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Background: Several functional magnetic resonance imaging (fMRI) investigations 
of patients with vestibular migraine (VM) have revealed abnormal functionality in 
different networks, indicating that VM is related to alterations in brain function. 
We sought to investigate the resting-state functional connectivity (FC) patterns 
during the interictal period in VM by combining data-driven voxel-wise degree 
centrality (DC) calculations and seed-based FC analyses, and thereby determine 
the associations between cerebral function and clinical symptoms.

Methods: Thirty-eight patients with VM and 33 matched normal controls were 
recruited. DC was calculated and compared between the groups, and the FC 
of locations showing DC alterations was further tested using a seed-based 
technique. The participants’ clinical indicators were correlated with the DC and 
FC values of the brain areas.

Results: In contrast to the control group, the VM group showed considerably 
lower DC values in the bilateral medial prefrontal cortex (mPFC) and significantly 
higher DC values in the right occipital lobe. In the seed-based FC analyses, 
patients with VM demonstrated fewer connections of the bilateral mPFC with 
the bilateral posterior cingulate cortex, right parahippocampus, right cerebellar 
posterior lobe, bilateral cuneus, and left precuneus. In addition, clinical data from 
patients, such as pain intensity, episode frequency, and the Dizziness Handicap 
Inventory score, were negatively related to these FC and DC impairments.

Conclusion: Our findings showed changes in the default mode network and 
visual cortex in patients with VM, providing further insights into the complexity of 
the mechanisms underlying VM.
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Introduction

Vestibular migraine (VM) is a highly prevalent vestibular disorder characterized by 
recurrent head pain and attacks of vertigo along with vomiting, nausea, and hypersensitivity to 
auditory, visual, olfactory, and somatosensory stimuli (Lempert and von Brevern, 2019). VM 
represents a substantial healthcare burden (Formeister et al., 2018), and its diagnostic criteria 
have been recently published jointly by the International Headache Society and the Bárány 
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Society [Headache Classification Committee of the International 
Headache Society (IHS), 2018]. VM is a new clinical entity, and the 
increasing attention from clinicians and scientists is expected to 
enhance research on this entity and thereby improve the quality of 
clinical care for patients with VM.

Advances in neuroimaging modalities have helped improve our 
understanding of the underlying mechanisms of VM. Some studies 
have proposed VM to be  a central vestibular illness involving a 
complex neuronal network (Chen et al., 2021, 2023; Zhe et al., 2021, 
2023; Li et al., 2022, 2023; Wang et al., 2023). Resting-state functional 
magnetic resonance imaging (fMRI) is a reliable and noninvasive 
method to investigate brain and central nervous system diseases. A 
few studies on VM have employed resting-state fMRI, with the 
findings indicating brain dysfunction in the regions involved in pain, 
vestibular processing, and multisensory integration. Recent resting-
state studies have also proven that patients with VM display alterations 
in the amplitudes of low-frequency fluctuations (ALFF) and regional 
homogeneity (ReHo) in the brain areas involved in vestibular control 
of multisensory integration, including the temporal lobe and 
cerebellum (Liu et al., 2020; Li et al., 2023). Other studies have focused 
on functional connectivity (FC) in patients with VM, including the 
FC of the regions that participate in nociception with the vestibular 
and visual cortex regions (Chen et al., 2021; Wang et al., 2023). Using 
independent component analysis (ICA), VM has been connected to 
interrupted resting-state FC in multiple intrinsic neural networks, 
including the sensorimotor network, vestibular cortical network, 
visual network, and default mode network (DMN) (Li et al., 2022; 
Chen et al., 2023). However, the results of resting-state fMRI studies 
in patients with VM are intricate and inconclusive. Furthermore, the 
previous studies have not yielded defining specific neuroimaging 
biomarkers, presenting additional challenges in the treatment of 
patients with VM.

Voxel-wise assessments of degree centrality (DC) can characterize 
voxel centrality by evaluating the variety of connections between a 
given voxel and other voxels at the entire brain level, avoiding the 
subjectivity associated with seed-site selection and thereby ensuring 
high sensitivity, specificity, and test–retest reliability. High and low DC 
values in specific brain areas correspond to increased and decreased 
global connectivity, respectively (Zuo et  al., 2012). In contrast to 
previous resting-state fMRI investigations that concentrated on 
regional functional measurements, i.e., ReHo (Li et al., 2023), ALFF 
(Liu et al., 2020; Li et al., 2023), ICA (Li et al., 2022; Chen et al., 2023), 
seed-based FC (Wang et al., 2023), and large-scale brain network 
analysis (Zhang et al., 2023), the index of voxel-wise DC can highlight 
the influence and significance of a given network at the voxel level and 
indicate the hub features of the functional brain network. This method 
has been extensively applied to survey DC abnormalities in relation to 
conditions such as trigeminal neuralgia (Liu et al., 2022; Ge et al., 
2023), migraine (Zhang et al., 2017; Lee et al., 2019), and neuropathic 
pain (Zhang et al., 2022). However, the presence of DC abnormalities 
in patients with VM remains to be determined.

In the present investigation, we utilized a data-driven voxel-wise 
DC analysis and surveyed the intrinsic patterns of dysconnectivity 
across whole-brain functional networks in patients with VM. In order 
to identify the connections causing the differences in DC between 
patients with VM and healthy controls (HCs), seed-based FC analysis 
was performed on the basis of the voxel-wise DC findings. 
We hypothesized that patients with VM would show DC and FC 

changes in visual- and pain-processing-related regions, and that some 
of these changes may be associated with the severity of VM, which is 
reflected by the frequency and severity of VM headaches as well as the 
intensity of vertigo.

Materials and methods

Participants

The study population consisted of 38 right-handed patients with 
VM (32 without aura and six with aura) who presented to Shaanxi 
Provincial People’s Hospital, China between February 2017 and March 
2023. The diagnosis of VM was performed by an expert neurologist 
with accordance with the criteria proposed in the ICHD-3 [Headache 
Classification Committee of the International Headache Society 
(IHS), 2018]. All individuals underwent magnetic resonance imaging 
(MRI) and standard neurological and neuro-otological examinations. 
All of the procedures were completed on the same day during 
no-symptom intervals. Vestibular-induced myogenic potential 
stimulation, video nystagmography, head-impulse tests, and caloric 
testing revealed no peripheral vestibular dysfunction. None of the 
patients were receiving any regular medication to prevent VM. To 
avoid any possible pharmacological interferences in the blood oxygen 
level-dependent (BOLD) signal changes, the patients with VM were 
asked to avoid taking any medication for at least three days prior to 
the scan.

The HC group consisted of 33 individuals enrolled from the 
community who were matched for handedness, age, and sex. 
We  excluded participants showing mental, migraine, chronic pain, 
neurologic, or vestibular disorders as well as those with systemic 
disorders, stroke, secondary somatoform vertigo, drug abuse, or trauma. 
None of the patients showed white matter lesions or structural 
abnormalities on conventional MRI imaging. This study was approved 
by the Shaanxi Provincial People’s Hospital’s ethics committee. The 
participants provided written informed consent before study enrollment.

Clinical assessment

All patients completed questionnaire assessments based on the 
Head Impact Test-6 (HIT-6), the Dizziness Handicap Inventory 
(DHI), the Visual Analog Scale (VAS), and the Migraine Disability 
Assessment Scale (MIDAS) (Sauro et al., 2010; Hawker et al., 2011; 
Balci et  al., 2018). The patients’ sex, age, illness duration, and 
frequency of episodes were also recorded by the neurologist.

Imaging data acquisition

A 3.0 T scanner (Philips Ingenia, Best, Netherlands) with a 
16-channel head coil was used to obtain all images. A high-resolution 
3D T1-weighted imaging scan covering the entire brain was obtained 
with the following imaging parameters: repetition time (TR)/echo 
time (TE), 1900/2.26 ms; flip angle, 9°; inversion time, 900 ms; slice 
thickness, 1.00 mm (with no interslice gap); matrix, 256 × 256; and 
field of view (FOV), 220 × 220 mm. Resting-state fMRI images were 
obtained by gradient echo-planar imaging with the following 
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parameters: TR/TE, 2000/30 ms; slice thickness, 4 mm; slice gap, 
0 mm; number of slices, 34; matrix, 128 × 128; FOV, 230 × 230 mm; flip 
angle, 90°; number of volumes, 200. Throughout the scan, the patients 
were asked to shut their eyes and stay alert and quiet in a resting 
posture. The patients were then questioned whether they were awake 
throughout the scan.

Data preprocessing

Functional data were handled using the DPABI toolbox in 
MATLAB software (version 2014b) (Yan et al., 2016). Preprocessing 
involved the following steps: (1) To ensure stability of BOLD signal, 
the first ten time points were discarded. (2) Slice-timing correction 
was performed for interleaved acquisitions to correct the time delay 
between slices. (3) 3D head motion correction was performed, and 
participants with large head movements were excluded (data with 
maximum displacement in head rotation >2° or displacement larger 
than 2 mm in any direction were eliminated) (Yan et al., 2016). (4) 
Individual T1 data were registered to individual EPI templates and 
then segmented into three major tissue types: gray matter, white 
matter, and cerebrospinal fluid; the registration parameters obtained 
after cutting were used to register the individual EPI template to the 
standard Montreal Neurological Institute space, and the voxel size for 
resampling was 3 mm × 3 mm × 3 mm. (5) Twenty-four head motion 
parameters, cerebrospinal fluid signals, and white matter signals were 
removed from the equation reduce the influences of confounding 
factors. To minimize the impact of physiological noise originating 
from respiration and cardiac activity, a series of preprocessing steps 
were performed, including temporal band-pass filtering (0.01–
0.08 Hz) and linear detrending.

DC processing

The DPABI software was used to perform voxel-wise DC analysis. 
Initially, Pearson’s correlation coefficients between the time series of 
all pairs of gray matter (GM) voxels were computed to produce a 
whole-brain FC matrix for each participant. This computation was 
carried out under a GM mask created by thresholding (probability 
N > 0.2) the GM probability map in SPM12. Individual correlation 
matrices underwent a Fisher’s r-to-z transformation to derive the 
Z-score matrix to enhance normality. To generate a correlation matrix, 
Pearson’s correlations were computed for the time course from each 
voxel to every other voxel in the entire brain. The binarized matrix was 
created by thresholding each correlation at r > 0.25 (Zuo and Xing, 
2014; Li et al., 2016). This threshold was the default value in the DC 
map calculation, and it was intended to prevent counting voxels with 
low temporal correlation due to signal noise. Finally, the DC maps 
were smoothed spatially with a 6-mm full-width at half-maximum 
(FWHM) Gaussian kernel.

FC analysis

For FC analyses of spatial smoothing (FWHM = 6 mm) data, a 
seed-based approach was applied. The regions of interest (ROIs) were 
the brain areas demonstrating substantially changed DC in VM 

patients. These regions were usually identified as seeds. The time series 
of all voxels inside the seed area were averaged to obtain the time 
series for each ROI. Pearson’s correlation analyses were performed for 
each seed’s averaged time series and the remainder of the brain. A 
correlation map was prepared for each participant. Finally, Fisher’s z 
transformation was used to normalize the correlation map.

Statistical analysis

Demographic and clinical data
The clinical data were examined by SPSS statistical software. A 

two-sample t-test was used to assess the age and education variables, 
and sex-related comparisons between patients with VM and HCs were 
performed using the chi-square test. The significance threshold was 
confirmed as p < 0.05.

DC and FC analysis
DC and FC maps were analyzed using a two-sample t-test in 

DPABI software to assess differences between the patients with VM 
and HCs, with age and sex as covariates. Multiple comparisons were 
amended using a Gaussian random approach (GRF-corrected, voxel 
p < 0.001, cluster p < 0.05). The surviving clusters were recorded.

Correlation analysis
The relationships of individual mean DC and FC values with 

clinical markers in patients with VM were evaluated by Pearson’s 
correlation analysis. Statistical significance was set at p < 0.05.

Results

Demographic and clinical features

The VM and HC groups did not significantly differ in terms of 
age, sex, or educational attainment (p > 0.05). The mean VAS, HIT-6, 
and MIDAS scores in the VM group were 5.07 ± 2.73, 57.71 ± 8.08, and 
49.39 ± 40.25, respectively, indicating a moderate-to-severe migraine 
burden. The mean DHI score in the VM group was 44.32 ± 16.21, 
indicating moderate vertigo symptoms (Table 1).

TABLE 1 Demographic and clinical characteristics of the patients.

Characteristics VM (n  =  38)
Mean  ±  SD

HCs (n  =  33)
Mean  ±  SD

p value

Sex (male/female)* 6/32 5/28 0.94

Age (years) 38.34 ± 11.70 38.15 ± 11.94 0.94

Education (years) 14.26 ± 3.39 14.87 ± 2.49 0.39

Disease duration (years) 7.76 ± 10.59

VM episode frequency 

(number)
5.68 ± 3.51

VAS score 5.07 ± 2.73

MIDAS score 49.39 ± 40.25

HIT-6 score 57.71 ± 8.08

DHI score 44.32 ± 16.21

*Chi-square test.
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Intergroup differences in DC

Compared to HCs, patients with VM exhibited reduced DC values 
in the bilateral medial prefrontal cortex (mPFC) and increased DC 
values in the right occipital lobe (Table 2; Figure 1).

Intergroup differences in FC

We further assessed seed-based FC in relation to two ROIs (the 
bilateral mPFC and the right occipital lobe). In comparison with HCs, 
patients with VM showed remarkably lower resting-state FC between 
the mPFC and multiple brain regions, including the bilateral posterior 
cingulate cortex (PCC), right parahippocampus, bilateral cuneus, left 
precuneus, and right cerebellar posterior lobe (Figure 2; Table 3). The 
two groups showed no significant differences in the right occipital lobe 
and other brain locations.

Correlation analysis

Patients with VM showed a negative connection between DC 
values in the mPFC and the DHI score (r = −0.421, p = 0.008; Figure 3). 
In patients with VM, the FC between the bilateral mPFC and the right 
parahippocampus (r = −0.522, p = 0.001; Figure 3) demonstrated a 
negative correlation with the VAS score, while the FC between the 
bilateral mPFC and the bilateral PCC (r = −0.354, p = 0.029; Figure 3) 
correlated negatively with VM frequency.

Discussion

In comparison with HCs, patients with VM showed higher DC 
values for the bilateral mPFC and lower DC values for the right 
occipital lobe. Furthermore, seed-to-whole-brain voxel analyses 
displayed wide reductions in the FC between the mPFC and cortical 
regions, which included those involved in the visual cortex, limbic 
areas, and DMN. These functional abnormalities are associated with 
visual processing and failure in pain regulation and management. The 
results of correlation analyses suggested that a lower FC was 
substantially associated with the influence of frequent VM episodes 
on everyday living. The present findings yielded fresh insights into the 
neural mechanisms underlying the development of VM.

The mPFC and occipital lobe were altered in the DC evaluations in 
this study. The mPFC is usually thought to adjust weakening of pain 
perception by top-down cognitive control (Etkin et al., 2011). Our study 
proved that patients with VM exhibited lower DC values in the bilateral 
mPFC. Abnormal regional activity in the mPFC has been documented 
in patients with VM, which is consistent with our findings (Li et al., 

2023). Our previous study on patients with VM also showed structural 
alterations in the mPFC in comparison with HCs (Zhe et al., 2020). In 
this study, the mPFC showed a strong negative correlation with the DHI 
score, suggesting that patients with VM who experienced more 
headaches each month showed lower activity in the mPFC. On the basis 
of these findings, the lower level of regional functional neural activity in 
the mPFC of VM patients can be considered to have contributed to the 
less effective control of pain perception. The occipital lobe is related to the 
visual cortex and plays a significant role in the pathophysiology of VM, 
which is the original region of cortical spreading depression (CSD) 
(Charles and Baca, 2013). In the present investigation, the occipital lobe 
of patients with VM and HCs showed differences in DC values. 
Consistent with these findings, previous investigations employing 
functional imaging of the brain have revealed hypermetabolism in the 
occipital lobe in patients with VM during the vertigo-free time (Shin 
et  al., 2014). Thus, the higher DC values in the occipital lobe may 
represent vision-related perceptual disorders (for example, photophobia, 
afterimages, and visual snow). These study results may indirectly support 
the idea that CSD is the pathophysiology underpinning VM.

Furthermore, in the seed-based FC analysis, patients with VM 
showed lower FC between the bilateral mPFC and various brain areas, 
mainly the bilateral PCC, right parahippocampus, left precuneus, 
bilateral cuneus, and right cerebellar posterior lobe. The precuneus, 
mPFC, and PCC belong to the DMN (Raichle, 2015), which is thought 
to be a resting-state network essential for cognitive and pain processes 
(Buckner et  al., 2008; Soheili-Nezhad et  al., 2019). Multiple lines of 
evidence have demonstrated that the DMN nodes are chief hubs that 
intrinsically propagate brain activity and are usually more susceptible to 
pathological conditions (Deshpande et al., 2011; Garg et al., 2011). Our 
findings for these two regions indicated high levels of interference in the 
intrinsic activity propagation in the DMN in patients with VM. The PCC 
is known to be  the core part of the DMN (Raichle, 2015). Some 
investigations have suggested that the DMN, including the PCC, may 
be engaged in the process of pain suppression and its efficacy (Nahman-
Averbuch et al., 2014; Youssef et al., 2016). The PCC showed an evidently 
negative correlation with the frequency in this investigation. These results 
have shown that the PCC may accumulate damage due to repeated 
attacks of VM. This theory may explain the decreased FC between the 
mPFC and PCC. Therefore, the more severe the symptoms, the greater 
the disruption in FC. The precuneus has been linked to pain sensitivity 
(Qin et al., 2020; Rolls et al., 2020a,b). Emerson et al. (2014) demonstrated 
a substantial correlation between pain sensitivity and pain-induced 
reactions in the precuneus in HCs. Moreover, another study showed that 
pain sensitivity varies depending on the headache frequency (Pan et al., 
2020). Thus, alterations in FC between the precuneus and mPFC may 
lead to enhanced pain sensitivity, which could induce hypersensitivity to 
external sensory stimuli. In brief, our results further indicated the 
presence of DMN dysfunction in patients with VM. The cuneus, which 
is located in the occipital lobe, is a part of the visual association cortex, is 
involved in the processing of visual spatial information, and has been 
connected to the processing of pain-related stimuli (Fortin et al., 2002; 
Waberski et al., 2008; Roy et al., 2012). The VM group showed weakened 
FC between the cuneus and mPFC, which is involved in the integration 
of visual information. Dysfunction of this area may cause abnormal 
integration of visual information.

In comparison with HCs, patients with VM also have a lower FC 
between the mPFC and the parahippocampus. Previous studies also 
demonstrated that the mPFC derives information from the thalamus 

TABLE 2 DC differences between patients with VM and HCs.

Brain region
MNI

Voxels T
x y z

mPFC L −3 −57 24 107 −5.520

mPFC R 5 55 24 43 −3.233

Occipital lobe R 18 −84 −12 75 4.443
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and limbic system, and that it modulates pain response directly as well 
as indirectly by altering and modulating emotion and cognition (Ong 
et al., 2019; Thompson and Neugebauer, 2019). We speculate that 
patients with VM show reduced function of modulating the pain that 
may be  in a sensitive state. The parahippocampus lies within the 
medial temporal lobe, which plays a role in memory processing 
(Insausti et al., 1998), and has also been linked to emotion (Smith 

et al., 2004) and visual and auditory inputs (Engelien et al., 2006; 
Arnott et al., 2008). Concurrent FC alterations in the parahippocampus 
and mPFC may be responsible for the common symptoms of VM, 
such as unpleasant memories, photophobia, and phonophobia. In our 
study, a lower FC between the two clusters was negatively associated 
with VAS scores, suggesting that painful experiences can trigger 
unpleasant memories, and that the development of these memories 

FIGURE 2

Abnormal FC of patients with VM in contrast to HCs. Relative to the control group, the VM group showed decreased FC of the bilateral mPFC with the 
bilateral posterior cingulate cortex (PCC), right parahippocampus, bilateral cuneus, left precuneus, and right cerebellar posterior lobe.

TABLE 3 FC differences between patients with VM and HCs.

Seed points Brain region
MNI

Voxels T
X y z

L/R mPFC Posterior cingulate L −6 −48 3 159 −5.370

Posterior cingulate R 5 −45 15 29 −5.370

Parahippocampus R 30 6 −24 99 −5.402

Precuneus L −3 −75 27 127 −4.434

Cuneus L −45 −81 −3 95 −4.055

Cuneus R 12 −70 23 26 −4.434

Cerebellar posterior lobe R 24 −81 −39 94 −4.688

FIGURE 1

Regional DC reduction in patients with VM in contrast to HCs. In comparison with HCs, patients with VM showed significantly decreased DC values in 
the bilateral mPFC (A) and increased DC values in the right occipital lobe (B).
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will further worsen the pain experience, which may be one of the 
causes of pain recurrences in VM patients.

Our study also showed reduced FC between the mPFC and right 
cerebellar posterior lobe in patients with VM relative to the findings in 
HCs. The cerebellum, which serves as a part of the pain matrix, can 
transfer pain information uphill via the fiber link with the cerebral 
cortex control by altering the brainstem nociceptive downward 
inhibitory route (Naegel et al., 2014). The compensation in vestibular 
rehabilitation that can effectively ameliorate vestibular symptoms is 
mainly mediated by the cerebellum (Liu et al., 2020). In terms of its 
functions in emotional and cognitive processing, the cerebellum shows 
physical linkages with different sections of the frontal cortex and limbic 
regions (Schmahmann and Caplan, 2006). Our study suggested that 
the disruption in the FC between the cerebellum posterior lobe and 
mPFC in individuals with VM may impede the transmission of pain 
information between the cerebellum and the cortex. These findings 
highlight the need for further research to determine the involvement 
of the cerebellum in the pathophysiology of VM.

Limitations

Although our study showed that patients with VM exhibited 
deficits in FC between DMN regions and other cortical areas, the 
present study had some limitations. First, the sample size of this study 
was quite limited. Second, the patients were examined only in the 
interictal phase, indicating the need to evaluate functional 
abnormalities in the ictal phase. Third, the majority of patients with 
VM were female, and the potential influence of sex-related variations 
on the DC and FC alterations could not be ruled out.

Conclusion

In summary, we used DC analysis in conjunction with seed-based 
FC data obtained from resting-state MRI to probe whole-brain FC in 
patients with VM. Our findings indicated that patients with VM 
displayed lower DC values in the mPFC and greater DC values in the 
right occipital lobe. Some of the regions with changes in DC 
demonstrated aberrant FC with other brain areas in the DMN and 
limbic areas linked with visual processing and dysfunction in the 
control and modulation of pain. The patients’ clinical information, such 
as episode frequency, DHI score, and pain intensity, were adversely 
connected to these FC and DC impairments, suggesting that a lower FC 

is strongly related to the influence of recurrent migraine episodes on 
daily life. Overall, our data indicate that patients with VM have distinct 
whole-brain FC abnormalities, which may support the occurrence of 
recurrent episodes in VM and present an additional treatment target.
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FIGURE 3

Scatter plots of correlations between brain function and clinical variables in patients with VM. (A) Negative correlations were observed between DC 
values in the bilateral mPFC and DHI scores, p  <  0.05. (B) Negative correlations were observed between FC of the mPFC and parahippocampus and VAS 
scores, p  <  0.05. (C) Negative correlations were observed between FC of the mPFC and bilateral PCC and VM episodes, p  <  0.05.

https://doi.org/10.3389/fnins.2023.1231273
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Zhe et al. 10.3389/fnins.2023.1231273

Frontiers in Neuroscience 07 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Arnott, S. R., Cant, J. S., Dutton, G. N., and Goodale, M. A. (2008). Crinkling and 

crumpling: an auditory fMRI study of material properties. NeuroImage 43, 368–378. doi: 
10.1016/j.neuroimage.2008.07.033

Balci, B., Senyuva, N., and Akdal, G. (2018). Definition of balance and cognition 
related to disability levels in vestibular migraine patients. Noro Psikiyatr. Ars. 55, 9–14. 
doi: 10.29399/npa.12617

Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). The brain's default 
network: anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci. 1124, 1–38. 
doi: 10.1196/annals.1440.011

Charles, A. C., and Baca, S. M. (2013). Cortical spreading depression and migraine. 
Nat. Rev. Neurol. 9, 637–644. doi: 10.1038/nrneurol.2013.192

Chen, Z., Liu, H., Wei, X. E., Wang, Q., Liu, Y., Hao, L., et al. (2023). Aberrant dynamic 
functional network connectivity in vestibular migraine patients without peripheral 
vestibular lesion. Eur. Arch. Otorhinolaryngol. 280, 2993–3003. doi: 10.1007/
s00405-023-07847-8

Chen, Z. X., Liu, L., Zhang, H., Wang, Q., Lv, Q., Zhai, Y., et al. (2021). Altered 
thalamo-cortical functional connectivity in patients with vestibular migraine: a resting-
state fMRI study. Neuroradiology 64, 119–127. doi: 10.1007/s00234-021-02777-w

Deshpande, G., Santhanam, P., and Hu, X. (2011). Instantaneous and causal 
connectivity in resting state brain networks derived from functional MRI data. 
NeuroImage 54, 1043–1052. doi: 10.1016/j.neuroimage.2010.09.024

Emerson, N. M., Zeidan, F., Lobanov, O. V., Hadsel, M. S., Martucci, K. T., 
Quevedo, A. S., et al. (2014). Pain sensitivity is inversely related to regional grey matter 
density in the brain. Pain 155, 566–573. doi: 10.1016/j.pain.2013.12.004

Engelien, A., Tuscher, O., Hermans, W., Isenberg, N., Eidelberg, D., Frith, C., et al. 
(2006). Functional neuroanatomy of non-verbal semantic sound processing in humans. 
J. Neural Transm. (Vienna) 113, 599–608. doi: 10.1007/s00702-005-0342-0

Etkin, A., Egner, T., and Kalisch, R. (2011). Emotional processing in anterior cingulate 
and medial prefrontal cortex. Trends Cogn. Sci. 15, 85–93. doi: 10.1016/j.tics.2010. 
11.004

Formeister, E. J., Rizk, H. G., Kohn, M. A., and Sharon, J. D. (2018). The epidemiology 
of vestibular migraine: a population-based survey study. Otol. Neurotol. 39, 1037–1044. 
doi: 10.1097/MAO.0000000000001900

Fortin, A., Ptito, A., Faubert, J., and Ptito, M. (2002). Cortical areas mediating 
stereopsis in the human brain: a PET study. Neuroreport 13, 895–898. doi: 
10.1097/00001756-200205070-00032

Garg, R., Cecchi, G. A., and Rao, A. R. (2011). Full-brain auto-regressive modeling 
(FARM) using fMRI. NeuroImage 58, 416–441. doi: 10.1016/j.neuroimage.2011.02.074

Ge, X., Wang, L., Wang, M., Pan, L., Ye, H., Zhu, X., et al. (2023). Alteration of brain 
network centrality in CTN patients after a single triggering pain. Front. Neurosci. 
17:1109684. doi: 10.3389/fnins.2023.1109684

Hawker, G. A., Mian, S., Kendzerska, T., and French, M. (2011). Measures of adult 
pain: visual analog scale for pain (VAS pain), numeric rating scale for pain (NRS pain), 
McGill pain questionnaire (MPQ), short-form McGill pain questionnaire (SF-MPQ), 
chronic pain grade scale (CPGS), short Form-36 bodily pain scale (SF-36 BPS), and 
measure of intermittent and constant osteoarthritis pain (ICOAP). Arthritis Care Res 63, 
S240–S252. doi: 10.1002/acr.20543

Headache Classification Committee of the International Headache Society (IHS) 
(2018). The international classification of headache disorders, 3rd edition. Cephalalgia 
38, 1–211. doi: 10.1177/0333102417738202

Insausti, R., Soininen, K. J. H., Insausti, A. M., Partanen, K., Vainio, P., Laakso, M. P., 
et al. (1998). MR volumetric analysis of the human entorhinal, perirhinal, and 
temporopolar cortices. JNR Am. J. Neuroradiol. 19, 659–671.

Lee, M. J., Park, B. Y., Cho, S., Kim, S. T., Park, H., and Chung, C. S. (2019). Increased 
connectivity of pain matrix in chronic migraine: a resting-state functional MRI study. J. 
Headache Pain 20:29. doi: 10.1186/s10194-019-0986-z

Lempert, T., and von Brevern, M. (2019). Vestibular Migraine. Neurol. Clin. 37, 
695–706. doi: 10.1016/j.ncl.2019.06.003

Li, S., Ma, X., Huang, R., Li, M., Tian, J., Wen, H., et al. (2016). Abnormal degree 
centrality in neurologically asymptomatic patients with end-stage renal disease: a 
resting-state fMRI study. Clin. Neurophysiol. 127, 602–609. doi: 10.1016/j.
clinph.2015.06.022

Li, Z. Y., Si, L. H., Shen, B., Ling, X., and Yang, X. (2023). Altered functional activity 
in the right superior temporal gyrus in patients with definite vestibular migraine. Neurol. 
Sci. 44, 1719–1729. doi: 10.1007/s10072-022-06570-2

Li, Z. Y., Si, L. H., Shen, B., and Yang, X. (2022). Altered brain network functional 
connectivity patterns in patients with vestibular migraine diagnosed according to the 
diagnostic criteria of the Barany society and the international headache society. J. Neurol. 
269, 3026–3036. doi: 10.1007/s00415-021-10868-0

Liu, L., Hu, X., Zhang, Y., Pan, Q., Zhan, Q., Tan, G., et al. (2020). Effect of vestibular 
rehabilitation on spontaneous brain activity in patients with vestibular migraine: a 
resting-state functional magnetic resonance imaging study. Front. Hum. Neurosci. 
14:227. doi: 10.3389/fnhum.2020.00227

Liu, H., Zheng, R., Zhang, Y., Zhang, B., Hou, H., Cheng, J., et al. (2022). Alterations 
of degree centrality and functional connectivity in classic trigeminal neuralgia. Front. 
Neurosci. 16:1090462. doi: 10.3389/fnins.2022.1090462

Naegel, S., Holle, D., Desmarattes, N., Theysohn, N., Diener, H. C., Katsarava, Z., et al. 
(2014). Cortical plasticity in episodic and chronic cluster headache. Neuroimage Clin. 6, 
415–423. doi: 10.1016/j.nicl.2014.10.003

Nahman-Averbuch, H., Martucci, K. T., Granovsky, Y., Weissman-Fogel, I., 
Yarnitsky, D., and Coghill, R. C. (2014). Distinct brain mechanisms support spatial vs 
temporal filtering of nociceptive information. Pain 155, 2491–2501. doi: 10.1016/j.
pain.2014.07.008

Ong, W. Y., Stohler, C. S., and Herr, D. R. (2019). Role of the prefrontal cortex in pain 
processing. Mol. Neurobiol. 56, 1137–1166. doi: 10.1007/s12035-018-1130-9

Pan, L. H., Wang, Y. F., Lai, K. L., Chen, W. T., Chen, S. P., Ling, Y. H., et al. (2020). 
Mechanical punctate pain threshold is associated with headache frequency and phase 
in patients with migraine. Cephalalgia 40, 990–997. doi: 10.1177/0333102420925540

Qin, Z. X., Su, J. J., He, X. W., Zhu, Q., Cui, Y. Y., Zhang, J. L., et al. (2020). Altered 
resting-state functional connectivity between subregions in the thalamus and cortex in 
migraine without aura. Eur. J. Neurol. 27, 2233–2241. doi: 10.1111/ene.14411

Raichle, M. E. (2015). The brain's default mode network. Annu. Rev. Neurosci. 38, 
433–447. doi: 10.1146/annurev-neuro-071013-014030

Rolls, E. T., Cheng, W., Du, J., Wei, D., Qiu, J., Dai, D., et al. (2020a). Functional 
connectivity of the right inferior frontal gyrus and orbitofrontal cortex in depression. 
Soc. Cogn. Affect. Neurosci. 15, 75–86. doi: 10.1093/scan/nsaa014

Rolls, E. T., Cheng, W., and Feng, J. (2020b). The orbitofrontal cortex: reward, emotion 
and depression. Brain Commun. 2:196. doi: 10.1093/braincomms/fcaa196

Roy, M., Lebuis, A., Peretz, I., and Rainville, P. (2012). The modulation of pain by 
attention and emotion: a dissociation of perceptual and spinal nociceptive responses. 
Eur. J. Pain 16, 948–957. doi: 10.1016/j.ejpain.2010.11.013

Sauro, K. M., Rose, M. S., Becker, W. J., Christie, S. N., Giammarco, R., Mackie, G. F., 
et al. (2010). HIT-6 and MIDAS as measures of headache disability in a headache referral 
population. Headache 50, 383–395. doi: 10.1111/j.1526-4610.2009.01544.x

Schmahmann, J. D., and Caplan, D. (2006). Cognition, emotion and the cerebellum. 
Brain 129, 290–292. doi: 10.1093/brain/awh729

Shin, J. H. K., Kim, Y. K., Kim, H. J., and Kim, J. S. (2014). Altered brain metabolism 
in vestibular migraine: comparison of interictal and ictal findings. Cephalalgia 34, 58–67. 
doi: 10.1177/0333102413498940

Smith, A. P., Henson, R. N., Dolan, R. J., and Rugg, M. D. (2004). fMRI correlates of 
the episodic retrieval of emotional contexts. NeuroImage 22, 868–878. doi: 10.1016/j.
neuroimage.2004.01.049

Soheili-Nezhad, S., Sedghi, A., Schweser, F., Eslami Shahr Babaki, A., Jahanshad, N., 
Thompson, P. M., et al. (2019). Structural and functional reorganization of the brain in 
migraine without Aura. Front. Neurol. 10:442. doi: 10.3389/fneur.2019.00442

Thompson, J. M., and Neugebauer, V. (2019). Cortico-limbic pain mechanisms. 
Neurosci. Lett. 702, 15–23. doi: 10.1016/j.neulet.2018.11.037

Waberski, T. D., Gobbelé, R., Lamberty, K., Buchner, H., Marshall, J. C., and Fink, G. R. 
(2008). Timing of visuo-spatial information processing: electrical source imaging related 
to line bisection judgements. Neuropsychologia 46, 1201–1210. doi: 10.1016/j.
neuropsychologia.2007.10.024

Wang, S., Wang, H., Liu, X., Yan, W., Wang, M., and Zhao, R. (2023). A resting-state 
functional MRI study in patients with vestibular migraine during interictal period. Acta 
Neurol. Belg. 123, 99–105. doi: 10.1007/s13760-021-01639-9

Yan, C. G., Wang, X. D., Zuo, X. N., and Zang, Y. F. (2016). DPABI: Data Processing 
& Analysis for (resting-state) brain imaging. Neuroinformatics 14, 339–351. doi: 10.1007/
s12021-016-9299-4

Youssef, A. M., Macefield, V. G., and Henderson, L. A. (2016). Cortical influences on 
brainstem circuitry responsible for conditioned pain modulation in humans. Hum. Brain 
Mapp. 37, 2630–2644. doi: 10.1002/hbm.23199

https://doi.org/10.3389/fnins.2023.1231273
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuroimage.2008.07.033
https://doi.org/10.29399/npa.12617
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1038/nrneurol.2013.192
https://doi.org/10.1007/s00405-023-07847-8
https://doi.org/10.1007/s00405-023-07847-8
https://doi.org/10.1007/s00234-021-02777-w
https://doi.org/10.1016/j.neuroimage.2010.09.024
https://doi.org/10.1016/j.pain.2013.12.004
https://doi.org/10.1007/s00702-005-0342-0
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1097/MAO.0000000000001900
https://doi.org/10.1097/00001756-200205070-00032
https://doi.org/10.1016/j.neuroimage.2011.02.074
https://doi.org/10.3389/fnins.2023.1109684
https://doi.org/10.1002/acr.20543
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1186/s10194-019-0986-z
https://doi.org/10.1016/j.ncl.2019.06.003
https://doi.org/10.1016/j.clinph.2015.06.022
https://doi.org/10.1016/j.clinph.2015.06.022
https://doi.org/10.1007/s10072-022-06570-2
https://doi.org/10.1007/s00415-021-10868-0
https://doi.org/10.3389/fnhum.2020.00227
https://doi.org/10.3389/fnins.2022.1090462
https://doi.org/10.1016/j.nicl.2014.10.003
https://doi.org/10.1016/j.pain.2014.07.008
https://doi.org/10.1016/j.pain.2014.07.008
https://doi.org/10.1007/s12035-018-1130-9
https://doi.org/10.1177/0333102420925540
https://doi.org/10.1111/ene.14411
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1093/scan/nsaa014
https://doi.org/10.1093/braincomms/fcaa196
https://doi.org/10.1016/j.ejpain.2010.11.013
https://doi.org/10.1111/j.1526-4610.2009.01544.x
https://doi.org/10.1093/brain/awh729
https://doi.org/10.1177/0333102413498940
https://doi.org/10.1016/j.neuroimage.2004.01.049
https://doi.org/10.1016/j.neuroimage.2004.01.049
https://doi.org/10.3389/fneur.2019.00442
https://doi.org/10.1016/j.neulet.2018.11.037
https://doi.org/10.1016/j.neuropsychologia.2007.10.024
https://doi.org/10.1016/j.neuropsychologia.2007.10.024
https://doi.org/10.1007/s13760-021-01639-9
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.1002/hbm.23199


Zhe et al. 10.3389/fnins.2023.1231273

Frontiers in Neuroscience 08 frontiersin.org

Zhang, J., Su, J., Wang, M., Zhao, Y., Zhang, Q. T., Yao, Q., et al. (2017). The 
sensorimotor network dysfunction in migraineurs without aura: a resting-state fMRI 
study. J. Neurol. 264, 654–663. doi: 10.1007/s00415-017-8404-4

Zhang, B., Wu, D., Guo, Y., Yan, W., Liu, X., Yang, Z., et al. (2023). Altered large-scale 
internetwork functional connectivity in patients with vestibular migraine and migraine 
without aura. Neurosci. Lett. 800:137123. doi: 10.1016/j.neulet.2023.137123

Zhang, Y. N., Xing, X. X., Chen, L., Dong, X., Pan, H. T., Hua, X. Y., et al. (2022). Brain 
functional alteration at different stages of neuropathic pain with allodynia and emotional 
disorders. Front. Neurol. 13:843815. doi: 10.3389/fneur.2022.843815

Zhe, X., Gao, J., Chen, L., Zhang, D., Tang, M., Yan, X., et al. (2020). Altered structure 
of the vestibular cortex in patients with vestibular migraine. Brain Behav. 10:e01572. doi: 
10.1002/brb3.1572

Zhe, X., Tang, M., Ai, K., Lei, X., Zhang, X., and Jin, C. (2023). Decreased ALFF and 
functional connectivity of the thalamus in vestibular migraine patients. Brain Sci. 13:183. 
doi: 10.3390/brainsci13020183

Zhe, X., Zhang, X., Chen, L., Zhang, L., Tang, M., Zhang, D., et al. (2021). Altered gray 
matter volume and functional connectivity in patients with vestibular migraine. Front. 
Neurosci. 15:683802. doi: 10.3389/fnins.2021.683802

Zuo, X. N., Ehmke, R., Mennes, M., Imperati, D., Castellanos, F. X., Sporns, O., et al. 
(2012). Network centrality in the human functional connectome. Cereb. Cortex 22, 
1862–1875. doi: 10.1093/cercor/bhr269

Zuo, X. N., and Xing, X. X. (2014). Test-retest reliabilities of resting-state FMRI 
measurements in human brain functional connectomics: a systems neuroscience 
perspective. Neurosci. Biobehav. Rev. 45, 100–118. doi: 10.1016/j.neubiorev.2014.05.009

https://doi.org/10.3389/fnins.2023.1231273
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s00415-017-8404-4
https://doi.org/10.1016/j.neulet.2023.137123
https://doi.org/10.3389/fneur.2022.843815
https://doi.org/10.1002/brb3.1572
https://doi.org/10.3390/brainsci13020183
https://doi.org/10.3389/fnins.2021.683802
https://doi.org/10.1093/cercor/bhr269
https://doi.org/10.1016/j.neubiorev.2014.05.009

	Brain functional connectivity patterns associated with symptoms of vestibular migraine
	Introduction
	Materials and methods
	Participants
	Clinical assessment
	Imaging data acquisition
	Data preprocessing
	DC processing
	FC analysis
	Statistical analysis
	Demographic and clinical data
	DC and FC analysis
	Correlation analysis

	Results
	Demographic and clinical features
	Intergroup differences in DC
	Intergroup differences in FC
	Correlation analysis

	Discussion
	Limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

