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Background: Chronic unilateral vestibulopathy (CUVP) is a common chronic vestibular syndrome
which may be caused by incomplete vestibular dynamic compensation. Neuroimaging technology provides
important clues to explore the mechanism of complicated by vestibular dynamic compensation in patients
with CUVP. However, previous studies mostly used positron emission tomography (PET) and functional
magnetic resonance imaging (fMRI) to investigate the changes of brain function in these patients during the
task state, few studies have investigated the alterations during the resting state, Therefore, the study aimed
to investigate the possible brain structural and functional alterations in patients with CUVP and explore the
dynamic compensation state in patients with CUVP.

Methods: We recruited 18 patients with right CUVP and 18 age-, gender-, and education level-matched
healthy controls (HCs). Vestibular evaluations, such as videonystagmography and caloric tests, were
performed. All participants underwent Dizziness Handicap Inventory (DHI) assessment. All participants
underwent multimodal magnetic resonance imaging of the brain, including fMRI and three-dimensional
T1-weighted MRI. We analyzed the amplitude of low frequency fluctuations (ALFF), regional homogeneity
(ReHo), seed based functional connectivity, and voxel-based morphometry (VBM).

Results: Compared with HCs, CUVP patients showed significantly increased ALFF values in the
right supplementary motor area, significantly decreased ALFF values in the right middle occipital gyrus,
significantly decreased ReHo values in the bilateral superior parietal lobule, and significantly enhanced
ReHo values in the bilateral cerebellar hemisphere [both P<0.05, family-wise error (FWE) corrected].
Compared with HCs, patients with CUVP showed increased gray matter volumes in the left medial superior
frontal gyrus and left middle cingulate gyrus [P<0.001, false discovery rate (FDR) corrected]. Compared with
HCs, in patients with CUVP, functional connectivity was enhanced between the left medial superior frontal
gyrus and the left orbital inferior frontal gyrus and left angular gyrus and was significantly decreased between
the left medial superior frontal gyrus and the right dorsolateral superior frontal gyrus (both P<0.01, FWE
corrected). Pearson correlation analysis showed that there was a positive correlation between DHI score and
VBM value of the left medial superior frontal gyrus in patients with CUVP (r=-0.430, P=0.003).
Conclusions: This study identified abnormalities of neuronal activity intensity and overall activity
synchronization in multiple brain regions in patients with CUVDP, suggesting that patients with CUVP have
extensive brain functional abnormalities, which in turn affects their spatial perception and motor perception.
Increased gray matter volume and functional connectivity of the default mode network may be used as

potential imaging biomarkers of chronic symptoms in patients with CUVP.
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Introduction

Chronic unilateral vestibulopathy (CUVP) is a common
chronic vestibular syndrome. Patients with CUVP usually
present with persistent dizziness and postural instability
(1-4). Vestibular function is highly dependent on the
integration of a variety of sensory organs that process visual,
proprioceptive, and tactile information (5). Interaction
between different senses enables the possibility of sensory
substitution in unilateral vestibulopathy (UVP) (6-8).
Studies have shown that chronic symptoms of CUVP
may be related to incomplete vestibular compensation,
psychological factors, and reliance on visual information (9).
Our previous study found that there was no significant
correlation between canal paresis (CP) value or course
of disease in patients with CUVP or a patient’s Dizziness
Handicap Inventory (DHI) score and subscores. This
suggests that residual peripheral vestibular insufficiency in
patients with CUVP may not be the only factor that impacts
their chronicity. Rather, CUVP may also be caused by
incomplete vestibular dynamic compensation and failure to
restore higher-order perceptual function. These factors can
produce subjective feelings such as vertigo and instability in
patients during prolonged physical exertion (10).

In recent years, neuroimaging technology has been used
extensively in multi-disciplinary research fields and provides
important clues to explore the mechanism of vestibular
compensation in patients with UVP (11). Positron
emission tomography (PET) studies of patients with acute
unilateral vestibulopathy (AUVP) have shown that their
cortical activation patterns resemble those observed in
healthy participants during unilateral vestibular caloric
stimulation. In these patients, the parieto-insular vestibular
cortex (PIVC), posterior insular cortex, posterolateral
thalamus, anterior cingulate gyrus, and hippocampus were
significantly activated, while the visual and somatosensory
cortex and part of the auditory cortex were deactivated
(12-14). Researchers have speculated that the asymmetric
activation of the PIVC area of the posterior insular cortex
may be due to the high resting discharge rate of the
contralateral vestibular nucleus, which suggests that the
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vestibular system, visual system, and somatosensory system
work together to maintain body balance (15,16), and the
interaction of different senses to maintain balance provides
the possibility for sensory substitution (17). Helmchen
et al. (18) performed a functional magnetic resonance
imaging (fMRI) study of patients with vestibular neuritis
based on the independent component analysis (ICA). The
results demonstrated reduced functional connectivity (FC)
in the intraparietal sulcus (IPS) near the supramarginal gyrus
on the contralateral side of the lesion during the acute stage
of vestibular neuritis. When vestibular function recovered,
the IPS, an area which is involved in spatial orientation
and multisensory integration, exhibited increased FC over
time, suggesting that it was the consequence of central
compensation.

Most previous studies have used PET and fMRI to
investigate the changes of brain function in patients with
UVP during the task state, but few studies have investigated
the alterations in FC during the resting state, and most
studies have focused on patients with AUVP. The wide
application of voxel-based morphometry (VBM) and fMRI
in clinics provides new research approaches to explore the
compensatory state of the vestibular center in patients with
CUVP based on structural and functional alterations of the
brain. This study investigated the functional and structural
alterations in patients with CUVP by using the multimodal
imaging techniques of amplitude of low frequency
fluctuation (ALFF), regional homogeneity (ReHo), and
VBM. We hoped to provide a deeper understanding of the
central compensation state of patients with CUVP and
provide a scientific basis to guide vestibular rehabilitation
in patients with CUVP. We present the following article in
accordance with the Materials Design Analysis Reporting
(MDAR) reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-21-655/rc).

Methods
Participants

The patients and healthy controls (HCs) analyzed in this study
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were the same as those included in our previous study (10).
A total of 18 right-sided CUVP patients who were admitted
to Aerospace Center Hospital from September 2018 to
September 2019 were included, including 6 males and 12
females, with an average age of 47.94+11.01 years (range, 17
to 65 years). The median duration of disease was 10 months
(interquartile range, 12 months). A total of 18 age- and
gender-matched HCs were included.

Vestibular function examination and routine brain
MRI were performed on all participants. According to
the bithermal caloric test, UVP refers to patients with
an asymmetric vestibular response >25% (i.e., CP >25%)
that was calculated using Jongkees’ formula. A patient
was considered to exhibit the acute phase of UVP if the
symptom duration was less than 2 weeks. If the symptom
duration was between 2 weeks and 3 months, the patient
was considered to be in the subacute phase, and if symptoms
lasted for more than 3 months, the patient was considered
to be in the chronic phase. In this study, the duration of
disease in all patients with CUVP was >3 months. All
patients were evaluated based on the DHI. Then, all
participants were further scanned with fMRI.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and approved
by the Ethics Committee of Aerospace Center Hospital
(Peking University Aerospace School of Clinical Medicine)
(No. 20180314-ST-04). Written informed consent was
provided by each participant prior to the study.

MRI data acquisition

This study used a 3.0-Tesla MR scanner (MAGNETOM
Skyra syngo MR D13; Siemens, Erlangen, Germany)
with a 32-channel combined head and neck coil for data
acquisition. During the image acquisition, the participant’s
head was immobilized to avoid head movement. Participants
were instructed to relax with their eyes closed but remained
awake throughout the scan. The anatomical images were
acquired using a 3-dimensional (3D) magnetization-
prepared rapid gradient-echo (MP-RAGE) sequence,
192 slices in total, repetition time (TR)/echo time (TE)/
flip angle (FA) =1,900 ms/2.43 ms/8°, field of view (FOV)
=256x256x256 mm’, and voxel size =1.0x1.0x1.0 mm®. The
resting-state functional images were recorded using an
echo-planar imaging sequence, 200 volumes in total, TR/
TE/FA=2,000 ms/30 ms/90°, FOV =222x222x222 mm’,
voxel size =3.0x3.0x3.0 mm’, and scanning time =6 minutes
and 48 seconds.
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fMRI data analysis

We performed fMRI data preprocessing using Data
Processing Assistant for Resting-State fMRI Analysis
(DPARSFA) software based on MATLAB 2013 platform (19).
Image data was converted from digital imaging and
communications in medicine (DICOM) format to
Neuroimaging Informatics Technology Initiative (INIf1T)
using Statistical Parametric Mapping (SPM) 12 (https://
www.fil.ion.ucl.ac.uk/spm/). The first 10 time points were
removed to avoid instability. The 35th slice was taken as the
reference slice. Data with a head 3D translation exceeding
1.5 mm and/or 3D rotation exceeding 1.5° were excluded.
Linear drift of the blood-oxygen-level-dependent (BOLD)
signal due to machine heating during scanning was removed.
The interference signal in BOLD signal was removed using
a linear regression model. The local spatial data of different
participants was aligned to the same standard space to
resolve the difference in brain morphology between different
participants and the inconsistency of spatial positions during
scanning. The voxel size was sampled to 3 mm x 3 mm
x 3 mm, and the registration method was diffeomorphic
anatomical registration using exponentiated lie algebra
(DARTEL). To reduce registration errors and increase the
normality of the data, data was smoothed at a Gaussian
smoothing kernel [full width at half maximum (FWHM)] of

8 mm x 8 mm x 8 mm.

ALFF

To analyze ALFF, the pre-processed fMRI data were
processed using DPARSFA. The time series of a given
voxel in the brain was transformed to the frequency domain
through a fast Fourier transform to obtain the corresponding
power spectrum. The average square root of the power
spectrum across 0.01-0.08 Hz was calculated as the ALFF
value. After calculating the ALFF value of all voxels across
the whole brain, a whole brain map of ALFF values for each
participant was obtained. Each individual’s ALFF value was
then transformed to a Z-score to avoid individual differences
among participants. It was still necessary to z-normalize
each individual’s ALFF value to avoid individual differences
among participants. A 2-sample #-test was applied to analyze
differences in ALFF between CUVP patients and HCs with

age and gender used as covariates.

ReHo

The pre-processed fMRI data were processed using the
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DPARSFA to analyze ReHo. We generated Reho maps
by calculating Kendall’s coefficient concordance (KCC)
for a given voxel's time series with its nearest neighbors
(26 voxels) on a voxel-wise basis. The data were then
smoothed using a Gaussian filter with 8-mm FWHM to
reduce noise and residual differences in gyrus anatomy. The
ReHo maps were generated for each participant in each
group. Differences in ReHo between CUVP patients and
HCs were analyzed using a 2-sample #-test, with age and
gender used as covariates. Statistical analysis was performed
using correction for family-wise error (FWE), and the
significance of group differences was set at P<0.05.

VBM

Based on MATLAB 2013 (MathWorks, Natick, MA, USA),
the 3D brain structural image was processed with SPMS.
Pre-processing of structural images for VBM analyses was
performed using SPM12 and the CAT12 toolbox. The
original image was registered, segmented, and smoothed
(6-mm full width at half height Gaussian kernel). A
2-sample #-test was used to compare the differences in gray
matter (GM) volume between CUVP patients and HCs.
Participant age and gender were used as covariates, and the
statistical threshold was P<0.05 [false discovery rate (FDR)
correction]. Pearson’s correlation analysis was performed
to analyze the correlation between with VBM alterations
and DHI total score in patients with CUVP. Statistical
significance was set at P<0.05 using FWE correction.

FC

Using DPARSFA software, the brain regions with different
GM volumes were taken as regions of interest (ROIs) to
analyze the FC. The differences in FC between the CUVP
group and HCs were compared with a 2-sample 7-test,
with age and gender included as additional covariates,
and analyzed with the random effects model. Statistical
significance was set at P<0.05 using FWE correction during
analysis.

Results
ALFF

Compared with HCs, the ALFF value in the right
supplementary motor area (SMA) was significantly higher
in CUVP patients (X=9; Y=3; Z=54; K=66). However, the
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ALFF value in the right middle occipital gyrus (X=30;
Y=-84; Z=3; K=87) was significantly lower in patients with
CUVP than in HCs (P=0.035, FWE corrected) (Figures 1,2).

ReHo

Compared with HCs, the ReHo values in the left superior
parietal lobule (X=-24; Y=-42; Z=63; K=100) and the right
superior parietal lobule (X=18; Y=-54; Z=69; K=139) were
significantly decreased in patients with CUVP (P<0.01,
FWE corrected). However, the ReHo values in the left
cerebellar hemisphere (X=-18; Y=-81; Z=45; K=177) and
the right cerebellar hemisphere (X=45; Y=-78; Z=-24;
K=97) were significantly enhanced in patients with CUVP
compared with HCs (P=0.02, FWE corrected, Figures 3,4).

VBM

Compared with HCs, the GM volume in the left medial
superior frontal gyrus (X=-16.5; Y =46.5; Z=52.5; K=326)
and the left middle cingulate gyrus (X=-7.5; Y=-16.5;
Z=34.5) was significantly higher in patients with CUVP
(P<0.001, FDR corrected; Figure 5).

Seed-based FC

Compared with HCs, patients with CUVP demonstrated
enhanced FC between the left medial superior frontal gyrus
and the left orbital inferior frontal gyrus, left angular gyrus,
and weakened FC between the left medial superior frontal
gyrus and the right dorsolateral superior frontal gyrus
(P<0.01, FWE corrected; Figure 6).

Correlation analysis

There was a positive correlation between DHI score and
VBM value of the left medial superior frontal gyrus in
patients with CUVP (r=-0.430, P=0.003).

Discussion

In this study, the areas with decreased ALFF values mainly
reflected the brain areas related to the visual cortex,
suggesting that the activity of visual cortical neurons and
cortical excitability decreased in patients with CUVP.
Consistent with our previous study, intra-network FC
analysis showed decreased FC in the right middle occipital
gyrus within lateral visual network in CUVP patients (10).
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Figure 1 ALFF values in the right middle occipital gyrus were significantly lower in patients with CUVP than in HCs (X=30; Y=-84;
Z=3; P=0.035, FWE corrected). X, Y, Z: MNI coordinate. ALFF, amplitude of low frequency fluctuation; CUVP, chronic unilateral
vestibulopathy; FWE, family-wise error; HCs, healthy controls; L, left; MNI, Montreal Neurological Institute; R, right.
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Figure 2 ALFF values in the right supplementary motor area were significantly higher in patients with CUVP (X=9; Y=3; Z=54; P=0.035;
FWE corrected) than in HCs. X, Y, Z: MNI coordinate. ALFF, amplitude of low frequency fluctuation; CUVP, chronic unilateral
vestibulopathy; FWE, family-wise error; HCs, healthy controls; MNI, Montreal Neurological Institute.
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Figure 3 The ReHo values in the left superior parietal lobule (X=-24; Y=-42; Z=63; K=100) and right superior parietal lobule (X=18;
Y=-54; Z=69; K=139) were significantly lower in patients with CUVP than in HCs (P<0.01, FWE corrected). X, Y, Z: MNI coordinate;
K: cluster size. CUVP, chronic unilateral vestibulopathy; FWE, family-wise error; HCs, healthy controls; MNI, Montreal Neurological
Institute; ReHo, regional homogeneity; SPG.R, right superior parietal lobule; SPG.L, left superior parietal lobule.
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Figure 4 The ReHo values in the lower part of the left cerebellar hemisphere (X=-18; Y=-81; Z=45; K=177) and the lower part of the right cerebellar
hemisphere (X=45; Y=-78; Z=24; K=97) were significantly higher in patdents with CUVP than in HCs (P=0.02, FWE corrected). X, Y, Z: MNI
coordinate; K: cluster size. CUVP, chronic unilateral vestibulopathy; FWE, family-wise error; HCs, healthy controls; MNI, Montreal Neurological
Institute; ReHo, regional homogeneity.
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Figure 5 The GM volume in the left medial superior frontal gyrus (X=-16.5; Y=46.5; Z=52.5; K=326) and left middle cingulate (X=-7.5;
Y=-16.5; Z=34.5) gyrus was significantly higher in patients with CUVP than in HCs (P<0.001, FDR corrected). X, Y, Z: MNI coordinate; K:
cluster size. GM, gray matter; CUVP, chronic unilateral vestibulopathy; FDR, false discovery rate; HCs, healthy controls; MINI, Montreal

Neurological Institute; VBM, voxel-based morphometry.
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Figure 6 Compared with HCs, patients with CUVP demonstrated enhanced FC between the left medial superior frontal gyrus and the
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left orbital inferior frontal gyrus, the left angular gyrus, and weakened FC between the left medial superior frontal gyrus and the right

dorsolateral superior frontal gyrus (P<0.01, FWE corrected). CUVP, chronic unilateral vestibulopathy; FC, functional connectivity; FWE,

family-wise error; GM, gray matter; HCs, healthy controls; L, left; R, right; zFC, z-score of functional connectivity value.

Maintaining the balance of the human body and its
relationship with the environment requires input from vision,
vestibular perception, and the proprioceptive system, and is
further coordinated by the integration of the central nervous
system. The relative weights of these 3 systems are constantly
adjusted to maintain human balance and accurately perceive
the latitudinal position and ensure the balance of clear and
stable vision, posture, and various movements. This is the
physiological basis of the sensory substitution mechanism
of dynamic compensation in patients with UVP. When the
vestibular information conflicts with visual information,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

the body will prioritize activating the vestibular cortex
to deal with the conflicting sensory information input,
especially in daily high-frequency exercise (20). Cousins
et al. (6) suggested that the weight of visual information
increased in patients with UVP during the dynamic
compensatory period, which is an adaptive mechanism
against the lack of vestibular information and suggests the
occurrence of visual substitution. Deutschlinder ez 4. (21)
applied visual stimulation to 14 patients with CUVP that
was caused by acoustic neuroma resection. The fMRI
findings showed that activation of the visual cortex was

Quant Imaging Med Surg 2022;12(6):3115-3125 | https://dx.doi.org/10.21037/qims-21-655



3122

weakened in patients with CUVP relative to that of HCs.
The authors believed that the decreased response to visual
stimulation in patients with CUVP was related to the
reduction of oscillopsia.

Based on the further analysis of the 18 CUVP patients
included in this study, we speculate that severe vertigo,
instability, and other symptoms of the acute phase of
CUVP prevented patients from undergoing prompt
vestibular rehabilitation treatment. These patients actively
avoided visual stimuli, which led to poor visual substitution
and resulted in chronic dizziness and instability. These
symptoms were aggravated during quick head turns and fast
movements. In this study, the areas with increased ALFF
values in patients with CUVP were mainly in the brain areas
related to the sensorimotor network, especially in the SMA,
which contributes to many aspects of motion control (22).
SMA is related to postural regulation and proximal limb
movement and plays a major role in advanced motor
regulation (22). The increased spontaneous brain activity
of the sensorimotor network may be the manifestation of
behavior substitution in patients with CUVP (i.e., impaired
vestibular sensation and poor visual substitution). These
patients rely more on strengthening their body posture
control and vestibular compensation, but this reliance can
lead to the development of risky posture control strategies
and a sense of instability.

In this study, we found that the ReHo values in the
bilateral superior parietal lobule were decreased significantly
in patients with CUVP, indicating that the spontaneous
activity in the bilateral superior parietal lobule was altered
in patients with CUVP. The posterior parietal cortex is
associated with body localization and functional integration
and involved in dorsolateral vestibule and motor control
information flow (13,23-29). Cornette ez /. (30) found that
the posterior parietal cortex (BA7) is involved in visual-
spatial information processing. Naito ez 4/. (13) found that
the posterior parietal cortex is involved in the integration
of multiple sensory inputs related to perceptual spatial
movement and direction, which is very important for 3D
coding (31-33). These findings suggest that the abnormal
spontaneous activity in the bilateral vestibular cortex in
patients with CUVP may lead to abnormal integration
of sensory information, which may be related to chronic
dizziness. In this study, we also found a significant increase
in ReHo values in the lower part of the left cerebellar
hemisphere, the right cerebellar hemisphere, and the
lower cerebellar hemisphere in patients with CUVP. The
integration of proprioceptive information with motor

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Si et al. Brain functional and structural alterations in CUVP

vestibular function in the lower part of the cerebellum is
closely related to the maintenance of body balance and
posture, therefore this may be a compensatory strategy
for patients with CUVP. Poor processing of motor visual
information in patients with CUVP leads to increased
reliance on strengthening body posture control to maintain
balance.

Based on VBM analysis, we found that GM volume in
the left middle cingulate gyrus and the left medial superior
frontal gyrus was increased in patients with CUVP. The
middle cingulate gyrus participates in the processes of
emotion, pain, and cognitive control. The medial superior
frontal gyrus is the core area of the default mode network
(DMN) (34) and is activated to participate in many
memory-related cognitive and motor control tasks, as well
as self-related processing (such as self-assessment and self-
decision-making), which is the central system of the DMN
(22,35), and the main neural basis of self or self-related
processing (36-39). The DMN is the most significant
brain network during the resting state; it participates in the
monitoring of the internal and external environment and the
processing of emotion and cognition. The DMN includes
the medial prefrontal cortex, posterior cingulate cortex,
anterior cingulate lobe, bilateral inferior parietal lobule,
and medial temporal lobe. The anterior medial subarea of
the superior frontal gyrus has anatomical connections with
the cingulate cortex (mainly with the anterior cingulate
cortex and middle cingulate cortex), but has a positive
functional connection with the middle cingulate cortex and
DMN, which is related to the cognitive control process
(40-42). In this study, patients with CUVP demonstrated
enhanced FC between the left middle frontal gyrus and left
orbital inferior frontal gyrus and left angular gyrus, as well
as weakened FC between the right dorsolateral superior
frontal gyrus. Enhanced FC was mainly concentrated in the
DMN. An fMRI study of patients with AUVP conducted
by Klingner et al. (43) showed that the functional activity
of DMN was increased and the FC between DMN and
other networks, such as the somatosensory cortex, auditory,
vestibular, insular cortex, motor cortex, and occipital cortex,
was decreased. With the recovery of peripheral vestibular
function, the FC returned to normal. The authors believe
that it is a compensatory strategy for the body in the acute
stage of UVP, even when in the resting state. In patients
with AUVP, persistent vertigo is caused by spontaneous
nystagmus because the body needs to deal with the
increased demand for the task network due to multiple
sensory afferent conflicts. In this study, the FC of DMN in
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patients with CUVP was enhanced, which may have been
the result of long-term adaptation of the body. while the
further enhanced task was for the network to obtain the
surrounding spatial environment and its own positioning
information, and then contribute to the occurrence of
chronic symptoms in patients with CUVP.

Patients with chronic dizziness are more likely to have
anxiety or depressive disorders, which seriously affect
their quality of life. In this study, we used DHI to assess
functional, physical, and emotional conditions of patients
and analyzed the correlation between DHI score and
alterations in brain function. Our findings showed a positive
correlation between DHI score and VBM value of the
left medial superior frontal gyrus in patients with CUVP.
Previous studies (44-46) have found a significantly moderate
positive correlation between the DHI and hospital anxiety
and depression scale (HADS) scores in patients with
dizziness. However, further studies are also needed to
screen patients for symptoms of anxiety and depression
using psychometric scales, such as HADS and Zung’s self-
rating anxiety/depression scale (SAS) to further explore
the relationship between anxiety/depression and brain
functional alterations in patients with CUVP.

Limitations

This study had several limitations. First, the relatively
small sample size may have limited our ability to detect
more alterations in CUVP patients, as well as perform a
correlation analysis. Second, although all patients in this
study were in the chronic stage, their etiology and course
of disease differed, and their compensation strategies
varied. Therefore, it is necessary to make a further stratified
analysis in patients with CUVP with different etiology
and course of disease to explore the differences in brain
functional changes and further understand the main causes
of chronicity.

Conclusions

This study found abnormalities of neuronal activity
intensity and overall activity synchronization in multiple
brain regions in patients with CUVP, suggesting that
patients with CUVP have extensive brain functional
abnormalities. The increased GM volume and enhanced FC
of DMN may be used as potential imaging biomarkers for
chronic symptoms in patients with CUVP.
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