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This investigation explores cortical connectivity in individuals diagnosed with migraine,
employing high-density electroencephalography (HD-EEG) and steady-state visual evoked
potentials (SSVEP) to discern distinctions between migraine with aura (MWA) and migraine
without aura (MWO0A). The cohort comprised 22 participants suffering from migraines,
categorized into MWA (13 participants, including 7 females) and MWOoA (9 participants,
with 5 females), alongside a control group of 19 healthy individuals (8 females), exhibiting
no history of migraines. The ages of the migraine and control groups were 29+1 and 2741
years, respectively. The methodology involved exposing subjects to visual stimuli at
frequencies of four Hz and six Hz, each for a duration of 2 seconds, interspersed with inter-
stimulus intervals of 1 to 1.5 seconds. The frequencies were presented in a randomized
sequence, with each being delivered 100 times. Through the acquisition of EEG data from
128 custom electrode positions, inter- and intra-hemispheric coherence during the interictal
phase was meticulously analyzed. It was observed that individuals with migraines exhibited
a pronounced reduction in alpha-wave pattern uniformity across both intra- and inter-
hemispheric connections, a phenomenon markedly accentuated in the MWA group. Further,
a unique functional connectivity metric derived from HD-EEG data during repeated SSVEP
stimulation emerged as a potential biomarker capable of differentiating between MWA and
MWoOoA subjects. Notably, a significant discrepancy in the slope between Block 1 and Block
6 was observed in MWA subjects, highlighting a distinct response irrespective of stimulation
frequency. These findings underscore the clinical significance of cortical connectivity
measures in understanding migraine pathophysiology and developing targeted treatments.
The variation in alpha-band coherence could reflect differential sensory processing and
neural communication mechanisms, potentially linked to Cortical Spreading Depression
(CSD). Despite the promising insights, the limited sample size underscores the need for
cautious interpretation of the results and further research. This study contributes to the body
of knowledge on migraine-induced alterations in brain function, paving the way for refined
diagnostic and therapeutic strategies.

1. INTRODUCTION

setting off the symptoms of a migraine. In cases of MWA,
there's something noteworthy: the brain seems to react more

Migraines are not just severe headaches; they're a
complicated blend of issues involving nerves and blood
vessels in the brain. These headaches are more than just
painful; they often bring along other problems with the
nervous system [1]. Interestingly, about 20% of people with
migraines get a warning signal known as an 'aura’, manifesting
as symptoms such as visual disturbances [2, 3]. This is thought
to be linked to a phenomenon known as CSD, a theory that
suggests a kind of electrical wave sweeps across the brain,
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intensely to sensory information, even in the periods between
migraines. This heightened activity in the brain is quite
different from what is seen in people who have MWoA or
those who don't have migraines at all. Getting a handle on this
distinct brain activity in MWA, particularly in the quieter
times between attacks, is key to fully understanding and
managing migraines [4].

In research focusing on migraines, particularly in those who
experience auras (MWA), there is a consistent discovery of
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distinct brain activity patterns, especially noticeable during the
interictali phase, the period between migraine attacks. During
these stages, people with MWA have stronger reactions to
some visual tests and have a harder time getting used to these
stimuli than people with MWoA and healthy controls (HC) [5-
8]. This heightened response becomes evident when they
undergo SSVEP testing. 1 SSVEPs are renowned for eliciting
robust and reliable neural reactions, offering a window into the
detailed workings of cortical activity and its connections. The
superior signal-to-noise ratio of SSVEPs and their ability to
trace the brain's functional connectivity over time set them
apart from other sensory testing methods. These
characteristics render SSVEPs a critical tool in investigating
the intricacies of brain function, proving particularly valuable
in enhancing our understanding of the changes in brain activity
associated with migraines [9-11]. This choice was based on
preliminary analyses and thorough reviews of existing
literature, both of which showed how important these choices
were for accurately capturing the neural dynamics that are
typical of migraines [12].

Our particular focus on the 4-6 Hz frequency range was
informed by its proven importance in prior research on
migraines, highlighting its relevance in our quest to deepen the
understanding of this complex neurological condition [13].

Studies on migraines show that certain stimuli can cause
synchronized brain activity in visual areas. This suggests that
sensory processing has changed, and there may be a link
between migraine sufferers having frequent visual auras and
their visual systems not working properly [14].

Looking into how different parts of the cortex communicate
with each other when people are motivated, especially when
they see something, is a good way to learn more about sensory
hyperresponsiveness in MWA and how it works [15]. The goal
of functional connectivity analysis is to look at the brain as a
constantly changing system. This is different from the usual
way of studying specific brain areas using EEG lead locations
or voxels in fMRI research. By analyzing the interconnections
and communication across cortical areas, scholars can gain
valuable knowledge on the intricate network interactions that
play a role in sensory anomalies [16-18]. Various
mathematical algorithms are available to investigate
synchronized neuronal activity and understand the functional
connectivity and overall integrity of human brain networks.
One commonly used algorithm is coherence, which examines
whether multiple sensors or brain regions exhibit similar
neuronal or oscillatory patterns. Coherence analysis has been
employed since the 1960s, primarily by comparing the
frequency distributions among EEG sensors. The coherence of
EEG signals within a certain frequency range is measured by
how consistent the relative amplitude and phase of those
signals are [19-21].

EEG coherence is a widely employed metric to assess
functional connectivity by examining cross-correlations
between signals in the frequency domain, thereby revealing
the interrelationships among EEG signals. This measure
provides valuable insights into the level of connectivity and
synchronization between different brain regions, facilitating a
better understanding of the functional interactions and
information processing within the neural network [22]. The
fact that people with migraines have stronger neural responses
to sensory stimuli than healthy controls, irrespective of the
type of migraine, is strong evidence of sensory hyper-
responsivity [23]. Both fMRI and EEG studies demonstrate
this heightened responsiveness, while the diminished
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habituation to repetitive stimuli additionally implies
heightened sensitivity to sensory input. Taken together, these
findings point towards a modified sensory processing
mechanism in individuals experiencing migraines, marked by
intensified neural responses and compromised habituation to
sensory stimuli. Different types of stimuli, like checkerboards,
repeated flashes, and pattern reversal stimulation, have helped
us learn a lot more about cortical hyper-responsiveness in
migraine [18, 24].

Several studies have demonstrated this phenomenon,
providing substantial evidence. As an example, one study
found that people who had interictal MWA had bigger
SSVEPs and trouble getting used to things compared to people
who had MWoA and people who were not experiencing
migraine [14]. Furthermore, these stimuli elicited
synchronized oscillations in multiple cortical regions,
including the visual areas. These findings underscore the
presence of cortical hyperresponsiveness and the associated
alterations in sensory processing among individuals affected
by migraines. The inclination towards abnormal visual system
activity may be associated with the higher occurrence of visual
auras, which are more prevalent in individuals with migraines.
This suggests a possible association between the prevalence of
visual auras and the atypical functioning of the visual system
[25-27].

Coherence EEG has been widely used in migraine research
to investigate functional connectivity and neural dynamics.
However, several limitations should be considered when
interpreting the findings. The spatial resolution of the EEG is
limited, preventing precise localization of brain activity. The
interpretation of coherence values can be complex, as they
need to provide information about the directionality or
causality of connections. The selection of frequency bands and
artifacts can also influence coherence measurements.
Additionally, small sample sizes, heterogeneity of migraine
subtypes, and the need for more standardization in
methodologies pose challenges in drawing definitive
conclusions from coherent EEG studies [28]. Considering
these limitations, future research should explore
complementary approaches to investigate cortical processing
in migraine patients. One such approach uses stimulus-state
high-density EEG analysis, which can comprehensively assess
cortical activity without relying on specific tasks. Furthermore,
recent studies have investigated the spatial coherence of
different frequency bands in migraine patients, offering
valuable insights into cortical processing abnormalities. These
advancements can enhance our understanding of migraine
pathophysiology and provide a more comprehensive picture of
cortical dynamics in individuals with migraines [13].

We used HD-EEG to look into neural activity problems in
the cortex of people who have migraines during the interictal
phase of the migraine. Our primary focus was to analyze the
response to SSVEP stimuli within the 4-6 Hz frequency range.
Our main objective was to identify the most plausible
explanation for these abnormalities by examining various
clinical manifestations, including unsynchronized brain areas.
Moreover, our objective was to broaden the scope of our
electrophysiological inquiries into functional connectivity and
reactivity in migraine by examining distinctions between two
distinct phenotypes of migraine: individuals with MWA and
individuals with MWOA along two primary axes.

The first axis of our study involves investigating differences
in specific frequency bands between individuals with MWA
and those with MWoA, compared to a control group (HC).



Meanwhile, the second axis focuses on examining coherence
over time during repeated visual stimulation, with particular
emphasis on comparing the responses of Block 1 and Block 6
in migraineurs.

To do this, we did a full and detailed study of cortical
coherence, looking at how the brains of these migraine
subgroups and a group of HCs worked. This approach
enhances our understanding of the neural underpinnings of
different migraine subtypes and how they respond uniquely to
visual stimuli, thus contributing to a more comprehensive
comprehension of the pathophysiology of migraines. These
findings can inform targeted therapeutic interventions for
managing migraines effectively.

Our study provides strong evidence supporting the
hypothesis that individuals with migraines have an overly
active regulatory mechanism, rendering them susceptible to
instability and heightened sensitivity to environmental factors.
This regulatory mechanism leads to a reduction in coherence
among brain areas at migraineurs, exhibiting a clear and
significant slope during repeated stimulation over time, with
particularly pronounced effects observed in individuals with
MWA compared to those with MWoA.

These findings align with current theories proposing the role
of dysfunctional subcortical structures in the pathophysiology
of migraines. To be more specific, our observations show a
significant drop in the coherence of alpha-band neural activity
within the frontal clusters of the cortex. This means that
synapses in these brain areas are not working as well as they
should. Additionally, our spatial coherence analysis revealed
that individuals diagnosed with MWA exhibited a more
pronounced decrease in alpha-band spatial coherence in
response to visual stimuli than those diagnosed with MWoA.
This approach enhances our understanding of the neural
underpinnings of different migraine subtypes and how they
respond uniquely to visual stimuli, thus contributing to a more
comprehensive comprehension of the pathophysiology of
migraines. These findings can inform targeted therapeutic
interventions for managing migraines effectively.

2. MATERIALS AND METHODS
2.1 Subjects

The study comprised a cohort of 22 individuals diagnosed
with migraine, with an average age of 29+1. The sample was
divided into two groups: MWA, consisting of 13 participants,
7 of whom were female, and MWoA, consisting of 9
participants, 5 of whom were female. The study was conducted
at the Al-Ahram laboratory [29]. The study's HC group
comprised 19 participants with a mean age of 27+1, and 8 were
female. Patient records were examined to collect data on
diverse clinical variables, including the frequency, duration,
and length of migraine attacks. One crucial requirement for
participation in the study was that participants were required
to be devoid of migraine episodes for a minimum of three
consecutive days before and following the recording sessions.

This condition was verified by employing headache diaries
and interviews done either by telephone or email
communication. The rationale behind selecting a 3-day
interval was to prevent the unintended inclusion of persons
suffering a migraine episode during this period by the criteria
outlined in the International Classification of Headache
Disorders. A total of two participants were eliminated from the
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study due to experiencing a migraine episode three days after
their recording session. The primary emphasis was
documenting participants' behavior during periods of freedom
from migraines (interictal). Each participant was compensated
with $10 and provided a comprehensive explanation of the
study, followed by the collection of written informed consent
(Table 1).

Table 1. The clinical and demographic characteristics of the
healthy controls (HC) and the entire groups of patients with
migraine with aura (MWA) and migraine without aura
(MWoA) are depicted. The data are presented as mean +
standard deviation (SD)

Demographici Data and HC MWA MWoA
Clinicali Characteristics (n=27) (n=13) (n=19)
Women 81 171 151
Agel(years) 2741 128#1 130411
Durationlof migrainel history / 115.248.1 11414231
(years)1
Attack 1frequency/month (n) / 12821 121#4.21
Attack 1duration (hours) [ 128.8419.71 124.6420.31
Days since the last migraine
attackl [ 1147+8.11 119.9#7.11

2.2 The procedures

During the recording session, participants were instructed to
maintain visual fixation on the central black point. A total of
six blocks, each lasting two minutes, were recorded, resulting
in a cumulative duration of 12 minutes. A self-paced rest
period was taken between each block. The sequencing of the
visual and aural recordings was counterbalanced across the
subjects. In all recordings, as illustrated in Figure 1, stimuli
were presented for a duration of two seconds. Prior to and
following the presentation of stimuli, a gray screen with a
fixation cross was displayed, creating an inter-stimulus
interval ranging from 1 to 11.5 seconds. The timing of the
inter-stimulus interval was randomized using a uniform
distribution.

SSVEP
4Hz-6 He

Is .

Is

Flsg

The visual stimuli included a 4-6Hz grey screen, succeeded by another
fixation black circle. 1Participants were instructed1to press a button when the
circle briefly illuminated in white for 0.1 seconds. Upon a participant's
response, the fixation circle transitioned to a dark state for 1-1.5 seconds; if
there was no response, it briefly turned red for 0.1 seconds

Figure 1. Steady-state visually evoked potentials (SSVEP)
were measured utilizing a fixation black circle presented for
2 seconds, followed by an inter-stimuluslinterval lasting 11-

1.5 seconds

The participants were instructed to disregard the stimuli
instead of focusing on the fixation circle. Participants were
instructed to respond by pressing the spacebar when the cross
stimulus was shown for 0.1 seconds and appeared white. The
occurrence of this stimulus was randomized and seen in 10%



of the total trials. In cases where the subject failed to answer,
a visual cue in the form of a red fixation cross was presented
for 0.1 seconds. The experiment consisted of four sets of 50
trials, with each set containing 25 trials of stimuli at a
frequency of 4Hz and 25 trials at a frequency of 6Hz. Within
each set, the sequence of stimulation frequencies was
randomized. Every trial block lasted for three minutes,
resulting in each participant providing six minutes of EEG data
for both the auditory and visual conditions [13].

2.3 EEG capture

For high-density coverage of the central occipital, parietal,
and frontal areas, a high-density electroencephalogram (EEG)
with 124 electrodes and a gap of 14 millimeters between each
pair was used. To record EEG data, a BioSemi Active Two
system was used (BioSemi, Amsterdam, Netherlands). After
that, digitizing is used to do a 124-bit A/D conversion on the
data to digitize it. The patient had four extra electrodes placed
around their eyes so that electrooculography (EOG) signals
could be detected. The CMS1 and DRL1 electrodes offered by
BioSemi can be operated online.

2.4 Steady-state visually evoked potentials

SSVEP stimulation was created and displayed during the
experiment using 1Psychtoolbox coupled to 1MATLAB.
Participants adjusted to ambient room lights for 10 minutes
before SSVEP recordings. Gratings with contrast alternated at
4Hz and 6Hz according to Eq. (1) for 2 seconds, followed by
an inter-stimulus interval of 1 to 1.5 seconds to obtain a steady
pupillary diameter. A 5 cd/m? brightness field surrounded the
TV monitor in an acoustically isolated room with mute
lighting. The cortical response was divided into six successive
blocks, each containing 100 sweeps (lasting 200ms), with at
least 95 artifact-free sweeps in each block. Fixation was
presented as a black circle in the center for 0.1-1.5 seconds,
followed by a gray screen and a 4-6Hz stimulus for SSVEP (2
seconds). Subjects pressed the spacebar when the circle
flashed white for 0.1 seconds. Responses greater than 1
seconds and those preceding the color change were excluded.
The Signal™ software package version 4.1 collected and
sampled 600 sequential sweeps. A low-pass digital filter
(4000Hz and 35Hz) was applied. The average responses for
each block were computed using Signal™ software.

. (X - X2
X,Y)=1Lo [1 + Cexp(—m
(y_y)z (1)

Tysz) SiI’l(ZT[fS(X - XS) +0

To handle artifacts, signals with an amplitude greater than
90% of the ADC range were automatically rejected using
Signal™'s artifact rejection tool, which also involved visual
inspection. This approach ensured severe artifacts were
removed without systematically deleting any signals. Linear
DC drift, eye movement, and blink corrections were conducted
offline for the evoked potential signal.

2.5 Response time
In the initial phase, we conducted an analysis of reaction

times (RT) concerning the response to the colorlchange at
fixation. Trials with RTs exceeding 1 second or those lacking
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aresponse, amounting to 12% of the total trials, were excluded.
This exclusion comprised 4% of trials for MWA and 6% for
MWoA, as well as 14% of control trials. Importantly, the
proportion of excluded trials was determined to be statistically
independent of the participant group, whether migraineurslor
controls (P>0.1, Chi-square test of independence) [30].
Additionally, 0.2% of trials, where RTs preceded the color
change, potentially indicating anticipatory behaviour, were
also excluded. Subsequently, the remaininglRTs for each
participant were averaged for each visual and stimulation
frequency (4 and 6 Hz).

2.6 Pre-processing

The EEG data underwent meticulous pre-processing using
MATLAB, EEGLAB, and ERPLAB toolboxes. The steps
involved were as follows: (1) Offline re-referencing of EEG
data to the average of the two mastoid electrodes and applying
a zero-phase Butterworth filter to constrain signal frequency
between 0.1 and 100 Hz. (2) Visual identification and
interpolation of noisy channels, accounting for approximately
0.95% in the migraine group and 0.3% in the control group. (3)
Utilizing independent component analysis for the detection
and removal of eye-related artifacts, including blinks,
horizontal eye movements, and heartbeat. (5) Extracting the
initial 2 seconds after stimulus onset for visual trials. (6)
Applying zero-phase Kaiser bandpass filters to these 2-second
intervals to derive five frequency bands: delta (0.5-3 Hz), theta
(4-7Hz), alpha (8-12Hz), beta (12-30Hz), and gamma (30-
100Hz).

Despite the common use of a lowpass filter with a cutoff
frequency of 30 Hz for noisy EEG data, we retained the high-
frequency gamma band due to the Biosemi Active Two
systems’ characteristics, which can tolerate high electrode
impedances. Furthermore, participants were seated within a
Faraday cage during EEG recording to minimize
electromagnetic interference, and noisy channels were
addressed through interpolation, as mentioned in Step 2 of the
pre-processing procedure.

2.7 The coherence inter-intra hemispheric

To construct a coherence map, we computed the mean of
the absolute values of the estimated PCCs over a two-second
window. We then classified the PCCs according to the length
of the corresponding electrode links on a 2D electrode map.
We assumed that the horizontal and vertical inter-electrode
distances were identical for adjacent electrode pairs (except
for the gaps between the frontal and parietal clusters), and we
used this distance as the unit for calculating the IED. We
distinguished four IED categories (IED 1-4) based on different
intervals of electrode link lengths (IED1 21-40, IED2 41-60,
IED3 61-80, and IED4>80). We discarded links with the
shortest length (20) to avoid spurious high correlations among
nearby electrodes. For each electrode cluster, we derived two
metrics: inter-hemispheric PCC, which compares electrodes
located on opposite hemispheres, and intra-hemispheric PCC,
which compares electrodes located on the same hemisphere.
We calculated the mean of these metrics for each link length
[13].

2.8 Analyses of statistics

The data were analyzed and charted using IBM SPSS 26.0



and Microsoft Excel 2019. Across multiple trials, the average
response time of each participant was computed based on the
SSVEP frequencies (4 and 6 Hz). These factors were then
utilized in an ANOVA with MWA, MWoA, and HC as the
between-subject variables. The results indicated that migraine
patients exhibited significantly faster reflexes and response
times (average=450ms) in both the MWA and MWoA groups
(average=455ms) compared to the HC  group
(average=530ms). This finding suggests a main effect of group
(P<0.001) and significant group effects for MWA (P<0.0009)
and MWOA (P<0.001). We conducted normality assessments
using the Kolmogorov-Smirnov and Shapiro-Wilk tests,
revealing non-normal distribution patterns across blocks and
groups. Additionally, normal distribution was confirmed
(P>0.5), and the assumption of homoscedasticity was satisfied
(P>0.2). Two separate six-way mixed-model ANOVAs were
performed for EEG coherence measurements for each
stimulation frequency (4 and 6 Hz).

As can be seen in Figure 2, the ANOVAs encompassed
various factors, including frequency bands (delta, theta, alpha,
beta, and gamma), IED (21-40, 41-60, 61-80, and 81), two
levels of stimulation, and eight spatiallclusters (occipito-
parietal, left and right occipital, parietal, and frontal).
Additionally, a five-way mixed-model ANOVA was
performed on the remaining dataset. This analysis integrated
four within-subject factors (EEG frequency bands, IED,
spatial clusters, and hemisphere) and included the group as a
between-subjects factor. The sample size was sufficiently
large to detect statistically significant interactions. To find out
how repeated stimulation affected coherence, two t-test
models and an ANOVA were used to make meaningful
comparisons. Tukey's HSD was then used for post hoc testing.
ANOVA was also applied to assess slope, with post hoc
analysis using Tukey tests. Additionally, partial eta squared
(n?) and effect size (np?) were employed for further evaluation.
Pearson's correlation test assessed SSVEP amplitude slopes
and clinical factors. The dataset underwent a hyperbolic
transformation (HP) to address the unmet assumptions before
conducting a coherence analysis.

EEG Signal Acquisition Response Time Pre-processing of SSVEP Data
ci umu groups , Migraineurs ] Data Quali Zero-Phase Kaiser
the interictal phase EEG Data Recording Response = 1s Am?a“:y bandpass filters
Ultra High-Density Excluded trials with RT>Ls, || g rervbhuse DEID
= Sl (0.1-100 Ha). Theta
Anticipatory Behaviour
ﬂﬁi“‘ - MwA + + Alpha
| MWoA ii":;’ Six 200-ms blocks of 600 (|| Extraction of the first \;Bm
2 seconds .
Relationship analysis,
Coherence Inter-Intra Hemispheric Analyses of Statistics SSVEP amplitude
slopes, and clinical factors
Cortical Coherence /Repeated stimulation
. - Normality and
« Generating a coherence map by averaging PCCs over 2 ‘Homoseetastetty Test Pearson's correlation test
seconds.
* Defining inter-electrode distance (IED) measurements Six-way mixed-model HC
(TED 1-4). ANOVAs for EEG NI-P1N2
« Excluding links with the shortest length. Coherence MWA
+ Establishing cluster measures: inter-hemispheric and Five-way mixed-model y
intra-hemispheric PCC. ANOVA for remaining | """ ‘;’IQ'O"‘",:"’ and MWoA
* Averaging these measures for each link length L

Figure 2. Block diagram of the study

3. RESULT

3.1 Frequency bands and electrode links affect spatial
coherence

This section of the study involved investigating and
comparing the effects of different electrode connections and
frequency ranges on the spatial coherence of individuals with

MWA and MWOA compared to healthy controls. The results,
presented in (left graphs in Figure 3), illustrate the spatial
coherence values obtained from the 4 Hz SSVEP stimulation
frequency range, considering IED across five frequency bands
and hemispheres (intra/inter), as well as groups (i.e., the four-
way interaction of group, hemisphere, frequency bands, and
IED).
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Figure 3. Analyzes the four-way coherencelinteraction
between group, hemispheres, frequencylbands, and inter-
electrode distance (IED) about a 4-6Hz visual stimulation

frequency range. It aims to compare spatial coherence in

individuals with (MWA), (MWoA), and (HC)
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Compared to HC, both individuals with MWA and MWOA
demonstrated a significant decrease in spatial coherence
within the alpha frequency band during visual stimulation at
IED 3 (P<0.03.5; MWA=-0.098+0.046), (P<0.04; MWOA=-
0.089+0.046), and (HC=-0.198+0.035). This reduction in
spatial coherence was observed for both long inter- and intra-
hemisphere connections.

In this study, the spatial coherence values for the SSVEP
stimulation frequency of 61Hz were analyzed. The
examination considered each of the five frequency bands,
hemisphere (intra/inter), and groupsl(examininglthe four-
way interactionlof group,lhemisphere, frequency bands, and
IED). The obtained results were then compared to those of the
control group. The findings revealed that individuals with
migraines demonstrated significantly lower spatial coherence
during visuallstimulation at a frequency of 6 Hz, particularly
in the alpha frequency band, specifically for long inter- and
intra-hemisphere connections (refer to Figure 3 on the right).

Generally, the study found that individuals experiencing
MWA exhibited a notable decrease in
spatiallcoherencelwithin the alphalfrequency band when
inter-electrode distances were long. The study found that
during visual stimuli, individuals with MWoA exhibited a
lower level of spatial coherence compared to healthy controls
(HC), albeit to a minor extent, for both 4 and 6Hz stimulation
frequencies. The present study aimed to investigate the
coherenceldifferences for each spatial cluster at each
electrode link to identify the cluster or clusters that exhibit
significantlgroup  differenceslin  long inter-electrode
distances, as previously observed.

The results presented in Figure 3 illustrate spatial coherence
values corresponding to a visual stimulation frequency of 4-6
Hz concerning IED. These values were analyzed for each of
the eight spatial clusters, lhemisphere (intra/inter), and1groups,
taking into account the five-way interactionlof the group, IED,
spatiall clusters, hemisphere, and modalities.

3.2 The variation of coherence with electrode links and
spatial clustering at 4-6hz

The primary objective of the current study was to examine
coherenceldifferences for each spatiallcluster at each
electrode link in order to identify clusters that display
significant group differences inllong inter-
electrodeldistances, as observedlin previous studies.

The results, as portrayed in Figure 4 and Figure 5, depict
spatial coherence values associated with a visuallstimulation
frequency of 4-6Hz concerning IED for each of theleight
spatial clusters. This analysis considered the hemisphere
(intra/inter), and groups, taking into account the five-way
interaction of the group, IED, spatiallclusters, hemisphere,
and modalities.

In the context of a 4Hz visual stimulation frequency, the
MWA group demonstrated a statistically important reduction
in spatial coherence compared to the HC group. Similarly,
albeit with a lesser degree of significance, the MWoA group
showed a reduction in long inter-hemispheric connections
ranging from 61-80 IED in both frontal clusters (P<0.04;
MWA=0.256+0.079, P<0.04; MWo0A=0.260+0.08, and
P<0.05, HC=0.55+0.054). The study also observed variations
in the right frontal.

Clusterlregarding short-and 1 medium-length inter-
hemispherelconnections with an IED ratio of 21-60 (P<0.04;
MWA=0.715+0.079, P<0.05; MWo0A=0.721+£0.08, and



P<0.05, HC=1.020£0.065). The left frontal cluster too showed
variations in short and long intra-hemisphere connections of
IED 21-80 (P<0.05; MWA=0.366+0.065,
MWOA=0.375+0.059, and HC=0.681+0.047). At a
stimulation frequency of 6Hz, as depicted in Figure 6, the
study found that MWA individuals exhibited reduced spatial
coherence in certain brain regions compared to MWoA and
control groups. Notably, in the alpha frequency range, both
within and between the frontal clusters, spatial coherence was

Left Brain Regions
Frontal

IED(21-40) IED(41-60) IED(61-80) 58
0.5
-1
sHCRA sMWA-RA =MWoARA #HCER =MWA-ER =MWoAER
Parietal
2
o~ 18
E 16
= 14
IT 12
g 1
08
=
3 0.6
= 04
'il- 0.2 I
& iisni
= IED(21-40) IED(41-60) IED (61-80) IED (380)
@
2 ®HC-RA "MWA-RA =MWoA-RA <HCER =MWA-ER =MWoA-ER
D
5
= Occipital
L]
—
:g 15
-9
: 1
=
2 os
[=3
2z )
E IED(21-40) IED(41-60) IED (61-80)
m -0.5
-1
mHC-RA wMWA-RA w»MWoA-RA HC-ER sMWA-ER sMWoA-ER
Occipito-Parietal
2
15
1
U 1
IED(21-40) IED(41-60) IED (61-80)
05
-1
mHC-RA s MWA-RA wsMWoA-RA HC-ER sMWA-ER =MWoA-ER

considerably lower in migraineurs (P<0.0001; MWA=-0.188
+0.043, MWo0A=-0.171+0.045, HC=0.333+0.038). The
migraine group also showed notably lower spatial coherencel
in the parietall and occipito-parietall clustersl for intra-
hemisphere connections in the alpha frequency band (P<0.04;
MWA=0.3554+0.049, MWoA=0.365+0.045, and
HC=0.615+0.036). Finally, in the theta frequency band,
migraineurs exhibited differences in spatial coherence
compared to controls.
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Figure 4. The study evaluates the spatial coherence between different factors, such as group, link lengths, spatial clusters,
hemispheres, and stimulation during 4 Hz stimulation. The aim is to assess the spatial coherence among individuals with
(MWA), (MWoA), and (HC)
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Figure 5. The study evaluates the spatial coherence between different factors, such as group, link lengths, spatial clusters,
hemispheres, and stimulation during 6 Hz stimulation. The aim is to assess the spatial coherence among individuals with (MWA),
(MWDoA), and (HC)

Lower spatial coherence in inter-hemisphere connections
within the left frontal cluster (P<0.05; MWA=0.425+0.079,
MWo0A=0.415+0.071, HC=0.651+0.073). Moreover, MWA
displayed less spatial coherence in certain brain regions
compared to MWoA and HC. Specifically, MWA exhibited
significantly lower spatial coherence in the gamma frequency
band for intra-hemisphere connections in the right parietal and
occipital clusters (P<0.04; MWA=0.073%1.176,
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MWo0A=1.334+0.075, HC=1.110+0.061).  Additionally,
MWA demonstrated lower spatial coherence in the gamma
frequency band for inter-hemisphere connections in the right
occipital cluster (P<0.04; MWA=1.333+0.101,
MWo0A=1.323+0.090, HC=1.445+0.081).

In Figure 7, the delta frequency band, MWA exhibited
lower spatial coherence for intra-hemisphere connections in
the left occipital cluster (P<0.03; MWA=0.209+0.122,



MWo0A=0.216+0.088, HC=0.285+0.090) and for inter-
hemisphere connections in the right parietal cluster (P<0.03;
MWA=0.247+0.085, MWo0A=0.259+0.080,
HC=0.320+0.073).

Importantly, when analyzing the alpha frequency band, the
study clarified that individuals experiencing migraineurs of
both types displayed reductions in inter-and intra-hemisphere
coherence within the frontal clusters. Additionally, these
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individuals exhibited decreased intra-hemisphere coherence in
the parietal and occipito-parietal clusters for the same
frequency band. It was observed that there was a significant
difference in MWA. At the same time, it was demonstrated a
slight decrease in MWoA. These findings were consistent
regardless of the modality and frequency of stimulation used
in the study.
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Figure 6. At 4 Hz stimulation, analyzing the four-way coherence interaction involving group, hemisphere, frequency bands,
and spatial clusters. Its primary aim is to compare spatial coherence among individuals with (MWA), (MWo0A), and (HC)
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Figure 7. At 6 Hz stimulation, analyzing thelfour-way coherence interaction involving group, hemisphere, frequency1bands, and
spatial clusters. Its primary aim is to compare spatial coherence among individuals with (MWA), (MWoA), and (HC)

3.4 Repetitive stimulation influence on cortical coherence
in migraine patients

This section conducts a comprehensive analysis of the
effects of repetitive SSVEP stimulation, particularly within the
4-6Hz frequency range, on cortical coherence dynamics in
individuals with migraine pathologies. The investigation
examines the temporal variations in coherence patterns elicited
by visual stimuli, focusing on the transition phase from the
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initial Block 1 to the subsequent Block 6. This analytical
endeavor is confined to a cohort of individuals diagnosed with
migraine disorders.

Employing paired T-tests, the research comparesIN1-P1
and P1-N2 components across different cohorts, namely HC,
MWA, and MWoA. The analysis reveals distinct patterns,
especially in the N1-P1 condition, thus identifying MWA as a
salient candidate for diagnostic applications. Findings show
that certain parts of an electroencephalogram (EEG) can help



doctors tell the difference between different types of migraines.

In this study, we look at how external sensory input from
repetitive SSVEP stimulation affects changes in cortical
coherence. This helps us answer the important question of
whether this kind of stimulation can change neural
connectivity and, in turn, change the unique features of
different types of migraines. By categorizing the migraine
population into those with aura (MWA) and those without aura
(MWoA), the study assesses the statistical significance of the
observed coherence changes.

After a thorough statistical analysis of the data, the MWA
subgroup showed coherence changes, resulting in a p-value of
0.019, indicating a notable response to repetitive SSVEP
stimulation. Similarly, the MWoA subgroup displayed an even
more pronounced statistical response, with a p-value below
0.031, suggesting substantial alterations in cortical coherence
patterns following the same SSVEP stimulation protocol, as
can be seen in Figure 8.
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Figure 8. In response to visual stimuli, coherence patterns undergo temporal variations
Representative SSVEP recordings (filtered with a low-pass filter at 35 Hz) from individuals in the interictal phase, including Healthy Controls (HC), Migraine
Patients without aura (MWo0A), and Migraine Patients with aura (MWA), were analyzed. We conducted comparisons by aggregating data from every three

consecutive blocks, comprising 100 averaged responses each.
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These study outcomes elucidate the complex relationship
between external sensory stimuli and subsequent dynamic
brain responses observed in discrete subpopulations affected
by migraines. The subgroup labeled as MWA displays a
statistically significant and markedly enhanced response to
SSVEP activation. This contributes to a better understanding
of the distinct symptoms and underlying pathophysiological
mechanisms inherent in various migraine subtypes. In
conclusion, the novel concepts introduced herein hold promise
for advancing methodologies tailored to address the unique
challenges faced by diverse cohorts of individuals suffering
from this condition, thereby improving the clinical
management of migraines.

4. DISCUSSION

The objective of this study was to comprehensively evaluate
cortical dynamics in individuals with MWA and MWoA, in
comparison to healthy controls, during sensory stimulation.
The researchers delved into the spatial coherence (connectivity)
within different frequency bands of EEG signals, utilizing a
specialized ultra-high-densityl EEG system. The responses to
visual stimulation were thoroughly analyzed, taking into
account both normalized andlunnormalized signals.
Comparisons were made within and between hemispheres,
considering two stimulationlfrequencies (41Hz and 61Hz),
and the distance between electrodes. Several significant
findings were observed as a result of this comprehensive
investigation. The individuals who suffer from migraines
exhibited a notably quicker response time when presented with
the fixation point compared to the control group. The observed
phenomenon of heightened visual-evoked EEG responses to
stimulilsuch as checkerboards, repetitive flashes, or pattern
reversal stimulation in individuals with migraines may be
attributed to the hyper-responsiveness of the cortex [31, 32].
Numerous studies have provided evidence suggesting that a
deficiency in neural habituation to repetitive stimuli is
responsible for this heightened responsiveness [33].

Discrepancies in spatiallcoherence networks were
identified between individuals afflicted with migraines and
those without headache symptoms, as evidenced by recordings
obtained during sensory stimulation and resting-state
measurements. This  observation bears significance,
particularly in light of prior studies that have similarly
highlighted aberrant functional connectivity within the
migraine-affected population during periods of inactivity [5,
34, 35]. The disrupted connectivity observed in the recordings
during sensory stimulation aligns with the increased sensory
sensitivities commonly associated with migraines, even during
the interictal period [16, 24, 34-36]. Additionally, the spatial
coherence networks displayed similarities across visual-
evoked recordings, indicating altered cortical dynamics across
various modalities in migraine with and without aura. While
subtle variations in the functional connectivity topography
were noted during visual stimulation, further investigation into
the differences across sensory modalities in migraines could
contribute to a better understanding of the similarities and
distinctions between modalities in this condition [23, 24].

In our investigation of visuallevoked signals across the five
EEGlfrequencylbands, our primary findings focused on
spatial coherence, which measures the synchronization of
electrocortical activities. Our analysis revealed a significant
reduction in spatial coherence in the alpha-band neural
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activities during visual stimuli in individuals with MWA
compared to those with MWoA and the control group [5, 37,
38]. This distinct pattern was particularly noticeable across
various distanceslbetween the frontallclusters of scalp
electrodes and other clusters for both inter-and intra-
hemisphere connections. The observed desynchronizationlof
connections, as indicated by lowerlcoherence in the alpha
band, suggests increased1functional activity and is consistent
with the hyper-responsiveness of the cortex in individuals with
migraines [39-42]. Additionally, our examination revealed a
gradual increase in spatial coherence amplitude at repetitive
stimulus presentations of significance, this progression
showed a distinct decline from Block 1 to Block 6, especially
discernible among (MWA) when compared to (MWoA) and
(HO).

Undoubtedly, the absence of a scientifically established
explanation for the neurological processes occurring in
migraineurs' brains remains crucial to understanding the
phenomenon at hand. One possible explanation for the
desynchronization observed in migraines is the concept of
thalamocortical dysrhythmia, which involves reduced1neural
synchronylacross thelbrain, particularly in low-frequency
oscillations such as the theta range, due to underactivity in
thalamic nuclei. Thalamocortical dysrhythmia has been
proposed as a potential factor contributing to the cortical
hyperresponsiveness and sensory disturbances observed in
migraines [13, 43]. While this might partly be explained by
thalamocortical dysrhythmia a disruption in brain rhythms, it's
likely not the whole story. Other factors like increased brain
cell excitability, neurotransmitter imbalances, brain structure
changes, inflammation, and even genetics could also be
playing a role. It seems that this loss of coherence is a complex
puzzle, with many pieces contributing to the overall picture in
migraine sufferers [44, 45].

However, theldesynchronization observed in the alpha
bandlsignals during migraines contradicts previous reports of
increased phase synchronization in the alpha band among
patientslwith interictal migraines and without aura.
Individuals experiencing migraines without aura may exhibit
distinct patterns of neural activity compared to those with aura
[38].

Although it is widely regarded as a compelling scientific
explanation, significant phenomena in the interictal phase
were overlooked. Firstly, CSD is a propagating wave of
depolarization characterized by a gradual (2-6 mm/min)
spread through the membranes of both neuronal and glial cells.
This depolarization inhibits cortical activity, which can persist
for up to 30 minutes [46]. Secondly, a phenomenon known as
habituation deficit refers to the decreased initial cortical
responses to repetitive sensory stimulation in migraine
patients. Unlike non-migraineurs who exhibit a gradual
decrease in cortical responses after prolonged stimulation,
migraine patients tend to lack habituation, increasing response
amplitude as the stimulation continues [12, 47-49].

The pathophysiological mechanism that underlies
habituation of visual evoked potentials (VEP) is not
permanently affected by ictal events, regardless of the
connection between ictal CSD and interictal VEP [33, 50, 51].
Migraineurs have more severe pathophysiological dysfunction
because of genetic differences that cause cortical spreading
depression, which makes meningeal nociception stronger.
They are also affected by not getting used to being awake
between ictal periods, which makes electrophysiological
activity and perfusion less coherent [52].



These findings indicate that as the time between migraine
attacks increases, the ability to inhibit and habituate to
recurring stimuli diminishes. Our current data supports this
observation. Psychophysical studies using the visual masking
test have revealed a correlation between the inhibitory process
and the number of days since the previous migraine attack. The
magnocellular system, which processes transient visual inputs,
prefers lower spatial frequencies. This preference may explain
why individuals with migraines are more skilled at quickly
identifying stimuli presented in rapid succession [53, 54].

Visual stimuli have been found to decrease the activity of
GABAergic neurotransmitters in a concentration-dependent
manner [55]. As a result, lactate levels in the occipital region
of the brain in individuals with MWA are elevated in response
to visual stimulation. This may be due to the biochemical
connection between impaired inhibitory mechanisms and the
downregulation of GABA activity induced by lactate in the
occipital cortex. Higher levels of GABA have been associated
with a greater burden of migraines [56].

The detection of anomalous electrophysiological activity in
people suffering from migraines bears importance in both

fundamental scientific research and pragmatic implementation.

Exploration of alterations in cortical dynamics makes it
possible to identify distinct neural patterns linked to various
disorders [5]. The study has identified spatial coherence
metrics that may function as diagnostic tools for detecting
individuals who suffer from migraines. An example of this is
the utilization of reduced connectivity within the theta
frequency range, which has demonstrated efficacy in
forecasting group affiliation through the implementation of a
classifier. The observed decrease in connectivity is consistent
with our research results. Furthermore, modifications in
spectral power exhibit potential for forecasting the initiation
of migraines [57]. Moreover, the practicality of conducting
self-administered tests at home using a portable and
economical EEG system is rising. Additional research on
alterations in connectivity across the migraine cycle may
facilitate the determination of the temporal occurrence of
subsequent migraine episodes, thereby enhancing the
precision of prophylactic therapeutic interventions [58, 59].
Our study's deep dive into the brain's workings during
migraines could significantly change our approach to
treatment. It suggests the possibility of customizing treatments
to fit individual patients, particularly those experiencing aura,
by zeroing in on the specific brain areas or pathways involved.
This could revolutionize migraine care, leading to more
precise and effective treatments, including potential new drugs
aimed at the unique brain activity patterns we've discovered.
Beyond medications, we're looking at innovative non-drug
methods like brain training or neuromodulation to strengthen
and correct brain connections. Our findings not only broaden
our understanding of migraines but also pave the way for
exciting, more effective treatment avenues. By identifying the
unique brain dynamics in migraines, we're closer to unraveling
the complex puzzle of their cause and progression. This insight
is invaluable in crafting interventions that aim to lessen the
severity of or perhaps even prevent migraines [57-63].
Techniques like transcranial magnetic stimulation (TMS)
and transcranial direct-current stimulation (tDCS) are
emerging as promising options to counteract the abnormal
brain activity seen in migraine sufferers. These methods could
disrupt the dysfunctional patterns and restore normal brain
function. Ultimately, our research is guiding us toward a future
where migraine treatments are not just reactive but proactive
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and personalized, offering new hope to those affected by this
challenging condition [64-68].

This study has several limitations. First, we used EEG
coherence to measure brain activity, but this method isn't
perfect. We faced challenges like volume conduction, where
brain signals spread and mix up, making it tricky to pinpoint
exact activity sources. To tackle this, we used special filtering
techniques to clear out the noise and get a clearer picture.
Another issue was how the EEG's reference point can skew
results, so we used a method that averages out all the signals,
helping balance things out. Despite these efforts, it's important
to remember that EEG coherence, while useful, has its limits
and should be interpreted carefully. Secondly, high-density
EEG electrodes focused on areas known for visual and
auditory processing. While this was great for assessing
responses to visual stimuli, it meant we might have missed
some detail in other brain areas due to the limited 128 channels
used. In the future, a more evenly distributed EEG setup could
provide a fuller picture of brain activity. Additionally,
examining how different brain regions interact naturally,
especially during rest, could offer deeper insights into the
heightened sensitivity seen in migraine sufferers, shifting from
looking at isolated brain areas to viewing the brain as a whole,
dynamic system.

5. CONCLUSION

In our study, we conducted a comprehensive analysis to
investigate neural activity abnormalities in the cortical region
of individuals with migraines during the inter-ictal phase. We
specifically focused on the response to 4-6Hz SSVEP stimuli.
We aimed to identify the most plausible explanation for these
abnormalities by considering various clinical manifestations,
including unsynchronized brain areas. To achieve this, we
performed an extensive and intricate analysis of cortical
coherence, comparing individuals with MWA and MWOoA.
Our findings support the idea that individuals with migraines
exhibit an excessively active regulatory mechanism prone to
instability, leading to increased sensitivity to environmental
factors. These results align with current theories suggesting the
involvement of dysfunctional subcortical structures in
migraines. Specifically, we observed a significant decrease in
alpha-band neural activity coherence in the frontal clusters of
the cortex, indicating impaired synchrony in these brain
regions. Moreover, our research indicates that migraine
sufferers have overly sensitive response systems, possibly due
to malfunctioning brain areas beneath the cortex. There's a
significant reduction in alpha-wave activity in the frontal brain,
suggesting less coordination in these areas. People with
migraines and visual symptoms (aura) show a greater decrease
(about 9.8%) in brain wave coherence in response to visual
stimuli compared to those without aura (about 8.9%). Previous
studies in this field consistently highlight the differences
between the two types of headaches, encompassing cortical
coherence and habituation [14]. These investigations provide
evidence supporting the involvement of CSD with a complex
relationship and incomprehensible coherence in migraine. One
hypothesis suggests that CSD disrupts the typical coherence
patterns among brain regions, resulting in abnormal functional
connectivity and a deficit in habituation. This disruption
contributes to the manifestation of migraine symptoms. Recent
research reveals the impact of CSD on neurovascular coupling,
leading to a loss of coherence between electrophysiological



activity and perfusion [68]. Additionally, a rise in extracellular
potassium concentration during a CSD wave has been
observed. However, further research is necessary to fully
comprehend the precise mechanisms underlying this complex
relationship.
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