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Background: Migraine is a chronic neurological disorder associated with a
variety of abnormal visual symptoms. However, the mechanisms of visual
processing in migraine are not fully understood. This study aimed to investigate
neuromagnetic activity abnormalities under visual stimuli in migraine patients
using magnetoencephalography (MEG).

Methods: Magnetoencephalography recordings during exposure to visual
stimuli were collected for 22 episodic migraine patients without aura during
the interictal period and 22 age- and gender-matched healthy controls (HCs).
The spectral power and functional connectivity (FC) of visual neuromagnetic
activation were estimated using minimum norm estimation combined with the
Welch technique and corrected amplitude envelope correlation.

Results: Compared to HCs, migraineurs exhibited attenuated spectral power in
the gamma?2 band of the bilateral medial orbitofrontal cortices, bilateral posterior
cingulate cortices, bilateral temporal poles, right lateral orbitofrontal cortex,
and left transverse temporal cortex. Migraineurs also exhibited the following
increases in FC relative to HCs between vision- and pain-related brain regions:
In the alpha band, FC between the left cuneus and left medial orbitofrontal
cortex was significantly increased. In the beta band, FC between the left lateral
occipital cortex and bilateral anterior cingulate cortices was significantly
increased. In the gammal band, FC of the right cuneus with the bilateral insulae,
left parahippocampal cortex, bilateral posterior central cortices, and bilateral
anterior cingulate cortices was significantly increased. Migraineurs also showed
significantly increased FC between the left lateral occipital cortex and the right
medial orbitofrontal cortex, left posterior central cortex, and bilateral anterior
cingulate cortices. The clinical variables (headache history, attack frequency,
and pain intensity) had no significant correlation with MEG results.

Conclusion: Taken together, these findings demonstrate altered spectral power
in pain-processing regions and altered FC between vision and pain-related
regions in migraineurs under visual stimuli in multi-frequencies. These results
may contribute to understanding the relationship between visual dysfunction
and headache onset in migraineurs, providing valuable insights into the
underlying pathophysiology.
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Introduction

Migraine is a chronic neurological disorder characterized by
moderate or severe headache attacks accompanied by photophobia,
phonophobia, cutaneous allodynia, and gastrointestinal symptoms
such as nausea and emesis (1). Among these accompanying symptoms,
photophobia is one of the main discriminating symptoms between
migraine and other headache disorders (2). Migraineurs report a
variety of abnormal visual symptoms besides photophobia. Visual
aura occurs in over 90% of patients with aura (3), which is believed to
arise from cortical spreading depression (CSD) beginning from the
occipital cortex (4). Furthermore, approximately 70% of migraine
patients experience non-aura visual symptoms, such as palinopsia and
visual snow (1, 2), while 40% report that visual stimuli can trigger
migraines (5). Taken together, these findings suggest that the migraine
patients may have abnormal processing of visual information during
and between the headache attacks.

In recent years, many neuroimaging studies have demonstrated
that migraine patients have abnormal processing of visual
information. Most magnetoencephalography (MEG) studies have
shown that repetitive visual stimulus presentation significantly
increased the P100m response amplitude, and other studies have
found that direct current (DC) shifts were observed in the ictal
migraine with aura. Both P100m responses and DC shifts were
mainly localized to the primary visual cortex (6).
Electroencephalography (EEG) studies have found that migraine
patients have alpha defects in the prophase of visual stimulation and
increased occipital responsiveness to visual stimulation, supporting
the notion that migraine patients have a hyperresponsive visual
cortex (7, 8). Functional magnetic resonance imaging (fMRI) studies
have shown that migraine patients with aura viewing visually
stimulating patterns show greater activation of the primary and
extrastriate visual cortices (9, 10). Although these studies suggest that
migraine patients show abnormal activation in response to visual
stimuli mainly in vision-associated brain areas, other studies have
reported hyperresponsiveness of the visual cortex beyond early visual
areas. A MEG study have reported that visual neuromagnetic
activation in the 5-300 Hz range were observed beyond the visual
cortex, especially in the parietal and temporal regions (11). An EEG
study have reported that interictal relative theta power was increased
in migraine in the frontocentral, parieto-occipital, and temporal
region compared to controls under visual stimulation (12). A fMRI
study demonstrated that migraineurs show abnormal modulation in
response to visual motion stimuli within the visual cortex (superior
and inferior occipital gyrus), as well as within the middle frontal
gyrus, pontine nuclei, and cerebellar lobules (13). As functional
imaging studies have not yet reached a consensus on the relevant
changes in brain activation under visual stimulation, more research
methods are needed to further explore abnormalities in vision-
associated brain activation in migraine patients. MEG is a
non-invasive neuroimaging technique that directly captures
electrophysiological activity throughout the entire brain. Although
MEG matches EEG in millisecond-level temporal resolution and
spectral discrimination capabilities, MEG can locate the origins of
underlying neural sources with superior spatial resolution compared
to EEG (6).

Functional connectivity (FC) is used to evaluate the temporal
correlation of spatially distant neurons (14), which can effectively
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describe collaborative working patterns between brain regions.
Connectivity — research  indicates migraine involves a
widespread interictal network disorder, extending beyond isolated
dysfunction in primary or secondary sensory areas (15). There is
evidence that migraineurs have abnormal visual FC networks. A
resting-state MEG study has shown that the migraine with aura had
significantly increased FC in the bilateral occipital areas in the theta
band, suggesting a key role for the visual cortex in migraine
pathophysiology (16). An EEG study has found that migraine patients
showed low spatial coherence of alpha activity during visual
stimulation (17). A study using resting-state fMRI to study changes
in regional visual cortex FC using regional homogeneity (ReHo) and
amplitude of low frequency fluctuations (ALFF) found decreased
ReHo and ALFF values in the right lingual gyrus, but increased ALFF
values in the prefrontal cortex, in migraine patients (18). However,
most of these studies were conducted in a resting-state and other
studies were performed during visual stimulation. The intrinsic
resting-state visual FC network is thought to differ from the network
induced by visual stimuli. Although these two networks are
interconnected, the latter reflects the unique information processing
network of visual stimuli (19). Few studies use MEG to explore the
changes in the FC network of migraine patients under visual
stimulation. Whether alterations in magnetic signals of the visual
connectivity network exist in migraine patients remains unclear.
Meanwhile, although there have been studies on visual FC networks,
few studies focused on FC changes between vision- and pain-related
brain regions in migraineurs. One study showed that migraineurs
exposed to light show greater activation of the visual cortex compared
to controls, and that this effect is enhanced during thermal painful
stimulation of the face (20). A randomized, double-blind clinical
study demonstrated that specially designed optical tints, which
minimize activation of photosensitive retinal ganglion cells, could
potentially alleviate both migraine-related pain and photophobia
symptoms (21). These studies suggest an interrelationship between
visual functional abnormalities and pain in migraineurs. Therefore,
studies on the FC changes between pain and visual processing brain
regions in migraine patients may provide a new perspective for
elucidating the relationship between abnormal visual processing
processes and migraine attacks. Hence, in this study we aimed to
explore the FC changes between vision- and pain-related brain
regions in patients with migraine. We selected eight vision-related
regions of interest (ROIs), including the bilateral cuneus, occipital
cortex, lingual cortex, and calcarine cortex, and 14 pain-related ROIs,
including the bilateral insula, lateral orbitofrontal cortex, medial
orbitofrontal cortex, parahippocampal cortex, posterior central
cortex, posterior cingulate cortex, and anterior cingulate cortex, for
FC analysis. According to previous vision studies, the cuneus is
involved in visual selective attention (22), the occipital cortex is
involved in primary processing of visual information (23), and the
calcarine cortex and lingual cortex are involved in phosphene
perception (24), visual processing, and spatial memory (25). Most of
these brain regions are key nodes in the visual network and have been
reported to show abnormalities in prior visual stimuli-induced brain
activation studies of migraine patients (26). According to previous
studies of pain-related brain areas, the posterior insula and posterior
central cortex are involved in sensory-discriminative processing of
pain (27), the anterior insula and anterior cingulate cortex are
involved in affective emotional processing (28, 29), the
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parahippocampal cortex and orbitofrontal cortex are involved in
cognitive processing (28, 30), and the posterior cingulate cortex is
involved in nociception and the development of chronic pain (31).
Most of these brain regions are key parts of the pain matrix (32) and
are the most common aberrant brain regions in previous FC studies
of migraine (33).

Based on this background, the present study aimed to investigate
spectral and FC changes in response to visual stimuli in migraineurs
using MEG in the low to high frequency ranges. Firstly, at the spectral
power level, we explored changes in spectral power in migraineurs
under visual stimuli compared to healthy controls (HCs). Secondly, at
the FC level, we investigated whether migraineurs demonstrate
abnormal connectivity between vision- and pain-related brain regions
in distinct frequency ranges. Finally, we evaluated whether abnormal
spectral power and FC are correlated with clinical characteristics
in migraineurs.

Methods
Ethics statement

This study was approved by the medical ethics committee of
Nanjing Brain Hospital. All participants provided written informed
consent form.

Participants

The inclusion criteria for patients with episodic migraine
without aura were based on the International Classification of
Headache Disorders, 3rd Edition beta version (ICHD-III beta)
(34). The exclusion criteria were: (1) existence of other
neurological diseases and (2) the use of prescription medications
within 1 week prior to the study. HCs were recruited to match
migraine group participants in terms of age and gender. Inclusion
criteria for HCs were: (1) no history of any neurologic disorder
and (2) no first-degree relative with a history of any type of
migraine. The exclusion criteria for all participants were: (1)
presence of an implant (e.g., braces, pacemaker) that may result in
visible magnetic noise in MEG data; (2) demonstration or
expression of noticeable anxiety and/or inability to readily
communicate with MEG operators; (3) inability to keep still
during scanning; (4) currently pregnant; or (5) claustrophobic
tendencies (due to MRI scan).

A total of 22 migraine patients (20 females; mean age: 34.6 years,
standard deviation (SD): 6.6 years) were recruited from Nanjing Brain
Hospital (Table 1). In addition, 22 age- and gender-matched HCs (20
females; mean age: 33.3 years, SD: 6.8 years) were recruited (Table 1).
All participants were right-handed.

The recruited migraine patients experienced no migraine
headache attacks during MEG recording and were headache free for
atleast 72 h prior to testing and 24 h after scanning. Migraine patients’
clinical characteristics were recorded prior to MEG using a clinical
questionnaire including: headache history, headache frequency,
duration of headache attacks in the last month, headache locus,
headache type, pain intensity assessed by the Visual Analogue Scale
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TABLE 1 Demographic and clinical characteristics of subjects.

Parameters ‘ Migraine ‘ Control
Gender (female/male) 20/2 20/2
Age (years) (mean * SD) 34.6 £ 6.6 333+6.8
Handedness (left/right) 0/22 0/22
Years of migraine (mean + SD) 8.6+5.7 NA
Frequency of headache per month (mean + SD) 21+14 NA
Durations of migraine attacks (hours) 23.5+27.8 NA
Locus of headache (unilateral/bilateral) 12/10 NA
Pain type (number of subjects)
Throbbing 15 NA
Pressure 1 NA
Constant 3 NA
Sharp 1 NA
Squeezing 1 NA
Stabbing 1 NA
Severity of headache (VAS scale) 6.4+1.5 NA
Accompanied symptoms with attack (number of subjects)
Photophobia 13 NA
Phonophobia 13 NA
Nausea/Vomiting 11 NA
Prophylactic treatments in recent 3 months 0/22 NA
(yes/no)
SD, standard deviation; N/A, not available; VAS, visual analog scale.
(VAS), and accompanying symptoms (e.g., phonophobia,

photophobia, nausea, vomiting).

Stimuli and procedure

During MEG scans, all participants were instructed to stare at a
fixed yellow dot in the middle of a checkboard pattern on a screen
located approximately 32 cm in front of them. Participants were
asked to try to limit blinking, as this may cause noise in MEG data.
Pattern-reversal checkerboard stimuli were generated using Brain X
customized software (Jing Xiang, Ohio, United States, Cincinnati
Children’s Hospital) (35). The visual stimulus consisted of three
consecutive reversal patterns with a reversal rate of 1 Hz. These
patterns were sequentially presented as full-field, left-field, and right-
field. Each pattern was displayed for 600 ms, with a 400 ms gap
between patterns. The size of the checkboard was 60 min of arc,
which extended 15 (width) x 22 (height) in the left hemifield of the
participant with the average luminance set at 12 cd/m* with contrast
of 0.94. There was a 400 ms delay between the start of the trigger and
the presentation of the stimulus on the screen, which was subtracted
from the target time window. The visual task stimulus consisted of
100 triggers for each field type (left, right, and full field) for one set
of recordings (11). For this study, we used full-field data for MEG
analysis. The stimulus presentation and visual neuromagnetic signal
recordings were performed with Brain X software, with the 100
responses automatically collected and averaged by the software. Each
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set lasted approximately 5 min and each participant completed
two sets.

MEG recording

The MEG signals were recorded in a magnetically-shielded
room using a whole-head CTF 275-channel MEG system (VSM
MedTech Systems, Inc., Coquitlam, BC, Canada) at the MEG
Center at Nanjing Brain Hospital. Before data acquisition,
participants were asked to remove all metal from their body.
Electromagnetic coils were attached to the nasion and left and right
preauricular points of each participant. These three coils were
subsequently activated at different frequencies to measure head
position relative to the MEG sensors. To capture sensor and
background noise, a 3-min empty room recording was performed
prior to the MEG data recording and used to calculate the noise
covariance for source analysis. The MEG sample frequency was
6,000 Hz. Throughout the scanning process, participants were
instructed to lie in a comfortable position with their arms resting at
their side. The acquisition window was set at 1000 ms for each trial,
and the 400 ms after the trigger (presence of the reversal pattern)
was recorded by the MEG system. MEG data were recorded after a
third-order gradient noise cancelation process. Head position was
measured at the beginning and end of scanning. If head movement
during one scan exceeded 5 mm, the dataset was considered “bad”
and an additional dataset was recorded.

MRI scanning

The MRI scans were conducted using 1.5 T MRI (Singa, GE,
United States). Three fiducial points were placed at the same locations
to facilitate co-registration of MEG and MRI data; these points were
regarded as the positions of the three coils used in the MEG recordings
before the MRI scan. Subsequently, all anatomical landmarks digitized
in the MEG scan were identified during MRI scanning.

Data preprocessing

A published software, Brainstorm, was used to process MEG
data, which is available for free download under the GNU General
Public License (36). The following strategies were used to eliminate
signals from non-brain activity and environmental artifacts from
MEG data: (1) All data were visually inspected. In the case of
significant head position bias or artifactual segments caused by noise
interference, the contaminated segments were eliminated. (2) Power
line contamination was eliminated utilizing a notch filter (50 Hz and
its harmonics). (3) MEG recordings began with a 3 min empty-room
recording to capture environment and sensor noise, which was used
to calculate the noise covariance for source analysis to account for
remaining and stationary instrumental, sensor, and environmental
noise components. Principal components that met the artifact sensor
topology were hand-picked and excluded utilizing orthogonal
projection (37). T1-weighted structural volume images were
automatically reconstructed in the surface model using the FreeSurfer

Frontiers in Neurology

10.3389/fneur.2025.1567150

image analysis package for source investigation'. Topographical 3D
descriptions of the brain surface generated using integrated geometric
reconstructions of the scalp, brain gray matter, and brain white
matter were utilized to estimate gray and white matter boundaries.
We chose the following frequency bands for MEG data analysis: theta
(5-7 Hz), alpha (8-12 Hz), beta (15-29 Hz), gammal (30-59 Hz),
and gamma2 (60-90 Hz). Neuromagnetic signals < 5 Hz were not
included in the analysis because a longer time window is required for
the computation of low-frequency components of the data. The
present study focused on the time domain of 0-200 ms following the
visual trigger, which includes all visual neuromagnetic signal.
Selection of this time domain was based on our previous work (11).

Spectral power analysis of visual
stimulation MEG data

Depth-weighted minimum norm estimation (MNE) was utilized
to estimate source-level-based cortical activation from the MEG data.
Several studies have confirmed the robustness of the MNE approach
(38,39). A forward model of the MNE analysis was constructed using
the overlapping sphere method, whereby each cortical vertex was
represented as a current dipole. The model comprised around 15,000
vertices. Next, an inverse operator was computed to estimate the
current source distribution of the sensor recording data using the
following procedure: (1) the direction of the source was restricted to
be perpendicular to the surface of the cortex. (2) A depth-weighted
algorithm was employed to compensate for biases that affect the
calculation of superficial sources. (3) A regularization of value
A2 = 0.33 was used to reduce numerical instability, reduce the noise
sensitivity of the MNE, and produce a spatially smooth solution. The
regularization parameter determines the weight of the MEG signal
model relative to the background noise model, which is defined as the
inverse of the signal-to-noise ratio (SNR) of the MEG record. The
default SNR in Brainstorm software is “3,” which adopts the definition
of SNR in the original MNE software (40).

The cortex of the whole brain was parcellated and aligned into 68
distinct ROIs with structures in the Desikan-Killiany cortical atlas
using FreeSurfer 7.1.1 software. In the Desikan-Killiany atlas, 34
cerebral ROIs are present per hemisphere (41). The relative current
powers of all vertices in the ROIs were calculated to estimate the
source-dependent oscillatory power. The power spectral density
(PSD) of each ROI was calculated using the Welch technique (5 s
window duration; 50% overlap) (36, 42). The PSD values denote the
spectral power of each participant. The spectral power values at every
frequency band were modified proportionally to the total power
across the entire spectrum as follows:

Relative PSD(f)=PSD(f)/ " [ Total PSD(f; )]

Where f; represents the individual frequency band from the
original PSD. The numerator of the formula represents the initial PSD
value of the present frequency band, while the denominator signifies

1 https://surfer.nmr.mgh.harvard.edu/
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the total of all chosen frequency bands™ original PSD figures. The
relative PSD value ranges from 0 to 1, illustrating the contribution of
the current frequency band to the total signal power. This method
normalizes spectral power across both brain regions and all
participants, enhancing inter-individual comparability (42).

FC analysis of visual stimulation MEG data

For the FC analysis, we selected eight vision-related ROIs,
including the bilateral cuneus, occipital cortex, lingual cortex, and
calcarine cortex, and 14 pain-related ROIs, including the bilateral
insula, lateral orbitofrontal cortex, medial orbitofrontal cortex,
parahippocampal cortex, posterior central cortex, posterior cingulate
cortex, and anterior cingulate cortex, using the Desikan-Killiany atlas.
To calculate FC between vision- and pain-related brain regions,
corrected amplitude envelope correlation (AEC-c) analysis was
utilized to estimate oscillatory FC between ROIs. Previous research
has shown that AEC-c analysis offers high levels of repeatability and
stability in FC network research (43). Before computing the signal
envelopes to remove spurious connections caused by volume
conduction effects and field spread, we orthogonally aligned the signal
pairs using a previously described method (44). The amplitude
envelope was defined as the absolute value of the Hilbert transform of
a particular cortical oscillation, acquired through band-pass filtering
of cortical source activity for each frequency band, which indicates the
fluctuation of amplitude over time (45). If s(t) is an arbitrary time
series, the Hilbert transform can be defined as:

Where SH(t) represents the input real-valued signal (a time-
domain function), 7 serves as the integration dummy variable
indicating time offset, and t specifies the target time point at which
the output signal value is evaluated. The Hilbert envelope was
divided into n equal-length time periods. Subsequently, the average
value of the envelope was computed for each time window. Pearson
correlation coeflicients were calculated for the average envelopes to
measure FC, which is reflected by the AEC-c value. The AEC-c
values were derived by correlating the amplitude envelopes of
cortical oscillatory activity between two ROIs. A high AEC-c value
indicates that the amplitude envelope has strong synchronized
fluctuations between the two cortical ROIs, reflecting strong FC (46,
47). Finally, the AEC-c values for all participants for all selected
ROIs were calculated and the full 8 x 14 adjacency matrix
was estimated.

Statistical analysis

SPSS version 27.0 (IBM, Inc.) software was used for statistical
analysis. The Kolmogorov-Smirnov test was used to assess the data
distribution. Since the data of spectral power and FC did not conform
to normal distribution, the Mann-Whitney test was then used to
compare the spectral power for each ROI in each frequency band
between the two groups (migraineurs and HCs), as well as group
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differences in AEC-c values that represent the FC strength between
ROI nodes. The correlations between migraine clinical variables
(headache history, attack frequency, and pain intensity) and
abnormal MEG results (spectral power and FC) were analyzed using
Spearman correlation coefficients. The threshold of statistical
significance was set at p < 0.05, with false discovery rate (FDR)
correction. FDR correction was implemented using the Benjamini
and Hochberg method (proposed in 1995) via the statistical analysis
website?.

Results
Clinical characteristics

All 22 migraine patients (100%) suffered from migraine without
aura. Of these patients, 20 (91%) were females, 21 (95%) presented
moderate to severe headache, and 12 (55%) manifested unilateral
headache attacks (Table 1).

Spectral power analysis

Differences in spectral power under visual stimuli between the
migraine and HC groups were largely concentrated in the gamma
bands. There were no significant group differences in spectral power
of the theta, alpha, or beta frequency bands.

In the gamma2 (60-90 Hz) band, the migraine group had
significantly lower spectral power in the left medial orbitofrontal

(Pcurrected = 0009),
(Peornectea = 0.009), left posterior cingulate cortex (Peomecred = 0.009), right

cortex right medial orbitofrontal cortex
posterior cingulate cortex (Peorecea = 0.009), left temporal pole
(Peorrectea = 0.009), right temporal pole (Porreciea = 0.009), right lateral
orbitofrontal cortex (Pumecea = 0.009), and left transverse temporal
cortex (Peormectea = 0.009) compared with the HC group (Figure 1). These
brain regions showed a trend of decreased spectral power in the
band (30-59 Hz), but the

statistically significant.

gammal difference was not

FC analysis

The FC between vision- and pain-related brain regions under
visual stimuli showed specific alterations across the frequency bands.
Differences in FC between the migraine and HC groups were mainly
concentrated within the alpha, beta, and gammal frequency bands.
There were no significant group differences in the theta or gamma2
frequency bands.

In the alpha (8-12Hz) band, the migraine group had a
significantly higher AEC-c value of the left cuneus to the left medial
orbitofrontal cortex (P omecea = 0.028) compared with the HC group
(Figure 2).

In the beta (15-29 Hz) band, the migraine group had
significantly a higher AEC-c value of the left lateral occipital cortex

2 https://www.bioladder.cn/web/#/chart/58

frontiersin.org


https://doi.org/10.3389/fneur.2025.1567150
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.bioladder.cn/web/#/chart/58

Wu et al.

10.3389/fneur.2025.1567150

Gammaz2 band

Left medial orbitofrontal cortex

0.025 %
0.020
0.015
0.010
0.005
0.000

Right medial orbitofrontal cortex

Normalized power

0.025

0.020

Normalized power
- & =
2 o @
g 2 2
& 5 @

Normalized power

Right lateral orbitofrontal cortex
0.03:

Normalized power

0.00

Left transverse temporal cortex

*
0.015 I '
0.010
0.005
0.000

Normalized power

FIGURE 1

Migraine Group

Significant differences in spectral power between the migraine and HC groups. The spectral power maps are shown from the lateral and bottom views. The
current power of the underlying cortical sources is color-coded, with larger values represented in red and smaller values in blue. In the gamma2 band, the
migraine group had significantly lower spectral power in the bilateral medial orbitofrontal cortices, bilateral posterior cingulate cortices, bilateral temporal
poles, right lateral orbitofrontal cortex, and left transverse temporal cortex (indicated by yellow arrows). *p-values after correction were less than 0.05.
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Left posterior cingulate cortex
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Left temporal pole
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to the left anterior cingulate cortex (pomecea=0.049) and right
anterior cingulate cortex (Porecea = 0.049) compared with the HC
group (Figure 2).

In the gammal (30-59 Hz) band, the migraine group had a
significantly higher AEC-c value of the right cuneus to the left insula
(Peorrectea = 0.048), right insula (Peorrecea = 0.031), left parahippocampal
cortex (Peorrectea = 0.048), left posterior central cortex (Peomeciea = 0.031),
right posterior central cortex (P omecea = 0.031), left anterior cingulate
corteX (Peommecea = 0.031), and right anterior cingulate cortex
(Peorrectea = 0.031)  compared with the HC group (Figure 2).
Additionally, the migraine group had a significantly higher AEC-c

Frontiers in Neurology

value of the left lateral occipital cortex to the right medial orbitofrontal
cortex (Peorrectea = 0.033), left posterior central cortex (Peomeciea = 0.033),
left anterior cingulate cortex (P omecea = 0.033), and right anterior
cingulate corteX (Peorecea =0.042) compared with the HC group
(Figure 2).

Clinical associations

To shed light on clinical significance, we analyzed correlations
between patients’ main clinical characteristics (headache history,
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FIGURE 2

Significant FC differences between the migraine and HC groups. The FC maps are shown from the top and back views. Vision-related brain regions are
represented by red balls, while pain-related brain regions are represented by blue balls. In the alpha band, the AEC-c value between the left cuneus and
left MOFC was significantly increased in the migraine group. In the beta band, the AEC-c value between the left LOC and bilateral ACC was significantly
increased in the migraine group. In the gammal band, the AEC-c values between the right cuneus and bilateral insula, left PaHC, bilateral PoCC, and
bilateral ACC were significantly increased in the migraine group. In the gammal band, the AEC-c values between the left LOC and right MOFC, left
PoCC, and bilateral ACC were significantly increased in the migraine group. MOFC, medial orbitofrontal cortex; LOC, lateral occipital cortex; ACC,
anterior cingulate cortex; PaHC, parahippocampal cortex; PoCC, posterior central cortex. *p-values after correction were less than 0.05.
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attack frequency, and pain intensity) and abnormal MEG results
(spectral power and FC).

Results of correlation analysis demonstrated that there were no
significant correlations between migraine clinical characteristics
(headache history, attack frequency, and pain intensity) and abnormal
spectral power (Peorecea > 0.05). There were no significant correlations
between migraine clinical characteristics (headache history, attack
frequency, and pain intensity) and abnormal AEC-c value

(P corrected > 005)

Discussion

This study investigated visual evoked magnetic fields among
migraineurs from low to high frequency ranges, demonstrating that
migraineurs have abnormal source spectral power activity and FC
networks under visual stimulation in distinct frequency ranges.
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Regarding spectral power, our study systematically analyzed visual
stimuli-induced brain activation in the whole brain cortex between
migraineurs and HCs at different frequency bands. Our data
demonstrate that migraineurs have significantly decreased spectral
power under visual stimuli in the orbitofrontal cortex, posterior
cingulate cortex, temporal pole, and transverse temporal cortex, which
are largely brain regions associated with pain processing. The
orbitofrontal cortex is involved in pain processing and emotion and
has been shown to release opioids in response to pain stimulation (48,
49). Some previous MEG studies have also found abnormalities in the
prefrontal cortex of migraine patients during resting-state and
negative emotional stimuli, suggesting that the prefrontal cortex may
play a critical role in the pathogenesis of migraine (50, 51). Other
studies have shown that the orbitofrontal cortex may be associated
with the onset of chronic migraine and drug overuse headache,
through
sensitivity), impaired pain modulation (exacerbating central

emotional dysregulation (increasing anxiety/stress
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sensitization), and disrupted reward evaluation/decision-making (52).
In chronic migraine and medication-overuse headache, its dysfunction
may impair the ability to assess the negative consequences of
medication overuse, perpetuating compulsive drug-seeking behavior
(53). The involvement of the posterior cingulate cortex in nociception
has been demonstrated, with experimental evidence that pain
deactivates this brain region (54). A resting-state MEG study has
found that neural connectivity between the secondary somatosensory
cortex and some pain-related cortices (i.e., the posterior cingulate
cortex) were reduced by chronic pain in complex regional pain
syndrome (55). A fMRI study has reported correlations between
changes in the left posterior cingulate cortex and both the frequency
and intensity of headaches (31). Our study revealed reduced activation
in the posterior cingulate cortex of migraine patients, leading to
impaired pain signal processing and multimodal information
integration, thereby exacerbating pain hypersensitivity. The temporal
lobe plays a pivotal role in migraine mechanisms, functioning as a
sensory integration center (encompassing visual inputs), with its
temporal pole specifically mediating ventral stream visual processing
(56). Our results revealed decreased activation of the temporal pole in
migraineurs under visual stimulation, which is consistent with
previous research and suggests a potential association between
aberrant temporal pole function and atypical processing of visual
information in migraine patients. Cortese et al. (57) showed that, by
enhancing excitability of the temporal pole using anodal transcranial
direct current stimulation (tDCS), abnormal interictal visual
information processing in migraineurs can be normalized. This
observation leads to the hypothesis that the temporal pole could be a
novel target for tDCS as a prophylactic treatment for migraine.
Furthermore, our findings revealed decreased activation of the
transverse temporal cortex in migraineurs under visual stimulation.
The transverse temporal cortex is reported to be involved in the
analgesic effect of acupuncture (58), suggesting a role in pain
regulation. While existing neuroimaging studies have primarily
employed MRI to assess structural alterations (e.g., cortical thickness)
or functional changes (blood oxygen level dependent signals) in
patients with migraine, the present study provides supplementary
electrophysiological evidence by characterizing visual stimulation-
evoked neural magnetic responses within these regions. Our findings
that migraine patients exhibited abnormal activation of pain-related
brain regions under visual stimulation further support the link
between abnormal visual processing systems and migraine attacks.
To further explore the changes in neural networks under visual
stimulation in migraineurs, we systematically analyzed FC between
vision- and pain-related brain regions. Our results demonstrated that
the migraineurs have significantly increased FC between vision-
related brain regions (cuneus, lateral occipital cortex) and pain-related
brain regions (orbitofrontal cortex, anterior cingulate cortex, insula,
parahippocampal cortex, posterior central cortex) under visual
stimulation in multiple frequency bands. Several studies have
investigated alterations in FC among migraine patients using
MEG. One of the first MEG connectivity study in migraine revealed
enhanced slow-wave FC in frontal regions, while migraine with aura
exhibited elevated theta-band connectivity in occipital areas (16).
Another resting-state MEG study showed a lack of correlation
between pain sensitivity in migraine patients and gamma oscillation
in pain-related cortical regions (59). A recent study confirmed that the
FC of migraineurs was lower than the HC group in the delta, alpha,
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and beta bands (60). These resting-state MEG studies have found that
the abnormal functional connections of migraine are mainly located
in the brain regions related to pain or vision. Two MEG studies have
characterized dynamic FC patterns during task-state in patients with
migraine. The MEG study by Ren et al. demonstrated significantly
increased high-frequency band (250-1,000 Hz) connectivity in the
somatosensory-frontal network during peripheral nerve stimulation
among migraine patients during interictal periods (61). Additional
MEG evidence revealed strengthened gamma-band effective
connectivity from prefrontal to temporal cortices during negative
emotional processing in migraine patients (51). These MEG findings
indicate that in different task states, the FC of migraine patients across
distinct brain regions is enhanced, and this change is frequency band-
dependent. These research results are consistent with our finding that
in the visual task state of migraine patients, the FC between vision-
related and pain-related brain regions is enhanced in alpha, beta and
gammal band. Visuo-nociceptive network synchrony may be involved
in pain integration and play an important role in headache
development and maintenance. Such findings could provide novel
targets for migraine treatment. For example, Sava et al. demonstrated
that
experimentally inhibit the visual cortex reduced the supraorbital pain
threshold and caused photophobia in healthy individuals (62). Based
on these findings, the researchers proposed a functional link between

repetitive transcranial magnetic stimulation used to

the visual cortex and trigeminal nociceptive system. They also
indicated that decreased activity in the visual cortex due to
pathological reasons could contribute to the onset of headaches. These
findings might help to understand the mechanism of aberrant visual
phenomena in migraineurs, and might provide new insights into the
pathophysiological mechanisms of migraine.

According to our results, most aberrant visual evoked magnetic
signal parameters were in gamma-frequency oscillations (30-90 Hz).
Gamma oscillations are generated within neural networks that include
excitatory pyramidal cells and inhibitory gamma aminobutyric acid
(GABA)-energic interneurons (63). Gamma oscillations have been
shown to be associated with pain perception (64), attentional effect of
pain (65), and subjective pain intensity (66). Previous studies have also
suggested that properties of gamma oscillations are altered in
migraineurs under resting-state and visual stimuli. A MEG study
found that the spectral power in resting-state gamma-frequency
oscillations among migraine patients was aberrant in the left frontal
and left temporal regions (67). Similarly, two EEG studies have
reported abnormal gamma-band power in migraineurs during visual
stimulation (68, 69). Consistent with previous findings, we observed
increased connectivity in gamma-band oscillations in response to
visual stimulation in migraine. Increased connectivity in gamma-band
oscillations in migraine could indicate a lack of gain control and less
efficient processing in the brain (70, 71). As these oscillatory
differences are known to be involved in cortical excitability and
suppression of activity, altered gamma oscillations in migraineurs
might reflect abnormal regulatory mechanisms of excitation and
inhibition (71). Research at the molecular level has found a positive
relationship between gamma oscillation peak frequency and GABA
concentration in the motor cortex (72). Since migraine patients have
reduced GABA levels, medications that enhance GABA may
be effective against headache attacks (73). This result may contribute
to understanding migraine pathophysiology and providing evidence
for the treatment of migraine.

frontiersin.org


https://doi.org/10.3389/fneur.2025.1567150
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Wu et al.

The current study is subject to several limitations. First, we did
not find significant correlations between the abnormal MEG
parameters (spectral power and FC) and related clinical
characteristics (headache history, attack frequency, and pain
intensity), which is in line with data presented in some MEG
studies. This is likely due to limited number of subjects (11, 50). In
future research, more subjects will be enrolled in the study. Second,
we only included migraine without aura patients and did not
analyze other subgroups. As the largest subgroup of migraine
sufferers, many previous studies exploring visual cortical function
have focused on migraine without aura patients (11, 18, 74). Further
studies involving a larger number of migraine patients are needed
to perform subgroup analysis to address possible differences in
results between patients with migraine with and without aura, or
between episodic migraine and chronic migraine. The last limitation
is the use of a cross-sectional design. Longitudinal studies are
necessary to determine if variation in brain activation or FC in
migraine patients predisposes them to migraine or arise from
recurrent migraine attacks. Prospective longitudinal studies could
reveal aberrations in brain activation and FC that could serve as
early biomarkers to predict alterations in migraine patterns.

Conclusion

This study has demonstrated that migraine is associated with
characteristic alterations in both spectral power and FC in response
to visual stimuli during headache-free phases. Decreased spectral
power in pain-processing brain regions and increased FC between
vision- and pain-related brain regions are likely to play a role in
migraine. These alterations are band-specific — especially in the
gamma frequency band. These findings may contribute to better
understanding the relationship between visual dysfunction and
headache onset in migraine and provide valuable insights into the
underlying pathophysiology.
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