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Abstract
Aim

To evaluate the spontaneous neuronal activities and the changes of brain functional network in patients
with vestibular migraine (VM) using resting-state functional MRI (fMRI) during the interictal period.

Methods

Three groups included 18 patients with VM, 21 patients with MWoA and 21 HCs underwent the scanning
of the resting-state fMRI. First, brain regions with signi�cant differentia of amplitude of low frequency
�uctuation (ALFF) values were obtained. Secondly, functional connectivity (FC) analysis was performed
in the brain region(s) with the most signi�cant differentia of ALFF values which was de�ned as region of
interest (ROI).

Results

(1) Compared with healthy volunteers, patients with VM and patients with MWoA showed signi�cant
ALFF decrease in the right putamen (P<0.05), and signi�cant ALFF increase in the right lingual gyrus
(P<0.05). What’s more, compared with patients with MWoA, patients with VM showed signi�cant ALFF
increase in the right lingual gyrus (P<0.05). In addition, we found that ALFF values in the right putamen of
patients with VM were negatively correlated with the duration of migraine and the frequency of migraine
attacks (P<0.05). (2) Compared with HCs, patients with VM showed signi�cant FC increase among the
cerebellum, the left dorsolateral superior frontal gyrus and the right putamen (P<0.05) but signi�cant
decrease among the left median cingulate, paracingulate gyri and the right putamen (P<0.05). Compared
with patients with MWoA, patients with VM showed signi�cant FC increase between the cerebellum and
the right putamen (P<0.05) but signi�cant FC decrease among the left median cingulate, paracingulate
gyri and the right putamen (P<0.05).

Conclusion

There are functional abnormalities in nociceptive, vestibular and visual cortex regions in patients with VM
during the interictal period.

Introduction
Dizziness and headache are the most common symptoms in neurology clinics, and large epidemiologic
data indicate that migraine is inextricably linked to vestibular symptoms (Von and Lempert, 2016). The
International Headache Society and the International Bárány Society jointly developed and published a
uni�ed concept of “vestibular migraine” and its diagnostic criteria in 2012 (Lempert et al., 2012), which
was included in the appendix of the 3rd edition of the International Classi�cation of Headache Disorders
(ICHD-3) in 2018(Headache Classi�cation Committee of the International Headache Society, 2018).
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Vestibular symptoms that are causally related to migraine have been expressed in vestibular migraine
(VM) which has become the recognized professional term (Obermann, 2017). Currently, the
pathophysiology hypothesis of VM is based on knowledge of migraine. VM is increasingly thought to be
a central nervous system disorder (Power et al., 2018). Multiple studies have shown that the
pathophysiology of VM is importantly related to the interaction between nociceptive and vestibular
system (Espinosa-Sanchez and Lopez-Escamez, 2015).

Neuroimaging techniques help to explore the pathogenesis of VM. Using voxel-based morphometry
(VBM), several studies have shown that VM patients have abnormal volume of gray matter (GM) in the
nociceptive and multisensory vestibular brain areas (Messina et al., 2017; Obermann et al., 2014).
Moreover, several functional brain MRI studies have shown differential activation of brain regions in
patients with VM during cold-water ear irrigation or visual stimulation (Russo et al., 2014; Teggi et al.,
2016).

In this exploratory study, we assessed the patterns of regional brain spontaneous neuronal activity
alterations and corresponding brain circuit changes in patients with VM without any stimulation during
interictal period in comparison to migraine patients without aura and healthy controls (HCs). We also
investigated the correlations between functional abnormalities and patients’ clinical characteristics.

Materials And Methods

Subjects
We recruited 39 right-handed patients (18 VM, of which 3 had a past history of migraine with vestibular
aura, and 21 migraine without aura (MWoA) patients) from the outpatient clinic of neurology department
of our hospital from September 2018 to May 2019. All patients were enrolled according to the diagnostic
criteria of ICHD-3. The enrolled patients with MWoA had no vestibular symptoms and patients with VM
were enrolled according to the de�nite criteria for VM. The subjects were aged between 18 and 60 years.
All patients were in attack-free state for three days prior to MRI scanning, the day of MRI scanning, and
three days after MRI scanning (Wang et al., 2019). In addition, they were not taking any medications to
prevent migraine, vertigo or dizziness. The control group consisted of 21 healthy right-handed subjects
with no signi�cant differences in gender, age, or educational level from the enrolled patients. The HCs had
no pathologic pain, including chronic pain, and no family history of migraine. None of the research
subjects reported other neurological, psychiatric, endocrine, cardio-cerebrovascular diseases and other
major system diseases. All subjects did not have peripheral vestibular dysfunction according to
videonystagmography (VNG) recordings with caloric testing. In addition, participants who abused
substances (such as alcohol, nicotine) that affected test results were excluded.

No brain structural abnormalities, such as T2 hyperintensities in deep white matter, were found in the
enrolled subjects through conventional MRI scanning.

MRI acquisition
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All subjects whose heads were �xed with sponge pads were supine on a 3.0T GE scanner, and a
conventional eight-channel quadrature head coil was used for MRI scanning to obtain images. In order to
avoid the adverse effect of machine noise on the results, subjects needed to insert earplugs in their ears.
In addition, subjects were required to stay awake and close their eyes without systematic thinking.

Prior to the functional run, the brain structural images of each subject were generated by a three-
dimensional T1-weighted magnetization prepared rapid gradient echo (3D T1-MPRAGE) sequence with
following parameters: repetition time (TR) = 5.5 ms, echo time (TE) = 1.8 ms, �ip angle = 9°, slice
thickness = 1.0 mm, 256 slices, matrix size = 256 × 256, voxel size=0.9 mm × 0.9 mm × 0.9 mm, �eld of
view (FOV) = 256mm × 256 mm. Two experienced radiologists examined all participants’ brain structure
information to rule out the possibility of subclinical lesions.

Next, functional blood-oxygen level-dependent (BOLD) signals were obtained using an echo-planar
imaging sequence with following parameters: TR = 2000 ms, TE = 35 ms, �ip angle = 90°, slice thickness 
= 3.5 mm, FOV = 256mm × 256 mm, matrix size = 64 × 64, 64slices.

Data preprocessing
Statistical Parametric Mapping 12 (SPM12) software was used for data preprocessing and statistical
analyses. The �rst 10 volumes of each subject's scanned image were discarded for subjects’ adaptation
to the scanning environment and scanner calibration (Hoptman et al., 2010). Then the remaining volumes
were corrected for acquisition delay between slices and aligned to the �rst image of each session for
motion correction (Xue et al., 2013). The functional image data of subjects were imported into DARTEL
standard space template for spatial normalization with a resampling voxel size of 3 mm × 3 mm × 3 mm.
The subjects’ head should not move more than 1 mm or rotate 1° in any direction. Next, the 6-mm full-
width at half maximum Gaussian kernel was used to spatially smooth the images in order to improve the
signal to noise ratio of the functional images and reduce the in�uence of noise.

Finally, imaging data were temporally �ltered (band pass, 0.01–0.08 Hz) to obtain the low-frequency
resting-state functional magnetic resonance signal (Xue et al., 2013).

ALFF analysis
Amplitude of low frequency �uctuation (ALFF) analyses were performed by using RESTplus V1.22
software. Fast Fourier transform (FFT) was used to transform the preprocessed �ltered time series into
frequency domain to obtain the power spectrum. The averaged square root of each voxel in the range of
0.01–0.08 Hz was taken as the ALFF value. For standardization, the ALFF of each voxel was divided by
the global average of the ALFF value (Xue et al., 2013).

ROI-based FC analysis
Before performing functional connectivity (FC) analysis, multiple sources of false variance were removed
from the preprocessed data by linear regression, including head motion parameters, global average BOLD
signals and average BOLD signals of ventricular and white matter regions. Region of interest (ROI)
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method was adopted for FC analysis. The brain region with the largest differentia in ALFF comparison
was selected as ROI to calculate the whole brain and its FC, and �sher-z transformation was conducted to
obtain the FC map of each subject. Finally, analysis of covariance was used to quantitatively compare
the FC of brain regions in the three groups.

Statistics
The data of demographics and clinical characteristics were expressed by χ̅ ±s and percentage. Fisher
exact test was used to analyze the difference among the categorical data, and at the same time, student's
t-test and analysis of variance were used to analyze the difference of the continuous variables. These
data were analyzed using SPSS 22.0.

The comparisons of ALFF and FC maps which had smoothed among three groups were assessed using
analysis of covariance in SPM12, including age and sex as covariates. At the same time, ALFF survived
with FDR correction. Then, the Bonferroni method was used for multiple comparisons, and the P-value
threshold was less than 0.05(double tails). Finally, the results were displayed with xjView and MRIcron
software.

The ALFF values of the VM group corresponding to the ROI were extracted and correlated with the clinical
characteristics of patients with VM. P < 0.05 was considered statistically signi�cant.

Results
Demographics and clinical characteristics are summarized in Table 1. There was no difference among
the three groups in terms of age (p = 0.915), gender (p = 0.922), and education level (p = 0.954).

Table 1
Demographics and patient characteristics

  VM MWoA HCs

Number of subjects 18 21 21

Age (years) 36.17 ± 8.65 36.81 ± 11.61 36.15 ± 12.11

Gender (male/female) 3/15 4/17 5/16

education level (years) 12.11 ± 2.47 11.86 ± 2.74 12.00 ± 2.51

VM disease duration (years) 6.56 ± 3.36 NA NA

Migraine disease duration (years) 12.67 ± 7.62 11.57 ± 7.32 NA

Attack frequency per month 2.72 ± 2.23 1.86 ± 1.20 NA

NA: not applicable; VM: vestibular migraine; MWoA: migraine without aura; HCs: healthy controls.
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The results of ALFF analysis among the three groups by analysis of covariance are summarized in
Table 2 and shown in Fig. 1. The ALFF values of right putamen and right lingual gyrus were not
completely equal (p < 0.05, FDR corrected, cluster extent = 10 voxels). The results of the Bonferroni
multiple comparisons are shown in Table 3. Compared with healthy control subjects, the patients with VM
and the patients with MWoA showed signi�cant ALFF decrease in the right putamen (P < 0.05), and
signi�cant increase in the right lingual gyrus (P < 0.05). What’s more, compared with MWoA patients,
patients with VM showed signi�cant ALFF increase in the right lingual gyrus (P < 0.05). In addition, we
found that ALFF values in the right putamen was negatively correlated with the duration of migraine and
the frequency of migraine attacks (P < 0.05). The results are shown in Table 4.

Table 2
Regions showing signi�cant ALFF differences among VM patients, MWoA patients, and HCs (p < 0.05,

FDR corrected, cluster extent = 10 voxels)
Brain regions (AAL) Cluster extent (number of voxels) Peak MNI coordinates

(X Y Z)

F Peak intensity

Putamen_R 38 30 12 -9 15.9024

Lingual_R 11 27 -54 -3 14.7124

AAL: Anatomical Automatic Labeling; L: left; R: right; MNI: Montreal Neurological Institute;
Putamen_R: right putamen; Lingual_R: right lingual gyrus.

 
Table 3

Regions showing signi�cant ALFF differences between patients and controls as
well as between different groups of migraineurs using the Bonferroni multiple

comparisons (p < 0.05).
Brain regions (AAL) Group 1 Group 2 Mean Difference

(Group 1 – Group 2)

P value

Putamen_R VM HCs -0.457417 0.000

Putamen_R MWoA HCs -0.353476 0.000

Lingual_R VM HCs 0.994779 0.000

Lingual_R VM MWoA 0.496900 0.030

Lingual_R MWoA HCs 0.497879 0.023
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Table 4
The correlations between ALFF values of patients with VM in the right putamen and

patients’ clinical characteristics

  χ̅ ±s Correlation coe�cient ® P

the frequency of migraine attacks 3.62 ± 3.48 -0.529 0.035

the duration of migraine 13.25 ± 8.31 -0.517 0.040

 
FC of brain regions in the patients with VM and subjects in two other groups were calculated using the
right putamen as the ROI. The results of FC analysis among the three groups by analysis of covariance
are summarized in Table 5 and shown in Fig. 2. The FC values of the right cerebellum, the left
dorsolateral superior frontal gyrus and the left median cingulate and paracingulate gyri were not
completely equal (p < 0.001, cluster extent = 5 voxels). The results of the Bonferroni multiple comparisons
are shown in Table 6. Compared with healthy volunteers, patients with VM showed signi�cant FC
increase among the right cerebellum, the left dorsolateral superior frontal gyrus and the right putamen (P 
< 0.05) but signi�cant FC decrease among the left median cingulate, the paracingulate gyri, and the right
putamen (P < 0.05). Compared with MWoA patients, patients with VM showed signi�cant FC increase in
the right cerebellum and in the right putamen (P < 0.05) but signi�cant FC decrease among the left
median cingulate, the paracingulate gyri, and the right putamen (P < 0.05). Compared with HCs, patients
with MWoA only showed signi�cant FC increase in the left dorsolateral superior frontal gyrus and in the
right putamen (P < 0.05).

Table 5
Regions showing signi�cant FC differences among VM patients, MWoA patients, and HCs (p < 0.001,

cluster extent = 5 voxels)
Brain regions (AAL) Cluster extent (number of voxels) Peak MNI coordinates

(X Y Z)

F Peak intensity

Cerebelum_6_R 19 9 -60 -24 11.4059

Frontal_Sup_L 7 -15 63 24 10.2476

Cingulum_Mid_L 5 -12 -42 48 9.4814

Cerebelum_6_R: right cerebellum; Frontal_Sup_L: left dorsolateral superior frontal gyrus;
Cingulum_Mid_L: left median cingulate and paracingulate gyri.
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Table 6
Regions showing signi�cant FC differences between patients and controls as
well as between different groups of migraineurs using the Bonferroni multiple

comparisons (p < 0.05).
Brain regions (AAL) Group 1 Group 2 Mean Difference

(Group 1 – Group 2)

P value

Cerebelum_6_R VM HCs 0.291095 0.000

Cerebelum_6_R VM MWoA 0.240688 0.001

Frontal_Sup_L MWoA HCs 0.237301 0.000

Frontal_Sup_L VM HCs 0.194002 0.004

Cingulum_Mid_L VM HCs -0.189849 0.004

Cingulum_Mid_L VM MWoA -0.249289 0.000

Discussion
Resting-state functional MRI (fMRI) which is a noninvasive imaging technique measures low-frequency
�uctuations in BOLD signals (Fox and Raichle, 2007). Cortical and subcortical areas of spatially distinct
and functionally related groups will show related spontaneous �uctuations during the resting state,
composed of intrinsic functional networks of the human brain (Seeley et al., 2009). Changes in internal
functional networks will affect performance of tasks in real life (Fox et al., 2007; (Hesselmann et al.,
2008). In addition, the resting-state method has been widely used to reveal the typical and atypical
functional structures inherent in the brain (Fox and Raichle, 2007; Greicius, 2008). Changes in
characteristics at rest can be used as indicators of the progression of various diseases, such as heroin
addiction (Yuan et al., 2010; Yuan et al., 2010; Yuan et al., 2010), Alzheimer’s disease (Greicius et al.,
2004) and schizophrenia (Lui et al., 2009).

Most resting-state fMRI studies use FC to study temporal relationships between internal �uctuations
observed in spatially distinct brain regions. However, there are few local features of spontaneous brain
activity observed in speci�c areas by the method of FC. As a complement to the method of FC, the ALFF
(Zang et al., 2007) method which measures regional spontaneous neuronal activity during resting-state
fMRI is also widely used. In this study, we evaluated regional changes in both regional spontaneous
neuronal activity and corresponding brain circuits during rest.

ALFF

In this study, we identi�ed several brain regions showing differences among the three groups during the
resting state. “Balance triple” refers to the visual, proprioceptive and vestibular systems that maintain the
balance of the human body. The primary visual cortex, as well as the lingual gyrus and lateral geniculate
body, belongs to the medial visual cortex, which is responsible for processing visual information
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(Beckmann et al., 2005; Mantini et al., 2007). This study showed that the ALFF values of lingual gyrus in
patients with VM were signi�cantly higher than that in patients with MWoA and HCs, which indicated that
the spontaneous neuronal activity of lingual gyrus in patients with VM under resting state was enhanced
and the excitability was increased. It may re�ect the changes in the integration function of visual
information in the brain of patients with VM, which is most likely an adaptive change in response to
repeated vertigo. The caudate nucleus and the lenticular nucleus are important components of the basal
ganglia involved in the regulation of pain. In the study, the function of basal ganglia in the most patients
with VM and MWoA was abnormal. Most scholars believe that the basal ganglia need to be involved in
pain regulation due to repeated headaches, and the basal ganglia may be damaged during the process,
which leads to a decrease in the ability of pain regulation. And with the increase of frequency and
duration of attacks, this decline is more obvious.

FC

As one of the most commonly used analytical methods of FC, the ROI correlation analysis method has
been widely used in the research of brain sensation, cognitive and emotion. In this study, the ALFF values
of the three groups of subjects were calculated, and it was found that the brain area with the most
signi�cant difference was the right putamen. Therefore, it was designated as the ROI, and ALFF and FC
were combined to describe the functional characteristics between brain regions. The ALFF combined with
FC method has been widely used in a variety of brain diseases and provides important information for
understanding these diseases, such as Alzheimer’s disease (Sorg et al., 2007), heroin addiction (Yuan et
al., 2010; Yuan et al., 2010; Yuan et al., 2010; Jiang et al., 2011), schizophrenia (Hoptman et al., 2010;
Zhou et al., 2007) and depression (Anand et al., 2005).

The vestibular center also includes the subtentorial brainstem and cerebellar associated nucleus mass.
Some scholars (Marcelli et al., 2009) have conducted fMRI studies on the vestibule of patients with cold
water stimulation. They found that the brain areas with neuronal activity changes mainly included the
insular cortex, thalamus, brainstem and cerebellum. The sensorimotor components associated with
balance include the brainstem pathway, which produces motor responses to the body (such as the
vestibule-oculomotor re�ex) and visceral (the vestibular sympathetic and parasympathetic nerves)
(Balaban and Yates, 2004; Holstein et al., 2011). These vestibular sensorimotor responses are regulated
by cerebellum (Balaban and Yates, 2004; Ito, 1984). Patients with VM did show impaired central
integration of semicircular canal rotation signal and otolithic organ gravity signal center (Wang and
Lewis, 2016). Some studies have found that some patients with VM had lesions at the caudal part of the
cerebellum, so the correct processing of otolitic information couldn’t be carried out, and patients with VM
would be highly sensitive to head movement (Espinosa-Sanchez and Lopez-Escamez, 2015). The most
common abnormality of eye movement in patients with VM is central positional nystagmus(Radtke et al.,
2012), which may suggest that the cerebellum inhibits the release of vestibular effect (Bronstein and
Lempertt, 2007). Some studies suggested that central positional nystagmus was the result of lesions at
nodules and lingual lobe of cerebellum which made vestibular maladjustment (Choi et al., 2014).
Therefore, cerebellar dysfunction may be involved in the pathogenesis of VM. Previous study found that
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functional imaging at the onset of VM showed bilateral cerebellar activation (Shin et al., 2014). Cerebellar
hyperactivity during the onset and interictal stages of patients with VM was considered to be an adaptive
mechanism to inhibit hyperactivity of the vestibular system (Jeong et al., 2015). VM is closely linked to
motion sickness (Akdal et al., 2015), and even during the interictal stages, patients with VM are less
tolerant of riding a carousel, a car, or even watching a 3D movie. Changes in the functional activity of the
cerebellum in patients with VM found in this study might partially explain this phenomenon, suggesting
that VM was not a simple episode disease. In functional imaging studies, it was found that the brain
regions involved in pain information processing mainly included the anterior cingulate cortex, prefrontal
cortex, insula, cerebellum, brainstem and somatosensory cortex (Yu et al., 2011). The cerebellum, as part
of the pain matrix, is involved in pain processing and regulation (Yu et al., 2011). In animals and humans,
the deep cerebellar nucleus process harmful stimuli and participate in pain perception and suppression
through the relationship with the brainstem nucleus and thalamus. When cerebellar activity is forcibly
enhanced, the pain threshold will increase, suggesting that cerebellum’s anti-nociceptive effect is
enhanced (Pereira et al., 2017). The cerebellum also exhibits emotional processing functions (Klingner et
al., 2013), which indicates that changes in cerebellar function can easily lead to adverse emotions.
Unfavorable emotions are important factors that can trigger VM and MWoA. When the emotional function
of cerebellum is abnormal, it may induce VM attacks.

Dorsolateral superior frontal gyrus is an important part of limbic system and an important part of
emotional pathway of pain perception. This study found that the FC between the cerebellum, dorsolateral
superior frontal gyrus and ROI of patients with VM were enhanced, and the FC between the dorsolateral
superior frontal gyrus and ROI was enhanced in patients with MWoA. It suggested that patients with VM
and MWoA had suffered from painful stimulation for a long time, and their endogenous analgesic
mechanisms were adjusted, which might be used to process and modify painful emotional responses, or
to reduce pain perception and cognition, so as to reduce input of pain signals.

Median cingulate and paracingulate gyri are not only involved in the attention and emotional response to
pain, but also in the subjective perception of pain and its cognition and memory (Bluhm et al., 2007).
They are also important brain regions that form the default network (Uckner et al., 2008). In a
comparative study (Liu et al., 2006) of HCs and patients with chronic pain, a high concentration of opioid
receptor binding sites was observed in the cingulate gyrus, suggesting that median cingulate and
paracingulate gyri played an important role in the formation and regulation of pain sensation. In this
study, FC of the median cingulate and paracingulate gyri and ROI was weakened in patients with VM,
which might be the result of adaptation of nervous system. The attenuation of the nervous system itself
can not only reduce the pain response and emotional response, but also reduce the subjective perception
of pain.

The pathogenesis of VM is not clear. Imbalance of excitement or inhibition of various sensory
information, vestibular information and pain signals may lead to the occurrence of vestibular migrane
(Espinosa-Sanchez and Lopez-Escamez, 2015). The study found that patients with VM had reduced
activity in multiple vestibular functional areas, while other vestibular functional areas showed
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compensatory increased activity, and activity of pain-related brain areas changed similar to patients with
migraine. In patients with VM, abnormal brain functional networks associated with the right putamen
were observed. All of these �ndings are likely due to adaptive changes in the brain regions of patients
with VM.

Conclusions
There are functional abnormalities in nociceptive, vestibular and visual cortex regions in patients with VM
during interictal period, which not only indicates VM is not a simple paroxysmal disease, but also
supports the hypothesis that VM is a central nervous system disease. These �ndings lead to a better
understanding of the pathogenesis of VM.
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Figure 1

Areas showing signi�cant ALFF differences (p < 0.05, FDR corrected, cluster extent = 10 voxels) among
VM, MWoA and HCs. Right side of the image is the right side of the brain. (a): Regions of increased ALFF
were shown according to a yellow-red scale (color coded according to intensity of activation). Arrow 1:
right putamen; Arrow 2: right lingual gyrus. (b): The numbers in the �gure represented the number of
layers in standard template space.
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Figure 2

Areas showing signi�cant FC differences (p < 0.001, cluster extent = 5 voxels) among VM, MWoA and
HCs. Right side of the image is the right side of the brain. (a): Regions of increased FC were shown
according to a yellow-red scale (color coded according to intensity of activation). (b): The numbers in the
�gure represented the number of layers in standard template space. Arrow 1: right cerebellum; Arrow 2:
left dorsolateral superior frontal gyrus; Arrow 3: left median cingulate and paracingulate gyri.


