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Background: Cortical spreading depression (CSD) has been considered the prominent theory for migraine
with aura (MwA). However, it is also argued that CSD can exist in patients in a silent state, and not manifest
as aura. Thus, the MwA classification based on aura may be questionable. This study aimed to capture
whole-brain connectome-based imaging markers with identifiable signatures for MwA and migraine without
aura (MwoA).

Methods: A total of 88 migraine patients (32 MwA) and 49 healthy controls (HC) underwent a diffusion
tensor imaging and resting-state functional magnetic resonance imaging scan. The whole-brain structural
connectivity (SC) and functional connectivity (FC) analysis was employed to extract imaging features. The
extracted features were subjected to an all-relevant feature selection process within cross-validation loops
to pinpoint attributes demonstrating substantial efficacy for patient categorization. Based on the identified
features, the predictive ability of the random forest classifiers constructed with the 88 migraine patients’
sample was tested using an independent sample of 32 migraine patients (eight MwA).

Results: Compared to MwoA and HC, MwA showed two reduced SC and six FC (five increased and one
reduced) features [all P<0.01, after false discovery rate (FDR) correction], involving frontal areas, temporal
areas, visual areas, amygdala, and thalamus. A total of four imaging features were significantly correlated with
clinical rating scales in all patients (r=-0.38 to 0.47, P<0.01, after FDR correction). The predictive ability of
the random forest classifiers achieved an accuracy of 78.1% in the external sample to identify MwA.
Conclusions: The whole-brain connectivity features in our results may serve as connectome-based
imaging markers for MwA identification. The alterations of SC and FC strength provide possible evidence
in further understanding the heterogeneity and mechanism of MwA which may help for patient-specific
decision-making.
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Introduction

Migraine is a neurological disorder that directly affects
over 1 billion people worldwide (1). According to the aura
symptoms that are fully reversible, migraine is classified
as either migraine with aura (MwA) or migraine without
aura (MwoA) (2). Based on the headache attack frequency,
migraine can be classified as episodic migraine and chronic
migraine (3,4). Fulfillments of the diagnostic criteria for
MwoA and/or for MwA are still listed as the priority in the
definition of episodic migraine and chronic migraine (5).
Around 30% of migraineurs experience a wide spectrum
of aura symptoms, including visual, sensory, speech and/
or language, motor, brainstem, and retinal symptoms that
precede the headache phase (known as the prodromal
phase) (2). Patients who experience MwA have higher
ischemic stroke and cardiovascular disease risk than those
who experience MwoA (6,7). Thus, aura-specific therapy
may help to reduce the risk of aura-related vascular events.
Either to terminate headache attack or to prevent the next
headache attack from happening, migraine aura subtyping
based on an understanding of the mechanism of the disease
is preferred (8). Cortical spreading depression (CSD) has
represented the prominent theory for migraine aura. CSD
is characterized by propagating depolarization neurons
and glia with a breakdown of normal ionic gradient that
translates into neurologic symptoms (9). It is suggested
that CSD may activate and sensitize the trigeminovascular
pathway which plays a key role in mediating migraine pain
attack (5,9). However, it is also argued that CSD can exist
in migraine patients but in a silent state, leading to no aura
manifestation (10). The subtyping of migraine patients
into MwA and MwoA based on aura symptoms may be
questionable. Therefore, solid evidence other than aura
symptom manifestation for migraine subtyping, as well as
for further understanding the heterogeneity of migraine
aura and its underlying mechanism, is still needed.

Brain structural connectivity (SC) and functional
connectivity (FC) alterations derived from neuroimaging
have been reported to provide substantial perceptions
of pathophysiology of migraine and may identify the
potential MwA discriminative feature (11-18). Brain
connectivity variations of migraine patients have been
interpreted as associated with CSD and trigeminovascular
pathway theories, which are widely recognized as possible
pathophysiological mechanisms for migraine (13,19-21).
Increased brain FC and hyper-excitability have been
detected in MwA relative to MwoA, implying a higher
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cortical responsiveness in MwA (16). Reduced brain FC has
also been found in MwA, which may present a compensatory
response to aura dysfunction (12). Brain areas involved in
both increased and decreased FC in migraines vary across
studies, including the insula and thalamus which play
key roles in pain processing and modulation, and default
mode network (DMN) and frontoparietal network (FPN)
which are responsible for cognitive function, emotion,
and decision making, among other roles (13,19,20,22-25).
Discrepancies may arise due to heterogeneous clinical
presentations, the state of the migraine attack, and the
network interactions and compensatory processes. A robust
method of FC assessment with reliable validation of the
involved areas is still required.

The results of brain white matter (WM) variation
representing the brain SC in previous migraine studies have
been inconsistent (17,26,27). In a follow-up study spanning
9 years, whole-brain WM difference was not detected
between migraine and control cases by using magnetic
resonance (MR) dual echo T2-weighted imaging or by
fluid-attenuated inversion recovery (FLAIR) imaging, but
focal WM alteration was detected in migraine cases (26).
Another study reported no significant WM microstructural
difference between MwA and MwoA (27). Meanwhile,
differences of WM alterations between chronic and episodic
migraine have also shown inconsistency across studies (27).
However, higher and lower SC involving subcortical and
cortical regions associated with pain processing and brain
excitability have been identified in chronic and episodic
migraine (17). The brain SC alterations in patients MwA
still need further study.

Machine learning (ML) approaches characterized with
sophisticated algorithms allow the evaluation and validation
of the diagnostic value of brain connectivity alteration
in migraine. In a resting-state functional MR imaging
(rs-fMRI) study using regional functional correlation
strength (RFCS) index based on a resting-state approach,
Yang et al. applied deep learning models to classify MwA,
MwoA, and healthy controls (HC), achieving an accuracy
over 98%, but the sample size of MwA was only 15 (28).
Another study also identified and validated brain functional
connectome-based markers with diagnostic value in a
group of 116 patients with MwoA by ML approaches
that achieved an accuracy of 92.9%, but no MwA patients
were evaluated (29). A study applied a ML to extract
WM trajectory derived from diffusion tensor imaging
(DTI) as a SC feature to serve as the imaging marker to
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classify migraine patients who do or do not respond to the
treatment (14). In another study, diffusion indexes for WM
integrity [fractional anisotropy (FA), mean diffusivity, radial
diffusivity, and axial diffusivity] derived from DTI were
extracted as image features for migraine diagnosis by using
various ML methods, but the sample size of migraine was
small and migraine subtype patients were not investigated
specifically (30). The contribution of ML methods in
discerning MRI biomarkers of significant diagnostic utility
has been highlighted (29-31). Therefore, investigation of
ML approaches to capture whole-brain SC and FC features
showing identifiable signatures of MwA and MwoA in
larger sample size remains warranted.

The hypothesis of this study is that whole-brain SC
and FC difference could be found between MwA and
MwoA by DTT and rs-fMRI. Based on the whole-brain SC
and FC alterations, imaging features could be identified
using an all-relevant feature selection procedure via ML.
These connectivity features might show identifiable power
to classify migraine into MwA and MwoA. We present
this article in accordance with the TRIPOD reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-827/rc).

Methods
Participants and clinical assessment

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the Human Research Ethics Committee of the
Nanjing First Hospital, and comprehensive explanations
of the procedures were provided to all participants before
securing their written informed consent for inclusion in
the study. Similar to our previous study, patients were
consecutively recruited from the neurological wards in our
hospital (from July 2020 to May 2022) (32). Based on the
guidelines outlined in the 3rd version of the International
Classification of Headache Disorders (ICHD-3) (33),
97 patients were diagnosed with migraine. The diagnostic
criteria of MwA were then used to classify migraine
patients into MwoA and MwA groups (33). Patients with
probable migraine, additional neurological disease other
than migraine, severe head injury, brain vascular disease,
hydrocephalus, drug abuse, under treatment with potential
effects on the central nervous system, clinically diagnosed
depression or anxiety, obvious abnormal findings on brain
imaging, or other major medical illness were excluded
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from this study. To mitigate the impact of hormonal
fluctuations on cortical excitability, female participants in
the mid-cycle phase were included, whereas those who were
pregnant or breastfeeding were excluded from the study.
To validate the imaging markers potentially derived from
the aforementioned migraine patients, we also assembled
an external testing cohort from the neurological wards of
our affiliated hospital branch. The identical inclusion and
exclusion criteria for migraine, MwA, and MwoA, along
with the consistent clinical assessments employed to select
patients for the initial training dataset, were replicated
for enrolling individuals into the external testing sample.
According to self-report, all patients with migraine were
right-handers. They completed a neuropsychological
assessment including the Self-Rating Anxiety Scale (SAS;
normal: 20-44; mild to moderate anxiety: 45-59; severe
anxiety: 60-74; extreme anxiety: >75) (34), Self-Rating
Depression Scale (SDS; normal: 20-44; mild depression:
45-59; moderate depression: 60-69; severe depression:
>70) (35), Montreal Cognitive Assessment (MoCA; normal:
>26, mild cognitive impairment: 18-25, moderate cognitive
impairment: 10-17; severe cognitive impairment <10) (36),
Headache Impact Test-6 (HIT-6; little or no impact: <49;
some impact: 50-55; substantial impact: 56-59; and severe
impact: 60-78) (37), and Migraine Disability Assessment
Score (MIDAS; little or no disability: 0-5; mild disability:
6-10; moderate disability: 11-20; severe disability: >21) (38).

HC participants with no or infrequent tension-type
headache (less than one attack per month) who were
matched to patients in terms of age, sex, and education
were also enrolled in our study. They were recruited from
the local population and had no personal or family history
of migraine or any other kinds of headache. Those who
received any treatment with potential effects on the central
nervous system were also excluded.

Kolmogorov-Smirnov tests were applied to check the
normality and homogeneity of age, gender, education,
disease duration, migraine frequency, HI'T-6, MIDAS, and
MOoCA score between MwA and MwoA patients. Fisher’s
test for gender and two-tailed #-tests for continuous
variables were then conducted in the comparisons between
groups.

MR image acquisition and preprocessing

MR examinations were conducted using two 3.0 Tesla
MRI scanners: Ingenia (Philips Medical Systems, Best,
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Netherlands) for the training sample, uMR 780 (United
Imaging Healthcare, Shanghai, China) and for the testing
sample. All patients underwent MR scanning while in the
headache interictal state and used no preventive treatment.
All participants were scanned with almost the same protocol
including high-resolution three-dimensional (3D) fast-echo
T1-weighted MRI [resolution 1x1x1 mm’, repetition time/
echo time (TR/TE) =8.1/3.7 mm, scan time about 4 min
20 s], echo-planar diffusion-weighted imaging (DWI;
60 weighted directions and two b0 images, b=1,000 s/mm’,
resolution 2x2x2 mm’, TE/TR =80 ms/8,300 ms, scan
time about 7 min 32 s), and rs-fMRI images (echo-
planar imaging, resolution 2.75x2.75x4 mm’, TR/TE
=2,000 ms/30 ms, 230 volumes, awake and eyes closed,
scan time about 7 min 49 s). Based on visual inspections
of structural MR images, patients with brain tumor,
brain vascular disease, hydrocephalus, or obvious WM
hyperintensity were excluded from this study.

The DTT data was preprocessed by using the toolbox of
Pipeline for Analyzing braiN Diffusion imAges (PANDA)
in MATLAB R2018a (MathWorks, Natick, MA, USA)
for fully automated processing of brain diffusion images,
which was also used in our previous paper (39,40). The
major procedure included removing the skull and cropping
the gap, correcting motion and eddy current distortions,
and calculating diffusion tensor metrics using the DTTFit
command of FSL (University of Oxford, Oxford, UK).
The obtained FA images were subjected to linear co-
registration within their original space to align with the
respective T'1-weighted images (T1WI). These T1WI were
then non-linearly normalized to conform to the Montreal
Neurological Institute (MNI) standard space, utilizing the
ICBM152 template and the Advanced Normalization Tools
(AN'TTS). The preprocessing of rs-fMRI data was conducted
with the toolbox of GRETNA in MATLAB R2018a (41). Its
main steps were as follows: (I) removing the first five time
points; (I) slice-timing correction; (III) rigid-body motion
correction; (IV) linear co-registration between the T1-
weighted structural and functional images; (V) segmentation
using the Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra (DARTEL) algorithm; (VI)
normalization; (VII) spatial smoothing using a Gaussian
kernel of full width at half maximum (FWHM) of 6 mm;
(VIII) temporal detrending; (IX) regressing out nuisance
covariates including the 24 motion parameters, WM signal,
and cerebrospinal fluid signal; and (X) band-pass temporal
filtering (0.01-0.10 Hz).
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Region of interest-based MR image comparisons and the
connectivity features extraction

Based on the Automated Anatomical Labeling (AAL)
atlas, Brainnetome Atlas (42) segmented the standard
brain (in the MNI space) into 210 cortical and 36 sub-
cortical sub-regions and thus provided a more elaborate
framework for whole-brain connectome analysis in humans.
The connectivity features were defined as the SC and
FC strength calculated from the DTT and rs-fMRI data,
respectively. After the segmentation, the SC strength
between two arbitrary nodes was computed as the average
FA value of all the tracts through the corresponding two
nodes after the tractography as described previously (43).
Specifically, subject-specific deterministic tractography
was executed within the native space of the tracts using the
fiber assignment by continuous tracking (FACT) algorithm,
accessible through the Diffusion Toolkit (https://www.
trackvis.org/dtk/). For each seed, which consisted of eight
seeds per voxel, a streamline was initiated. The tracking was
halted under the following conditions: when the streamline
reached a voxel with an FA value less than 0.2, exceeded
the boundaries of the brain mask, or took a trajectory with
an angle sharper than 45°. The mean time series of each
segmented sub-region were extracted from the preprocessed
rs-fMRI data. The pairwise FC strength was then estimated
by calculating the Pearson’s correlation coefficients of the
time series and transforming the coefficients into z-scores
with Fisher’s r-to-z transformation. After the calculation, we
extracted a total of 60,270 connectivity features.

Imaging feature selection and random forest classifier
construction

Imaging feature selection and random forest classifier
construction were simultaneously conducted only in the
training group. In assessing the classifiers for distinguishing
between MwA and MwoA patients, we conducted
100 repetitions of 10-fold cross-validation. This yielded a
cumulative count of 1,000 training-validation iterations.
To select connectome-based features with significant
discriminative power for MwA identification, we put all
connectivity features into an all-relevant feature selection
procedure within cross-validation loops using the random
forest algorithm (Figure S1) (40,44). The random forest
classifiers were constructed using the randomForest
package in MATLAB R2018a. Permutation test (permuted
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N=97

Patients diagnosed as migraine according to the 3rd version of the
International Classification of Headache Disorders (ICHD-3)

Excluded:
Meeting the diagnostic criteria for probable migraine

Y

Y

and additional neurological disease
N=2

N=95

Patients with migraine

Excluded:
Severe head injury, brain vascular disease and

Y

Y

hydrocephalus
N=3

N=92

Migraine patients without other significant brain diseases

Excluded:
Drug abuse, other major medical illness and having

Y

Y

obvious abnormal findings on brain imaging
N=4

N=88

Final included migraine patients with roughly normal brain MR images

'

!

Final included patients meeting the diagnostic
criteria for migraine without aura
N=56

Final included patients meeting the diagnostic
criteria for migraine with aura
N=32

Figure 1 Flowchart of the patient exclusion process. MR, magnetic

1,000 times) was applied to define the features with
significantly higher selection frequency than random values
as MwA-related selections. The statistical results were
corrected for multiple comparisons using the false discovery
rate (FDR) method for the corresponding P value. Utilizing
the features that were identified, the final random forest
classifier, derived from the training group, was subsequently
assessed using the external testing sample.

Results
Demographic characteristics and clinical assessment

The training sample comprised 88 migraine patients,
including 56 individuals with MwoA and 32 individuals with
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resonance.

MwA. Among the MwA patients, 22 presented with visual
or retinal symptoms, eight with sensory symptoms, four
with speech and/or language symptoms, and one with motor
symptoms (Figure I). An additional 32 migraine patients
(eight MwA) were included as an external testing sample.
Both of these groups exhibited a comparable distribution
of MwoA and MwA patients (P=0.28 Fisher’ test). A total
of 49 individuals were enrolled as HCs. In accordance with
our previous study, a total of 169 participants were included
in our study (32). The demographic characteristics and
clinical assessment of all migraine patients are summarized
in Table 1. Analysis demonstrated that data pertaining
to age, gender, education, disease duration, migraine
frequency, HI'T-6, MIDAS, and MoCA score were normally
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Table 1 The demographic and clinical outcomes of all patients

Training sample Patients
Parameters
MwA (n=32) MwoA (n=56) P value' Training (n=88) Testing (n=32) P value'

Age (years) 35.4+12.1 37.0+£8.9 0.48 36.4+10.1 37.2+8.6 0.70
Gender (M/F) 7/25 11/45 0.79" 18/70 7/23 0.80"
Education (years) 13.4£3.7 14.0£3.2 0.48 13.8+3.4 15.5+1.6 <0.01
Duration (years) 11.8+8.7 14.4+8.8 0.19 13.4+8.8 13.1+8.9 0.87
Frequency (days per month) 4.1+4.0 5.4+6.6 0.35 4.8+5.7 5.2+5.6 0.74
Headache severity score 6.0+1.4 4.3+1.2 <0.01 5.0£1.5 4.6+1.0 0.18
HIT-6' 60.5+7.7 59.6+7.3 0.61 59.9+7.4 61.4+6.3 0.32
MIDAS' 19.2+20.0 17.5+21.8 0.75 18.2+20.9 17.2+14.1 0.81
MoCA' 25.8+3.1 25.7+£3.2 0.97 25.7+3.2 29.6+0.8 <0.01
SAS' 52.4+5.2 43.6+7.0 <0.01 46.8+9.6 49.0+13.5 0.33
SDS' 47.2+7 1 39.0+6.0 <0.01 42.0+8.7 45.6+£12.0 0.08

Values are represented as the mean + standard deviation, except for the gender distribution. T, unless otherwise indicated, P values were
calculated with two-tailed t-tests; ", the P values were obtained using Fisher’s tests; ', part of the table content has been adapted from the
previous publication of Fu et al. (32) under the Creative Commons Attribution 4.0 International (CC BY) license. MwA, migraine with aura;
MwoA, migraine without aura; M, male; F, female; HIT-6, Headache Impact Test-6; MIDAS, Migraine Disability Assessment Score; MoCA,
Montreal Cognitive Assessment; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale.

distributed and showed homogeneity after Kolmogorov-
Smirnov tests. No notable discrepancies were observed
in age, gender, education, disease duration, migraine
frequency, HIT-6, MIDAS, and MoCA score between
MwA and MwoA patients, after performing Fisher’s test for
gender and two-tailed 7-tests for continuous variables. The
MwA group showed higher headache severity score, SAS,
and SDS compared to the MwoA group (all P<0.01). There
were no notable distinctions in terms of age, gender, disease
duration, migraine frequency, and clinical rating scales
between patients in the training and testing samples, except
for education and MoCA score (both P<0.01).

The performance of random forest classifiers

The accuracy and Cohen’s kappa coefficient of the
1,000 random forest classifiers under the 100 runs of 10-fold
cross-validation were 82.6%+8.5% and 0.56+0.12,
during the all-relevant feature selection procedure. The
corresponding sensitivity and specificity were 79.3% [95%
confidence interval (CI): 66.2-92.4%] and 85.4% (95% CI:
69.7-100.0%), respectively.
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Significantly relevant brain connectivity features

In the construction of the random forest classifiers
discriminating between MwA and MwoA patients,
eight brain connectivity alterations were identified to
exhibit significant relevance to the classification by the
permutation test and thus considered the imaging features
to discriminate MwA and MwoA patients (7able 2).

After using the Kolmogorov-Smirnov tests to check
the normality, these 8 brain connectivity alterations
demonstrated significant distinctions between MwA and
MwoA patients, as well as between MwA patients and
HC: decreased SC between postcentral gyrus (PoG) and
insula, between precuneus and lateral occipital cortex
(LOcC); decreased FC between middle frontal gyrus
(MFGQG) and thalamus; increased FC between MFG and
parahippocampal gyrus (PhG), between superior temporal
gyrus (STG) and insula, between ST'G and PhG, between
inferior temporal gyrus (ITG) and LOcC, as well as
between PoG and amygdala (two-tailed #-tests; all P<0.01,
after FDR correction; Figure 2). There were no significant
differences in the precuneus-LOcC SC, MFG-PhG FC,
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Table 2 Significantly relevant connectivity features to discriminate MwA and MwoA patients

Feature description Selection frequency (%)" MwA MwoA HC

MFG-thalamus FC 92.1 0.24+0.26 0.41+0.28 0.57+0.34
PoG-amygdala FC 90.4 0.44+0.17 0.19+0.20 0.05+0.17
STG-insula FC 89.6 0.36+0.17 0.15+0.30 0.17+0.25
PoG-insula SC 87.2 0.15+0.22 0.32+0.21 0.47+0.14
STG-PhG FC 85.4 0.26+0.20 0.12+0.27 0.10+0.24
ITG-LOcC FC 84.1 0.44+0.19 0.19+0.34 0.17+0.22
MFG-PhG FC 81.5 0.23+0.20 0.08+0.27 0.06+0.24
Precuneus-LOcC SC 78.2 0.30+0.14 0.36+0.07 0.37+0.04

Values are represented as the mean + standard deviation, except for the selection frequency. ', defined as the number of iterations in
which the feature was selected divided by the total number of iterations performed. MwA, migraine with aura; MwoA, migraine without
aura; HC, healthy controls; MFG, middle frontal gyrus; FC, functional connectivity; PoG, postcentral gyrus; STG, superior temporal gyrus;
SC, structural connectivity; PhG, parahippocampal gyrus; ITG, inferior temporal gyrus; LOcC, lateral occipital cortex.

STG-insula FC, STG-PhG FC, and ITG-LOcC between
MwoA and HC (Figure 2).

Some of these relevant features were significantly
correlated with clinical rating scales in all patients (Pearson’s
correlation analysis; all P<0.01, after FDR correction;
Figure 3), including the PoG-insula SC with MIDAS
(r=-0.35, P=0.003), PoG-insula SC with SAS (r=-0.33,
P=0.006), MFG-thalamus FC with headache severity score
(r=-0.38, P<0.001) and HIT-6 scores (r=-0.36, P=0.002),
STG-insula FC with SAS (r=0.32, P=0.008), and PoG-
amygdala FC with SDS (r=0.47, P<0.001).

Based on the current sample size of 32 MwA and
56 MwoA patients and 49 HCs, the powers of the significant
groupwise differences of the eight relevant features and
their significant correlations with the clinical scale scores
were all larger than 0.80, using the scripts of sampsizepwr
and binofit in MATLAB R2018a.

The predictive ability of the random forest classifier in the
testing group

A total of eight potential brain connectivity features of
migraine aura were identified after the feature selection
procedure in the training group (88 patients), and they
showed no significant differences between training and
testing groups, as determined by two-tailed 7-tests. All P
values remained above 0.05 even after correction for FDR.
On basis of them, the random forest classifier constructed
from the training group achieved an accuracy of 78.1% in
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the testing group (32 patients, eight MwA) to discriminate
MwA patients from the MwoA.

Discussion

This study applied an all-relevant feature selection
approach integrated into cross-validation loops to identify
whole-brain connectome-based imaging features that
contribute to classifying migraine into MwA and MwoA
in a data-driven manner. The results indicated that eight
brain FC and SC strength alterations have the identifiable
power to distinguish MwA. Based on these connectivity
imaging features, both the accuracy and the consistency of
the random forest classifier constructed with the training
sample of 88 migraine patients were close to 80%.

The all-relevant feature selection algorithm we used
has been applied in previous studies to select multiple
image features as biomarkers to help clinical diagnosis
and patient subtyping, and has been shown to obtain
satisfying accuracy and consistency (40,44). The brain FC
and SC alterations of MwA could serve as connectome-
based imaging markers to distinguish MwA with moderate
accuracy of 82.6%. Validation of the eight connectome-
based imaging markers derived from the 88-patient training
sample utilizing an independent cohort of migraine patients
scanned on a separate MRI system revealed a predictive
accuracy for MwA of 78.1%. Collectively, these whole-
brain connectome-based imaging markers are reliable in
identifying MwA, and this finding is replicable across an
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Figure 2 Eight identified connectivity features using the all-relevant feature selection algorithm. These features were listed as follows:
PoG-insula SC (A), precuneus-LOcC SC (B), MFG-thalamus FC (C), MFG-PhG FC (D), STG-insula FC (E), STG-PhG FC (F), ITG-
LOcC FC (G), PoG-amygdala FC (H). All of these features displayed notable disparities between MwA and MwoA patients, as well as
between MwA patients and HC. Statistical significance is denoted by asterisks (two-tailed #-tests; ***, P<0.001; **, P<0.01; *, P<0.05, after

FDR correction). X/Y/Z, coordinates in the MNI standard space. PoG, postcentral gyrus; LOcC, lateral occipital cortex; MFG, middle

frontal gyrus; PhG, parahippocampal gyrus; SC, structural connectivity; MwA, migraine with aura; MwoA, migraine without aura; HC,

healthy controls; FC, functional connectivity; STG, superior temporal gyrus; ITG, inferior temporal gyrus; FDR, false discovery rate; MINI,

Montreal Neurological Institute.

independent sample cohort and another scanner system.
The whole-brain connectome-based features in our
results demonstrated a complex whole-brain connectivity
pattern of MwA and MwoA. The eight brain connectivity
imaging features contain two weakened SC, five increased
FC, and one decreased FC. These results were consistent
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with our previous study showing the co-existence of
hypo- and hyper-brain cerebral blood flow in MwA and
MwoA (32). The decreased SC changes involved insula,
PoG, precuneus, and LOcC, which are important nodes
of salience network, nociceptive pathway, DMN, and
visual networks, respectively, in MwA patients. According
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Figure 3 Relationship between the identified connectivity features and clinical rating scales. Significant correlations were revealed between
MFG-thalamus FC and headache severity score, between MFG-thalamus FC and HIT-6, between PoG-insula SC and MIDAS, between
PoG-insula SC and SAS, between ST G-insula FC and SAS, between PoG-amygdala FC and SDS in all patents (A-F). Pearson’s correlation
analysis; all P values <0.01, after FDR correction. MFG, middle frontal gyrus; FC, functional connectivity; HI'T-6, Headache Impact Test-6;

PoG, postcentral gyrus; SC, structural connectivity; MIDAS, Migraine Disability Assessment Score; SAS, Self-Rating Anxiety Scale; STG,

superior temporal gyrus; SDS, Self-Rating Depression Scale; FDR, false discovery rate.

to the results of the current study, a lower structural
network involving anatomical compartments including
frontotemporal areas and visual areas was detected in
episodic and chronic migraine patients (45). The five
increased FC-involved nodes are important components
of salience network (insula), DMN (MFG), limbic system
(amygdala), nociception/anti-nociception in pain processing
(PoG), and visual network (LOcC, ITG, STG, and
PhG). These areas have also been reported as involved in
stronger FC of MwA in previous studies (12,20,24,25). In
a magnetoencephalography study, higher FC in MwA than
that in MwoA also appeared, which implied higher response
and hyperactivity of the brain in MwA (16). This suggested
that the pathophysiological hyper-connected brain networks
may associate with aura phenomenon (visual, cognitive,
motor, and somatosensory processing, etc.). Decreased FC
involving the thalamus and MFG has also been reported
in different FC studies (12,46). This could be due to the
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compensatory phenomenon of trigeminovascular pathway
modulation in headache attack and post-attack processing.
It is noteworthy that in our results, brain areas involved
in increased FC were also involved in decreased FC and
SC, for example, MFG was involved in the increased
FC of MFG-thalamus and decreased FC of MFG-PhG;
insula, PoG, and precuneus were involved in increased
FC and decreased SC. Some of our investigated SC or
FC alterations-associated areas have also shown FC or SC
alterations, respectively, in previous studies (12,14,16,47).
A previous study reported a disrupted structural connecting
pathway involving the medial prefrontal cortex in
MwoA (14). The decreased SC in our results overlaid
previous reduced FC in salience and visual networks
in MwA (12). In our study, decreased FC involving the
thalamus was observed, whereas a previous study reported
increased SC involving the thalamus in MwA (47). The
heterogeneity of the results mentioned above could be
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attributed to the difference of the methods. Instead of
selecting specific seeds of brain areas to establish and
evaluate the connectivity, we applied the whole-brain areas
connection analysis. Also, a magnetoencephalography
study demonstrated that the brain FC of migraine could
be impaired in both low- and high-frequency ranges (16),
which may vary and shift along the stimulation of cortex.
Thus, the heterogeneity of the cortex activity of our
patients during MR scan could also have affected the
results. Moreover, the brain metabolism alterations, which
were found in the thalamocortical pathway, visual areas, and
frontotemporal lobe in migraine patients by previous MR
spectroscopy (MRS) and ""F-fluorodeoxyglucose-positron
emission tomography (*F-FDG-PET) studies (48,49), may
also influence the brain connectivity.

Among the eight varied brain connectivity features with
identifiable power to recognize MwA, three recognized
MwoA from HC, which may correspond to the postulated
pathophysiologic mechanism of migraine initiation and
modulation. Compared to HC, MowA showed decreased
SC involving the PoG and insula and decreased FC
involving the PoG and amygdala, which represent impaired
somatosensory area processing, perceived somatic sensation,
and dysfunction of cortico-thalamic circuit contributing
to trigeminal nociception processing migraine attacks
and the migraine mediating trigemino-thalamo-cortical
pathway (8,9,19,50). The increased FC involving the
PoG and amygdala in our MwoA group was also reported
previously, which might attribute to the pain modulation
role of the amygdala (9,51). The strength of FC alterations
in our MwA group (except FC of MFG-thalamus) was
higher than those in the MwoA and HC groups, which
may correspond to the theory that CSD may activate the
trigeminovascular pathway leading to the more significant
alterations in the MwA group (2). Despite the possibility of
a CSD silencing phenomena in MwA (10), the 8 imaging
markers in our results might provide more information to
help to discriminate MwA from MwoA. It has also been
demonstrated that the invoked inflammatory molecular
reaction leading to glial activation may initiate the CSD
process (8). Our connectivity results involved brain areas
(visual cortex, insula, and PoQG) that play important roles
in pain processing and modulation. These brain areas
also showed increased uptake of (11C) PBR28 in MwA in
previous study (52), which implied possible increased glial
activation in the neuro-inflammation process in patients.
Both the increased functional activity and increased uptake
of (11C) PBR28 results provide possible explanations of
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glial activation that may initiate the CSD process. The
altered permeability of the blood-brain barrier possibly
induced by the neuro-inflammation in the amygdala of
migraine patients has also been reported (53). Combining
our results with neuro-inflammation imaging and vascular
permeability studies provides a possible link between CSD
and glial activation to further understand the complicated
pain modulation mechanism of migraine.

In our results, correlations between the brain
connectivity changes and clinical assessments implied the
disease progress and may explain symptom manifestation.
The absolute correlation coefficient r values were from
0.32 to 0.47, which were significant, but weakly so. These
correlations involved key anatomical structures (i.e.,
MFG, thalamus, insula, STG, amygdala, PoG, shown
in Figure 3) in the trigemino-thalamo-cortical pathway
for pain processing and modulation, and in the visual
network responsible for the visual aura (8). It showed
that the lower the FC of MFG-thalamus was, the worse
the headache severity and headache impact (HI'T-6) the
patients would experience. Also, the greater the disruption
of the SC of PoG-insula was, the worse the disability
(MIDAS) and anxiety (SAS) the migraine patients would
experience. Plus, the stronger FC of STG-insula and PoG-
amygdala is, the more anxiety (SAS) and depression (SDS)
the migraine patients would feel. Similar to our results,
functional MRI signal alterations, and relevant molecular
and metabolism changes of these areas were also found
to be correlated to clinical characteristics in migraine.
Alternated thalamus functional activity was detected
in a 44-migraine patient cohort and showed a positive
correlation with the disease duration (54). A study showed
that decreased FC involving PoG was negatively correlated
with disease duration in MwoA (55). A negative correlation
between insula functional activity and pain-related behavior
was also reported in the non-menstrual MwoA (55). An
upregulated inflammatory state and increased metabolism
of insula in migraine were found previously, which were
associated with headache frequency and disease duration,
respectively (49,52). The altered directional connectivity
of the amygdala was found to be negatively correlated to
disease duration in MwoA (51). Meanwhile, lower fractional
plasma volume of the amygdala showed a correlation to the
intensity of headache attack in migraine (53).

There are several limitations in our study. First, the
preprocessing of D'TT data did not include the correction
of BO field inhomogeneity using the top-up command
of FSL and the denoising based on Marchenko-Pastur
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principal component analysis. Second, the sample size of
MwA in the external testing sample was relatively small.
The education and MoCA were significantly different
between patients in the training and testing sample, which
possibly affected our results. We did not differentiate
aura symptoms of our MwA group to specifically classify
typical aura migraine, brainstem aura migraine, hemiplegic
migraine, or retinal migraine, which may relate to the
specific pathophysiological theory of aura. The clinical
information of patients, such as whether they had been in
a stable clinical situation at least the 3 months before the
MRI acquisition or if they experienced headache attacks
before or after the MR scan, were not recorded. Although
no headache frequency difference between MwA and
MwoA was observed in the training sample or between the
training sample and external sample, headache frequency
should be considered in future research, to eliminate bias
in the results. The extraction of only eight features may
be insufficient to detect all the possible patterns of change
between MwA and MwoA. Although patients with clinically
diagnosed depression and anxiety were excluded, the SAS
and SDS results of patients with MwA and those with
MwoA in the training sample were at the range of normal
[20-44] or mild level [45-59] and MwA patients showed
higher SDS and SDS results than MwoA patients, which
may have led to some bias in the results. More restricted
consideration of the effects of depression and anxiety on
the results should be considered in the further study. A
larger sample size of external testing set of MwA with more
specific subtyping is needed in further study to validate our
whole-brain connectome-based imaging markers.

Conclusions

Our results showed the coexistence of stronger and weaker
brain connectivity in MwA and MwoA comparing to HC.
The whole-brain connectivity features in our results may
serve as connectome-based imaging markers for MwA
identification. The alterations of SC and FC strength
provide possible evidence for further understanding the
heterogeneity and mechanism of MwA, which may facilitate
patient-specific decision-making.
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