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Purpose: Previous studies have reported mixed results regarding the importance of cortical abnormalities in patients with migraines.
However, cortical sulci, as a component of the cerebral cortex, have not been specifically investigated in migraine patients. Therefore,
we aim to evaluate alterations in cortical sulcal morphology among patients with chronic migraine (CM), episodic migraine (EM), and
healthy controls (HCs).

Patients and Methods: In this cross-sectional study, structural magnetic resonance images were acquired from 35 patients with CM,
35 with EM, and 35 HCs. Cortical sulci were identified and reconstructed using the BrainVisa 5.0.4 software. We focused on regions
involved in pain processing in which abnormal cortical structure were identified in previous neuroimaging studies. Morphometric
analysis was performed to calculate sulcal parameters including mean depth, cortical thickness, and opening width. Partial correlation
analyses of clinical characteristics and sulcal parameters were performed for CM, EM and the combined migraine (CM + EM) groups.
Results: In comparison with HCs, both CM and EM groups showed increased opening width in bilateral insula. In comparison with
HC and EM groups, CM patients showed increased cortical thickness in bilateral superior postcentral sulcus, bilateral median frontal
sulcus and left superior parietal sulcus, as well as increased mean depth in the left anterior callosomarginal fissure and decreased mean
depth in bilateral superior frontal sulcus and left median frontal sulcus. Migraine frequency and disease duration were both correlated
with cortical thickness in bilateral superior postcentral sulcus.

Conclusion: Abnormal sulcal morphometry primarily affected areas associated with pain processing in patients with migraine, with
CM exhibiting more extensive abnormalities in areas related to sensory and affective processing. These changes may contribute to
understanding the pathology of EM and CM.
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Introduction
Migraine is a neurological condition characterized by bilateral headaches, nausea, vomiting, photophobia, phonophobia,
and sometimes comorbid psychiatric disorders.! Chronic migraine (CM) and episodic migraine (EM) are migraine
subtypes. Notably, CM patients exhibit a twofold higher likelihood of comorbid depression and anxiety compared to
EM patients.” Despite the burden and disability associated with migraine, our understanding of the pathophysiology
underlying the condition is limited.

Migraine is commonly associated with the activation of the trigeminovascular system,’ a pathway that originates in
trigeminal ganglion neurons, transmitting monosynaptic nociceptive signals to brainstem neulci, hypothalamus, and basal

ganglia. These signals are then relayed by trigeminovascular thalamic neurons to various cortical regions such as
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somatosensory, motor, parietal, temporal and occipital areas. Neuroimaging studies in patients with migraine have
identified specific changes in brain regions along this pathway, including the brainstem,* hypothalamus,’ caudate,®
somatosensory’ and occipital areas.® Concurrently with functional imaging studies, structural magnetic resonance
imaging (sMRI) has revealed altered brain morphology, including gray matter volume and cortical thickness, in migraine
patients. Voxel-based morphometry (VBM) has detected gray matter volume changes in various regions including the

713 while some study report no

frontal, temporal, and occipital lobes,9 brainstem, cerebellum,10 and subcortical areas,
changes.'? Surface-based morphometry (SBM) has been employed to investigate cortical thickness, cortical folding, and
cortical surface, with some studies reporting reduced cortical thickness in the insular cortex, precentral gyrus, and parietal
lobe in patients with CM,"* while others revealed increased somatosensory cortex thickness'> or unchanged cortical
thickness versus healthy controls (HCs).'®!” Thus, the results regarding cortical changes in migraine are inconsistent.
Discrepancies in these results could stem from variations in the heterogeneous study populations, encompassing different
migraine subtypes (CM and EM). Additionally, diverse morphometry analysis methods, such as VBM and SBM, along
with variations in software, might contribute to inconsistent outcomes. Utilizing a more sensitive morphometry method
could yield more stable conclusions.

A previous review that covered clinical, neuroimaging, and neurophysiological evidence suggested pivotal involve-
ment of the cerebral cortex in migraine.'® The cerebral sulci are integral components of the cerebral cortex, undergo
morphological changes that can reflect cortical abnormalities. Cerebral sulci serve to expand the surface area of the
cerebral cortex, demarcate distinct functional regions, and enhance the efficiency of neuronal information transmission.
VBM and SBM are traditionally used to accurately identify gray and white matter boundaries to measure brain volume,
have a limited ability to capture concurrent changes in both gray and white matter integrity affecting brain function. In
contrast, sulcal morphometry is sensitive and effective for capturing these changes.'® Neuroimaging research on the
cortical sulci has gained significance as a potential source of biomarkers for early diagnosis in various conditions
including Alzheimer’s disease,”*' autism spectrum disorder,”” and Tourette’s syndrome.”’

Only a few studies have explored changes in cortical sulcal morphology in migraine patients by assessing parameters
such as cortical thickness®® and sulcal depth.”>*’ However, these studies did not specifically investigate sulcal
morphology, resulting in conflicting results and limitations in terms of the number of analyzed sulci and sulcal
morphometry parameters. Therefore, it is appropriate to regard this study as a preliminary study. In this study, we
used sulcal morphometry to compare various sulcal parameters, including mean depth, cortical thickness, and opening
width. We hypothesized that patients would exhibit alterations in sulcal parameters in regions involved in pain
processing, and that some of these alterations would correlate with clinical characteristics.

Methods

Participants

In this cross-sectional study, patients with migraines were recruited from a convenience sample of patients seeking
treatment at the outpatient clinic of the Department of Neurology, Hospital of Chengdu University of Traditional Chinese
Medicine between April 2019 and April 2022. HCs were recruited via advertisements targeting local university and
community members. All participants were right-handed and aged 18-65 years. Diagnoses of CM and EM were based on
the third edition of the International Classification of Headache Disorders (ICHD-3) criteria.”® Patients who fulfilled
ICHD-3 diagnostic criteria for migraine, suffered from migraine for >1 year, and experienced headache attacks in the
month preceding the initial visit were included in the study. Exclusion criteria were as follows: comorbidity with another
type of headache, as defined by the ICHD-3 criteria (only tension-type-like headache <10 days a month was allowed);
comorbidity with medication overuse headache; use of migraine prophylaxis in the past three months; pregnancy or
lactation; diabetes mellitus, severe hypertension, major anxiety, or depression preceding the onset of headache (Hamilton
anxiety scale [HAMA] >24 or Hamilton Depression Scale-17 items [HAMD-17] >24), other psychiatric disorders, stroke,
or tumors; and having a condition incompatible with MRI, such as metallic or electric implants or claustrophobia.
Criteria for inclusion in the HC group were as follows: no history of migraine or other primary headaches (only
infrequent episodic tension-type headaches were allowed), no history of headache attacks in the previous month, and
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no cardiovascular or neurological diseases. This study is part of a larger research project, which was approved by the
Medical Ethics Committee of the Chengdu University Hospital of Traditional Chinese Medicine (2019KL-061) and
registered at ClinicalTrials.gov (chiCTR1900028542). Subsequently, it has been expanded with an increased number of
cases and the addition of an EM cohort. All participants provided written informed consent outlining the purpose,
procedures, risks, rights, and data publication of the study. The study was conducted adhering to the ethical principles for
medical research involving human subjects in the Declaration of Helsinki. Structural and functional imaging data of
a subset of the subjects were previously published.”’ This analysis serves as the primary assessment of sulcal
morphological alterations in patients with CM and EM.

Clinical Measures and Neuropsychological Tests

Demographic and clinical data including headache characteristics, associated symptoms, and affective and cognitive
measurements were collected. The visual analog scale (VAS)*® was used to assess headache intensity. Days individuals
experienced headache and migraine were calculated. The HAMD?' was used to assess depression symptoms-based
classification into the following categories: no depression (0—7); mild depression (8—16); moderate depression (17-23);
and severe depression (>24). The HAMA®? was used to assess anxiety symptoms based on the following severity ranges:
no anxiety (0—7); mild anxiety (8-14); moderate anxiety (15-23) and severe anxiety (>24). The Montreal cognitive
assessment’> was used to measure the global cognitive function.

Magnetic Resonance Imaging Acquisition

Images were acquired using a GE 3.0 T MRI scanner (GE Discovery MR750, General Electric Company, Fairfield, CT,
USA) with a 32-channel head coil. All images were axial scans. The field of view extended from the top of the head to the
lower edge of the cerebellar tonsils, and the anterior commissure-posterior commissure line served as the reference plane.

Initiate the T2 fluid attenuated inversion recovery (FLAIR) sequence to exclude obvious brain structural abnormal-
ities. Throughout the experiment, no participants with substantial intracranial abnormalities were identified. A high-
resolution three-dimensional (3D) T1-weighted scan was used for sulcal morphometry analysis of each participant. Each
scan was performed using a 3D fast spoiled gradient recalled sequence with the following parameters: repetition time,
6800 ms; echo time, 84 ms; flip angle, 90°; matrix size, 128 x 128; slice thickness, 0.5 mm; slice gap, 0 mm; number of
slices, 312. Voxel size resolution: 0.9 x 0.9 x 0.5 mm°.

Symptoms of different phases of migraine according to ICHD-3 criteria were explained to patients before they
underwent MRI on headache-free days. Patients were allowed to take analgesics during attacks; however, none had
a history of headache attacks or use of pain medication during the 24 hours prior to the scan. If a headache attack
occurred, the scan was stopped immediately and another scan was performed 24 h after the headache had completely
resolved. All scans were performed in the afternoon.

Image Processing
Processing of the 3D T1-weighted images was carried out using the Morphologist toolbox of BrainVisa (version 5.0.4)
software (https://brainvisa.info). The segmentation pipeline included the following steps: a) image orientation handling;

b) T1 bias correction; ¢) histogram analysis; d) brain mask computation; e) mask splitting; f) Talairach transformation; g)
gray/white classification; h) head meshing; 1) recognition of sulci; and j) measurement of sulcal morphology. The
technical details of these procedures are discussed in prior publications.”*** For each participant, the steps were manually
inspected to ensure quality. The software automatically labelled 61 sulci in the right hemisphere and 62 sulci®® in the left
hemisphere. For each sulcus, the parameters were computed using morphometric analysis.

For each sulcus, we measured the following parameters: mean depth, cortical thickness, and opening width (all
measurements are in mm) (Figure la—c). Sulcal parameters were computed after nine-parameter affine normalization to
Talairach space to control for brain volume. Sulcal depth was computed for each point from a convex hull around the brain to
the bottom line of the medial sulcal surface. The mean depth was the average value of the depth across all points on the
bottom line. Sulcal cortical thickness was defined as the distance between the gray matter/white matter boundary and the gray
matter/cerebrospinal fluid boundary averaged across the two walls of the cortical mantle that defined the sulcus. Sulcal
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Figure | lllustration of the sulcal parameters and labelling of cortical sulci of interest. (a) opening width (green); (b) The mean depth is the average of the depth across all
bottom points (blue); (c) cortical thickness (red); (d) the lateral view of sulcal labels; (e) the medial view of sulcal labels.

Abbreviations: FC.M.ant,, anterior callosomarginal fissure; FI.P, intraparietal sulcus; INSULA, insula sulci; OCCIPITAL, occipital sulci; S.C., central sulcus; S.Call., subcallosal
sulcus; S.Finf,, inferior frontal sulcus; S.Finf.ant., anterior inferior frontal sulcus; S.Fint., internal frontal sulcus; S.Finter., intermediate frontal sulcus; S.Fmedian., median frontal
sulcus; S.Fpolaire.tr,, polar frontal sulcus; S.Fsup., superior frontal sulcus; S.Pa.sup., superior parietal sulcus; S.Pe.C.inf., inferior precentral sulcus; S.Pe.C.inter., intermediate
precentral sulcus; S.Pe.C.marginal.,, marginal precentral sulcus; S.Pe.C.median., median precentral sulcus; S.Pe.C.sup., superior precentral sulcus; S.Po.C.sup., superior
postcentral sulcus; S.T.pol., polar temporal sulcus; S.Ts., superior temporal sulcus.

opening width was defined as the distance between the two walls of each sulcal fold, namely, between the pial surfaces of the
two gyri that formed the sulcus.***” Sulcal measurements have high reliability and reproducibility using automated tracing
methods in BrainVisa Morphologist,*® and are used in an autism spectrum disorder population study.>

Selection of Cortical Sulci of Interest

Base on a comprehensive review of neuroimaging studies*® and relevant research'**'**? in migraine, our primary focus
was on brain regions involved in pain processing of migraine, specifically those located in the frontal, parietal, temporal,
occipital and insula areas. In our analysis, we identified and examined a total of 22 distinct sulci in each hemisphere
(shown in Figure 1d and e).

Statistical Analysis

As this was a preliminary study, no statistical power calculation was performed prior to its initiation, and the sample size
was based on the available data. Statistical analyses were performed using IBM SPSS 26.0 software (International
Business Machines Corporation, Armonk, NY, USA). Before the analysis, all data were tested for normality using the
Shapiro—Wilk test. Continuous variables with a normal distribution are expressed as mean + standard deviation (SD),
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while variables with a non-normal distribution are expressed as median and interquartile range (IQR). Categorical
variables are summarized as frequencies (percentages).

To assess differences between demographic data and clinical characteristics, one-way analysis of variance (ANOVA)
was used if continuous variables were normally distributed; otherwise, the Kruskal-Wallis test was employed to assess
between-group differences. Chi-square tests were used to compare categorical variables among the three groups.

Prior to the analysis of sulcal parameters (mean depth, cortical thickness, opening width), normality tests were performed
on all variables, and, if necessary, a rank-based inverse normal transformation was used to create a normal distribution.*
Multivariate analysis of covariance (MANCOVA) was performed to assess sulcal variables among the three groups, with age
and sex as covariates. Each sulcal parameter was analyzed separately. In this preliminary study, both conservative and liberal
methods were employed to correct for multiple comparisons. The Bonferroni method was performed to set the P value at
<0.001 (0.05/44). We also applied the Benjamini—-Hochberg method to control the false discovery rate (FDR) procedure with
a Q value <0.05. Subsequently, between-group differences were analyzed via post-hoc pairwise comparisons using the
Bonferroni test, and statistical significance was set at a P,4; value (adjusted P value) <0.05.

Pearson partial correlation analysis, with age and sex as covariates of no interest, was performed to assess relevant
clinical variables (migraine frequency, VAS, disease duration, HAMA, HAMD, and MOCA) and altered sulcal parameters.
Due to the high correlation between headache and migraine frequency, headache frequency was temporarily excluded from
correlation analyses. Correlation analyses were conducted separately for CM, EM, and combined migraine (CM + EM)
groups. Multiple comparisons were corrected using the Bonferroni method. All our analyses were two-tailed tests.

Results

Demographic and Baseline Clinical Characteristics

We initially recruited 37 patients with CM, 35 patients with EM, and 35 HCs who underwent MRI. No patients had
a headache attack 24 hours after the MRI scan. Two patients with CM were excluded from the analysis due to blurred
images caused by excessive head movement, leaving 35 patients with CM, 35 with EM, and 35 HC included in the final
analysis. Demographic and clinical data of all participants are shown in Table 1. There were no significant differences in age
or sex among the three groups and all variables were comparable. The CM group had a median number of headache days per
month of 19 (IQR, 7), median number of migraine days per month of 14 (IQR, 7), median headache intensity of 7 (IQR, 1),

Table | Demographic and Clinical Characteristics

CM (n = 35) EM(n = 35) HC(n = 35) Statistics
Age, years (mean+SD) 37.89+10.83 34.97+7.68 36.40+10.35 F(2,102) = 0.78 P = 0.458
Sex, n (female/male) 28/7 26/9 24/11 2 =1.19 P=0.550
Headache characteristics
Headache frequency, days/month [median(IQR)] 19(7) 3(3) NA H(1) =52.11 P <0.001
Migraine frequency, days/month [median(IQR)] 14(7) 3(3) NA H(l) = 50.40 P < 0.001
Headache intensity, VAS score [median(IQR)] 7(1) 7(2) NA H(l) = 3.125 P = 0.077
Disease duration, years [median(IQR)] 18(8) 10(10) NA H(l) =17.01 P <0.001
Accompanying symptoms
Nausea, n, % 30(85.7%) 30(85.7%) NA 7 =0P>0999
Vomiting, n, % 14(40%) 10(28.6%) NA 2 =101P=0314
Photophobia, n, % 18(51.4%) 14(40.0%) NA 74 =092P=0337
Phonophobia, n, % 16(45.7%) 15(44.3%) NA x*=0.05P=0810

(Continued)
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Table | (Continued).

CM (n = 35) EM(n = 35) HC(n = 35) Statistics
Affective and cognitive measurements
HAMA 8(9)* 9(5)* 5(2) H(2) = 22.596 P < 0.001
HAMD-17 9(9)* 5(2)° 3(1) H(2) = 43.56 P < 0.001
MoCA 26(3)* 27(3) 27(3) H(2) =858P=0014

Note: One-way analysis of variance (ANOVA) or Kruskal-Wallis tests were used to compare the continuous variables among the three groups. Chi-square
tests were used to compare categorical variables. Post-hoc pairwise comparisons using the Bonferroni test were conducted to determine between-group
differences. * compared to HC, Pagj < 0.05; b compared to EM, P,y < 0.05.

Abbreviations: IQR, interquartile range; CM, chronic migraine; EM, episodic migraine; HC, healthy controls; SD, standard deviation; VAS, visual analog scale;
HAMA, Hamilton Anxiety Scale; HAMD-17, Hamilton Depression Scale-17; MoCA, Montreal Cognitive Assessment; Padj, adjusted P value after post-hoc
pairwise correction using Bonferroni correction.

and median disease duration of 18 years (IQR, 8). The EM group had a median number of headache days per month of 3
(IQR, 3), median number of migraine days per month of 3 (IQR, 3), median headache intensity of 7 (IQR, 2), and median
disease duration of 10 years (IQR, 10). Compared to the EM group, the headache frequency, migraine frequency, and
disease duration (P < 0.001 for all) of the CM group were increased. No significant differences in VAS scores of the two
groups (P = 0.077) were observed. In the CM and EM groups, 85.7 and 85.7% of patients experienced nausea, 40.0 and
28.6% reported vomiting, 51.4 and 40.0% reported photophobia, and 45.7 and 44.3% reported phonophobia, respectively.
No significant between-group differences in accompanying symptoms were found. The migraine groups had higher HAMA
and HAMD scores than the HC group (P < 0.001). In addition, the CM group had a higher HAMD score than the EM group
(P =10.012), and the CM group had lower MoCA scores than EM and HC groups (P = 0.038).

Sulcal Mean Depth

ANCOVA analysis showed significant differences in mean depth in the left anterior callosomarginal fissure (F(2,102) =
8.83, P < 0.001) after applying the Bonferroni correction. Additionally, when using FDR correction, differences in mean
depth were also observed in the left superior frontal sulcus (F(2,102) = 7.02, P = 0.001), right superior frontal sulcus (¥
(2,102) = 6.98,P =0.001), and left median frontal sulcus (#(2,102) = 6.13, P = 0.003). For pairwise comparisons, in both
the left and right superior frontal sulcus, as well as the left median frontal sulcus, CM patients showed decreased mean
depth when compared to both HC and EM groups (P, < 0.05). In the left anterior callosomarginal fissure, CM patients
showed increased mean depth when compared to HC groups (P,4; < 0.05). No significant results were found between EM
and HC patients. The significant results that survived multiple comparisons are shown in Table 2, and additional results
and Q values are reported in Supplementary file Table S1.

Table 2 Significant Sulcal Mean Depth Differences Between CM, EM, and HCs Group

Region CM (n=35) | EM(n=35) | HC (n =35) | ANCOVA Statistics Post-hoc Pairwise Comparisons, P,g;
CM-HC EM-HC CM-EM
FC.Mant._left 10.28+1.7 9.53+1.72 8.51+1.94 F(2,102) = 8.83 P < 0.001* | <0.001 0.053 0.187
S.Esup._left 14.45+1.75 15.96+1.88 1551+1.87 F(2,102) = 7.02 P=0.001° | 0.018 >0.999 0.002
S.Esup._right 13.5+£2.03 15.85+2.24 15.37£2.18 F(2,102) = 6.98 P=0.001° | 0.012 >0.999 0.003
S.EFmedian._left | 6.77+0.89 7.58%1.36 7.52%1.05 F(2,102) = 6.13 P = 0.003° | 0.008 >0.999 0.011

Notes: Data are reported as mean + standard deviation. Analysis of covariance (ANCOVA) adjusted for age and sex was used to compare group differences, followed by
both Bonferroni and FDR correction. *Significant P value after Bonferroni correction; bSigniﬁcant P value after FDR correction. Then, post-hoc pairwise comparisons using
Bonferroni correction were conducted to examine between-group differences, with Pog; < 0.05 indicating significant differences.

Abbreviations: CM, chronic migraine; EM, episodic migraine; HC, healthy controls; ANCOVA, analysis of covariance; Pog, adjusted P value after post-hoc pairwise
correction using Bonferroni correction; FC.M.ant., anterior callosomarginal fissure; S.Fsup., superior frontal sulcus; S.Fmedian., median frontal sulcus.
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Sulcal Cortical Thickness

ANCOVA analysis showed significant differences in cortical thickness in the left superior postcentral sulcus (£(2,102) =
40.99, P < 0.001), right superior postcentral sulcus (F(2,102) = 39.24, P < 0.001), and left median frontal sulcus (¥
(2,102) = 10.96, P < 0.001) after applying the Bonferroni correction. Additionally, when using FDR correction,
differences in cortical thickness were also observed in the right median frontal sulcus (F(2,102) = 7.15, P = 0.001)
and left superior parietal sulcus (F(2,102) = 5.59, P = 0.005). For pairwise comparisons, in both the left and right
superior postcentral sulcus, as well as the left median frontal sulcus, CM patients showed increased coritical thickness-
when compared to both HC and EM groups. In the right median frontal sulcus and left superior parietal sulcus, CM
patients showed increased coritical thickness when compared to EM groups. No significant results were found between
EM and HC patients. The significant results that survived multiple comparisons are shown in Table 3, and additional

results and Q values are reported in Supplementary file TableS 2.

Sulcal Opening Width

ANCOVA analysis showed significant differences in opening width in the right insula (£(2,102) = 8.71, P < 0.001) after
applying the Bonferroni correction, as well as the left insula (F(2,102) = 6.89, P = 0.001) when using FDR correction.
For pairwise comparisons, in both the left and right insula, both CM and EM patients showed increased opening width
when compared to HC group. No significant results were found between CM and EM patients. The significant results that
survived multiple comparisons are shown in Table 4, and additional results and Q values are reported in Supplementary
file TableS 3.

Table 3 Significant Sulcal Cortical Thickness Differences Between CM, EM, and HCs Group

Region CM (n=35) | EM (n=35) | HC (n = 35) | ANCOVA Statistics Post-hoc Pairwise Comparisons, Pq;
CM-HC EM-HC CM-EM
S.Po.C.sup._left 3.43+0.13 3.09+0.22 3.07£0.19 F(2,102) = 40.99 P < 0.001* | <0.001 >0.999 <0.001
S.Po.C.sup._right | 3.48%0.17 3.07£0.25 3.05+0.23 F(2,102)= 39.24 P < 0.001* | <0.001 >0.999 <0.001
S.Fmedian._left 4.06+0.26 3.88+0.21 3.82+0.19 F(2,102) = 10.96 P <0.001* | <0.001 >0.999 0.001
S.Fmedian._right | 4.06+0.22 3.87+0.21 3.91£0.21 F(2,102) = 7.15P =0.001° | 0.126 0.346 0.001
S.Pa.sup._left 3.45+0.2 3.28+0.39 3.37+0.38 F(2,102) = 5.59 P = 0.005 ® | 0.583 0.178 0.004

Notes: Data are reported as mean * standard deviation. Analysis of covariance (ANCOVA) adjusted for age and sex was used to compare group differences, followed by
both Bonferroni and FDR correction. *Significant P value after Bonferroni correction; "Significant P value after FDR correction. Then, post-hoc pairwise comparisons using
Bonferroni correction were conducted to examine between-group differences, with Pog; < 0.05 indicating significant differences.

Abbreviations: CM, chronic migraine; EM, episodic migraine; HC, healthy controls; ANCOVA, analysis of covariance; Pad,. adjusted P value after post-hoc pairwise
correction using Bonferroni correction; S.Po.C.sup., superior postcentral sulcus; S.Fmedian., median frontal sulcus; S.Pa.sup., superior parietal sulcus.

Table 4 Significant Sulcal Opening Width Differences Between CM, EM, and HCs Group

Region CcM EM HC ANCOVA Statistics Post-hoc Pairwise Comparisons, P,g;
CM-HC EM-HC CM-EM

INSULA_right 1.3610.36 1.32+0.23 1.12+0.20 F(2,102) =871 P<0.001* 0.001 0.001 >0.999

INSULA_left 1.38+0.37 1.27+0.29 1.1240.21 F(2,102) = 6.89 P = 0.002° 0.002 0.025 >0.999

Notes: Data are reported as mean * standard deviation. Analysis of covariance(ANCOVA) adjusted for age and sex was used to compare group differences, followed by
both Bonferroni and FDR correction. *Significant P value after Bonferroni correction; "Significant P value after FDR correction. Then, post-hoc pairwise comparisons using
Bonferroni correction were conducted to examine between-group differences, with P,q < 0.05 indicating significant differences.

Abbreviations: CM, chronic migraine; EM, episodic migraine; HC, healthy controls; ANCOVA, analysis of covariance; Poq, adjusted P value after post-hoc pairwise
correction using Bonferroni correction; INSULA,, insula sulci.
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Correlation Analysis

After correction, significant positive correlations between migraine frequency and cortical thickness in the left superior
postcentral sulcus (r = 0.56, P < 0.001) (Figure 2a) and in the right superior postcentral sulcus (» = 0.61, P < 0.001)
(Figure 2b) were observed within the combined migraine group. There were also significant positive correlations between
disease duration and cortical thickness in the left superior postcentral sulcus (» = 0.40, P < 0.001) (Figure 2¢) and in the
right superior postcentral sulcus (r = 0.42, P < 0.001) (Figure 2d) within the combined migraine group. No correlation
results for CM or EM groups survived after applying multiple comparison corrections.

Discussion
This is the first analysis of cortical sulcus morphometry among patients with CM, patients with EM and HCs. In this
study, we found abnormal sulci morphometry within areas associated with pain processing in migraine patients.
Specifically, when compared to HCs, both CM and EM groups displayed increased opening width in insula.
Furthermore, CM, compared to both EM and HC, presented altered mean depth and cortical thickness in various sulci
including superior frontal sulcus, median frontal sulcus, superior postcentral sulcus and superior parietal sulcus. Notably,
CM revealed more pronounced alterations in cortical sulci within regions implicated in the sensory processing and
affective components of pain. Finally, we identified significant correlations between migraine frequency, disease duration
and cortical thickness in the bilateral superior postcentral sulcus.

The insula, which plays a crucial role in pain processing, has been previously identified in various studies. It serves as
a central hub in the cortex, responsible for processing multisensory and affective components associated with migraine.**
Additionally, the insula is an integral part of the salience network and exhibits robust connections with other networks,
like central executive network.*’ Previous studies using VBM and SBM have consistently reported a reduction in gray

matter volume*® and cortical thickness'* within the insula cortex among migraine patients. Increased opening width
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Figure 2 Scatter plot graphs of correlation analysis between migraine frequency and cortical thickness in the left (a) and right (b) superior postcentral sulcus, as well as
between disease duration and cortical thickness in the left (c) and right (d) superior postcentral sulcus in the combined migraine group (P < 0.001).
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reflects cortical atrophy®’ and has been identified in Alzheimer’s disease.*® Our study reveals that increased opening
width in the insular sulci may reflect atrophy in insula and is in accordance with the reductions in gray matter volume and
cortical thickness reflecting atrophy in the insula in VBM and SBM studies. However, we did not found concomitant
changes in cortical thickness and previous study sometimes also found an absence of structural changes in the insula.'®
Cortical thickness and opening width both reflect cortical atrophy, and they may did not changed together. Opening width
may serve as complementary biomarkers in migraine.

We found increased cortical thickness in the bilateral superior postcentral sulcus in CM patients when compared to
both EM and HC. The superior postcentral sulcus is a part of somatosensory cortex known to receive noxious afferents
from the trigeminovascular system, which plays a crucial role in migraine pathophysiology. These findings are consistent
with previous study that has reported increased cortical thickness in the somatosensory cortex.'>*' Our study is also in
alignment with previous research that identified changes between low-frequency and high-frequency migraines.*’
Moreover, our correlation analysis revealed a positive association between migraine frequency and cortical thickness
in the bilateral superior postcentral sulcus, suggesting that these changes may be attributed to repetitive and prolonged
stimulation from migraines. Notably, alterations in the superior part of the postcentral sulcus were specifically observed
in CM. Traditionally, neuroimaging studies have implicated the inferior part of the postcentral cortex in representing the
head and face.*” However, some studies have reported alterations in the superior part of the postcentral sulcus in the
context of migraine.*' In addition to these findings, functional magnetic resonance imaging (fMRI) indicated that CM
patients exhibit a broader tactile sensitivity beyond the head.”® This broader tactile sensitivity may help explain the
observed changes in the superior part of the postcentral sulcus. Furthermore, we also observed increased cortical
thickness in the parietal lobe of CM patients compared to EM patients. Given that the superior parietal sulcus shares
approximately half of its cortical thickness with the superior postcentral sulcus, this may contribute to the observed
changes in cortical thickness in the superior parietal sulcus.

The prefrontal cortex plays a multifaceted role, encompassing executive functions and the processing of pain.’’
Previous studies have reported inconsistent findings regarding the morphology of the prefrontal cortex.”'""'*2” While
most studies have reported decreased gray matter volume or thickness in the prefrontal cortex in migraine patients,'***%¢
one have suggested an positive association between migraine frequency and gray matter volume in frontal gyrus.'' We
found increased cortical thickness in the bilateral median frontal sulcus in CM. The discrepancy between our findings and
previous study may be attributed to the possibility that sulci and gyri do not exhibit coordinated changes. Additionally, we
identified decreased sulcal mean depth in the median frontal sulcus and superior frontal sulcus. Interestingly, sulcal depth
was previously reported to be increased in the temporal pole in migraine patients with aura when compared to those without
aura.”> Conversely, one study found no differences in sulcal depth in migraine patients without aura compared to healthy
controls.?® These discrepancies may be linked to variations in study cohorts. Our findings primarily focus on changes in
CM. In line with similar studies on pain,>? trigeminal neuralgia research indicated decreased sulcal depth in the bilateral
superior frontal cortex, an area within the same region as our evaluated superior frontal sulcus. Trigeminal neuralgia and
migraine may share common pain processing pathways, leading to consistent morphological changes in the sulci.

Additionally, our study revealed that patients with CM showed increased sulcal depth in the left anterior calloso-
marginal fissure compared to the HC group, a region associated with the anterior cingulate cortex. The anterior cingulate
cortex, which is situated in the trigeminovascular pain pathway, plays a role in affective processing and receives input
from the thalamus and various regions of the frontal, parietal, and temporal cortex.”> Reduced grey matter volume in the
anterior cingulate cortex has been linked to increased headache frequency.*’ Our findings, in conjunction with previous
research, suggest that regions involved in affective processing may exhibit adaptive responses to recurrent migraine
attacks. Furthermore, CM patients demonstrated more pronounced abnormal changes in affective regions compared to
EM patients, aligning with our clinical characteristics results.

Our study had several limitations. First, due to the preliminary nature of this study, a larger sample size is needed to
enhance the robustness and reproducibility of the results.”* Second, migraine patients only underwent MRI testing during
migraine-free days. This was a cross-sectional study in which no MRI images of the patients at multiple time points were

acquired. We could not confirm whether migraine caused changes in sulcal parameters or whether changes in sulcal
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morphology caused migraine. Future research comparing different migraine phases and longitudinal follow-up is
required.

Conclusion

Our study revealed abnormal sulcal morphology primarily within regions associated with pain processing in migraine
patients, and CM exhibiting more extensive abnormal sulcal morphology in areas related to sensory and affective
processing. These cortical sulcal abnormalities may contribute to understanding the pathology of EM and CM. Sulcal
morphometry may emerge as an MRI biomarker for diagnosing migraine and their subtypes.
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