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Purpose: Neuroimaging studies on migraine have revealed structural and functional altera-
tions in the hippocampus, a region involved in pain processing and stress response. This
study was designed to investigate whether effective connectivity of this region is disrupted in
migraine and relates to chronicity of this disease.

Patients and Methods: In 39 episodic migraine (EM) patients, 17 chronic migraine (CM)
patients, and 35 healthy controls, we investigated differences in the directional influences
between the hippocampus and the rest of the brain by combining resting-state functional
magnetic resonance imaging and Granger causality analysis (GCA), with bilateral hippo-
campus as seed regions. The associations between directional influences and the clinical
variables were also examined.

Results: Comparing each patient group to the control group, we found increased and
decreased negative influence on the hippocampus exerted by the bilateral visual areas and
right dorsolateral prefrontal cortex (dIPFC),
increased positive influence on the right posterior insula and medial prefrontal cortex

respectively. The hippocampus showed

(mPFC), as well as increased negative influence on the left cerebellum in CM patients
relative to EM patients and healthy controls. Furthermore, across all patients, the migraine
frequency exhibited a positive and negative association with causal influence from the
hippocampus to mPFC and left cerebellum, respectively.

Conclusion: Migraine patients have abnormal effective connectivity between the hippo-
campus and multiple brain regions involved in the sensory and cognitive processing of pain.
Disrupted directional influences to the hippocampus exerted by dIPFC and bilateral visual
areas were common features of EM and CM patients. Directional influences from the
hippocampus to mPFC and left cerebellum may be useful imaging biomarkers for assessing
migraine frequency.

Keywords: migraine, hippocampus, effective connectivity, resting-state, functional magnetic

resonance imaging

Introduction

Migraine is a common and debilitating neurological disorder characterized by
attacks of recurrent, unilateral, moderate or severe, throbbing, and pulsating head-
aches, which are often accompanied by sensory hypersensitivity, as well as cogni-
tive and emotional dysfunction.! With a 1-year prevalence of 12% in the general
population,” migraine has been identified as the second most disabling condition
worldwide® for its substantial impact on physical, social, academic, and occupa-
tional functioning of patients.* So far, however, the pathophysiology of migraine

has not been fully elucidated.
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In the past decades, important progress has been made
in the understanding of the neural correlate of migraine by
applying advanced neuroimaging techniques. Structural
and regional brain activity alterations have been revealed
in multiple brain areas important for the sensory, affective,
and cognitive components of pain processing, such as the
somatosensory cortex, insula, amygdala, medial prefrontal
cortex (mPFC)
(dIPFC).>® Recent studies support migraine as a complex

and dorsolateral prefrontal cortex
brain network disorder, involving integrated activity across
cortical and subcortical brain areas.” Resting-state func-
tional magnetic resonance imaging (rs-fMRI), independent
of tasks or stimulations, serves as a useful tool for inves-
tigating the functional organization in the brains of
patients with migraine. Utilizing seed-based functional
connectivity (FC) analysis, abnormal resting-state FC
with the amygdala, insula, periaqueductal gray matter,
hypothalamus, and basal ganglia has been detected in
prior research on migraine.® In studies using independent
component analysis, migraine patients have been found to
present atypical FC within and between several resting
state networks, including the default mode network
(DMN), central executive network and salience network.°

An additional brain structure that has garnered
increased attention as an important contributor to the
pathophysiology of migraine is the hippocampus. As
a component of the limbic system and DMN,’ the hippo-
campus is well known for its essential role in learning and
memory. It also participates in pain processing, pain-
related attention and anxiety,' as well as stress
response.'' Accumulating evidence has implicated the
role of a maladaptive stress response in the mechanism
of migraine, especially in chronic migraine.'* Taken
together, it is reasonable that symptoms of migraine may
be associated with disrupted hippocampal structure and
function. Indeed, altered volume of the hippocampus has

been repeatedly detected,'*!'*

though the directions of
change were not completely consistent. The inconsistency
may be partially due to the mixing of episodic migraine
(EM) and chronic migraine (CM) into the same patient
group. A longitudinal study on newly diagnosed EM dis-
covered increased migraine frequency at follow-up relative
to baseline, which was accompanied by decreased hippo-
campal volume.'® Liu et al. found that EM patients carry-
ing a COMT Val homozygous had a larger hippocampus
compared with controls with the same polymorphism.'® In
one previous study, we found the hippocampus volume of
the healthy control (HC) group was smaller than that of the

EM group, but was larger than that of the CM group.'’
This finding accorded with two cross-sectional studies
suggesting an adaptive volume increase at low headache
frequency and a maladaptive volume decrease at higher
headache frequency, and proved the necessity to compare
migraine patients of different headache frequency when
investigating alterations in hippocampus-related brain
circuit.

With respect to the hippocampal brain connectivity, Gao
et al. demonstrated decreased intraregional FC in EM
patients by calculating local functional connectivity density
during resting state.'® However, the local connectivity
reflects a local hub and represents regional energy
demand,"® indicating it could serve as a marker of brain
activity rather than that of functional interactions between
brain areas. For remote connectivity, reduced hippocampal
FC was reported in high frequency versus low frequency
migraine patients in the temporal lobe, insula, right amyg-
dala, and middle
stimulation.”® At resting state, Wei et al. showed that the

frontal cortex during thermal
hippocampus had decreased FC with the supplementary
motor area and inferior parietal lobe in migraine patients
compared with healthy controls.”' Recently, a study focus-
ing on the reward system revealed weaker FC between the
right nucleus accumbens and hippocampus in patients with
EM.?? In one study examining the contribution of genotype
to hippocampal FC changes in female patients with EM, Liu
et al. found no significant interaction effect for disease and
genotype, but

decreased FC between hippocampus and multiple brain

catechol-O-methyltransferase reported
regions including the mPFC, insula and amygdala in EM
patients with val homozygote.'® Chong et al. found stronger
structural covariance between the hippocampus and cortico-
limbic regions in migraine.'> However, the direction of
influence of the hippocampus on other structures, which
may provide novel insight into the neural basis of migraine,
could not be delineated in the above-mentioned studies on
brain connectivity. Moreover, it remains to be determined
whether the directed influence (effective connectivity, EC)
of the hippocampus is different between patients with CM
and EM.

We therefore sought to investigate the effect of migraine
on the EC of the hippocampus with the rest of the brain by
employing rs-fMRI and Granger causality analysis (GCA).
EC differences between patients with EM and CM were also
compared to determine whether this measure was associated
with migraine subtypes and migraine frequency. Based on
previous findings on migraine, we hypothesized migraine
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patients would present EC abnormalities in regions involved
in pain processing, such as the insula and prefrontal cortex.
Moreover, EC of the hippocampus may differ in patients
with different migraine types, and EC alterations may be
correlated with clinical symptoms of migraine such as
migraine frequency.

Methods

Participants and Clinical Assessment

A total of 91 individuals, including 56 patients with
migraine without aura and 35 healthy controls, were
enrolled in this case control study. Participants were
recruited from the Department of Neurology at the first
affiliated hospital of Soochow University. All subjects
gave written informed consent prior to participation. The
study was carried out in accordance with the Declaration
of Helsinki, and was approved by the ethics committee of
the first affiliated hospital of Soochow University
(Approval no. 2021246). Diagnoses of migraine were
made by an experienced neurologist according to the cri-
teria established in the International Classification of
Headache Disorders (ICHD-3 beta) guidelines.' Thirty-
nine patients were diagnosed with EM, and 17 patients
were diagnosed with CM. Headache frequency was calcu-
lated as the average number of headache days per month.
According to the headache frequency, the EM group was
further divided into infrequent episodic migraine (IEM,
with <2 headache days per month) and frequent episodic
migraine (FEM, with 3 to 14 headache days per month)
subgroups. Other assessed clinical indices included disease
duration (years with migraine), and pain intensity which
was rated using a 10-point visual analog scale (VAS) from
0 (none) to 10 (very severe). All migraine patients had not
taken any migraine preventive medication for at least 3
months prior to the study. Patients were free of migraine
attacks for at least 72 hours before testing, during or on
the day following the MRI scan.”® For the HC group,
subjects never had any primary headache disorders or
other types of headache, and no family history of migraine
was also required. General exclusion criteria for migraine
patients and controls included age < 18 years or > 65
years; left-handedness; history of neurological or psychia-
tric disorders; cardiovascular disease or trauma; metabolic
disorders; medication overuse headache; other pain condi-
tions; drug or alcohol abuse; MRI contraindications; and
excessive movement during the MRI scanning (translation

> 1.5 mm or rotation > 1.5° at any direction).

MRI Data Acquisition

MRI scans were performed on a 3.0 Tesla scanning system
(MAGNETOM Skyra, Siemens Healthcare, Erlangen,
Germany) at the Department of Radiology, the first
affiliated hospital of Soochow University. The axial rest-
ing-state functional images were collected using an echo-
planar imaging sequence with the following parameters:
TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV =
256%256 mmz, matrix = 64 x 64, slice number = 33, slice
thickness = 4 mm, no intersection gap, total volume num-
ber = 240. The sections were placed approximately paral-
lel to the anterior commissure-posterior commissure line.
High-resolution T1-weighted images were acquired using
a sagittal fast spoiled gradient recalled echo sequence with
the following parameters: TR = 2300 ms, TE = 2.98 ms,
matrix = 256 x 256, FOV = 256 x 256 mm?, slice thick-
ness = | mm. During the rs-fMRI scans, participants were
instructed to lie still with their eyes closed, but not to fall
asleep or think about anything in particular. The structural
images were examined by two professional radiologists to
exclude the possibility of clinically silent lesions.

Data Preprocessing
The imaging data were preprocessed using Statistical
Parametric Mapping (SPM12, http://www.fil.ion.ucl.ac.

uk/spm/) software package and Resting-State fMRI Data
Analysis Toolkit software (REST, http:/www.restfmri.

net). The first 10 time points of the functional data were
discarded to reduce the effect of instability magnetization
at the initial scans, leaving 230 time points for further
processing. The remaining images were slice-time cor-
rected, realigned, and co-registered with the individual T1-
weighted images. The co-registered structural images were
then segmented into gray matter, white matter (WM), and
cerebrospinal fluid (CSF), and spatially normalized into
standard Montreal Neurological Institute (MNI) space with
a final size of 3 x 3x3 mm®. The resulting normalization
matrix was then applied to the functional images. After
that, linear drift was removed and a band-pass frequency
filter (0.01-0.08 Hz) was used to reduce low-frequency
drift and physiological high frequency noise. The obtained
images were then spatially smoothed using an 8-mm full-
width half maximum, isotropic Gaussian kernel. To further
reduce the influence of confounding factors, nine nuisance
variants, including six head motion parameters, time series
predictors for global signal, WM signal and CSF signal
were regressed from the time series.
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Voxel-Wise GCA

The aim of the current study was to examine the EC between
the hippocampus and the rest of the brain. Therefore, the left
and right hippocampus in the automated anatomical labeling
(AAL) template were set as the regions of interest. Bivariate
first-order coefficient-based voxel-wise GCA was then per-
formed within the gray matter mask using the REST soft-
ware. Granger causality evaluates the causal effect of the
seed region on every other voxel in the brain (X to
Y effect), as well as the causal effect of every voxel in the
brain on the seed region (Y to X effect). A positive coeffi-
cient from X to Y indicates that activity in region X exerts
a causal influence on the activity of region Y in the same
direction (i.e. positive or excitatory influence). Similarly,
a negative coefficient from X to Y suggests that activity of
region X predicts the subsequent activity in region Y in the
opposite direction (i.e. negative or inhibitory influence).**
For further statistical analysis, Fisher transform was applied
to the resulting coefficient to produce Z-score maps.

Statistical Analysis
Chi-squared test was performed to analyze gender distribu-
tion, and one-way analysis of variance (ANOVA) was con-
ducted for age and education level. For clinical variable,
independent t-test was utilized to examine differences
between the patient groups. The above analyses were con-
ducted with SPSS version 16.0 (SPSS Inc., Chicago, IL,
USA), and the significance threshold was set at P < 0.05.
The Granger causality maps of the three groups were
compared using ANOVA in SPM8 with age, gender, and
education level as covariates, followed by post hoc #-tests to
detect between-group differences. For post hoc #tests,
a mask based on significant clusters of the F-test was used.
To correct for multiple comparison in the ANOVA and post
hoc t-tests for Granger causality maps, a threshold adjust-
ment based on Gaussian random field theory (voxel-level
P < 0.01, cluster level P < 0.05, two tailed) was applied
within the gray matter mask using the Data Processing and

Analysis for Brain Imaging (DPABI, http://rfmri.org/dpabi)
package. To explore whether Granger causality of the hip-

pocampus was impacted by headache frequency in the EM
group, independent two-sample #-test was further conducted
for the IEM and FEM subgroups within a mask derived from
the results of the ANOVA mentioned above and was cor-
rected for multiple comparison using the same approach.
For brain regions showing significant group differ-
ences, Granger causality coefficients were extracted to
investigate the directions of the causal influences between
hippocampus and these regions in each group separately.
Pearson correlation analysis was then performed to
explore the association between the mean Granger caus-
ality coefficient within each region and clinical indices,
such as the migraine frequency and pain intensity. The
correlation analyses were accomplished using SPSS 16.0,
with a significant threshold of P < 0.05 (not corrected).

Results

Demographics and Clinical Data

Demographic and clinical characteristics of the EM
patients, CM patients, and healthy controls were given in
Table 1. No significant difference was found in gender
distribution (P =
1.663, P = 0.195) among the three groups. The age of
the CM group was significantly higher than that of the EM
and HC groups (F = 8.627, P < 0.001). The CM group
showed a higher migraine frequency than the EM group

0.06) and years of education (F =

(P < 0.001). There was no significant difference in pain
intensity between the two migraine groups (P = 0.635).

Causal Influence from Seed Region to
Whole Brain

There were significant differences in causal flow from the left
hippocampus to mPFC (Table 2, Figure 1A). Post hoc #-test
revealed that the CM group showed increased positive influ-
ence from the left hippocampus to mPFC compared with the

Table | Demographic and Clinical Characteristics of Patients and Healthy Controls

Male/Female | Age (Year) | Education (Year) | Day with Headache® | Disease Duration (Year) | VAS®
EM (nh = 39) 9/30 39.74%11.59 10.33+£4.02 3.75+2.64 14.6317.15 6.22+1.77
CM (nh=17) 9/8 49.59+14.64 | 9.71+3.94 19.56+4.17 19.53+13.24 7.24+1.89
HC (n = 35) 15/20 34.91%10.89 11.80£4.92
P value 0.060° <0.001¢ 0.195¢ <0.001° 0.078° 0.635°

Notes: Continuous variables are given as meantstandard deviation. *Days of migraine per month; ®Visual analog scales, grading pain severity on a scale of | to 10; °P value
obtained with Chi-square test; °P value obtained with one-way analysis of variance; °P value obtained with independent t-test.
Abbreviations: EM, the episodic migraine group; CM, the chronic migraine group; HC, the healthy control group.
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Table 2 Regions Showing Significant Difference in Hippocampus Effective Connectivity Among Groups

Brain Region Hemi Voxel MNI Coordinate (x, y, z) GC Coefficient Peak F Score
CM EM HC

Causal influence from left hippocampus to whole brain

mPFC L/R 288 6,54,21 0.86 —-1.08 —0.57 13.92

Causal influence from whole brain to left hippocampus

Visual areas L 353 —24,-78,21 —0.49 —0.38 0.13 9.67

Visual areas R 136 21,-54,12 —0.60 —-0.18 0.18 12.01

MFG/SFG R 80 27,54,18 —0.31 -0.32 —0.64 9.46

Causal influence from right hippocampus to whole brain

Insula R 77 39-12,-3 0.39 —0.18 -0.49 8.6

Cerebellum L/R 97 —18,-63,-24 —-I1.16 0.40 —0.03 9.56

Causal influence from whole brain to left hippocampus

Visual areas L 154 —15,-78,3 -0.29 —0.14 0.44 9.32

Visual areas R 57 15,-84,-9 -0.35 —0.01 0.29 9.02

Abbreviations: Hemi, hemisphere; L, left; R, right; MNI, Montreal Neurological Institute; GC, Granger causality; EM, the episodic migraine group; CM, the chronic migraine
group; HC, the healthy control group; mPFC, medial prefrontal cortex; MFG, middle frontal gyrus; SFG, superior frontal gyrus.

EM and HC groups (Figure 2A, Supplementary Table 1). The
CM patients exerted a positive influence from the left hippo-

campus to mPFC, while the EM patients and healthy controls
showed negative influence (Figure 1A). No significant dif-
ference in causal flow from the left hippocampus to mPFC
was found between the EM and HC groups. Additionally, the
FEM subgroup showed decreased negative influence from
the left hippocampus to mPFC compared with the IEM
subgroup.

Analyses for the right hippocampus revealed significant
differences in causal flow from this region to the left cerebel-
lum and right posterior insula (Table 2, Figure 1B). Post hoc
t-test demonstrated that the CM group showed increased
positive influence to the right posterior insula and increased
negative influence to the left cerebellum when compared with
the other two groups (Figure 3A, Supplementary Table 2).

The right hippocampus showed positive influence to the right
posterior insula in the CM group but negative influence in the
other two groups (Figure 1B). As for the left cerebellum, CM
patients exerted negative influence from right hippocampus
to this region, while EM patients and healthy controls showed
positive and negative influence, respectively (Figure 1B). No
significant difference in causal flow from the right hippocam-
pus to the right posterior insula or left cerebellum was
detected between the EM and HC groups.

Causal Influence from Whole Brain to
Seed Region

There were significant differences in causal flow from the
right middle frontal gyrus/superior frontal gyrus (MFG/
SFG) to the left hippocampus, and from bilateral visual
areas to the left hippocampus (Table 2, Figure 1C) and
right hippocampus (Table 2, Figure 1D). Compared with
healthy controls, both CM patients and EM patients
showed decreased negative influence from the right
MFG/SFG to the left (Figure 2B,
Supplementary Table 3), and increased negative influence

hippocampus

from bilateral visual areas to the bilateral hippocampus
(Figures 2B and 3B, Supplementary Tables 3 and 4). In

each group, the right MFG/SFG showed negative influence
to the left hippocampus (Figure 1C). As for the visual
areas, negative and positive influences from this region
to the bilateral hippocampus were detected in CM patients
and healthy controls, respectively, while negative or no
influence was found in EM patients (Figures 1C and D).

Correlation Analyses

The correlation analyses showed a positive correlation
between migraine frequency and causal effect from the
left hippocampus to mPFC across all migraine patients
(r = 0.573, P < 0.001) (Figure 4A). In addition,
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Figure | Results of analyses of variance for effective connectivity of the left and right hippocampus. The left panel shows regions with significant difference in causal flow
from the left hippocampus (A) and right hippocampus (B) to other regions as well as extracted GC coefficients for these regions. The right panel shows regions with
significant difference in causal flow from other regions to the left hippocampus (C) and right hippocampus (D) as well as extracted GC coefficients for these regions.

Note: *Indicates significant difference between groups.

Abbreviations: GC, Granger causality; mPFC, medial prefrontal cortex; MFG, middle frontal gyrus; SFG, superior frontal gyrus; VA, visual areas; EM, the episodic migraine

group; CM, the chronic migraine group; HC, the healthy control group.

migraine frequency was negatively correlated with cau-
sal effect from the right hippocampus to left cerebel-
lum (r = 0.488, P < 0.001) (Figure 4B). No significant
correlation was found between other migraine-related
clinical variables and causal flow from or to the
hippocampus.

Discussion

This study examined the directed connectivity of the hip-
pocampus with the rest of the brain in migraine by
employing Granger causality analysis. We found increased
and decreased negative influence on the hippocampus
exerted by the bilateral visual areas and right dorsolateral
prefrontal cortex (dIPFC), respectively, in each migraine
group compared with the HC group. The hippocampus
showed increased positive influence on the right posterior
insula and mPFC, as well as increased negative influence
on the left cerebellum in CM patients relative to EM
patients and healthy controls. In addition, Granger causal-
ity coefficients in the mPFC and left cerebellum were
correlated with migraine frequency across all migraine

patients, suggesting that the EC alterations may reflect
migraine symptom severity.

The dIPFC is implicated in cognitive, affective, and
sensory processing.>>?® Several lines of evidence support
that the dIPFC acts as an interface between cognitive
processing and pain regulation and can reduce pain via
a cognitive control mechanism.?”-*® Wiech et al. reported
that dIPFC activity was negatively related to pain
unpleasantness.”” Thus, reduced negative influence from
the dIPFC to left hippocampus in the current study may
suggest decreased inhibition and lead to exaggerated pain-
related anxiety and unpleasantness. The absence of dIPFC
difference between the migraine groups indicated that dis-
rupted cognitive control may be common in patients with
different migraine types. Supporting our result, abnormal
brain structure and function of this region in both CM and
EM patients have been reported in previous MRI studies
on migraine.”’ 2

In both CM and EM, the causal flow from the bilateral
visual to bilateral significantly

areas hippocampus

decreased (increased negative influence), suggesting that
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Figure 2 Between-group analyses for effective connectivity of the left hippocampus. (A) Regions showing significant between-group difference in causal flow from the left
hippocampus to other regions; (B) Regions showing significant between-group difference in causal flow from other regions to the left hippocampus.
Abbreviations: EM, the episodic migraine group; CM, the chronic migraine group; HC, the healthy control group; mPFC, medial prefrontal cortex; dIPFC, dorsolateral

prefrontal cortex; VA, visual areas.

disturbed EC between these two regions was independent
of migraine frequency. The visual cortex is considered the
main site for initiation of cortical spreading depression that
heralds an ictal attack.” Hyperexcitability and structural
impairment was found in this region in the interictal state
of patients with migraine with and without aura.*?°*3°
Partially consistent with our results, atypical connectivity
between the DMN regions and visual areas was reported in
multiple lines of research on EM.**® However, the pre-
sent study extended previous connectivity findings by
delineating the direction of influence between the hippo-
campus and visual areas. Given the role of hippocampus in
pain-related attention and anxiety, we speculated that
increased negative influence from visual areas to right
hippocampus may be a compensatory mechanism for
maladaptive stress response in migraine.

Recently, mounting evidence has implicated that the
cerebellum is engaged not only in motor control but also in
cognitive and affective functions.® The cerebellum, espe-
cially the posterior part, is thought to play an inhibitory
role in pain perception.***' It is possible that increased
influence from the

negative hippocampus to left

cerebellum in CM as revealed in the current study may
aggravate the disruption of modulating involvement of the
cerebellum. In accordance with our result, decreased gray
matter volume in cerebellum was found in CM patients,**
and an association between clinical variable and gray
matter volume in this region was observed in structural
MRI study on CM.*

It is of interest to find enhanced positive causal flow
from hippocampus to mPFC in CM, given that the mPFC
is generally considered to mediate attenuation of pain
perception via top-down cognitive control. Etkin et al.
revealed that different subdivisions of mPFC may have
different contributions to emotional processing.** The dor-
sal part participates in appraisal and expression of negative
emotion, whereas the ventral portion has a regulatory role
with respect to limbic regions involved in generating emo-
tional responses.** Therefore, our data of increased posi-
tive influence to the dorsal mPFC from hippocampus may
suggest a greater unpleasantness rating of headache pain in
patients with CM. Intriguingly, a similar change in bottom-
up activation of mPFC by the limbic system was found in

post-traumatic stress disorder, another disease involving
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Figure 3 Between-group analyses for effective connectivity of the right hippocampus. (A) Regions showing significant between-group difference in causal flow from the right
hippocampus to other regions; (B) Regions showing significant between-group difference in causal flow from other regions to the right hippocampus.
Abbreviations: EM, the episodic migraine group; CM, the chronic migraine group; HC, the healthy control group; VA, visual areas.

A From left hippocampus to mPFC

P<0.001
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Figure 4 Results of correlation analyses between clinical variables and effective connectivity of the hippocampus across all migraine patients. (A) Correlation between
migraine frequency and causal flow from the left hippocampus to mPFC; (B) Correlation between migraine frequency and causal flow from the right hippocampus to left

cerebellum.
Abbreviations: GC, Granger causality; mPFC, medial prefrontal cortex.

a maladaptive stress response.*> Moreover, across all
patients in our study, the hippocampus-mPFC and hippo-
campus-cerebellum EC positively and negatively corre-
which

indicated that these imaging measures may be related to

lated with migraine frequency, respectively,

disease burden of migraine. This finding regarding mPFC

was further supported by the result of analysis comparing
the hippocampal EC in the FEM and IEM subgroups.

We also found increased positive influence from the
right hippocampus to right posterior insula in the CM
group compared with the other two groups. Right-sided
lateralization of insula abnormalities has been observed in
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multiple neuroimaging studies on pain or migraine.*® As
a region highly interconnected throughout the brain, the
insula is involved in a wide range of processes, such as
emotion, conscious awareness, autonomic regulation and
sensation.*” The posterior insula is thought to play a more
important role in sensorimotor integration than the anterior
insula. Accordingly, our finding of greater positive influ-
ence from right hippocampus to posterior insula may sug-
gest sensory hypersensitivity in CM patients. It is worth
noting that functional and structural alterations were also
reported in EM patients relative to healthy controls in prior
literature.”®**>° The reason for no difference in EC
between the hippocampus and insula in the EM versus
HC comparison in the current study may be that the
difference was too small to detect or that the abnormal
hippocampus-insula EC was specific to CM.

The present study had several limitations. First, since
the sample size was small, the results should be considered
preliminary. Second, the age and gender were not well
balanced, though the difference for the latter was not
statistically significant. Recent studies documented age-
related dysfunction in hippocampal FC and brain activity
in healthy controls or EM patients.’'>> However, our
findings were unlikely to be greatly influenced by age as
no significant effect was found after including this variable
as a covariate and some EC alterations in CM were further
Third,
a comprehensive neuropsychological assessment was not

supported by the correlation analyses.
performed to better define the impact of the disease.
Finally, with a cross-sectional design, it could not be
established whether the detected brain function abnormal-
ities predispose a person to migraine or result from recur-

rent migraine attacks.

Conclusion

In summary, this study provides evidence for a key role
played by the hippocampus in the pathophysiology of
migraine. Migraine patients had disrupted EC between
the hippocampus and multiple brain regions involved in
the sensory processing and cognitive processing of pain.
Altered negative influences on the hippocampus exerted
by the dIPFC and visual areas were common characteris-
tics for patients with EM and CM. In addition, directional
influences from the hippocampus to mPFC and left cere-
bellum seem to be related to migraine chronicity and may
act as useful imaging biomarkers for evaluating migraine
frequency.
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