might be affected by vasoactive medication or co-morbidities that might affect
blood oxygenation (see Supplemental Table S1 for vascular risk factors, co-morbidities
and concomitant medication), which we did not account for. The value of SWI changes
in differentiating between migraine aura and other differential diagnoses (e.g., transient
ischemic attacks) could not be addressed in this study. Therefore, future case–control
adequately powered studies are necessary to address this question. Lastly, the small sample
size does not allow for firm conclusions.

In conclusion, MRI with SWI might be used for imaging of CSD. The posterior to
anterior distribution of areas with SWI changes corresponds anatomically to the canonical
succession of symptoms in migraine aura, suggesting that the CSD might cause the migraine
aura. Given the wide availability, MRI with SWI might be used as an imaging marker for
migraine aura. We propose investigating the use of SWI in detecting traces of CSD in larger
prospective studies using high-field MRI.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ctn9010003/s1, Table S1: Vascular risk factors, co-morbidities
and medication.
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25. Dalkara, T.; Kaya, Z.; Erdener, Ş.E. Unraveling the interplay of neuroinflammatory signaling between parenchymal and meningeal
cells in migraine headache. J. Headache Pain 2024, 25, 124. [CrossRef] [PubMed]

26. Mitrović, K.; Savić, A.M.; Radojičić, A.; Daković, M.; Petrušić, I. Machine learning approach for Migraine Aura Complexity Score
prediction based on magnetic resonance imaging data. J. Headache Pain 2023, 24, 169. [CrossRef]

27. Raggi, A.; Leonardi, M.; Arruda, M.; Caponnetto, V.; Castaldo, M.; Coppola, G.; Della Pietra, A.; Fan, X.; Garcia-Azorin, D.;
Gazerani, P.; et al. Hallmarks of primary headache: Part 1—Migraine. J. Headache Pain 2024, 25, 189. [CrossRef]

28. Hansen, J.M.; Baca, S.M.; Vanvalkenburgh, P.; Charles, A. Distinctive anatomical and physiological features of migraine aura
revealed by 18 years of recording. Brain 2013, 136 Pt 12, 3589–3595. [CrossRef]

https://doi.org/10.1073/pnas.071582498
https://www.ncbi.nlm.nih.gov/pubmed/11287655
https://doi.org/10.1002/ana.25096
https://doi.org/10.1016/j.ejpn.2020.05.008
https://doi.org/10.1002/mrm.20198
https://doi.org/10.1177/0333102413485658
https://www.ncbi.nlm.nih.gov/pubmed/23771276
https://doi.org/10.1038/jcbfm.2010.191
https://doi.org/10.1093/brain/103.2.221
https://www.ncbi.nlm.nih.gov/pubmed/6772266
https://doi.org/10.1073/pnas.1010356107
https://doi.org/10.1093/brain/awx382
https://www.ncbi.nlm.nih.gov/pubmed/29360944
https://doi.org/10.1161/STROKEAHA.111.644674
https://www.ncbi.nlm.nih.gov/pubmed/22343638
https://doi.org/10.1046/j.1468-2982.2001.00219.x
https://www.ncbi.nlm.nih.gov/pubmed/11472388
https://doi.org/10.1016/j.jns.2019.01.039
https://www.ncbi.nlm.nih.gov/pubmed/30709572
https://doi.org/10.1046/j.1526-4610.2003.03090.x
https://doi.org/10.1186/1129-2377-14-8
https://www.ncbi.nlm.nih.gov/pubmed/23565915
https://doi.org/10.1186/1471-2377-10-18
https://doi.org/10.1038/jcbfm.1984.79
https://doi.org/10.1177/0333102415607857
https://www.ncbi.nlm.nih.gov/pubmed/26395894
https://doi.org/10.1007/s00415-008-0755-4
https://doi.org/10.1212/WNL.0b013e3181aa53ce
https://www.ncbi.nlm.nih.gov/pubmed/19528518
https://doi.org/10.1111/j.1468-2982.2008.01579.x
https://www.ncbi.nlm.nih.gov/pubmed/18460006
https://doi.org/10.1186/s10194-024-01827-x
https://www.ncbi.nlm.nih.gov/pubmed/39080518
https://doi.org/10.1186/s10194-023-01704-z
https://doi.org/10.1186/s10194-024-01889-x
https://doi.org/10.1093/brain/awt309


Clin. Transl. Neurosci. 2025, 9, 3 10 of 10

29. Leao, A.A.P.; Morison, R.S. Propagation of spreading cortical depression. J. Neurophysiol. 1945, 8, 33–45. [CrossRef]
30. Kellner-Weldon, F.; Jossen, M.; Breiding, P.S.; Grunder, L.; Schankin, C.; Scutelnic, A.; Fischer, U.; Muri, R.; Pastore-Wapp, M.;

Wiest, R.; et al. Imaging Neurovascular Uncoupling in Acute Migraine with Aura with Susceptibility Weighted Imaging. Clin.
Neuroradiol. 2021, 31, 581–588. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1152/jn.1945.8.1.33
https://doi.org/10.1007/s00062-020-00962-7

	Introduction 
	Methods 
	Results 
	Discussion 
	References

