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Subjects: Vestibular migraine (VM) is the most common neurological cause of
vertigo in adults. Previous neuroimaging studies have reported structural alterations in
areas associated with pain and vestibular processing. However, it is unclear whether
altered resting-state functional connectivity (FC) exists in brain regions with structural
abnormalities in patients with VM.

Methods: Resting-state functional magnetic resonance imaging (MRI) and three-
dimensional T1-weighed MRI were performed in 30 patients with VM and 30 healthy
controls (HCs). Patients underwent an evaluation of migraine and dizziness severity. FC
and voxel-based morphometry (VBM) were performed using DPABI 4.3 and CAT12,
respectively. The association between changes in gray matter (GM) volume or FC and
clinical parameters was also analyzed.

Results: Compared with HCs, patients with VM demonstrated a reduced GM volume
in the bilateral parietoinsular vestibular cortex (PIVC), right middle frontal gyrus, and
precuneus. The GM volume of the left PIVC was negatively associated with Dizziness
Handicap Inventory score in patients with VM. Taking this region as a seed region,
we further observed increased FC between the left primary somatosensory cortex
(S1)/inferior parietal lobule (IPL) and the left PIVC in patients with VM.

Conclusion: FC between regions with a decline in GM volume (the PIVC and S1/IPL) is
altered in patients with VM, suggesting that abnormalities in vestibular cortical network
could be useful for understanding the underlying mechanisms of VM.

Keywords: vestibular migraine, vertigo, gray matter volume, voxel-based morphometry, resting-state functional
connectivity

INTRODUCTION

Vestibular migraine (VM) is the most common neurological cause of vertigo, with a reported
prevalence of between 1 and 2.7% in the adult population (Neuhauser et al., 2006; Formeister
et al., 2018). Recently, the Bárány Society and the International Headache Society published a
consensus on diagnostic criteria for VM (Lempert et al., 2012). This condition has been added to
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the third edition of the International Classification of
Headache Disorders (Headache Classification Committee
of the International Headache Society, 2013). At present, the
exact pathophysiology of VM is incompletely understood.
Fortunately, development of neuroimaging techniques has
provided opportunities to deepen our knowledge of the
mechanisms that underpin VM.

Neuroimaging methods have been adopted to study structural
and functional brain alterations in patients with VM, even if
only a few studies using VBM have revealed abnormal gray
matter (GM) volume in patients with VM. However, VBM
results are conflicting in patients with VM. Obermann et al.
found that loss of GM volume in cortical and subcortical
regions is mainly observed in the temporal lobe (superior,
inferior, and middle temporal gyri) and the middle cingulate,
dorsolateral prefrontal, insular, parietal, and occipital cortices
in patients with VM compared with controls (Obermann et al.,
2014). Messina and Wang et al. identified an increase in GM
volume in the frontal lobe, as well as occipital and angular
regions, in patients with VM compared with controls (Shin
et al., 2014; Wang et al., 2019). Previous studies suggest
that recurring migraine and vertigo attacks over time may
lead to selective damage to several brain regions involved in
pain and visual and vestibular processing. Furthermore, VM
may have cumulative effects on brain structure, because some
alterations may be associated with a longer disease duration and
increased migraine frequency. These divergencies in GM volume
abnormalities could be influenced by certain factors, such as the
demographic characteristics of subjects, including white matter
hyperintensity, sex, illness duration, and data acquisition and
processing. Thus, the study enrolled patients with VM without
white matter hyperintensity and used voxel-wise whole-brain
methods to avoid selection bias when using traditional labor-
intensive regions of interest.

Functional neuroimaging methods have also been used
to study functional abnormalities in the brain in patients
with VM. Positron emission tomography studies revealed an
increase in metabolism in temporo-parieto-insular areas and
bilateral thalami during VM attacks (Shin et al., 2014), which
indicate activation of the vestibulo-thalamo-cortical pathway.
Moreover, a recent functional magnetic resonance imaging
(fMRI) study demonstrated activation of brain areas related
to integration of visual and vestibular cues in two patients
with VM during a visual stimulation procedure in a vertigo-
free period (Teggi et al., 2016). Recently, Russo et al. used
whole-brain blood oxygen level-dependent (BOLD) fMRI during
caloric irrigation. They showed significantly increased thalamic
activation in 12 patients with VM in a vertigo-free period
compared with patients with migraine and healthy individuals.
In addition, the magnitude of thalamic activation positively
correlated with the frequency of migraine attacks in patients
with VM. Functional imaging demonstrated that thalamic
dysfunction is involved in central vestibular processing (Russo
et al., 2014). Although previous studies have demonstrated
structural and functional alterations in the brain in patients
with VM, these studies used a single-mode MRI method. It
is still unknown whether functional changes are related to

structural changes. Moreover, to our knowledge, no prior studies
have assessed resting-state changes in FC in brain regions with
structural abnormalities.

In this study, we aimed to employ multi-modal imaging
approaches by combining VBM and resting-state FC analyses
to identify changes in GM volume and identify abnormal
FC in patients with VM during the interictal period. In
light of a previous study (Zhe et al., 2020), we hypothesized
that patients with VM would exhibit abnormalities in FC in
brain regions with structural alterations compared with healthy
controls (HCs). Clinical information was used to assess the
relationship between neuroimaging findings and VM symptoms.
This combination of structural and functional methods may
enhance our understanding of the neural mechanisms of VM.

MATERIALS AND METHODS

Subjects
According to the International Classification of Headache
Disorders, 30 patients with VM (24 without aura and six
with aura) were recruited from the vertigo and dizziness
outpatient service center of Shaanxi Provincial People’s Hospital
in China between January 2016 and October 2020 (Headache
Classification Committee of the International Headache
Society, 2013). All patients with VM were right-handed.
No neurological, psychiatric, audio-vestibular, or systemic
disorders were reported.

To avoid any possible pharmacological interference with
BOLD signal changes, patients with VM did not take medications
for at least 3 days before the fMRI scan. Moreover, MRI scans
were performed on days 3–7 after a VM attack, and all patients
were required to be attack-free during the experiment. All
patients underwent a routine neurological and neuro-otological
examination, as well as MRI scanning, which were performed on
the same day. No peripheral vestibular dysfunction was found
on videonystagmography recordings. All patients underwent
examination using the Visual Analog Scale (0, no pain; 10, worst
possible pain); the Migraine Disability Assessment Scale; the
Headache Impact Test-6 and the Dizziness Handicap Inventory
(DHI) using a face-to-face interview with a standardized
questionnaire (Sauro et al., 2010; Hawker et al., 2011; Balci et al.,
2018). Twelve patients with VM were treated with migraine-
preventive medication and non-steroidal analgesics. The majority
of patients (n = 18) did not take any regular medication.

Thirty HCs who were matched for age, sex, and education
were from the community. The exclusion criteria were as follows:
left-handedness; migraine; chronic pain; previous vestibular
neuritis; Meniere’s disease; secondary somatoform vertigo; drug
abuse; neurological, mental, or systemic disorders; ischemic or
hemorrhagic stroke; and severe head trauma. All subjects had no
structural abnormalities or visible T2-weighted hyperintensities
in deep white matter on MRI.

This study was approved by the Ethics Committee of Shaanxi
Provincial People’s Hospital. All participants provided written
informed consent before participation.
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Imaging Data Acquisition
Experimental data were acquired using a 3.0-T Philips Ingenia
scanner with a 16-channel phased-array head coil. A high-
resolution three-dimensional magnetization-prepared rapid-
acquisition gradient echo T1-weighted sequence covering the
whole brain (332 sagittal slices) was used. The acquisition
parameters were as follows: repetition time = 1900 ms; echo
time = 2.26 ms; inversion time = 900 ms; flip angle = 9◦;
matrix = 256 × 256; field of view = 220 × 220 mm; slice
thickness = 1.00 mm; no interslice gap. Resting-state functional
BOLD images were scanned using gradient echo planar imaging
with the following parameters: repetition time = 2000 s; echo
time = 30 ms; slices = 34; slice thickness = 4 mm; slice gap = 0 mm;
field of view = 230 × 230 mm; matrix = 128 × 128; flip
angle = 90◦; and 200 volumes. As for the resting-state scan, all
subjects were asked to keep their eyes closed, to keep their minds
calm, and to stay awake throughout the scan. After the scan,
subjects were asked whether or not they remained awake during
the whole procedure.

Image Processing
Structural scans were processed using CAT121 for SPM12
in MATLAB R2014b (MathWorks, Inc.). CAT12 is one of
the most important neuroimaging analysis approaches used
to examine structural alterations in regional GM volume
(Besteher et al., 2017). Moreover, CAT12 can avoid operational
bias when selecting brain regions and performing automated
whole-brain measurements. This toolbox includes bias-field
and noise removal; skull stripping; and GM, white matter,
and cerebrospinal fluid segmentation. Afterward, all GM
images were normalized to the standard Montreal Neurological
Institute template using diffeomorphic anatomical registration
and exponential Lie algebra (DARTEL) to a 1.5-mm isotropic
adult template provided by the CAT12 toolbox (Ashburner,
2007). The resulting images were checked for homogeneity. As
all images had high correlation values (>0.85), no images were
discarded. Finally, GM images were smoothened using an 8-mm
full width at half maximum Gaussian kernel.

The original data of resting-state BOLD images were analyzed
using a public toolbox named DPABI (for Data Processing
& Analysis of Brain Imaging, 2). To ensure stability of the
BOLD signal, we removed the first 10 volumes. Scans were
slice–time-corrected and realigned to the first scan in the
experiment for correction of head motion. Any subjects whose
mean frame-wise displacement (FD_Jenkinson) >0.2 mm were
excluded (Yan et al., 2016). Data were normalized to echo planar
imaging standard templates using DPABI and resampled to
3.0 mm × 3.0 mm × 3.0 mm. Images were smoothened using
a Gaussian kernel with a full width at half maximum of 6 mm.
Covariates, such as linear drift and cerebrospinal fluid, were
removed, and the data were filtered to 0.01–0.1 Hz.

Functional connectivity was assessed using a method based
on a seeding voxel correlation approach (Lui et al., 2009; Yuan
et al., 2010; Jin et al., 2013). Regions with altered GM volume

1http://dbm.neuro.uni-jena.de/cat12/
2http://rfmri.org/dpabi

between VM patients and HCs were defined as seeding areas in
the FC analysis. The reference time series for each seeding area
was obtained by averaging the fMRI time series for all voxels
within each of the regions with anatomical deficits.

Statistical Analysis
Demographic and Clinical Data
Group differences in demographic variables were examined using
independent t-tests and analysis of covariance in SPSS 22.0. A P-
value of <0.05 was considered statistically significant (Table 1).

VBM Analysis
Gray matter volume was compared between patients with VM
and HCs using two-sample t-tests in SPM 12 with age, sex, and
total intracranial volume as covariates. Family-wise error (FWE)
correction was performed for multiple comparison correction.
A P-value of <0.05 was considered statistically significant.
Thereafter, we extracted the average values of regions with
decreased GM volume and performed a partial correlation
analysis with all parameters, including disease duration, attack
frequency, Visual Analog Scale score, Migraine Disability
Assessment Scale score, Headache Impact Test-6 score, and
DHI score. Age was controlled as a covariate. The significance
threshold was set at P < 0.05. To evaluate the effects of clinical
variables on the whole brain GM volume, we also performed
correlation analysis based on the whole brain voxel level using
SPM12. Age was controlled as a covariate. FWE corrected for
multiple comparisons at a threshold of P < 0.05.

Functional Analysis
To calculate the difference in FC, the averaged time series of each
region of interest (ROI) and the time series of every other voxel in
the whole brain mask were extracted to calculate the correlation
coefficients (r), after which Fisher’s r-to-z transformation was
performed to improve the normality of the resulting r values
and create the FC map for each participant. A comparison of
FC between groups was performed using a two-sample t-test
within the DPABI, while age, sex, and FD as covariates. Multiple

TABLE 1 | Demographic and clinical characteristics of patients.

Characteristics VM (n = 30)
Mean ± SD

HC (n = 30)
Mean ± SD

P-value

Sex (female/male) 27/3 26/4 0.69

Age (years) 39.67 ± 11.10 37.67 ± 12.14 0.51

Education (years) 13.63 ± 3.46 14.77 ± 2.00 0.13

Disease duration
(months)

100.70 ± 86.09

Headache
frequency (number)

6.33 ± 4.89

VAS 5.23 ± 2.33

MIDAS 52.17 ± 48.01

HIT-6 55.93 ± 12.74

DHI 47.93 ± 15.07

VM, vestibular migraine; HC, healthy control; VAS, Visual Analog Scale (0 = no pain,
10 = worst possible pain); MIDAS, Migraine Disability Assessment Scale; HIT-6,
Headache Impact Test-6; DHI, Dizziness Handicap Inventory.
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comparisons correction was performed using a Gaussian random
field at P < 0.05 (voxel P < 0.001, cluster size >33).

Finally, we extracted the average Z-values for each region
with significant differences and performed a partial correlation
analysis with patients’ clinical parameters using SPSS 22.0. Age,
sex, and FD were controlled as covariates. The significance
threshold was set at P < 0.05.

RESULTS

Clinical Data
The clinical and demographic characteristics of the VM and HC
groups are summarized in Table 1. No significant differences
were found in age, sex, or years of education between patients
with VM and HCs (P > 0.05; Table 1).

VBM Results
Compared with HCs, patients with VM showed significantly
decreased GM volume in the left posterior insula, parietal
operculum, superior temporal gyrus (parieto-insular vestibular
cortex [PIVC]), right middle frontal gyrus, right posterior
insular/parietal operculum region, and precuneus (Table 2 and
Figure 1). No significant increase in GM volume was detected.
Only GM volume in the left PIVC showed a significant negative
correlation with DHI score in patients with VM (r = −0.508;
P = 0.005; Figure 1). Based on whole brain voxel-wise correlation
analysis, there was no correlation between GM volume and
clinical variables.

FC Results
Compared with HCs, patients with VM showed increased FC
between the primary somatosensory cortex (S1)/inferior parietal
lobule (IPL) and the left PIVC (Table 3 and Figure 2). No
regions showed a significant decrease in FC with the left PIVC
in patients with VM.

The correlation analysis failed to identify any significant
correlation between changes in FC and clinical characteristics in
patients with VM.

DISCUSSION

In the present study, we used VBM and FC analyses to evaluate
functional and structural changes in GM patterns in patients
with VM. Compared with HCs, reduced GM volume was
observed in the bilateral PIVC, right middle frontal gyrus, and
precuneus in the VM group. In addition, there was an increase
in FC between the left part of PIVC where GM volume was
reduced, and the left part S1/IPL. Our present data demonstrate
changes in FC in resting-state networks of brain regions with
structural alterations. These findings suggest that abnormalities
in vestibular cortical network may be involved in associated with
the pathophysiology of VM.

To date, few studies have identified structural and functional
abnormalities in the brain in patients with VM (Obermann
et al., 2014; Russo et al., 2014; Messina et al., 2017; Wang

et al., 2019; Zhe et al., 2020). However, previous researchers
only used single-mode MRI methods, and whether changes in
FC exist in brain regions with structural alterations during the
resting state in patients with VM remains unclear. In the current
study, an attempt was made to identify an association between
GM volume and alterations in FC in patients with VM by
combining VBM and FC to elucidate the mechanism of central
pain processing in VM.

The main finding in the present study was that there was
a significant loss of GM volume in the PIVC in patients with
VM relative to HCs, which is in line with previous studies
(Obermann et al., 2014; Zhe et al., 2020). This brain region is
recognized as the core region of the vestibular cortex in humans.
The human vestibular cortex is located in the posterior parietal
operculum/retro-insular region and extends into the posterior
insular lobe (Eickhoff et al., 2006; zu Eulenburg et al., 2012).
There is general agreement that the region described as the
PIVC in humans is critical to vestibular processing (Lopez and
Blanke, 2011; Lopez et al., 2012; zu Eulenburg et al., 2012;
Dieterich and Brandt, 2015, 2018). VBM studies identified a
reduction in GM volume in the posterior insula, cingulate
cortex, and inferior temporal gyrus in patients with VM,
suggesting that these areas are involved in cortical processing of
vestibular and nociceptive information (Obermann et al., 2014).
Furthermore, impaired GM volume in the PIVC was negatively
correlated with DHI score in the present study. The correlation
results demonstrated that recurring long-term headache and
vertigo attacks have a cumulative effect on GM volume. Our
results indicated that abnormal GM volume might contribute
to dysfunction in information processing, which supports the
hypothesis that impaired GM volume is associated with the
pathophysiology of VM.

As GM volume of the PIVC was reduced in patients with
VM and it exhibited a negative correlation with the DHI score,
we chose this region as our ROI to investigate resting-state
FC changes in patients with VM. Patients with VM showed
abnormal FC between the PIVC and the S1/IPL relative to
HCs in the present study. Similar to our results, a recent
fMRI study showed abnormal FC between the S1 and the
insular cortex in individuals who suffer migraine (Zhang et al.,
2017). Results from human neuroimaging studies show that
the parietal lobe and somatosensory and insular cortices belong
to the vestibular network (Ventre-Dominey, 2014; Dieterich
and Brandt, 2015; Smith et al., 2017). Previous studies have
shown that the insula is related to triggering of the pain matrix
network and to the subjective pain experience (Starr et al.,
2009). Increasing evidence indicates that the insula may be
a cortical hub involved in processing complex sensory and
emotional information during migraine (Menon and Uddin,
2010). The IPL is involved in spatial discrimination and attention
to pain (Maihöfner et al., 2006, 2010; Burgmer et al., 2011).
Evidence for a role of the IPL in the neuropathology of
VM has been reported. Patients with VM exhibit increased
activation of the IPL compared with controls (Teggi et al.,
2016). We speculated that dysfunction in FC between the IPL
and the PIVC in VM patients during a vertigo-free period
might contribute to spatial attention and reorientation. Some
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TABLE 2 | Decreased gray matter volume in various brain regions in patients with vestibular migraine.

Brain regions Peak MNI Cluster voxels T Z P

R Middle frontal gyrus 38 50 5 152 5.69 5.05 0.000

Posterior insula/parietal operculum 38 −6 14 128 5.60 4.99 0.000

Precuneus 12 −68 26 132 5.90 5.20 0.000

L Posterior insula −36 −11 14 1365 7.15 6.03 0.000

Parietal operculum −39 −29 16 301 7.15 6.03 0.000

Superior temporal gyrus −43 −29 11 455 7.15 6.03 0.000

MNI, Montreal Neurological Institute; R, right; L, Left.

FIGURE 1 | Structural analysis results of patients with vestibular migraine compared with healthy controls (P < 0.05, FWE corrected, with k > 100 voxels). Gray
matter volume of the left parieto-insular vestibular cortex (PIVC) negatively correlated with Dizziness Handicap Inventory score; therefore, we chose the left PIVC as
the seeding area for the functional connectivity analysis. The seeding area is indicated by red color. MFG middle frontal gyrus, PCUN Precuneus.

TABLE 3 | Brain regions with increased functional connectivity in patients with vestibular migraine compared with healthy controls.

Seed ROI Brain region Peak MNI Cluster voxels T

L posterior insula/parietal regions/
superior temporal gyrus

L primary somatosensory cortex/
inferior parietal lobule

−42 −42 66 56 4.40

ROI, region of interest; MNI, Montreal Neurological Institute; L, left.

reports have shown that the S1 could provide information about
the intensity, localization, and temporal attributes of noxious
stimuli. Reports also suggest S1 involvement in pain perception
(D R Kenshalo and Isensee, 1983; Ogino et al., 2005). Other
studies propose that the S1 is chiefly involved in discriminating
sensory features of pain, and it also plays an active role in the
afferent filtering module, as well as the intensity and spatial
discriminative pain pathways of the pain-processing system

(Hofbauer et al., 2001; Oshiro et al., 2007, 2009). Activation of
the S1 has been reported in approximately 75% of human
imaging studies on pain (Apkarian et al., 2005). Burstein
et al. (2015) and Goadsby et al. (2017) demonstrated that the
S1 and the secondary somatosensory cortex, primary motor
cortex, secondary motor cortex, and insular cortex are in the
trigeminovascular pathway and are implicated in the ascending
trigemino-thalamo-cortical nociceptive pathway. Therefore, our
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FIGURE 2 | Functional analysis results of the left parieto-insular vestibular cortex (PIVC) during the resting state in patients with vestibular migraine compared with
healthy controls (P < 0.05, Gaussian random field-corrected, with k > 33 voxels).

results observed GM volume abnormalities in the PIVC and
found that dysfunction in FC between the S1 and the PIVC may
disrupt the pathway that discriminates sensory features of pain,
and the flow of information between the vestibular system and
the cortex. Therefore, it is possible to speculate that the GM
volume reductions of the PIVC led to a systems-level alteration
in FC. At present, due to the causal relationship between GM
volume and FC is unknown, more study is need to reveal this
puzzling question. The approach in our study combines the GM
structural and FC alterations in patients with VM, which may
help to understand underlying the mechanisms of VM.

As part of the prefrontal cortex, the middle frontal gyrus
is thought to be linked to pain perception and management.
Previous studies have described human vestibular areas in detail,
including the middle frontal gyrus and other brain regions
(Bottini et al., 2001; Dieterich et al., 2003; Indovina et al., 2005;
Stephan et al., 2005). In concordance with previous research
(Obermann et al., 2014; Zhe et al., 2020), we found decreased GM
volume in patients with VM in the middle frontal gyrus, which
is thought to be part of the pain processing network (Koechlin
and Hyafil, 2007). The frequency of migraine and vertigo attacks
has a significant impact on GM volume in the middle frontal
gyrus (Obermann et al., 2014). In contrast, according to a recent
VBM study, patients with VM exhibit increased GM volume in
the medial superior frontal gyrus and angular gyrus compared
with HCs (Wang et al., 2019). These inconsistent results may have
emerged from demographic inconsistencies, such as differences
in the frequency of attacks, disease duration, and medication, in
some patients with VM with GM structural changes. However,
meta-analyses deemed that the prefrontal cortex is the most
crucial brain region associated with structural changes in patients

with migraine (Hu et al., 2015; Jia and Yu, 2017). GM volume
in the middle frontal gyrus changed in patients with VM in the
present study, suggesting that disruption to the sensory network
causes abnormal modulation of pain perception.

Our research also obtained interesting findings in the
precuneus. The VBM analysis found decreased GM volume in
the precuneus in the VM group compared with the HC group.
We identified a region that had not been reported previously in
patients with VM compared with HCs. The precuneus is involved
in information transfer and multi-modal integration, which
might be crucial for processing of spontaneous thoughts for
internal awareness (Tomasi and Volkow, 2011). The precuneus is
a pivotal node of the default mode network, which is particularly
sensitive to cognitive states in self-referential processing (Raichle
et al., 2001). Studies have shown that FC in the default mode
network changes in various pain conditions (Baliki et al., 2014).
The current study suggests that chronic pain might disrupt
default mode network activity. Although our data show loss of
GM volume in the precuneus in patients with VM, the function
of the precuneus is complicated. Specifically, dysfunction in the
precuneus is not only observed in VM, but also in many other
pain disorders, such as migraine (Yang et al., 2019), chronic
pain (Malfliet et al., 2019), diabetic neuropathic pain (Cauda
et al., 2009), and fibromyalgia (Napadow et al., 2010). These
studies indicate that structural damage in the precuneus is
not specific to VM.

To our knowledge, this is the first study to combine VBM
with resting-state FC analysis to explore changes in FC in
brain regions with structural alterations in patients with VM.
However, our study has some limitations. First, the sample size
was relatively small; nevertheless, all subjects were recruited
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for long-term follow-up observations. Second, the whole brain
voxel-wise correlation analysis between GM volume and clinical
variables produced no significant results. Thus, further studies
should pay more attention to the effects of clinical symptom
on the whole brain structure.Third, a comparative study of
migraine subtypes, such as migraine without aura and migraine
with aura, was not performed, because the majority of patients
enrolled had migraine without aura. A subtype comparative
study will be performed in the future. Fourth, due to the
fact that the sample size was relatively small, this study was
not carried out the mediation analysis to clarify relationship
among migraine and vertigo-related clinical symptoms, GM
volume, and FC. Future studies should utilize the method to
clarify relationship between the three when we recruit a larger
sample size. Furthmore, we cannot exclude that the use of
preventive medication might have influenced structural and
functional. Finally, because this was a cross-sectional study, we
could not determine the causal relationship between disease and
structural/functional brain alterations. Longitudinal studies may
help to clarify this shortcoming.

CONCLUSION

In summary, using a multi-modal neuroimaging approach, we
detected structural and functional changes in the brain in patients
with VM. We found changes in GM volume in the PIVC
accompanied by changes in FC. These findings suggest that
abnormalities in vestibular cortical network might be useful for
understanding the underlying mechanisms of VM.
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