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Abstract
Background Previous studies have shown that migraines are associated with brain structural changes. However, 
the causal relationships between these changes and migraine, as well as its subtypes, migraine with aura (MA) and 
migraine without aura (MO), remain largely unclear.

Methods We utilized genome-wide association study (GWAS) summary statistics from European cohorts for 2,347 
cortical structural magnetic resonance imaging (MRI) phenotypes, derived from both T1-weighted and diffusion 
tensor imaging scans (n = 36,663), with migraine and its subtypes (n = 147,970–375,752). Cortical phenotypes 
included both macrostructural (e.g., cortical thickness, surface area) and microstructural (e.g., fractional anisotropy, 
mean diffusivity) features. Genetic correlations were first assessed to identify significant associations, followed 
by bidirectional Mendelian randomization (MR) analyses to determine causal relationships between these brain 
phenotypes and migraine, as well as its subtypes (MA and MO). Sensitivity analyses were applied to ensure the 
robustness of the results.

Results Genetic correlation analysis identified 510 significant associations between cortical structural phenotypes 
and migraine across 401 distinct traits. Forward MR analysis revealed nine significant causal effects of cortical 
structural changes on migraine risk. Specifically, increased cortical thickness and local gyrification index in specific 
cortical regions were associated with a decreased risk of overall migraine, MA, and MO, while intracellular volume 
fraction and orientation diffusion index in specific regions increased the risk of MA and MO. Reverse MR analysis 
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Introduction
Migraine is a highly prevalent neurological disorder, 
affecting approximately 15% of the global population 
[1]. It is characterized by recurring episodes of moder-
ate to severe headache, often accompanied by nausea, 
vomiting, and super-sensitivity to light and sound [2, 3]. 
Migraine is primarily categorized into two major sub-
types: migraine without aura (MO) and migraine with 
aura (MA) [3]. MO, which is more common, is defined 
by headaches that are typically unilateral and pulsating, 
occurring without any preceding neurological symptoms 
[4]. In contrast, MA is characterized by similar headache 
features but is preceded by transient neurological symp-
toms, such as visual or sensory disturbances, collectively 
referred to as auras [5]. The different neurological symp-
toms of the two subtypes implied different involvement 
patterns of brain regions. Identification of the migraine-
related brain regions would play a vital role in discover-
ing the underlying neurobiological mechanisms, further 
facilitate the researches of migraine diagnosis, prevention 
and treatment.

Through structural magnetic resonance imaging 
(MRI), including both T1-weighted and diffusion ten-
sor imaging (DTI), the brain cortex can be characterized 
by a variety of phenotypes, particularly macrostructural 
and microstructural cortical phenotypes [6, 7]. Macro-
structural cortical phenotypes include measures such 
as cortical thickness (CT), surface area (SA), and corti-
cal volume (CV), which provide insights into the overall 
architecture and size of the cerebral cortex. Microstruc-
tural cortical phenotypes, derived from diffusion MRI 
techniques, include metrics such as fractional anisotropy 
(FA) and mean diffusivity (MD), offering a detailed view 
of the tissue’s microstructural integrity, including neu-
ral fiber organization and cellular density. Research has 
shown that individuals with migraines may exhibit both 
macrostructural and microstructural brain alterations 
[8–12]. For example, changes in gray matter volume 
have been reported, suggesting neuroanatomical dif-
ferences in migraine sufferers [13–16]. Microstructural 
changes, such as variations in white matter integrity, have 
also been observed, potentially reflecting the impact of 
chronic pain or recurrent migraine episodes [17–20]. 
However, these findings primarily stem from observa-
tional studies that are limited by confounding factors and 
cannot establish a causal relationship. It remains unclear 

whether these structural changes are a cause or a conse-
quence of migraines, or if they differ between the sub-
types MO and MA, prompting the necessity for deeper 
exploration.

To address these challenges and better understand the 
potential causal relationships between migraine subtypes 
and brain structure, Mendelian randomization (MR) 
provides a robust approach [21, 22]. MR utilizes genetic 
variants as instrumental variables (IVs) to infer causal-
ity between an exposure (such as specific brain struc-
tural phenotypes) and an outcome (such as migraine) 
[22, 23]. This method exploits the random allocation of 
genetic variants at conception, akin to randomization 
in clinical trials, thereby reducing the influence of con-
founding factors and reverse causation. Through MR, 
we can investigate whether certain brain structural char-
acteristics causally increase the risk of developing spe-
cific migraine subtypes, and conversely, whether genetic 
predispositions to migraines lead to particular struc-
tural changes in the brain. This dual approach provides 
clearer insights into the complex interplay between brain 
structure and migraine, potentially identifying early bio-
markers for intervention and novel therapeutic targets. 
Several MR analyses have explored the causal relation-
ships between brain MRI measurements and migraine. 
For instance, one MR study indicated that SA and hip-
pocampal volume may be causally linked to migraine risk 
[24]. Another study highlighted the causal association 
between migraine and microstructural changes in white 
matter [25]. However, these studies primarily focus on a 
single type of migraine or a specific brain MRI pheno-
type, leaving the broader causal relationships between 
various brain MRI phenotypes and different migraine 
subtypes still largely unexplored.

In this study, the causal relationships between a broad 
set of cortical structural phenotypes and migraine, 
including its subtypes (MO and MA), were comprehen-
sively explored. Genome-wide association study (GWAS) 
summary statistics for 2,347 cortical MRI phenotypes, 
derived from both T1-weighted and DTI, were utilized. 
Genetic correlations were first examined to identify sig-
nificant associations. Bidirectional MR was then applied 
to assess whether cortical macrostructural and micro-
structural changes contributed to migraine susceptibil-
ity and, conversely, whether genetic predispositions to 
migraine led to cortical structural alterations. This study 

demonstrated that MA causally increased mean diffusivity in the insular and frontal opercular cortex. Sensitivity 
analyses confirmed the robustness of these findings, with no evidence of horizontal pleiotropy or heterogeneity.

Conclusion This study identifies causal relationships between cortical neuroimaging phenotypes and migraine, 
highlighting potential biomarkers for migraine diagnosis, treatment, and prevention.

Keywords Migraine, Cortical neuroimaging, Mendelian randomization, Brain structure, Migraine subtypes
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provided the most extensive examination to date of the 
cortical structural basis of migraine and its subtypes, 
offering new insights into the underlying neurobiological 
mechanisms.

Methods
Data sources
MRI phenotype GWAS
In this study, we included 13 cortical brain MRI pheno-
types, consisting of eight macrostructural features (i.e., 
CT, SA, CV, folding index [FI], intrinsic curvature index 
[ICI], local gyrification index [LGI], mean curvature 
[MC], and Gaussian curvature [GC]) and five micro-
structural features (i.e., FA, MD, isotropic volume frac-
tion [ISOVF], intracellular volume fraction [ICVF], and 
orientation diffusion index [ODI]) [26]. The macrostruc-
tural features were derived from T1-weighted imaging, 
which provides high-resolution structural information 
about the brain, while the microstructural features were 
obtained from DTI, which assesses tissue microstruc-
ture. The data for these phenotypes were obtained from 
the UK Biobank (UKB) and the Adolescent Brain Cogni-
tive Development (ABCD) cohorts. The brain cortex was 
parcellated into 180 bilaterally averaged regions using 
the Human Connectome Parcellation scheme (Supple-
mentary Table 1), resulting in a total of 2,347 cortical 
phenotypes (Supplementary Table 2). These phenotypes 
included 13 global phenotypes and 2,334 regional phe-
notypes (calculated as 13 phenotypes across 180 regions, 
minus 6 phenotypes that exhibited no variance). For all 
2,347 cortical MRI phenotypes, raw measurements were 
standardized to a mean of zero and a standard deviation 
of one. A linear mixed-effects model was used for the 
MRI phenotype GWAS, controlling for age, age2, sex, 
age × sex, age2 × sex, imaging center, the top 40 genetic 
principal components, mean framewise displacement, 
maximum framewise displacement, and Euler Index. The 
GWAS was conducted separately for the UKB (31,797 
participants, median age 64) and ABCD (4,866 partici-
pants, median age 10) cohorts, and the results were com-
bined using an inverse variance-weighted meta-analysis, 
resulting in a total of 36,663 European individuals. For 
more information about the MRI phenotypes, please 
refer to the details provided in the Supplementary Text.

Migraine GWAS
We included three types of migraine in the present study: 
overall migraine (59,674 cases, 316,078 controls), MA 
(6,332 cases, 144,883 controls), and MO (8,348 cases, 
139,622 controls) [27]. The migraine GWAS data were 
derived from an inverse variance-weighted meta-analysis 
of 22 individual GWASs conducted by the International 
Headache Genetics Consortium (IHGC), with cases 
diagnosed either by self-report or based on the second 

edition of the International Classification of Headache 
Disorders (ICHD-2) (Supplementary Table 3).

All participants in both the cortical MRI and migraine 
GWAS datasets were of European ancestry, with no 
overlap between the two datasets. Ethical approval and 
informed consent were obtained in the original studies.

Genetic correlation analysis
Genetic correlations between the 7,041 cortex-migraine 
pairs (i.e., three migraine types × 2,347 cortical MRI phe-
notypes) were estimated using linkage disequilibrium 
score regression (LDSC) analyses, based on GWAS sum-
mary statistics [28]. Precomputed LD scores from the 
1000 Genomes Project European population were used, 
with the analyses restricted to HapMap3 single nucleo-
tide polymorphisms (SNPs). Cortex-migraine pairs with a 
genetic correlation P-value of less than 0.05 were consid-
ered significant and selected for subsequent MR analyses.

MR analysis
Genetic variants were used as IVs to estimate the causal 
relationships between cortical MRI phenotypes and 
migraine through a bidirectional MR framework. For the 
IVs to be valid, they needed to meet three key assump-
tions: strong association with the exposure, indepen-
dence from confounders, and an exclusive effect on the 
outcome through the exposure. In this study, IVs (i.e., 
SNPs) were selected using a significance threshold of 
P < 1 × 10− 5 to ensure adequate strength across all expo-
sures, a threshold frequently used in other MR studies 
[29–31]. Independent IVs were then identified through 
linkage disequilibrium (LD) clumping, with a window 
size of 10,000  kb and an LD threshold of r² < 0.001, 
ensuring that selected IVs were not in high LD with one 
another. Next, the effect alleles of the IVs were harmo-
nized between the exposure and outcome datasets using 
the harmonise_data() function in the TwoSampleMR 
package, with palindromic IVs having minor allele fre-
quencies greater than 0.42 excluded to avoid strand 
ambiguity, a threshold that is a built-in parameter in the 
default setting. After that, Steiger filtering was applied 
to remove IVs showing stronger associations with the 
outcome than the exposure, thereby addressing poten-
tial reverse causality [32]. Outliers were subsequently 
identified and excluded using RadialMR [33]. Finally, 
F-statistics were calculated for the retained IVs, with an 
F-statistic greater than 10 indicating sufficient strength to 
minimize the risk of weak instrument bias [34].

A bidirectional MR approach was employed to investi-
gate the causal relationships between cortical MRI phe-
notypes and migraine. The forward MR analysis assessed 
the causal effects of cortical MRI phenotypes on migraine 
and its subtypes, while the reverse MR analysis evalu-
ated the impact of migraine and its subtypes on cortical 
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MRI traits. The inverse variance weighted (IVW) method 
was selected as the primary approach for both forward 
and reverse MR analyses, as it provides the most efficient 
causal estimates under the assumption that all IVs are 
valid, offering the greatest statistical power [35]. To miti-
gate potential bias from invalid IVs, several additional MR 
methods were applied, including the robust adjusted pro-
file score (MR-RAPS) [36], weighted median, weighted 
mode, and MR-Egger methods. MR-RAPS is particularly 
useful for handling weak instrument bias by adjusting the 
profile likelihood of summary data. The weighted median 
method delivers reliable causal estimates even if up to 
50% of IVs are invalid, while the weighted mode method 
is resilient to outliers, assuming the majority of IVs are 
valid. MR-Egger accounts for pleiotropic effects and can 
provide consistent causal estimates under the assump-
tion of a weaker instrument strength independent of 
direct effects. Both forward and reverse MR-IVW results 
were adjusted for multiple comparisons using false dis-
covery rate (FDR) correction. A causal relationship was 
deemed significant if the MR-IVW estimate had an FDR-
corrected P < 0.05 and its effect direction was consistent 
with those of the other MR methods. All MR analyses 
were conducted using the TwoSampleMR package (ver-
sion 0.6.6) in R (version 4.3.3).

Sensitivity analyses were conducted to assess poten-
tial violations of MR assumptions. First, the MR-Egger 
intercept test was used to detect directional pleiotropy, 
indicating whether invalid IVs introduced bias. Second, 
heterogeneity among IVs was evaluated using Cochran’s 
Q test for MR-IVW and Rucker’s Q test for MR-Egger, 
providing insight into variability across IVs [37]. Third, 
MR-PRESSO was applied to identify and correct for 
potential outliers that could influence causal estimates. 
Finally, MR plots were generated for visual inspection of 
heterogeneity and pleiotropy. Specifically, a leave-one-
out plot was used to determine if the MR-IVW estimates 
were driven by specific IVs with strong effects. A forest 
plot displayed the individual effects of each IV, while 
a scatter plot illustrated the alignment of MR estimates 
across all IVs. A funnel plot depicted the distribution of 
effect sizes, allowing for further examination of pleiotro-
pic bias.

Results
Genetic correlations
LDSC analyses were performed to evaluate genetic cor-
relations between 2,347 cortical MRI phenotypes and 
three migraine types: overall migraine, MA, and MO, 
leading to a total of 7,041 cortex-migraine pairs. Of these, 
510 nominally significant genetic correlations were iden-
tified, spanning 401 distinct cortical MRI phenotypes 
(Fig.  1, Supplementary Table 4). Overall migraine was 
correlated with 179 cortical phenotypes, with correlation 

coefficients ranging from − 0.22 to 0.28. MA exhibited 
correlations with 148 cortical phenotypes, with coeffi-
cients ranging from − 0.52 to 0.48, while MO was asso-
ciated with 183 cortical phenotypes, with coefficients 
ranging from − 0.36 to 0.46 (Fig. 2, Supplementary Table 
4).

Additionally, distinct patterns of association were 
observed across the different migraine types (Fig.  2, 
Supplementary Table 4). Overall migraine was mainly 
linked to CV in 36 regions, LGI in 20 regions, and GC in 
20 regions. MA was predominantly correlated with ICVF 
in 69 regions, while MO displayed only one correlation 
with ICVF. Conversely, MO showed stronger associa-
tions with SA, with significant correlations in 50 regions, 
whereas MA was associated with SA in only one region. 
These findings suggest that each migraine type has dis-
tinct genetic correlation patterns with various cortical 
structural phenotypes, providing a foundation for further 
causal investigation using MR.

MR results
All the IVs for MR were listed in Supplementary Table 5. 
In the forward MR analysis, nine significant causal effects 
of cortical MRI phenotypes on the risk of migraine and its 
subtypes were identified (FDR-corrected P < 0.05) (Fig. 3, 
Supplementary Table 6). For overall migraine, three 
cortical phenotypes were associated with a decreased 
risk: increased CT in the anterior cingulate and medial 
prefrontal cortex, specifically in area posterior 24, was 
associated with a lower risk, with an OR of 0.85 (95% 
CI = 0.77–0.93, P = 7.82 × 10− 4). Similarly, the LGI in the 
anterior cingulate cortex (area 10v) showed a reduced 
risk (OR = 0.87, 95% CI = 0.81–0.95, P = 7.09 × 10− 4), 
and the CV in area posterior 24 was also associated 
with a decreased risk of overall migraine (OR = 0.81, 
95% CI = 0.74–0.89, P = 8.76 × 10− 6). For MA, increased 
CT in area posterior 24 was linked to a decreased risk 
(OR = 0.62, 95% CI = 0.51–0.76, P = 2.62 × 10− 6), while the 
ICVF in the insular and frontal opercular cortex (frontal 
opercular area 4) was associated with an increased risk 
of MA (OR = 1.50, 95% CI = 1.20–1.88, P = 3.75 × 10− 4). 
Additionally, the ICVF in the auditory association cor-
tex (area STSd anterior) was linked to a higher risk 
(OR = 1.33, 95% CI = 1.12–1.57, P = 8.16 × 10− 4). For MO, a 
reduced ICI in the anterior cingulate and medial prefron-
tal cortex (area 9 middle) was associated with a decreased 
risk (OR = 0.60, 95% CI = 0.46–0.79, P = 2.37 × 10− 4), 
while the LGI in the lateral temporal cortex (area TG 
dorsal) showed a reduced risk of MO (OR = 0.79, 95% 
CI = 0.68–0.91, P = 8.62 × 10− 4). In contrast, the ODI in 
the inferior frontal cortex (area IFSp) was associated 
with an increased risk of MO (OR = 1.69, 95% CI = 1.35–
2.10, P = 3.54 × 10− 6). In the reverse MR analysis, MA 
was found to causally increase MD in the insular and 
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Fig. 1 Significant genetic correlations of cortical MRI phenotypes with migraine and its subtypes. Each panel shows the genetic correlations for a specific 
cortical MRI phenotype with overall migraine, migraine with aura, and migraine without aura. The gray dots represent non-significant correlations. De-
tailed results are provided in Supplementary Table 4. Abbreviations: CT, cortical thickness; CV, cortical volume; FA, fractional anisotropy; FI, folding index; 
GC, Gaussian curvature; ICI, intrinsic curvature index; ICVF, intracellular volume fraction; ISOVF, isotropic volume fraction; LGI, local gyrification index; MC, 
mean curvature; MD, mean diffusivity; ODI, orientation diffusion index; SA, surface area
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frontal opercular cortex, specifically in the piriform cor-
tex (Beta = 3.92 × 10− 4, SE = 9.99 × 10− 5, P = 8.90 × 10− 5) 
(Table 1, Supplementary Table 7).

Several sensitivity analyses were performed to assess 
the robustness of the MR findings (Table 2, Supplemen-
tary Table 8). The MR-Egger intercept test did not detect 
any evidence of directional pleiotropy across the analy-
ses (P > 0.05), suggesting that the IVs used in the analy-
sis were not subject to significant horizontal pleiotropy. 
Additionally, Cochran’s Q test for MR-IVW and Rucker’s 
Q test for MR-Egger showed no significant heterogene-
ity among the IVs (P > 0.05), indicating consistency in 
the effects across the IVs. The MR-PRESSO test further 
confirmed the absence of any significant outliers, sup-
porting the validity of the causal estimates. Visual inspec-
tion of the MR plots, including the leave-one-out plot, 
confirmed that the results were not driven by any single 
IV, and the forest plot demonstrated consistent effects 
across individual variants (Figures S1-S10). The scatter 
plot showed alignment between the MR estimates and 
the IVs, while the funnel plot revealed a symmetrical dis-
tribution of effect sizes, providing no evidence of pleio-
tropic bias (Figures S1-S10). Furthermore, all F-statistics 
for the significant causal relationships were greater than 

10, indicating that the instruments used were sufficiently 
strong to avoid weak instrument bias.

Discussion
To our knowledge, this study represents the first compre-
hensive bidirectional MR analysis to explore the causal 
relationships between migraine, including its subtypes 
MA and MO, and over 2,000 cortical structural pheno-
types, derived from both T1-weighted and diffusion MRI 
data. In forward MR analysis, we identified significant 
associations between both macrostructural and micro-
structural cortical features and migraine risk. Specifically, 
increased CT and LGI were associated with a decreased 
risk of overall migraine, MA, and MO, while certain 
microstructural features, such as ICVF and ODI, were 
linked to increased migraine susceptibility. In reverse 
MR analysis, MA was found to causally increase MD 
in the insular and frontal opercular cortex. These find-
ings provide important insights into the neurobiologi-
cal mechanisms underlying migraine, offering potential 
implications for diagnosis and treatment strategies.

Our LDSC analyses identified 510 significant genetic 
correlations between cortical MRI phenotypes and 
migraine, with specific MRI traits showing sensitivity 
to different migraine subtypes. Previous studies mainly 
focused on conventional brain structure measurements 
like CV, CT, and SA. For example, reduced CT in the 
precentral, pericalcarine, and temporal cortices has been 
observed during MO compared to interictal periods 
[14], while CV reduction in the subgenual anterior cin-
gulate cortex and SA alterations in the insula and cau-
dal anterior cingulate have been linked to MO [38, 39]. 
Our genetic correlation results align with these findings, 
showing that MO is primarily correlated with SA and 
CV. However, MA displayed a distinct pattern, being 
more closely associated with ICVF, which reflects the 
fraction of tissue made up of neurites [26]. This differ-
ence highlights the varying neurobiological mechanisms 
between MA and MO. Overall migraine correlations 
largely mirrored those of MO, which is expected as MO 
is the predominant subtype [2]. Importantly, some MRI 
phenotypes correlated with MA and MO but not over-
all migraine, highlighting the need to consider migraine 
subtypes separately in research to avoid overlooking sub-
type-specific factors.

The results of the MR analysis demonstrated causal 
relationships between cortical phenotypes and the risk 
of overall migraine as well as its subtypes, MA and MO. 
In the forward MR analysis, increased CT and LGI in the 
anterior cingulate cortex and medial prefrontal cortex 
were found to have a causal effect in reducing the risk 
of overall migraine. These regions are involved in pain 
processing and emotional regulation [40–42], suggesting 
that thicker cortices and more complex cortical folding 

Fig. 2 Heatmap of genetic correlations of the 2,347 cortical MRI pheno-
types with migraine and its subtypes. The x-axis lists the migraine and its 
subtypes, while the y-axis lists the 13 kinds of reginal MRI phenotypes, 
one kind of global measurement, and a summary of total cortical MRI 
phenotypes. The color filling the cells indicates the number of significant 
(P < 0.05) correlations, with the deeper red representing more significant 
numbers. The characters in each cell are a combination of numbers of sig-
nificant and all correlations. Detailed results are presented in Supplemen-
tary Table 4. Abbreviations: MA, migraine with aura; MO, migraine without 
aura
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may provide a neuroprotective effect, reducing the likeli-
hood of experiencing migraines by improving the brain’s 
ability to modulate pain signals and emotional responses. 
For the MA subtype, the forward MR analysis identified 
that increased ICVF and ODI in the insular and frontal 

opercular cortex had a causal effect in increasing the risk 
of MA. These regions are critical for sensory integration 
and autonomic regulation [43–45], which are often dis-
turbed during MA episodes [2, 46, 47]. The changes in 
microstructural properties, such as increased ICVF and 

Fig. 3 Significant causal effects of cortical MRI phenotypes on migraine and its subtypes. Full results are presented in Supplementary Table 6. Abbrevia-
tions: IVW, inverse variance weighted; MA, migraine with aura; MO, migraine without aura; RAPS, robust adjusted profile score

 



Page 8 of 13Sun et al. The Journal of Headache and Pain          (2024) 25:186 

ODI [26], suggest that alterations in cellular density and 
fiber organization in these areas may contribute to the 
heightened sensitivity and aura symptoms characteris-
tic of MA. In the case of MO, the forward MR analysis 
showed that increased ODI in the inferior frontal cortex 
had a causal effect on increasing the risk of MO. This 
region is involved in cognitive control and pain regula-
tion [48, 49], and its structural disruptions may impair 
the brain’s capacity to manage pain signals effectively [9, 
50], leading to more frequent or severe migraine attacks 
in individuals with MO. The reverse MR analysis pro-
vided additional insights, showing that MA had a causal 
effect on increasing MD in the insular and frontal oper-
cular cortex. This suggests that recurrent MA episodes 
may induce progressive microstructural changes in these 
regions, which are essential for processing sensory input 
and autonomic functions.

In our MR study, we identified nine forward causal rela-
tionships and one reverse causal relationship, suggesting 
a bidirectional interaction between cortical structure and 
migraine risk. The forward relationships indicate that 
specific cortical structural features may reduce the risk of 
developing migraine, while certain microstructural alter-
ations increase susceptibility to migraine, particularly 
in cases of MA. The reverse relationship suggests that 
migraine episodes, especially those involving aura, could 
influence cortical structural changes. This bidirectional 
interaction may indicate that alterations in the brain’s 
structure predispose individuals to migraine, and in turn, 
migraine attacks—particularly those with aura—may 
contribute to ongoing structural changes. Alternatively, 
the forward and reverse causal relationships may exist 
in separate pathways, where cortical features influenc-
ing migraine risk serve as biomarkers, while structural 
changes driven by migraine represent potential targets 
for intervention. These results highlight the distinct neu-
robiological mechanisms underlying different types of 
migraine, with specific cortical regions and structural 
features playing causal roles in migraine susceptibility. 
Understanding these causal pathways offers potential for 
more targeted interventions and therapeutic strategies 
based on the specific cortical alterations associated with 
each migraine subtype.

Methodologically, this MR study leveraged large-scale 
GWAS data to infer causal relationships, providing 

important perspectives on the bidirectional interactions 
between cortical MRI phenotypes and migraine. How-
ever, the summary statistics we employed included 
participants of varying ages and both sexes, which may 
complicate the isolation of specific demographic fac-
tors, such as age and gender, that could influence these 
relationships [51, 52]. Additionally, although the GWAS 
summary data used in this study was limited to bilater-
ally averaged cortical MRI phenotypes, exploring hemi-
sphere-specific structural differences could provide 
further insights into the relationship between migraine 
and brain asymmetry [53, 54]. Migraine is increasingly 
understood as a spectrum disorder, with substantial het-
erogeneity between subtypes such as MA and MO [2]. 
Future research using more refined GWAS datasets that 
account for distinct migraine subtypes and brain asym-
metry may uncover subtype-specific mechanisms and 
provide a clearer understanding of the underlying neu-
robiological pathways. While we applied multiple MR 
methods to account for pleiotropy and heterogeneity, it is 
important to acknowledge that unmeasured confounders 
may still influence the observed relationships. Incorpo-
rating more comprehensive datasets that include lifestyle 
factors, such as smoking or alcohol consumption [55, 
56], could help elucidate the broader context in which 
migraine impacts brain structure.

This study has several strengths, with the use of MR 
being a key advantage. MR provides a powerful approach 
to inferring causal relationships between cortical struc-
tural changes and migraine while effectively minimizing 
the influence of confounding factors that are common in 
observational studies [22, 57]. By using genetic variants 
as IVs, MR reduces the risk of reverse causality and con-
founding, offering stronger evidence that specific brain 
changes have a direct impact on migraine risk, rather 
than simply being a consequence of the condition. This 
methodological strength enhances the reliability and 
validity of the findings. Another major strength of this 
research lies in the rich and diverse set of neuroimag-
ing phenotypes included in the analysis. The study goes 
beyond standard macrostructural measures, such as CT 
and LGI, by incorporating advanced microstructural fea-
tures, like ICVF and ODI, derived from DTI scans. This 
comprehensive range of imaging phenotypes allows for 
a more in-depth understanding of how both large-scale 

Table 1 Significant causal effect of MA on cortical MRI phenotype
Exposure Outcome Method nSNP Beta SE P
MA MD of piriform cortex in 

insular and frontal opercular cortex
Inverse variance weighted 43 3.92E-04 9.99E-05 8.90E-05
MR-RAPS 43 4.09E-04 1.07E-04 1.33E-04
Weighted median 43 5.04E-04 1.47E-04 5.91E-04
Weighted mode 43 5.48E-04 2.17E-04 1.98E-02
MR Egger 43 1.00E-04 2.00E-04 6.23E-01

Note Full results are presented in Supplementary Table 7. Abbreviations: MA, migraine with aura; MD, mean diffusivity; RAPS, robust adjusted profile score
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brain architecture and finer microstructural properties 
contribute to migraine risk. Furthermore, the inclusion 
of migraine subtypes, specifically MA and MO, adds 
another layer of specificity to the findings. By distin-
guishing between subtypes, the study provides valuable 
insights into the unique neurobiological mechanisms 
underlying MA and MO, which could be missed in stud-
ies treating migraine as a single entity. This differentiation 
between subtypes strengthens the study by highlighting 
the distinct cortical changes associated with each form 
of migraine, contributing to a deeper understanding of 
migraine pathophysiology and offering potential avenues 
for targeted therapeutic interventions.

Despite the strengths of this study, several limitations 
should be acknowledged. First, the analysis was restricted 
to individuals of European ancestry, which may limit the 
generalizability of the findings to other populations. Fur-
ther studies across diverse ancestries are necessary to 
validate these results. Second, the study focused exclu-
sively on cortical structural phenotypes, without includ-
ing subcortical or white matter features, which may also 
be relevant to migraine pathophysiology. Third, although 
large-scale GWAS data were employed, the study may 
still lack the statistical power to detect smaller genetic 
effects or more detailed relationships between brain 
structure and migraine subtypes. Fourth, the cross-sec-
tional nature of the MRI data prevents exploration of 
temporal dynamics, which could offer deeper insights 
into migraine progression. Fifth, the inclusion of the 
ABCD cohort, which consists of younger participants 
(aged 9–10 years), may affect MRI segmentation accuracy 
due to ongoing brain maturation, particularly in cortical 
regions still developing. This could introduce variability 
in the results, and future studies should consider age-
stratified analyses to better account for developmen-
tal differences. Finally, while Mendelian randomization 
reduces confounding, the possibility of unmeasured con-
founders cannot be entirely ruled out, potentially impact-
ing the causal interpretations.

Conclusions
In conclusion, this study provides robust evidence for 
the causal links between cortical structural phenotypes 
and migraine, offering new insights into the neurobio-
logical pathways involved in both overall migraine and 
its subtypes. The identification of specific cortical regions 
associated with migraine risk, as well as the reciprocal 
impact of migraine on brain microstructure, underscores 
the complexity of these relationships. These findings not 
only advance our understanding of the structural brain 
changes linked to migraine but also highlight potential 
targets for future therapeutic interventions. Continued 
research is needed to further elucidate these mechanisms 
and explore their clinical applications.
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