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Abstract

Background: Evoked potentials are widely used to investigate sensory and nociceptive processing abnormalities in
migraine. However, electrophysiological distinctions between migraine subtypes remain insufficiently characterized in
the literature. The aim was to systematically review and summarize neurophysiological abnormalities in evoked potential
studies (visual, auditory, brainstem, somatosensory and laser) in migraine patients, with a particular focus on latency, amp-
litude, habituation and clinical correlations across subtypes and healthy controls.

Methods: Following PRISMA guidelines, we searched PubMed, EMBASE and Web of Science for studies, terms included
“Migraine Disorders,” “Migraine,” “Vestibular Diseases” and “Evoked Potentials”, which were published from 2000 to
2024 were included. Risk of bias was assessed using a modified Newcastle-Ottawa Scale.

Results: In total, 813 studies were screened, resulting in 55 studies meeting the inclusion criteria. Patients with migraine
with aura demonstrated higher amplitudes and asymmetry of visual evoked potentials compared to those with migraine
without aura. Habituation deficits were particularly evident across all types of evoked potentials. A few studies compared
chronic and episodic migraine, reporting higher brainstem and somatosensory evoked potential amplitudes in chronic
migraine.

Conclusions: Migraine patients have a consistent habituation deficit on all evoked potential parameters. Migraine with
aura and chronic migraine may have higher cortical excitability. Further research with larger sample sizes, standardized
methodologies and an accurate comparison of migraine phases will enlighten our understanding of the migraine subtypes.
Trial Registration: PROSPERO ID: CRD42024502803.
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Introduction

Migraine is a chronic neurological disorder marked by altered
sensory processing and hypersensitivity to light, sound, smell
and touch (1-3). Understanding the migraine brain and its
effects on the nervous system has been the focus of neuro-
physiological and functional imaging studies (4,5).

Evoked potentials (EPs) constitute a core neurophysio-
logical approach for investigating sensory processing
abnormalities in migraine. They offer reproducible and
quantifiable insights into the sensory and nociceptive
pathway function, cortical excitability and pain-modulating
networks, capturing both peripheral input and central inte-
gration processes that underlie underlying migraine patho-
physiology. The pioneering work of Golla and Winter in
1959 (6) first identified alterations in the hyperexcitable
migraine brain. Since then, EPs have played a pivotal role
in advancing our understanding of this complex disorder
(7). Electrophysiological measures assess brain activity in
response to specific stimuli, revealing changes in cortical
activation, excitability and overall brain function in patients
with migraine (8). These potentials are beneficial due to
their non-invasive nature, ease of performance and applic-
ability in human studies (9).

We aimed to comprehensively review and document the
variability among studies, categorize and analyse their find-
ings, and focus particularly on migraine subtypes in com-
parison with healthy controls (HCs). By examining the
differences between patients with migraine and HCs across
various modalities, we explored potential correlations
between specific EP patterns, latency, amplitude, habitu-
ation patterns and clinical relationships. Our objective was
to clarify whether migraine exhibits distinct EP patterns
and to document the differences between different subtypes,
as migraine with aura (MA), migraine without aura (MO),
chronic migraine (CM) and episodic migraine (EM).

Methods

Search strategy

A systematic review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) consortium (10). The protocol was prospectively
registered in the International Prospective Register of
Systematic Reviews (PROSPERO) platform (Registration ID:
[CRD42024502803; 26 January 2024]). The search was
conducted on 9 February 2024, across three databases:
MEDLINE-PubMed, Web of Science-Web of Science
Core Collection (Clarivate) and EMBASE (Elsevier).

Furthermore, manual checking of the references of all
included studies and relevant reviews identified in PubMed
and Cochrane Library was performed to supplement the
electronic search, thereby enhancing the rigour and com-
pleteness of our search strategy. A literature search using
medical subject heading terms and synonyms combined
with the Booleans operators “AND” and “OR” was
applied. The search groups and main terms were: (1)
“Migraine Disorders”, “Migraine”, “Vestibular Diseases”
and (2) “Evoked Potentials”. The filters applied were tem-
poral (2000-2024), language (English) and publication
type (clinical trials, randomized controlled trials, case—
control and cohort studies). The comprehensive search strat-
egy used is detailed in the supplementary data section (see
supplementary material, Text S1).

Selection criteria

The search aimed to select studies assessing EPs in
migraine patients, comparing these findings with HCs and
among patients with different migraine subtypes.
Inclusion and exclusion criteria are summarized in
Table 1. Vestibular-evoked myogenic potentials, including
cervical and/or ocular vestibular-evoked myogenic poten-
tials, were initially considered for inclusion. However,
they were ultimately excluded to allow for a more
in-depth exploration of the included potentials, maintaining
the focus of the systematic review and avoiding an overly
extensive scope. Additionally, studies examining EPs fol-
lowing different peripheral sensory stimuli — such as capsa-
icin application, medication effects or transcranial magnetic
stimulation (TMS) — were excluded, as they could compli-
cate comparisons with other EPs studies. However, studies
using laser-evoked potentials (LEPs) were included, as they
potentially provide valuable insights into migraine patho-
physiology. A supplementary search was also performed
for LEP studies. Because the identified studies were
already covered by the original search strategy, as con-
firmed by cross-verification, they were not reported separ-
ately to avoid redundancy. Furthermore, articles with
fewer than 20 patients were excluded to enhance the reli-
ability and generalizability of results.

Article selection

The search was conducted by a librarian specialist at the
Vall d’Hebron Barcelona Hospital Campus in conjunction
with FB and LG. The reviewers FB, LG and PY were
paired off (FB/LG, FB/PY, LG/PY) to independently
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Table |. Papers eligibility criteria

Inclusion criteria

Publication dates
Article types

Patient population
Headache diagnosis
Evoked potentials
Electroencephalography

Exclusion criteria
Language

Study subjects
Study design

Evoked potentials

| January 2000 to | January 2024

Clinical trials, RCTs, retrospective and prospective cohort studies, and case—control studies.
Only full-text and original data articles

Adult patients (patients aged 18 years and older)

ICHD classification (edition adjusted by publication date)

BAEPs, IDAPs, LEPs, PRVEPs, SSEPs, SSVEPs, VEPs

Studies including HFO and LFO in the EPs

Non-English articles

Non-human studies, pediatric patients (patients aged |7 years and younger)

Clinical studies with <20 patients, reviews and case reports

VEMP including cVEMP and/or oVEMP, event-related EPs, FDG PET-VEP and VEFRs,
studies assessing specific migraine treatments through EPs, studies including transcranial
magnetic stimulation, unpublished studies or conference abstracts

Abbreviations: BAEPs = brainstem auditory evoked potentials; cVEMP = cervical vestibular evoked myogenic potentials; EP = evoked potentials; FDG
PET-scan = fludeoxyglucose- |8 positron emission tomography scan; IDAPs = intensity dependence of auditory evoked potentials; HFO = high-frequency
oscillations; LEPs = laser evoked potentials; LFO = low-frequency oscillations; oVEMP = ocular vestibular evoked myogenic potentials; RCT = randomized
controlled trials; SSEPs = somatosensory evoked potentials; SSVEPs = steady-state visual evoked potentials; VEMP = vestibular evoked myogenic potential;
PRVEPs = pattern reversal visual evoked potentials; VEFR = visually evoked cerebral blood flow velocity responses; VEPs = visual evoked potentials.

evaluate all articles identified in the initial search for poten-
tial inclusion based on their titles and abstracts, adhering to
the eligibility criteria (Table 1). Subsequently, reviewers
independently screened the full text of records initially
identified by their titles and abstracts. In case of disagree-
ment, the third reviewer made the final determination.
Any persisting discrepancies or uncertainties were resolved
through discussions.

Additionally, if any article initially identified did not meet
the inclusion/exclusion criteria upon examination for data
extraction by SU/EU/NT, it was also excluded. Furthermore,
to ensure comprehensive coverage, all reviewers manually
searched for references in relevant primary articles, aiming to
identify any additional eligible papers that might have been
overlooked during the initial search process.

Data extraction

Three reviewers (SU, EU, NT) performed data extraction
for all the selected studies, with information recorded in
an Excel electronic spreadsheet. The selected studies were
divided among pairs of reviewers, each responsible for
extracting essential information from each paper: title,
author, year of publication, recording condition including
visual evoked potentials (VEP) as well as pattern reversal
visual evoked potentials (PR-VEP), and steady-state visu-
ally evoked potentials (SS-VEP), auditory evoked poten-
tials (AEP), somatosensory evoked potentials (SSEP),
brainstem auditory evoked potential (BAEP), LEP, inten-
sity dependence of auditory evoked cortical potentials
(IDAP), sample size and demographics (age, gender distri-
bution), migraine subtypes (MA, MO, EM, CM,), subject

note (interictal or ictal phases, use of preventive therapy
or any other treatment, concomitant diseases, otological
or neurological examination, exclusion criteria), and main
findings (EPs’ amplitudes, peak to peak amplitudes,
latency, habituation, potentiation, long-term effects).

Primary outcomes focused on the main EP findings,
including alterations in response amplitudes, latencies
and habituation patterns between patients with migraine
and HCs. Secondary outcomes involved comparing
main EP findings between patients with different
migraine subtypes (EM, CM, MA, MO), comparing
migraine patients with HCs to evaluate clinical endpoints
and exploring potential correlations of EP patterns and
migraine profiles.

Risk of bias

The quality of included articles was independently assessed
by five reviewers (SU, EU, NT, PY, LG) following the
Cochrane Collaboration’s Risk of Bias tool for randomized
controlled trials and assessed and rated poor, fair or high
quality using a modified Newcastle-Ottawa Scale for
Observational Studies (mNOS). In cases of discrepancies,
discussions were conducted to achieve consensus.

Albatross plot

For studies not directly reporting effect sizes, we estimated
Cohen’s d from published p-values and group sample sizes.
Two-tailed #-values were derived from p-values and degrees
of freedom (df =n; +n, — 2) and effect sizes were com-
puted as: d=1-4/(1/n; + 1/n,)
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Approximate values were used for threshold p-values
(e.g. p<0.05) and non-specific results (e.g. p>0.05) were
excluded. These standardized estimates were then plotted
for the sensory habituation parameters in the albatross
plot to visualize study findings across sample sizes. All ana-
lyses and plots were performed using Python, version
3.11.9 (https:/www.python.org).

Results

Study characteristics

Our search in reliable databases identified a total of 1018 papers
and reviews, which were reduced to 813 after removing the
duplicates and filtering by title and abstract. Out of these 813
articles, 241 were full-text screened for eligibility.
Additionally, one article was included in the review after
being identified through searching of the cited references
(Figure 1). All articles were strictly screened following the inclu-
sion and exclusion criteria (Table 1). Thus, we finally included
55 articles for the analysis. Regarding the risk of bias judgments
for the included studies, Table 2 details the risk of bias for each
study. In summary, 54 case—control/cross-sectional studies and
one randomized controlled trial were included, 53 of them
scored above 7 points on the mNOS scale, indicating high-
quality data. Specifically, two scored 6 points, 42 studies
scored 7 points and 11 studies scored 8 points (Figure 2).

Findings of visual evoked potential studies (n = 34)

Visual stimuli were applied in 34 studies; of the VEP studies,
five used SS-VEP, one used hemifield visual evoked poten-
tial (HVEP) and the others used PR-VEP.

Amplitude variability and latency findings. In total, 17 studies
have examined VEP latency, with a subset of these studies
reporting no significant differences (n=11) (11-21) while
six studies found differences, with shorter VEP latencies
(n=2), others reported longer latencies (n=4) (17,22-26).

Compared to HCs, half studies reported abnormal waves in
the migraine group (n=16/34) (see supplementary material,
Table S1). When the pathological amplitudes (n=12) were
analysed, nine studies reported predominantly increased
VEP amplitudes in any migraine subtypes compared to HCs
amplitudes (12,17,22,27-32). When comparing migraine
subtypes, MA amplitude exceeded MO in five out of seven
instances, while MO exceeded MA in two out of seven
instances (15,17,22,27,30,33,34). Significantly higher inter-
hemispheric asymmetry in VEP responses was also observed
in all studies compared migraine to HCs (n=3).'***! Fong
et al. (29) reported N2 amplitude was elevated in migraine
patients only at high spatial frequency (SF) compared to
HCs. The duration of disease was correlated with various
parameters, including P100 amplitude, P1 latency, PIN2

amplitude, P100-N145 habituation slope and N1-P1 habitu-
ation slope (n=4) (16,22,27,33).

Habituation traits. The majority of the studies (n=11/17),
migraine group exhibited habituation deficits or potentiation
compared to HCs (11,12,14,35-42). Additionally, four out of
17 studies also reported habituation deficits varied depending
on techniques and stimuli (16,30,33,41). Sharp et al. (41)
observed VEP amplitude potentiation at higher frequencies
(9 Hz) in the migraine group. Bedndr et al. (43) reported
habituation deficits in migraine at both low and high con-
trasts. Taken together, 14 out of 17 studies identified habitu-
ation abnormalities either independently or modulated by
stimulus  techniques (see supplementary material,
Table S1). Studies analysing the ictal phase showed that
habituation normalizes during migraine attacks (35,40).

Findings of somatosensory evoked potential studies
(n=7)

Amplitude variability and latency findings. In five out seven
SSEP studies, no significant differences in latency, and, in
four out of seven studies, no differences in amplitude were
observed between migraine patients and HCs (see supple-
mentary material, Table S2) (44-50). Regarding amplitudes,
two studies revealed interictally lower SSEP amplitudes and
one of these studies reported higher ictal amplitudes in
migraine group (44,48,50).

Habituation traits. All SSEP studies that analysed habitu-
ation traits (n=>5) showed habituation deficit interictally,
particularly in N20 responses (44,47-50).

Clinical correlations with SSEP responses. An habituation deficit
was found to be negatively correlated with monthly headache
days or attack frequency (n=3) and with headache severity (n
=2) (35,49,50). In studies of Abanoz et al. (45) and Kalita
et al. (49), N19/N1-P1 amplitudes were found to be positively
correlated with disease duration. Restuccia et al. (47) and
Kalita et al. (49) reported age, sex, allodynia, analgesic intake,
functional disability, triggers, headache duration and disease
progression were found to be correlated with SSEP habituation
deficit or amplitude. Restuccia et al. (47) reported that N20 amp-
litude showed potentiation in patients whose migraine fre-
quency worsened (n=7), whereas it remained stable in those
who experienced spontaneous improvement (n = 10).

Findings of auditory evoked potential studies (n=10)

Amplitude variability and latency findings. Prolonged BAEP
peak latencies and/or interpeak latencies (IPLs) were
detected in migraine patients compared to HCs (n=23/4),
while AEP studies (n = 3) showed no significant latency dif-
ferences (see supplementary material, Table S3) (11,51-55).
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Figure 1. PRISMA flowchart of the studies in the systematic review.

Most of the studies reported no significant difference in the
amplitudes of BAEP (n =3/4) and AEP P50/P300 waves (n =
2/3) between migraine and HCs (42,51,52,55,56). Increased
IDAP slopes were observed in migraine patients compared
to HCs (11,36).

Habituation traits. All AEP studies that examined habitu-
ation (n=35) reported habituation deficits in migraine
patients (11,36,42,51,52).

Findings of laser evoked potentials (n = 7)

Habituation traits. Habituation deficit was reported in most
studies in the migraine group compared with HCs (n = 5/6)

(57-61). Uglem et al. (62) reported no difference in habitu-
ation between EM and HCs, except in ictal EM (see supple-
mentary material, Table S4).

Pain perception and other findings. de Tommaso et al. (57)
found that, despite similar pain thresholds between
groups, migraine patients reported higher pain perception
compared to HCs when exposed to stimuli of the same
pain intensity. In another study, de Tommaso et al. (63)
reported during P2 dipole analysis, EM (MO) patients
showed significantly greater x-axis displacement compared
to HCs. In CM patients, both x and z coordinate shifts were
significantly larger than in HCs and EM patients, indicating
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Table 2. Modified Newcastle-Ottawa Scale (MNOS) assessment of included studies

Selection Exposure

Study reference (first author, year, PMID)

Study design

2

w

Comparability
I

2

Total

Afra et al. (2000) (11), 10825720

Khalil et al. (2000) (22), 10990512

Sand and Vingen (2000) (42), 11167910
Yiicesan et al. (2000) (19), 10849033
Ambrosini et al. (2001) (51), 11403975
Logi et al. (2001) (20), 11696025

Yilmaz et al. (2001) (25), 11239947
Ozkul and Uckardes (2002) (44), 11985630
Siniatchkin et al. (2003) (52), 12950376
Spreafico et al. (2004) (26), 15549564
Shibata et al. (2005) (17), 16043404
Zaletel et al. (2005) (31), 16033381
Coppola et al. (2007) (21), 17932863
Sand et al. (2008) (27), 1830862

Sand et al. (2009) (33), 19566496

Khalil et al. (2011) (13), 20663857
Shibata et al. (2011) (30), 21769699
Hamed et al. (2012) (54), 22133970
Nguyen et al. (2012) (34), 22800915
Restuccia et al. (2012) (46), 22554785
Coppola et al. (2013) (35), 23565983
Coppola et al. (2013) (48), 24016158
Omland et al. (2013) (15), 23298223
Bednar et al. (2014) (43), 24332446
Kalita et al. (2014) (49), 2428128
Restuccia et al. (2014) (47), 24121287
Coppola et al. (2015) (12), 26527348
Coppola et al. (2015) (12), 26442930
Abanoz et al. (2016) (45), 26644335
Omland et al. (2016) (16), 26093935
Rauschel et al. (2016) (37), 26498347
Verroiopoulos et al. (2016) (18), 26840983
Ambrosini et al. (2017) (36), 27154996
Ambrosini et al. (2017) (40), 27582121
El-Shazly et al. (2017) (23), 28636408
Lisicki et al. (2017) (14), 27821640
Kalita et al. (2018) (39), 28974100

Lisicki et al. (2018) (28), 29899730
Lisicki et al. (2018) (32), 29978429
Bernstein et al. (2019) (64), 30376534
Takeuti et al. (2019) (55), 31248379
Fong et al. (2020) (29), 31931401

Lisicki et al. (2020) (38), 31586677
Zhang et al. (2020) (53), 32265817
Kalita et al. (2021) (65), 33305448
Alshamrani et al. (2023) (24), 38001979
Inan et al. (2023) (56), 38051688

Sharp et al. (2023) (41), 36869187

de Tommaso et al. (2003) (58), 12507697
de Tommaso et al. (2005) (63), 16178951
de Tommaso et al. (2012) (60), 22483280
Vecchio et al. (2016) (61), 2720883 |
Uglem et al. (2017) (62), 28971336
Valeriani et al. (2003) (59), 14499420

de Tommaso et al. (2015) (57), 26441610

CASE CONTROL
CASE CONTROL
CASE CONTROL
CASE CONTROL
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CASE CONTROL
CASE CONTROL
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Abbreviation: RCT = randomized controlled trial.
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Evoked Potentials: Stimulation Areas and Waveform Types

Visual Evoked Potentials
« P100 (around 100 ms) (Primary visual cortex)

* N75 (around 75 ms) (Primary visual cortex)
+ N135 (around 135 ms) (Primary visual cortex)

Sensory Evoked Potentials
« N20 (around 20 ms)(Primary somatosensory cortex)
« P25 (around 25 ms)(Primary somatosensory cortex)
« N35 (around 35 ms)(Primary somatosensory cortex)

Auditory Evoked Potentials (AEP):
* P50 (around 50 ms) (Primary auditory cortex)
N

100 (around 100 ms) (Primary auditory cortex)
« P200 (around 200 ms) (Secondary auditory cortex)

T Brainstem Auditory Evoked Potentials (BAEP):Wave |
Se (around 1.5 ms) (s ory ne

. Vestibular Evoked Myogenic Potentials (VEMP):
« P13 (around 13 ms)
« N23 (around 23 ms)

Created with BioRender.com

Figure 2. Sensory stimulation modalities and corresponding evoked potential types.

a broader alteration in dipole localization with migraine
chronicity (63) (see supplementary material, Table S4).

Comparisons between MO, MA and HCs (n=23)

VEP (n=18). The majority of VEP latency studies compar-
ing MO, MA and HCs reported non-significant differences
(n=15/18) (see supplementary material, Table S5). While
only half of the VEP amplitude studies detected significant
differences (n=38/17), subtype analyses consistently
demonstrated higher amplitudes in MA compared to MO
(n=>5/7) with both migraine subtypes elevated amplitudes
relative to HCs (15,17,22,27,29,30,33,34).

Habituation deficit or potentiation was detected majority
of the VEP habituation studies (n=7/9) compared to HCs
with no consistent differences observed between migraine
subtypes. One exception was Omland et al. (15), who
reported higher habituation deficit MO compared to MA,
specifically in larger checker sizes.

While Shibata et al. (30) reported that both MA and MO
lacked habituation at high contrast and SF, it emerged with
decreasing contrast and lower SF. Notably, potentiation at
0.5 cycles per degree was observed exclusively in MA
(30). In phase based analysis, pre-ictal and ictal migraine
groups demonstrated habituation patterns similar to HCs,
whereas both interictal migraine groups showed habituation
deficit (35,42).

BAEP and AEP (n=3). No differences were observed
between MO and MA in terms of amplitude and latency.

In the study by Hamed et al. (54), analysis of interside dif-
ferences revealed that BAEP III latencies were longer on
the right side than on the left in MO patients. All studies
demonstrated habituation deficits in migraine subtypes,
with one study reporting a greater deficit in MO compared
to MA at 40 dB (11,42).

SSEP (n=3). Two out of three studies in amplitudes and all
studies found no difference in the latency and habituation
between subtypes (44,46,47).

LEP (n=1). No significant LEP amplitude and habituation
difference was found between MO, MA and HCs in one
study (62).

Comparisons between MO and HC (n=12)

VEP (n=3). There were no differences in VEP latencies (n
=2) and amplitudes (n=1) between MO and HCs (14,19)
(see supplementary material, Table S6). Lisicki et al. (14)
found lower VEP amplitudes and significant habituation
deficit compared to HCs with a first-degree relatives of
migraine patients, with the first block N1-P1 amplitude
was negatively correlated with the habituation slope only
in those with family history.

AEP (n=2) and SSEP (n=[). While two studies found no
latency differences in AEP, one reported higher amplitudes
in MOs compared to HCs (51,52). Both studies (n=2)
reported habituation deficits in P50 and P300 waves in
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the MO group, not in HCs (51,52). Abanoz et al. (45) found
no differences in trigeminal SSEPs’ ipsilateral latencies,
N1-P1/N2-P1 amplitudes and sensory thresholds.

LEP (n=15). All studies analysed habituation parameters,
consistently reported habituation deficit in MO and
normal habituation in HCs (n=15) (57-61). No significant
differences were found in latency (n=15) (57-61) and amp-
litude parameters (n=4) (58-61). Higher pain perception
was observed in MO compared with HCs, whereas pain
thresholds did not differ between groups (57).

Comparisons between MA and HCs (n=15)

In two studies, no significant VEP amplitude differences
were reported between MA and HCs (see supplementary
material, Table S7) (21,23). However, four studies reported sig-
nificant differences, including decreased P100 amplitude in
MA with visual aura, lateral HVEP-P100 asymmetry aligning
with the visual aura side, lower amplitudes during aura com-
pared to MA and HCs, and greater interhemispheric asymmetry
(N75, P100) with larger checker sizes (13,21,23,24).

No significant interictal VEP latency differences were
observed between HCs and MA (n=4/5). However, sub-
group analyses revealed shorter VEP latencies in MA
during the interictal phase, prolonged P100 latencies in MA
during aura compared to both HCs and interictal MA, and
greater interhemispheric asymmetry in VEP latencies (N75,
P100) in MA when larger checker sizes were used (13,21,23).

Coppola et al. (12) found habituation deficits in with
both pure visual auras and complex auras. VEP amplitude
was higher in complex aura group than pure visual aura
and HCs.

Comparisons between EM, CM and HCs (n=13)

VEP studies (n=38). Only Lisicki et al. (38) directly com-
pared amplitudes between EM, CM and HCs, finding no
significant amplitude differences (see supplementary mater-
ial, Table S8). Most studies compared EM and HC ampli-
tudes reported no differences, however; Lisicki et
al.(28) was the only study observed increased VEP ampli-
tude in EM (37,38,43,64).

Habituation analyses consistently showed interictal def-
icits in EM, with normal habituation in HCs
(36,37,39,40,43). Some studies noted ictal-interictal differ-
ences: Kalita et al. (39) reported deficits only ictally, Bednar
et al. (43) in both phases while Ambrosini et al. (36) found
deficits only interictally.

SSEP (n=2) and BAEP studies (n=2). Coppola et al. (48)
found significantly higher SSEP amplitudes (N20-P25) in
CM and ictal EM, with CM exhibiting greater amplitudes
than EM. By contrast, interictal EM showed reduced ampli-
tudes compared to HCs. Kalita et al. (49) did not find

differences in amplitude (N19-P25) among EM, CM and
HCs, but the CM group insignificantly had higher ampli-
tudes than EM. Coppola et al. (48) showed a habituation
deficit in interictal EM but normal habituation in CM and
ictal EM. Conversely, Kalita et al. (49) found habituation
deficits in CM and ictal EM groups but not in interictal
EM. In both studies, there were no latency differences
between the groups (48,49).

Kalita et al. (65) reported that, BAEP amplitudes (waves
IL, III, TV) were higher in migraine patients (EM and CM)
compared to HCs, with CM showing greater amplitudes
than EM.

In summary of sensory parameters, four studies com-
pared EM and CM amplitudes across all EPs. Half of
these studies reported significantly higher amplitudes in
CM than in EM (SSEP & BAEP), while one found higher
amplitudes with no statical significant difference, the
SSEP study showed non-significant higher amplitudes in
CM than EM and HCs (VEP and SSEP) (38,48,49,65).
Coppola et al. (48) reported that interictal EM exhibits
habituation deficits, whereas CM and ictal EM may demon-
strate normal habituation. Conversely, Kalita et al. (49)
found habituation deficits in CM and ictal EM but not in
interictal EM.

LEP (n=3). Studies directly compared LEP amplitudes and
latencies among EM, CM, and HCs and did not find signifi-
cant differences (58,63). de Tommaso et al. (63) reported
greater displacement of the P2 dipole source along the x
and z coordinates in CM compared with EM (MO) and
HCs, indicating altered cortical source localization.
Regarding to habituation parameters Uglem et al. (62) com-
pared LEP habituation traits in ictal, preictal, postictal,
interictal phases EM vs HCs, and found normal habituation
in interictal EM and HCs and habituation deficits only in
ictal EM in post-hoc analysis.

The only study compared habituation traits between CM
and EM (MO) reported higher N2a—P2 amplitude habitu-
ation deficit in CM, following the pattern CM >EM (MO)
>HCs (58).

Discussion

The present review set out EP abnormalities in migraine,
with a particular attention to migraine subtypes in compari-
son to HCs. Notably, VEP studies offered the most internal
consistent evidence: while VEP latencies were similar
between migraine patients and HCs, a consistent habituation
deficit was observed in the migraine group not only in VEPs
but also across all EP modalities (Figure 3).

By contrast, findings related to VEP amplitude were
markedly heterogeneous. Interestingly, when migraine sub-
types were compared, MA more consistently exhibited
higher VEP amplitudes than MO during the interictal
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Figure 3. Albatross plot of habituation differences between migraine patients and healthy controls. AEP = auditory evoked potential;
BAEP = brainstem auditory evoked potential; VEP = visual evoked potential; SSEP = somatosensory evoked potential.

phase. This differential pattern, while modest in isolated
comparisons with HCs, becomes more salient when dis-
sected by migraine subtype (17,26,27,30,33). Notably,
hyperresponsivity in MA appeared to include a lateralized
component, as suggested by interhemispheric asymmetries
in VEP and BAEP responses (13,20,21,54). Despite limited
number of studies, the present findings align with conver-
ging evidence from electrophysiology, neuroimaging and
metabolic studies supporting the notion that MA may
exhibit distinct neurobiological signatures.

Although cortical spreading depression (CSD) remains
the most widely accepted mechanism underlying migraine
aura, the precise pathophysiological cascade in MA is still
not fully elucidated. Perfusion imaging studies supported
the CSD model by demonstrating transient, retinotopically
organized hypoperfusion that can occur not only during
aura, but also interictally spreading across the occipital
cortex in a pattern consistent with the spatiotemporal
dynamics of CSD (66-69). In line with this, interictal
studies using visual stimulus—evoked BOLD (i.e. blood
oxygenation level dependent) functional magnetic reson-
ance imaging (fMRI) revealed amplified occipital and
extended visual network responses, indicative of trait-like
cortical hyperresponsivity distinguishing MA from MO
(70-72). fMRI findings extend this interictal vascular sig-
nature; as compared to MO, MA is characterized by a dis-
tinct network configuration. This includes stronger
within-visual connectivity and altered coupling between
intra visual cortical areas, visual cortex-extrastriata

regions (including salience network hubs) and higher-
order control systems, as well as thalamic and brainstem
recruitment during visual stimulation between the attacks
(66,72-75). Structural neuroimaging implicates reduced
cortical thickness and more extensive white-matter altera-
tions, while magnetic resonance spectroscopy studies
showed decreased cortical N-acetyl aspartate, increased
occipital lactate particularly in MA group (72,76-80). A
prevailing hypothesis is that these findings are consistent
with mitochondrial metabolic inefficiency that may
lower the threshold for cortical hyperexcitability and
sensory hyperreactivity may offering a plausible mechan-
ism for the heightened occipital excitability consistently
observed in MA (66,76,77,81).

Electrophysiological studies revealed a more consistent
pattern in MA patients during the interictal phase, character-
ized by increased posterior alpha power, interhemispheric
asymmetries, increased delta and theta wave occurrence
(82-88). Accompanied by disrupted alpha—beta synchroniza-
tion during visual stimulation, findings were pointing to
reduced intracortical inhibition and altered long-range con-
nectivity in MA group (82,84,86-88).

TMS data further support these distinctions, with MA
patients showing shortened cortical silent period suggesting
GABAergic hypofunction and lower thresholds for evoking
magnetophosphenes indicating cortical hypersensitivity
(85,89-91). Furthermore, paradoxical responses to excitatory/
inhibitory protocols and impaired habituation of nociception-
specific blink reflexes have been reported (82,89-93). By
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contrast, these abnormalities were less consistently observed in
MO, suggesting that MA is associated with more pronounced
alterations in cortical excitability, hypersynchronization and
sensory adaptation (91,94). Collectively, these findings align
with the hypothesis that MA represents a more functionally dis-
rupted phenotype, underpinned by disrupted inhibitory control
and altered sensory integration mechanisms.

Diving on the aura subtypes, Coppola et al. (12) opened
anew discussion point, as they reported a sustained increase
in VEP amplitude specifically in MA with complex aura
than visual aura, indicating a genuine excitability shift.
Supporting this, Mastria et al. (95) reported that complex
aura phenomena, such as those seen in Alice in
Wonderland syndrome, may be associated with more pro-
nounced alterations in cortical excitability and functional
connectivity compared to typical aura presentations. This
was further supported by functional and structural MRI
findings which demonstrated that complex aura is asso-
ciated with widespread network dysfunctions and reduced
cortical thickness extending beyond the visual cortex (78).

Although EP studies exploring distinctions between EM
and CM remain limited, we believe preliminary findings are
suggestive. Our data revealed increased amplitudes in CM
patients specifically within the SSEP and BAEP modalities,
whereas the single VEP study in our dataset showed no sig-
nificant differences between CM and EM groups
(38,48,49,65). These findings suggest a sensory modality-
specific alteration in CM, consistent with a pattern of
enhanced cortical responsivity and sensory gating, particu-
larly in pathways related to somatosensory and brainstem pro-
cessing (96-98). Although Chen et al. (99) has reported
abnormalities in VEPs — especially using magnetic para-
digms, our results do not support an alteration in VEP compo-
nents between CM and EM. Regarding habituation notably,
some variability persists across studies: while Kalita et al.
(49) reported SSEP reduced habituation in CM, Coppola
et al. (48) reported a late and normal habituation in CM may
resemble ictal-like patterns. Medication overuse headache
may partially account for such variability, as it is known to
modulate cortical excitability (100-102). Based on the
results of our review, de Tommaso et al. (63) identified that,
compared to EM, CM patients exhibited a broader spatial
shift in P2 dipole localization, involving significant displace-
ments along both x and z axes. While EM showed only lateral
displacement, CM sources extended into more ventromedial
cortical regions, including the rostral ACC and insula. In the
broader literature, studies employing nociceptive paradigms
-such as LEPs, contact heat-EPs- have highlighted
abnormal amplitude—intensity scaling; moreover fMRI
studies have demonstrated activation of within these same
key pain-processing cortical networks in CM relative to EM
(63,103-105). This distinction may suggest that CM is asso-
ciated with deeper and more widespread reorganization

within pain-related cortical networks, possibly reflecting
cumulative effects of repeated migraine attacks and chronifi-
cation mechanisms (63,97,103,104). The inferior displace-
ment of cortical sources in CM may also reflect modulatory
input from deeper subcortical structures such as the hypothal-
amus, which has been shown to exhibit increased functional
connectivity with cortical networks in CM (105,106). These
findings support the view of CM as a condition characterized
by widespread cortical hyperexcitability and enhanced
responsivity across both exteroceptive and nociceptive
systems, reflecting increased involvement of the pain-related
cortical matrix (97,99,102,103).

The main contribution of EPs to migraine pathophysiology
is with interictal abnormalities which support migraine is a
brain disorder not solely an ictal disease (107). These findings
have broadened our understanding and opened new discus-
sions on subcortical-cortical interactions, inhibitory control
and cortical plasticity (108). EPs are inexpensive, scalable
and mechanistically informative. Nonetheless, clinical transla-
tion remains limited at present due to substantial heterogeneity
across studies in stimulation protocols, recording mon-
tages, analysis pipelines, and critical variables such as
migraine phase, medication use and comorbidities, all of
which reduce effect sizes and complicate meta-analytic
synthesis. Neurophysiological findings support that
migraine is a dynamic, phase-dependent disorder involving
widespread network dysfunction across cortical, subcor-
tical, and brainstem structures. Future studies should aim
to dissect these mechanisms across migraine subtypes
with stratification by clinical, genetic and neurophysio-
logical phenotypes. Particular attention should be paid to
hypothalamic and brainstem modulation their role in aura
phase and chronification of the disease.

The review has limitations. We exclusively included studies
that demonstrated reproducible results with a minimum of 20
patients to ensure basic clinical representativeness. While this
pragmatic threshold helped stabilize data, it also led to the
exclusion of studies with smaller sample sizes. Our review is
further limited by small patient cohorts, heterogeneous method-
ologies, variability across migraine phases, and differences
among migraine subtypes in the studies.

Conclusions

EP studies have consistently revealed abnormal sensory
processing in migraine, most notably interictal habituation
deficits. Although the findings on amplitudes remain het-
erogeneous, subtype comparisons indicate distinct electro-
physiological patterns, with MA and CM showing
alterations in cortical excitability. Future research should
prioritize standardized methodologies, subtype-compared
analyses and studies with larger cohorts.



Ulutas et al.

Clinical implications

further research into the interictal migraine brain.

e Habituation deficits are the most consistent abnormality differentiating migraine disease from HCs.

e Highlighted increased cortical excitability in MA from MO and CM from EM, which may indicate subtype-specific
alterations in cortical responsivity, may inform tailored therapeutic strategies.

e Revealed consistent interictal EP abnormalities, supporting migraine as a disorder of cortical sensory processing
and network dysfunction, beyond its characterization as a transient pain condition. This highlights the need for

e Underscored the need for standardized EP protocols to improve diagnostic reliability and cross-study comparisons.
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