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Abstract

Background: Migraine with aura (MwA) and migraine without aura (MwoA) are believed to have distinct pathophysiological mecha-
nisms. However, differences in their neuromagnetic activity are currently unclear. To address this knowledge gap, this study employed
magnetoencephalography (MEG) to examine alterations in magnetic source strength and functional connectivity (FC) betweenMwA and
MwoA patients. Methods: Resting-state MEG data were recorded for 18 MwA and 18 MwoA patients during the interictal period and
compared with 18matched healthy controls (HCs). The spectral power and FC of the visual network were estimated usingminimum norm
estimation (MNE) combined with the Welch technique and corrected amplitude envelope correlation. Results: Spectral power analysis
revealed distinct frequency-dependent alterations in MwA in the left lateral occipital cortex (LOC), bilateral lingual cortices, and right
transverse temporal cortex within the theta band compared with the MwoA and HCs groups. FC analysis revealed a distinct pattern of
weakened FC in MwA in the low-frequency band between the visual cortex and several key regions, including the right entorhinal cor-
tex, right rostral anterior cingulate cortex (ACC), right superior parietal cortex (SPC), left precentral cortex, and right precuneus cortex
compared with the MwoA and HCs groups. The MwoA group exhibited significantly stronger FC within the ACC-visual cortex circuit
in the gamma1 band compared with the MwA and HCs groups. Several abnormal FC metrics were significantly correlated with headache
attack frequency in both migraine groups. Conclusions: This study revealed the distinct neuromagnetic signatures of MwA and MwoA,
linking specific connectivity patterns to clinical features. These findings could potentially support the development of subtype-specific,
targeted neuromodulation therapies for migraine.
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1. Introduction
Migraine is a common and disabling neurological

disorder that is clinically classified into two main sub-
types: migraine with aura (MwA) and migraine without
aura (MwoA) [1]. Aura symptoms precede headaches in up
to 30% of migraine patients. Visual aura is the most com-
mon aura type and occurs in more than 90% of patients who
experience aura [2]. Notably, visual aura is strongly associ-
ated with cortical spreading depression (CSD) [3]. Previous
studies suggest differences between MwA and MwoA pa-
tients in terms of neuroimaging findings, neurophysiologi-
cal characteristics, and treatment responses. These differ-
ences may indicate distinct pathophysiological mechanisms
underlying these two migraine subtypes [4].

Previous multimodal neuroimaging and neurophysio-
logical research has provided important evidence for distin-
guishing between MwA and MwoA. Structural magnetic
resonance imaging (MRI) studies have identified signifi-
cantly greater occipital gray matter volumes in MwA com-
pared to MwoA [5,6]. Diffusion tensor imaging studies

show that MwA is associated with stronger structural con-
nectivity linking the left parietal and occipital lobes com-
pared to MwoA [7], but weaker connectivity for the post-
central gyrus–insula and anterior cingulate cortex (ACC)–
lateral occipital cortex (LOC) circuits [8]. Functional MRI
(fMRI) studies also report differences in functional con-
nectivity (FC) patterns between MwA and MwoA under
both resting-state and task-based conditions [8]. For ex-
ample, MwA patients demonstrate increased brain activa-
tion compared to MwoA patients upon visual stimulation,
particularly in the visual cortex [9]. Electroencephalogra-
phy (EEG) studies characterize MwA by an excess of slow
and hypersynchronous alpha rhythm activity [10], height-
ened interictal cortical responses to sensory stimuli [11],
and a more pronounced lack of habituation [12]. This ev-
idence extends the framework of cortical hyperexcitability
to implicate more widespread irregularities in neural sys-
tems governing sensory functions [13].

However, the limited temporal resolution of con-
ventional neuroimaging techniques limits their ability to
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Fig. 1. Flow chart of the overall study design. ICHD-III, the International Classification of Headache Disorders, 3rd Edition; MwA,
migraine with aura; MwoA, migraine without aura; MEG, magnetoencephalography; HCs, healthy controls; MRI, magnetic resonance
imaging; MNE, minimum norm estimation; AEC-c, corrected amplitude envelope correlation; FC, functional connectivity.

capture transient neuroelectrophysiological activity in mi-
graine patients. Magnetoencephalography (MEG) is an al-
ternative approach that noninvasively records neuromag-
netic activity with millisecond temporal resolution [14].
WhileMEG is comparable to EEG in terms of temporal res-
olution and spectral differentiation capability, it provides
superior spatial resolution for localizing the origins of un-
derlying neural sources, thus offering a unique approach for
investigating the electrophysiological mechanisms of mi-
graine [15]. Previous MEG studies of resting-state oscil-
latory power and FC in migraine patients have reported:
(1) increased oscillatory power in the gamma band, with
concentrations over frontal and temporal regions; (2) en-
hanced FC in the delta and theta bands, primarily local-
ized to frontal and occipital areas; (3) reduced connectiv-

ity in the beta band, predominantly within regions of the
pain-processing network; and (4) aberrant modulation of
spontaneous resting-state activity within temporo-parieto-
occipital regions [14]. However, most previous MEG stud-
ies have examined aberrant neuromagnetic activities in mi-
graine patients compared to healthy controls (HCs), with-
out systematic analysis of potential differences between
MwA and MwoA subgroups. Whether abnormalities in
neuromagnetic activity revealed by MEG can distinguish
between MwA and MwoA—and whether these could serve
as diagnostic biomarkers or tools for treatment evaluation—
thus warrants further research.

To address this research gap, the present study uti-
lized MEG to investigate alterations in spectral power and
FC across low to high frequency bands during the resting
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state in MwA patients, MwoA patients, and HCs. First, we
compared resting-state spectral power changes among these
three groups at the spectral power level. We then examined
connectivity aberrations at the FC level between visual-
related cortical areas and the whole-brain cortex across dif-
ferent frequency ranges in these three groups. Finally, we
assessed whether spectral power and FC abnormalities ob-
served in migraine patients correlate with clinical charac-
teristics.

2. Materials and Methods
2.1 Study Design

This study was approved by the Medical Ethics Com-
mittee of Nanjing Brain Hospital, and all participants pro-
vided written informed consent. We recruited patients with
episodic migraine from the Department of Neurology at
Nanjing Brain Hospital, affiliated with Nanjing Medical
University. All patients were pre-screened by neurolo-
gists specializing in headache disorders. To enhance pheno-
typic homogeneity, we specifically recruited patients with
MwA who experienced exclusively visual aura. Initially,
28 MwA and 37 MwoA patients were recruited to account
for potential exclusions due to migraine attacks or subopti-
mal MEG data quality. Given the challenges of recruiting
well-phenotypedMwA patients, each eligible MwA patient
was matched with one MwoA patient and one HC for age
and sex. This matching procedure yielded a final cohort
of 18 participants per group (n = 54 in total). Based on
previous studies of migraine subpopulations [16] and MEG
techniques [17], a sample size of 16 to 24 is sufficient for
preliminary investigations of between-group differences in
MEG parameters. The overall study design is presented in
Fig. 1.

2.2 Participants
The inclusion criteria for patients with episodic mi-

graine with visual aura and without aura were according to
the International Classification of Headache Disorders, 3rd
Edition (ICHD-III) [1]. Migraine patients were excluded
if they had other neurological diseases or used prescription
medications within 1 week preceding the study. HCs were
recruited and matched with migraine patients in terms of
age and sex. To be eligible, HCs could not have any per-
sonal history of neurologic disorders or first-degree rela-
tives with migraine. For all participants, exclusion crite-
ria were: (1) presence of metallic/electronic implants that
may produce magnetic interference; (2) significant anxiety
or poor communication that could impede the MEG ses-
sion; (3) inability to remain still during data acquisition; (4)
current pregnancy; or (5) claustrophobia that could prevent
the requisite MRI scan. Migraine patients were scanned
during the interictal period; they reported being free from
headache for at least 72 h prior to MEG recording and re-
mained so for at least 24 h afterward. Clinical characteris-
tics of migraine patients were recorded using a structured

questionnaire prior to MEG acquisition. The collected data
included descriptions of aura symptoms, detailed headache
characteristics, and medication usage.

2.3 MEG Recording
MEG recordings were conducted in a magnetically-

shielded room at theMEGCenter of Nanjing Brain Hospital
using a whole-head CTF 275-channel MEG system (VSM
MedTech Systems, Inc., Coquitlam, BC, Canada). Prior
to data acquisition, all participants were instructed to re-
move any personal metallic objects to prevent interference
with magnetic signals. Head position relative to the MEG
sensors was monitored using three electromagnetic coils af-
fixed to the nasion and bilateral preauricular points. These
coils were activated at distinct frequencies to continuously
track head movements during the recording session. MEG
data were acquired in two consecutive 120 s runs at a sam-
pling rate of 6000 Hz. Participants maintained a relaxed,
supine posture during the scan with their arms at their sides.
MEG data were acquired with third-order synthetic gradi-
ent noise cancellation applied to minimize environmental
interference. Head position was monitored at the start and
end of each recording. Data sets from sessions with head
displacement >5 mm were excluded from analysis and an
additional recording was obtained.

2.4 MRI Scanning
Structural MRI data were acquired using a 1.5 T Signa

scanner (GE Healthcare, Milwaukee, WI, USA). To ensure
accurate MEG-MRI co-registration, three fiducial markers
were placed at anatomical locations corresponding to the
positions of the electromagnetic coils used during MEG
recordings. All anatomical landmarks digitized in theMEG
coordinate system were subsequently identified in MRIs
to establish spatial correspondence between the two neu-
roimaging modalities.

2.5 Data Preprocessing
All MEG analyses were performed using the pub-

licly available, open-source Brainstorm toolkit (version
9.11.0.1769968; University of Southern California, Los
Angeles, CA, USA) [18]. The following procedures were
applied to remove extracranial and environmental artifacts
from the MEG recordings: First, all datasets were visually
inspected and segments contaminated by significant head
movement or transient noise interference were excluded.
Second, power line interference was removed by apply-
ing a notch filter at 50 Hz and its harmonics. Third, a 3
min empty-room recording was obtained prior to data ac-
quisition to capture background sensor and environmental
noise; this recording was used to compute the noise covari-
ance matrix for subsequent source analysis. Finally, prin-
cipal components corresponding to artifact sensor topogra-
phies were manually identified and removed via orthogonal
projection [19]. For source localization, T1-weighted im-
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ages were processed using FreeSurfer (version 7.1.1; Mas-
sachusetts General Hospital, Boston, MA, USA) to auto-
matically reconstruct cortical surface models. This ap-
proach provided the precise gray/white matter boundaries
required for source analysis. MEG data were analyzed in
the following frequency bands: delta (2–4 Hz), theta (5–
7 Hz), alpha (8–12 Hz), beta (15–29 Hz), gamma1 (30–59
Hz), and gamma2 (60–90 Hz).

Following preprocessing, quantitative quality con-
trol (QC) metrics were assessed for all included partic-
ipants/retained recordings. These metrics included: (1)
head displacement per participant, (2) number of artifact-
contaminated data segments rejected per participant, and
(3) number of artifact components removed per participant.
These QC metrics were subsequently compared between
the MwA, MwoA, and HC groups to confirm the absence
of systematic QC differences.

2.6 Spectral Power Analysis

Cortical activation was estimated from MEG data us-
ing depth-weighted minimum norm estimation (MNE), a
method with demonstrated robustness in electrophysiologi-
cal source imaging [20,21]. The forward solution was com-
puted using the overlapping sphere method with each cor-
tical location modeled as an equivalent current dipole. The
source space comprised approximately 15,000 vertices dis-
tributed across the cortical surface. The inverse operator for
estimating cortical current sources from sensor-level data
was constructed with the following specifications: Source
orientations were constrained to be normal to the cortical
surface. Depth weighting was applied to mitigate the inher-
ent bias toward superficial sources. A regularization value
(λ2 = 0.33) was then employed to enhance numerical stabil-
ity, suppress noise sensitivity, and promote spatial smooth-
ness of the reconstructed activity. This regularization pa-
rameter balances the relative contribution of the signal and
noise models, defined as the inverse of the signal-to-noise
ratio (SNR). In line with the default setting in the Brain-
storm toolbox and the original MNE implementation, we
used an SNR value of 3 [22]. The entire cortical surface was
then parcellated into 68 distinct regions of interest (ROIs)
using the Desikan-Killiany atlas [23], which defines 34
ROIs per cerebral hemisphere, for the subsequent calcula-
tion of spectral power. The oscillatory power for each ROI
was estimated at the source level by first computing the rel-
ative current power across all its vertices. The power spec-
tral density (PSD) was then derived using Welch’s method
with 5 s Hanning windows and 50% overlap [18,24]. To
facilitate cross-regional and cross-participant comparisons,
the PSD in each frequency band was normalized relative to
the total power across all analyzed bands as follows: Rela-
tive PSD(f) = PSD(f)/

∑
i[Total PSD(fi)], where fi denotes a

given frequency band. The numerator of this formula cor-
responds to the raw PSD value of that band, while the de-
nominator represents the sum of raw PSD values across all

frequency bands. This procedure yields relative PSD values
bounded between 0 and 1, reflecting the proportional con-
tribution of each frequency band to the total power. This
normalization approach controls for individual differences
in overall power, thereby enhancing comparisons of spec-
tral profiles across participants and regions [24].

2.7 FC Analysis

Four bilateral visual cortical regions from the
Desikan-Killiany atlas were selected for FC analysis,
namely the bilateral cuneus, LOC, lingual cortex (LC) and
pericalcarine cortex, resulting in a total of eight ROIs. FC
between visual ROIs and all 68 brain regions was assessed
using the corrected amplitude envelope correlation (AEC-
c) method, which quantifies oscillatory coupling based on
amplitude co-fluctuations. This method was selected due
to its established test-retest reliability and robustness for
characterizing FC networks [25]. To mitigate spurious con-
nectivity arising from volume conduction and field spread,
signal pairs were orthogonally aligned following an estab-
lished method prior to envelope computation [26]. The am-
plitude envelope was derived as the absolute value of the
analytic signal obtained via the Hilbert transform, reflecting
amplitude fluctuations over time [27]. Specifically, the cor-
tical source time series for each frequency band was band-
pass filtered and its amplitude envelope was extracted. The
amplitude envelope derived from the Hilbert transform was
segmented into n non-overlapping windows of equal dura-
tion. Subsequently, the mean envelope value was computed
for each window. FC between ROIs was quantified using
AEC-c, which was calculated as the Pearson correlation co-
efficient between the averaged envelope time series from
two ROIs. Higher AEC-c values indicate stronger tempo-
ral synchronization of amplitude fluctuations between re-
gions, reflecting stronger oscillatory coupling [28,29]. Fi-
nally, AEC-c values were computed for all participants and
ROI pairs, resulting in an 8 × 68 group-level connectivity
matrix representing FC between the 8 visual seed ROIs and
all 68 brain regions.

2.8 Statistical Analysis

Statistical analyses were performed using SPSS (ver-
sion 27.0; IBM, Inc., Armonk, NY, USA). Normality
of data distribution was assessed using the Kolmogorov–
Smirnov test. Demographic variables (age, sex) and key
clinical characteristics (migraine duration, migraine fre-
quency and pain severity) were compared between the in-
cluded and excluded cohorts using appropriate statistical
tests (Fisher’s exact test, t-test, or Mann-Whitney U test).
As the spectral power and FC data were not normally dis-
tributed, non-parametric tests were employed. Group dif-
ferences in spectral power across frequency bands and in
AEC-c values (reflecting FC strength between ROI pairs)
among the three groups were examined using the Kruskal–
Wallis test. The Mann–Whitney U test was employed for
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Table 1. Demographic and clinical characteristics of included participants.
Parameters MwA MwoA HC

Gender (female/male) 9/9 12/6 11/7
Age (years) (mean ± SD) 30.67 ± 8.47 31.39 ± 7.72 30.22 ± 8.00
Handedness (left/right) 0/18 0/18 1/17
Duration of migraine history (mean ± SD) 11.81 ± 8.75 12.33 ± 8.15 /
Headache attacks per month (median and interquartile range) 3.0 (1.4, 10.0) 2.0 (1.0, 14.0) /
Durations of migraine attacks (hours) 21.31 ± 20.81 22.72 ± 20.12 /
Headache location (unilateral/bilateral) 10/8 11/7 /
Severity of headache (VAS scale) 5.81 ± 1.04 6.47 ± 1.46 /
Associated symptoms during attack (number of participants)

Photophobia 10 12 /
Phonophobia 10 12 /
Nausea/Vomiting 15 14 /

Prophylactic treatment in last 3 months (yes/no) 0/18 0/18 /
Abbreviations: SD, standard deviation; VAS, visual analog scale.

Fig. 2. Distribution of cortical activation among the MwA, MwoA, and HC groups. Spectral power distributions across the brain are
shown from six distinct anatomic viewpoints (color scale: red = high power, blue = low power). Statistically significant group differences
are indicated by blue arrows. A perspective view is used to visualize the deep region of the right transverse temporal cortex. LOC, lateral
occipital cortex; LC, lingual cortex; TTC, transverse temporal cortex.

post-hoc pairwise comparisons. To examine potential as-
sociations, Spearman’s correlation analysis was conducted
between key clinical features (migraine duration, migraine
frequency and pain severity) and abnormal MEG measures
(spectral power and FC). A sensitivity analysis will be con-
ducted to assess the potential adverse effects of outliers.
Some of the subjects who experienced headache attacks on
14 days eachmonthwere excluded from the secondary anal-
ysis to verify the robustness of the main correlation. A two-
tailed p-value < 0.05 was used as the threshold for statisti-
cal significance. For comparisons among the three groups,
the significance threshold was adjusted to 0.0167 (0.05/3)
using Bonferroni correction.

3. Results
3.1 Clinical Characteristics

A total of 83 participants were recruited for this study,
including 28 patients with MwA, 37 patients with MwoA,
and 18 HCs. Of the initial sample of 65 episodic migraine
patients, several were excluded for the following reasons:
12 patients (5 MwA, 7 MwoA) reported a migraine attack
within 24 h after the MEG recording; 8 patients (3 MwA, 5
MwoA) were excluded due to suboptimal MEG data qual-
ity; 5 patients (2 MwA, 3 MwoA) were excluded due to
incomplete clinical assessment data for the correlation anal-
ysis; and 4 MwoA patients could not be matched to MwA
patients in terms of age (±2 years) and sex. As a result,
the final analysis included 54 participants that were divided
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into three age- and gender-matched groups: 18 with MwA,
18 with MwoA, and 18 HCs. Detailed clinical data for the
migraine groups are shown in Table 1. The migraine sub-
groups did not differ significantly in terms of gender dis-
tribution, age, headache history, attack frequency, and pain
intensity. Comparisons between included and excluded pa-
tients within each subgroup (MwA and MwoA) revealed
no significant differences (all p > 0.05) in demographics
(age, sex) or key clinical characteristics (disease duration,
attack frequency, pain intensity). Full results are presented
in Supplementary Table 1.

3.2 Data QC Metrics
To address potential confounding due to data quality,

we compared key QC metrics across groups. The median
head displacement was 1.0 mm (IQR: 0.0–2.0) in the MwA
group, 1.0 mm (0.0–2.0) in the MwoA group, and 1.0 mm
(0.8–2.0) in the HC group, with no significant group dif-
ferences (p = 0.593). The median percentage of rejected
data segments was 15.0% (IQR: 11.5–20.0%) in the MwA
group, 15.5% (12.0–18.5%) in theMwoAgroup, and 16.5%
(12.0–20.0%) in the HC group (p = 0.839). The median
number of artifact components removed was 2.0 (IQR: 1.0–
4.0) for theMwA group, 2.0 (1.0–3.3) for theMwoA group,
and 2.0 (1.0–3.3) for the HC group (p = 0.888). All p-values
were derived from Kruskal-Wallis tests, which confirmed
the absence of significant differences in data quality among
the three groups.

3.3 Spectral Power
Compared to HCs and the MwoA group, the MwA

group exhibited distinct frequency-dependent alterations in
visual and auditory-related brain regions (Fig. 2). Group
differences in spectral power were primarily concentrated
in the theta frequency band. No statistically significant
group differences were observed in the spectral power of
the delta, beta, alpha, or gamma frequency bands.

Theta Band (5–7 Hz)
Significant group differences were observed for the

spectral power of the left LOC (p = 0.008), left LC (p =
0.015), right LC (p = 0.009), and right transverse temporal
cortex (TTC) (p = 0.006) (Fig. 3).

Further comparisons revealed significantly higher
spectral power in the left LOC (p = 0.001), left LC (p =
0.004), and right LC (p = 0.002) in the MwA group com-
pared to HCs. The MwA group also showed significantly
higher spectral power in the right TTC compared to the
MwoA (p = 0.014) and HC groups (p = 0.003). There
were no significant differences between the MwoA and HC
groups.

3.4 Functional Connectivity (FC)
FC of the visual network in the MwA and MwoA

groups demonstrated distinct frequency-dependent changes

Fig. 3. Bar graph of differences in the spectral power between
theMwA,MwoA, andHC groups. Statistically significant inter-
group differences are indicated by asterisks (*, p < 0.016). Error
bars show the standard error.

compared to HCs (Fig. 4). Visual network alterations in the
two migraine groups were mainly concentrated within the
delta, theta, and gamma1 frequency bands. There were no
statistically significant group differences in the alpha, beta,
or gamma2 frequency bands.

3.4.1 FC Alterations Specific to MwA
FC differences specific to the MwA group were pri-

marily concentrated in the delta and theta bands. There
were no significant differences between the MwA group
and MwoA or HC groups in the alpha, beta, or gamma
bands.

3.4.1.1 Delta Band (2–4 Hz). Significant group differ-
ences were observed for the AEC-c value of the left LOC
with the right entorhinal cortex (p = 0.007) and right ros-
tral ACC (rACC) (p = 0.009) (Fig. 5). Further comparisons
showed that theMwAgroup had a significantly lower AEC-
c value between the left LOC and right entorhinal cortex
compared to the MwoA (p = 0.010) and HC groups (p =
0.004), as well as a significantly lower AEC-c value be-
tween the left LOC and right rACC compared to the MwoA
(p = 0.005) and HC groups (p = 0.014). There were no
significant differences between the MwoA and HC groups.
There were also significant group differences in the AEC-c
value between the right LC and right superior parietal cor-
tex (SPC) (p = 0.010) (Fig. 5). Specifically, theMwA group
had a significantly lower AEC-c value between the right
LC and right SPC compared to the MwoA (p = 0.010) and
HC groups (p = 0.008), whereas the MwoA and HC groups
showed no significant differences.

3.4.1.2 Theta Band (5–7 Hz). Significant group differ-
ences were observed for the AEC-c value of the right LC
with the left precentral cortex (p = 0.008) and right pre-
cuneus cortex (p = 0.005; Fig. 5). The MwA group showed
a significantly lower AEC-c value between the right LC and
left precentral cortex compared to the MwoA (p = 0.006)
and HC groups (p = 0.008), as well as a significantly lower
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Fig. 4. Differences in FCmaps between theMwA,MwoA, and HC groups. Visual cortices are represented by red spheres, while other
cortical areas are denoted by blue spheres. (a) FC alterations specific to the MwA group in the delta and theta bands. (b) FC alterations
specific to the MwoA group in the gamma1 band. (c) Shared FC alterations between the MwA and MwoA groups in the delta band.
EC, entorhinal cortex; rACC, rostral anterior cingulate cortex; SPC, superior parietal cortex; PreC C, precentral cortex; PCU, precuneus;
CUN, cuneus; PCC, posterior cingulate cortex.

AEC-c value between the right LC and right precuneus cor-
tex compared to the MwoA (p = 0.006) and HC groups (p =
0.004). The comparison between theMwoA andHC groups
revealed no significant differences.

3.4.2 FC Alterations Specific to MwoA
Differences in FC specific to MwoA were primarily

concentrated in the gamma1 band. This group showed no
significant differences in the delta, theta, alpha, beta, or
gamma2 bands compared to the MwA and HC groups.

Gamma1 Band (30–59 Hz). Significant group differences
were observed in the AEC-c value between the right cuneus
and left rACC (p = 0.010) (Fig. 5). Further comparisons re-
vealed a significantly higher AEC-c value between the right
cuneus and left rACC in the MwoA group compared to the
MwA (p = 0.010) and HC groups (p = 0.007), but no sig-
nificant differences between the MwA and HC groups.

3.4.3 Shared FC Alterations Between MwA and MwoA
Differences in FC shared between the MwA and

MwoA groups were primarily concentrated in the delta
band. No significant differences were observed in the theta,
alpha, beta, or gamma bands compared to HCs.

Delta Band (2–4 Hz). The AEC-c value of the left cuneus
with the left insula cortex (p = 0.003) and left posterior cin-
gulate cortex (PCC) (p = 0.010) showed significant group
differences (Fig. 5). Specifically, the AEC-c value be-
tween the left cuneus and left insula cortex was signifi-
cantly higher in the MwA (p < 0.001) and MwoA (p =
0.009) groups compared to HCs. Additionally, the AEC-
c value between the left cuneus and left PCC was signifi-
cantly higher in theMwA (p= 0.011) andMwoA (p= 0.011)
groups compared to HCs group. There were no significant
differences between the MwA and MwoA groups.

3.5 Clinical Associations

To explore clinical relevance, we examined correla-
tions between abnormal MEG findings (spectral power and
FC) and clinical migraine characteristics (migraine dura-
tion, migraine frequency and pain severity). Specific abnor-
mal FCmetrics were significantly correlated with headache
attack frequency in both migraine groups (Fig. 6).

In the MwA group, the AEC-c value between the right
LC and right precuneus of the theta band was negatively
correlatedwith the frequency of headache attacks permonth
(r = –0.686, p = 0.002). In the MwoA group, the AEC-
c value between the right cuneus and left rACC of the
gamma1 band was positively correlated with the frequency
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Fig. 5. Bar graph of FC differences between the MwA, MwoA, and HC groups. Statistically significant intergroup differences are
indicated by asterisks (*, p < 0.016). Error bars show the standard error. (a) FC alterations specific to the MwA group in the delta and
theta bands. (b) FC alterations specific to the MwoA group in the gamma1 band. (c) Shared FC alterations between the MwA andMwoA
groups in the delta band.

of headache attack permonth (r = 0.751, p< 0.001). In both
migraine groups (MwA and MwoA), the AEC-c value be-
tween the left cuneus and left insula cortex of the delta band
was positively correlated with the frequency of headache at-
tacks per month (r = 0.534, p < 0.001). Abnormal spectral
power demonstrated no significant correlation with any of
the other key clinical migraine metrics (migraine duration,
migraine frequency and pain severity).

To ensure that the main findings were not driven by
participants with exceptionally high headache frequency, a
sensitivity analysis was performed. We excluded a subset
of participants (n = 6) who reported having headache symp-
toms on 14 days per month (2 from the MwA group and
4 from the MwoA group) and re-analyzed the correlation
between the aberrant FC metrics and headache attack fre-
quency. After excluding these individuals, the correlations
remained statistically significant.

4. Discussion
This study utilized MEG to investigate alterations in

resting-state neuromagnetic activity across high- and low-
frequency bands in MwA and MwoA migraine patients,
with the aim of identifying biomarkers that could distin-
guish these two subtypes and provide insights into their
distinct pathophysiological mechanisms. Our findings re-
vealed that MwA is characterized by unique abnormalities
in both neuromagnetic source strength within the visual and
auditory cortices and FCwithin the visual network, whereas
MwoA is characterized by abnormal FC within the ante-
rior cingulate cortex-visual cortex circuit. These differ-
ences effectively distinguish MwA from both MwoA pa-
tients and HCs and suggest a subtype-specific neurophysi-
ological mechanism.
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Fig. 6. Correlation between FC and headache attack frequency. (a) The AEC-c value in the MwA group between the right lingual
cortex and right precuneus of the theta band was negatively correlated with the frequency of headache attack per month. (b) The AEC-c
value in theMwoA group between the right cuneus and left rostral anterior cingulate cortex of the gamma1 band was positively correlated
with the frequency of headache attacks per month. (c) The AEC-c value in the migraine group (MwA and MwoA group) between the
left cuneus and left insula cortex of the delta band was positively correlated with the frequency of headache attacks per month.

4.1 Alterations in Neuromagnetic Activity Specific to MwA

Our findings regarding magnetic source strength in-
dicate increased spectral power in the left LOC and bilat-
eral LCs in the MwA group, which may reflect trait-level
visual cortex hyperexcitability that could predispose indi-
viduals to aura. The LOC is crucial for visual integration
and object recognition [30,31], and the LC is involved in
higher-order functions like visual memory and spatial atten-
tion [32]. The occipital cortex is proposed to play a critical
role in initiating visual aura due to observations that CSD
originates in this region [33]. Previous fMRI studies have
consistently reported that MwA patients exhibit a stronger
blood-oxygen-level-dependent response in the visual cortex
to visual stimuli compared to both MwoA patients and HCs
[34]. A prior MEG study revealed that migraine patients
with persistent aura showed the largest increase in P100m
amplitude—a component generated in the primary visual
cortex—in response to visual stimuli compared to other mi-
graine subgroups [35]. It has been reported that the extras-
triate cortex, which primarily centers on the LC, is the only
replicable functional finding in MwA [34]. These findings

suggest the LC as a pivotal hub of the mechanisms under-
lying visual aura. Our findings align with existing reports,
suggesting that the visual aura in migraine may be asso-
ciated with increased excitability of the visual cortex—a
state that could predispose the visual cortex to CSD. In addi-
tion to abnormalities in the visual cortex, we observed that
MwA patients exhibit a significantly higher spectral power
in the right TTC compared to both HCs and the MwoA
group. The TTC is a key component of the auditory cor-
tex and is primarily involved in processing auditory infor-
mation [36]. Previous studies have shown that migraine
patients exhibit impairments in auditory stimulus process-
ing, as characterized by interictal atypical perception, ictal
phonophobia, and sound-triggered attacks [37,38]. AMEG
study found that, during migraine attacks, adolescent mi-
graine patients exhibited a reduced amplitude of the M150
component, which is thought to be localized to the primary
auditory cortex [39]. Our findings provide further sup-
port for more pronounced deficits in auditory processing in
MwA compared to MwoA. Consistent with this, a hospital-
based survey reported a lower prevalence of phonophobia
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in MwoA patients than in MwA patients [40]. Given the
present findings, this phenomenon could be attributed to the
localized increase in spectral power within the TTC, which
also suggests that aberrant activity in this region could serve
as a potential biomarker specific to MwA.

Themost prominent finding of this study regarding FC
is that MwA patients exhibit a distinct pattern of weakened
FC in the low-frequency band between the visual cortex and
brain regions responsible for memory (entorhinal cortex),
emotion (rACC), attention (SPC), motor function (precen-
tral cortex), and self-awareness (precuneus). These results
strongly indicate that MwA patients exhibit inherent dys-
function in functional cooperation between primary/higher-
order visual cortices and multiple neural networks. Thus,
aberrant FC could serve as an objective indicator for assess-
ing disease severity. This widespread cortical hypocommu-
nication may link visual aura to broader brain dysfunction,
compromising the ability of cortical interactions to mod-
ulate nociception. The entorhinal cortex, a hub for sen-
sory integration and pain modulation [41–43], may filter
CSD propagation, thereby influencing neurological deficit
occurrence [42]. Our observation of weakened occipital-
entorhinal cortex FC in MwA supports failure in this gating
mechanism that permits aberrant CSD spread and aura phe-
nomena. Collectively, these findings indicate the entorhinal
cortex as a potential therapeutic target for mitigating neuro-
logical deficits specifically in MwA. Beyond the individual
functions described earlier, the rACC, SPC, precentral cor-
tex, and precuneus are all involved in central pain process-
ing [37,44–48]. Building on previous reports of functional
and/or structural alterations in these brain regions among
migraine patients [16,37,44,49], our study provides further
neuromagnetic evidence substantiating a weakened visuo-
nociceptive network in MwA. As this impairment could
lead to deficits in pain integration, it may play a critical
role in the initiation and persistence of MwA. This specific
connectivity pattern represents a potential neuroimaging
biomarker for MwA that could inform targeted therapeutic
strategies for this patient subgroup. For example, transcra-
nial direct current stimulation (tDCS) over the left primary
motor cortex has been shown to effectively alleviate pain
in migraine and other central pain conditions [47]. Consis-
tent with prior transcranial magnetic stimulation findings
of motor cortex hyperexcitability in MwA [50], our find-
ings implicate the precentral cortex in its pathophysiology.
The left precentral cortex could be explored as a tDCS tar-
get for MwA, providing a pathway toward a specific and
precise therapeutic intervention for this migraine subtype.

4.2 Alterations in Neuromagnetic Activity Specific to
MwoA

In contrast to patterns observed in MwA patients,
MwoA patients exhibited subtype-specific enhancement of
FC in gamma1 bands. Gamma oscillations, implicated in
neuronal excitability, sensory integration, and pain process-

ing, are altered in migraine [51], with MEG/EEG studies
reporting changes during both resting-state and visual stim-
ulation [51–54]. There is accumulating evidence that the
rACC exerts a more prominent role in the pathophysiology
of MwoA compared to MwA. Two previous resting-state
fMRI investigations reported significantly reduced regional
homogeneity and amplitude of low-frequency fluctuation
in the rACC in MwoA patients, which may reflect long-
term impaired affective pain processing and dysfunction of
the endogenous analgesic system [44,55]. Proton magnetic
resonance spectroscopy studies further revealed subtype-
specific patterns of gamma-aminobutyric acid (GABA) re-
duction in migraine: occipital decreases were specific to
MwA, whereas MwoA was characterized by a reduced
GABA+/Cr ratio in the ACC, suggesting its critical role in
MwoA pathogenesis [56–58]. The cuneus contributes to
bottom-up visuospatial attention and, through somatosen-
sory integration, participates in higher cognition processes
like consciousness and episodic memory [59,60]. A pre-
vious study utilizing machine learning models combined
with fMRI identified the cuneus as one of the most discrim-
inative brain regions for distinguishing between MwA and
MwoA groups [61]. Our findings suggest aberrant FC be-
tween the visual cortex and ACC as a potential neurobio-
logical mechanism underlying MwoA. This aberrant con-
nectivity appears to become more pronounced with disease
progression, offering valuable insights for the development
of targeted and personalized therapeutic strategies. A previ-
ous resting-state fMRI study also reported abnormal causal
connectivity within the ACC-visual cortex circuit inMwoA
and further demonstrated that this aberrant FC could pre-
dict treatment response to non-steroidal anti-inflammatory
drugs [62]. Similarly, our finding of abnormal FC between
the visual cortex and rACC in MwoA patients may repre-
sent a neuromagnetic biomarker that could guide clinical
decision-making for pharmacological management in this
migraine subpopulation.

4.3 Alterations in Neuromagnetic Activity Shared Between
MwA and MwoA

In addition to subtype-specific alterations, we identi-
fied aberrant FC common to the MwA and MwoA groups
that may represent a shared pathophysiological basis of mi-
graine disorder.

The insula is involved in pain perception [63] while
the PCC contributes to processing nociceptive signals and
modulating chronic pain pathways [64]. Both regions con-
stitute key elements of the pain matrix [65]. Moreover, they
are among the sites most robustly identified as exhibiting
altered FC in migraine. Prior MEG and fMRI studies have
reported enhanced cuneus-insula FC in MwoA [51,66], and
a systematic review further associates PCC-visual region
FC with migraine pain intensity [67]. These findings may
lend further support to the concept of central hyperexcitabil-
ity in pain-processing brain regions during the interictal
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period. Furthermore, our finding of a significant correla-
tion between aberrant connectivity and headache attack fre-
quency reinforces the notion of migraine as a progressive
disorder. Regardless of aura status, migraine patients likely
exhibit widespread dysregulation within neuronal networks
responsible for sensory integration and processing. These
shared alterations constitute a common neural substrate un-
derlying migraine disorder.

4.4 Study Limitations
This study is subject to several limitations that should

be noted. First, we acknowledge the modest sample size,
which is an inherent challenge in MEG studies that may af-
fect statistical power [14]. Given the substantially lower
prevalence of patients diagnosed with migraine with visual
aura compared to MwoA, recruitment and acquisition of
MEG data for this migraine subtype were more challeng-
ing. Future studies should recruit a larger sample to val-
idate our findings. Second, we exclusively enrolled pa-
tients with visual aura, which precluded analysis of pa-
tients with other aura subtypes. Consequently, future stud-
ies should specifically aim to recruit migraine patients with
different aura subtypes to facilitate comprehensive sub-
group analyses. Third, given the exploratory nature of this
study, we adopted a relatively lenient strategy for multiple
comparison correction (e.g., by not applying correction at
the whole-brain level) to reduce the risk of Type II errors
(false negatives), aiming to preliminarily identify poten-
tially meaningful connectivity patterns. We acknowledge
that this approach may have increased the risk of Type I er-
rors (false positives) to some extent. Therefore, these find-
ings should be regarded as preliminary evidence. Future
studies are needed to validate these preliminary findings in
independent samples using stricter corrections, such as the
false discovery rate (FDR for ROIs/connections). Finally,
given the cross-sectional nature of this study, we cannot es-
tablish whether the observed visual network abnormalities
represent a predisposing cause or a consequence of recur-
rent migraine attacks. Future studies employing longitudi-
nal designs are needed to address this question.

5. Conclusions
Overall, this study indicates that MwA andMwoA pa-

tients demonstrate distinct patterns of neuromagnetic activ-
ity within specific frequency bands. MwA is associated
with increased neuromagnetic source strength in visual and
auditory cortices and decreased FC within visual networks,
whereas MwoA exhibits increased FC within the ACC-
visual cortex circuit. These differences suggest unique neu-
rophysiological mechanisms underlying these twomigraine
subtypes and could serve as functional neurobiomarkers
for distinguishing MwA fromMwoA, thus providing novel
therapeutic targets for distinct migraine subtypes.
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