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Object:To studymultimodal neuroimaging study including resting state functional

MRI (rs-fMRI), anatomical connectivity and brain morphology in patients with

bilateral vestibulopathy (BVP) and relationship with clinical correlation.

Methods: Thirteen patients with BVP (7 women; mean age ± SD = 63.5

± 14.7 years, 22–80 years) and eighteen age and gender-matched controls

were compared rs-fMRI and anatomical MRI. Also, we analyzed the relationship

betweenmultimodal neuroimaging and Dizziness Handicap Inventory score (DHI),

Vestibular Disorders Activities of Daily Living Scale (VDRL), Geriatric Depression

Scale (GDS) and Hospital Anxiety and Depression Scale (HADS).

Results: Compared with controls, BVP patients showed decreased functional

connectivity among the key nodes of the salience network, auditory (including

vestibular) network, bilateral posterior parahippocampal gyri, bilateral

paracingulate gyri, and right frontoparietal network, and the anatomical

connectivity in the right cerebellum, corpus callosum tapetum, and left fornix. BVP

patients showed decreased gray matter volume in the bilateral parahippocampal

gyri, right precentral gyrus, anterior cingulate gyrus, and right middle temporal

gyrus and increased gray matter volume in the right superior frontal gyrus

compared with controls. Correlation analyses showed rs-fMRI and clinical

variables showed no significant result. DHI correlated negatively with anatomical

connectivity in the bilateral frontal parahippocampal cingulum, corpus callosum,

right inferior fronto-occipital fasciculus, bilateral fornix, and gray matter volumes

in the bilateral middle occipital gyri, right superior occipital gyrus, left angular

gyrus, and right cuneus in BVP. VADL correlated negatively with Anatomical

connectivity in the corpus callosum, bilateral fornix, bilateral cerebellum, bilateral

superior and anterior thalamic radiation, right inferior fronto-occipital fasciculus,

bilateral fronto-parietal cingulum, right dentatoruburothalamic tract and gray

matter volumes in the right angular gyri, bilateral parahippocampal gyri, right

middle temporal gyrus, right cuneus, bilateral inferior occipital gyri, left middle

occipital gyrus, right superior frontal gyrus, left fusiform gyrus, bilateral caudate,

left cerebellar crus, and bilateral calcarine gyri in BVP.

Conclusions: This study identified reductions in the volume of the hippocampus

and alterations in functional and anatomical connectivity that concurs with
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previously established characteristics of BVP. The degree of disability can be

inferred from the change in the connectivity and volume between vestibular

cortical areas and their network.

KEYWORDS

bilateral vestibulopathy (BV), head impulse test (HIT), dynamic visual acuity (DVA),

vestibulo-ocular reflex (VOR), cognition, spatial orientation

Introduction

Bilateral vestibulopathy (BVP) is characterized by chronic

dizziness, unsteadiness and oscillopsia due to impaired or loss of

function of the peripheral vestibular system bilaterally (1–3). There

were diverse high cortical dysfunctions beyond leading symptoms

due to direct vestibular deficits.

Several studies have established that patients with BVP exhibit

impairments in attention and executive function (4–6), as well

as spatial cognition, including spatial memory and navigation

(5–10). Furthermore, structural and functional brain imaging

studies have reported hippocampal atrophy (8), decreased bilateral

activation in the parieto-insular vestibular cortex (PICV) during

caloric stimulation (11), and altered connectivity patterns in the

posterior insula, parietal operculum, and cerebellum in resting-

state functional MRI (rs-fMRI) (12).

However, previous studies have several limitations. The

diagnostic criteria for previous studies were quite variable across

studies from complete vestibular loss to mild vestibular loss. In

2017, the Classification Committee of the Barany Society describes

the diagnostic criteria for BVP that is most commonly used

for the diagnosis of BVP currently (13). Therefore, we enrolled

BVP patients who meet the Barany society criteria. Additionally,

it is imperative to employ data-driven analysis, as previous

studies have been restricted to investigating particular regions

of the brain such as the hippocampus, or have solely focused

on examining brain responses to specific tasks. Our multimodal

neuroimaging study analyzed brain morphology and functional

and anatomical connectivity in patients with BVP to investigate

disease-related brain changes using voxel-based morphometry,

functional connectivity analyses, and tractography analysis.

Materials and methods

Participants

Thirteen patients with BVP (7 women; mean age ± SD =

63.5 ± 14.7 years, 22–80 years) were enrolled at the Dizziness

Clinic at Ulsan University Hospital between July 2018 and July

2022. All patients and controls underwent the Mini-mental state

examination (MMSE) to rule out the dementia and patients with a

score of 24 or higher were included. Also, they did not complain of

hearing disturbance, and all patients with BVP showed no specific

findings in pure tone audiometry. BVP patients were compared

with age and gender-matched eighteen healthy subjects served

as controls (10 women; mean age ± SD = 57.1 ± 10.51 years,

TABLE 1 Diagnostic criteria for bilateral vestibulopathy according to the

classification Committee of the Bárány Society (13).

A. Chronic vestibular syndrome with the following symptoms

1. Unsteadiness when walking or standing1 plus at least one of 2 or 3

2. Movement-induced blurred vision or oscillopsia during walking or

quick head/body movements and/or

3. Worsening of unsteadiness in darkness and/or on uneven ground

B. No symptoms while sitting or lying down under static conditions

C. Bilaterally reduced or absent angular VOR function documented by

1. Bilaterally pathological horizontal angular VOR gain <0.6, measured

by the video-HIT or scleral-coil technique and/or

2. Reduced caloric response (sum of bithermal max. peak SPV on each

side <6◦/s) and/or

3. Reduced horizontal angular VOR gain <0.1 upon sinusoidal

stimulation on a rotatory chair (0.1Hz, Vmax= 50◦/s) and a phase lead

>68 degrees (time constant <5 s).

D. Not better accounted for by another disease

range 36–74 years, p = 0.171; MMSE score = 29.82 ± 0.39,

range 29–30, p = 0.004). Table 1 presents the diagnostic criteria

of BVP proposed by the Classification Committee of the Bárány

Society. Bárány’s criteria proposed only the criteria for water

stimulation in the caloric test, but since we performed the caloric

test with air stimulation instead of water stimulation, we present

the diagnostic criteria suitable for our laboratory (13). Patients

with neurological or psychiatric disorders that may affect resting-

state brain activities, previous history of head trauma, dementia

(MMSE score ≤ 23), hearing losss, history of generalized anxiety

disorder or major depressive disorder, or medication that may

affect cerebral function, such as antidepressants or anxiolytics were

excluded from the study. All subjects were right-handed according

to the Edinburgh Handedness Inventory (14) and had completed

Korean versions of the Dizziness Handicap Inventory (DHI, range:

0–100) (15), Geriatric Depression Scale (GDS) and the Hospital

anxiety and depression scale (HADS, range: 0–42) (16). The study

was followed by the Declaration of Helsinki and approved by

the Institutional Review Board of Ulsan University Hospital (IRB

no. 2018-06-016).

Video-head impulse test (vHIT)

We used a video-head impulse tests (vHIT) device (SLMed,

Seoul, Korea) to evaluate horizontal semicircular canal functions.

Frontiers inNeurology 02 frontiersin.org

https://doi.org/10.3389/fneur.2023.1157931
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Lee et al. 10.3389/fneur.2023.1157931

Patients were seated upright with 30◦ of head flexion. A single

right-handed examiner conducted head impulses by rotating the

patient’s head to the right and left while the patient fixated on a

stationary target on the wall at a distance of 1m. Head impulses

were applied with a peak velocity range of 200–250◦/s, rotation

amplitude of 15–20◦, and duration of 150–200ms. A minimum of

20 horizontal head impulses were delivered randomly in the right

or left direction. The software automatically calculated the gain in

VOR as a ratio of angular eye velocity to angular head velocity or

area under the curve (AUC) of the eye velocity to AUC of the head

velocity. The vHIT was defined as bilaterally pathological if each

side VOR gains were reduced below a value of 0.6 and overt and/or

covert correcting saccades were recorded like Bárány’s criteria.

Caloric test with air stimulation

In our study, a bi-thermal caloric test with air stimulation was

performed with a binocular video oculography system (SL Med,

Seoul, Korea) with the patient in a supine position with 30◦ of

head flexion. For the caloric test, an airflow was presented for

60 s, with a flow of 8 L/min, at temperatures of 50◦C and 24◦C.

This air stimulation generated an endolymphatic current similar

to that generated with water at temperatures of 44◦C and 30◦C in

the caloric test (17). In our lab, the normal range of the sum of

bithermal maximal peak slow-phase velocity on the left side is 24.79

± 9.82◦/s and right 30.07 ± 12.00◦/s. we set the sum of bithermal

max. peak SPV on each side <6◦/s as reduced or absent caloric

response bilaterally like Bárány’s criteria.

Imaging acquisition

All subjects had MRIs using a 3T Philips Achieva MRI scanner

(Philips Healthcare, Inc., Best Netherlands) at Ulsan University

Hospital. Subjects were asked to rest with their eyes closed and

lie still during the scanning. High-resolution three-dimensional

anatomic T1-weighted images of the brain were acquired with 0.5-

mm isotropic voxels using a fast field-echo planar imaging sequence

(TR= 8.1ms, TE= 4.6ms, flip angle= 8◦, slice thickness= 1mm,

175 slices). Functional images of the whole brain were acquired

using a fast field-echo planar imaging sequence (TR = 3,000ms,

TE = 30ms, matrix = 64 × 64, FOV = 224mm, flip angle = 90◦,

slice thickness = 3.5 mm/0 gap, numbers of slice = 42, number of

volumes= 120, and total scan time= 6min 9 s).

Functional connectivity analysis

A total of 31 diffusion MRI scans (13 BVP subjects, 18 control

subjects) were included. The images were preprocessed using

the CONN toolbox version 20b (http://www.nitrc.org/projects/

conn), which was implemented in SPM version 12 (http://www.

fil.ion.ucl.ac.uk/spm/software/spm12) working onMATLAB 2016a

(MathWorks, Inc., Natick, MA, USA). The preprocessing steps

were applied with default parameters in CONN as follows: The

preprocessing steps were applied with default parameters in CONN

as follows: all normalization procedures are considered non-linear

registration methods. (1) Realignment, (2) slice timing correction,

(3) segmentation and normalization (non-linear transformation

to Montreal neurological institute space), (4) scrubbing using the

artifact detection tools with a threshold for global-signal above 5

(z-value) and subject-motion above 0.9mm, and (5) smoothing

using a 6mm full-width half-maximum Gaussian kernel. After

the preprocessing steps, a band-pass filter (0.008–0.09Hz) was

applied to the time series, and white matter and cerebrospinal fluid

time series were regressed out. Group comparison in parameter

for the head motion was performed and there was no significant

group difference. The parcellation scheme of the Harvard-Oxford

cortical and subcortical atlas determined 132 regions of interest

(ROIs) (18).We conducted the whole-brain functional connectivity

analysis (ROI-to-ROI) as described in our previous study with

minor modification. The averaged time series for each ROI from

the preprocessed images was extracted. Then, as a measure of

functional connectivity, Pearson’s correlation coefficient for each

pair of the 132-time series was calculated and converted to z-

scores using Fisher’s r-to-z transformation. Then, we compared

whole-brain functional connectivity between patients with BVP

and control subjects with age and sex as covariates. We performed

correlation analyses between functional connectivity and clinical

variables (DHI, VADL, HADS, and disease duration) in patients

with BVP with age and sex as covariates. We selected cluster-

level inferences based on Functional Network Connectivity (FNC)

multivariate parametric statistics with default settings in CONN

toolbox (Functional Network Connectivity) (19). To control

multiple comparison problems, we applied the statistical threshold

at cluster-level false discovery rate-corrected two-sided p-values at

p < 0.05 and a connection-level threshold of p < 0.05 uncorrected.

Anatomical connectivity analysis

A total of 29 diffusion MRI scans (13 BVP subjects, 17

control subjects) were included in the connectometry database.

Diffusion MRI connectometry was used to derive the correlational

tractography that has fractional anisotropy (FA) values correlated

with the group and clinical variables (DHI, VADL, HAD scores,

and disease duration) (20). A nonparametric Spearman partial

correlation was used to derive the correlation, and the effect of

age and sex was removed using a multiple regression model.

A total of 32 subjects were included in the analysis. A T-score

threshold of 2.5 was assigned and tracked using a deterministic

fiber tracking algorithm to obtain correlational tractography (21).

A seeding region was placed at the whole brain. The tracks were

filtered by topology-informed pruning with 4 iteration(s) (22). An

FDR threshold of 0.05 was used to select tracks. To estimate the

false discovery rate, a total of 4,000 randomized permutations were

applied to the group label to obtain the null distribution of the

track length.

Voxel-based morphometry

The CAT12 toolbox version 1109 (http://dbm.neuro.unijena.

de/cat/) was used to perform voxel-based morphometry. The

T1weighted image was DARTEL-normalized to MNI space,
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TABLE 2 Demography and vestibular function tests of patients with bilateral vestibulopathy.

Patient Gender Age Etiology Duration
(months)

Caloric test vHIT RC DVA DHI VDRL HADS MMSE GDS

RW RC LW LC RT LT Rt
VOR
gain

Lt
VOR
gain

1 F 68 Idiopathic

(severe DM)

240 0 0 0 0 0 0 0.65 0.6 0.01 + 78 131 – 24 28

2 M 62 Recurrent

bilateral VN

300 0 2 0 2 2 2 0.93 0.25 0.06 − 4 27 8 29 5

3 F 49 Ototoxic

(gentamicin)

3 4.4 3.6 2.2 6.3 8.0 8.5 0.72 0.52 0.1 − 46 99 19 30 29

4 F 59 Idiopathic

(post-OP)

3 0 0 0 0 0 0 0.64 0.65 0.05 + 62 61 23 30 13

5 M 67 Recurrent

bilateral VN

120 3 3 0 0 6.0 0 0.83 0.66 0.03 + 46 46 – 28 17

6 M 71 Idiopathic

(post-OP)

4 0 0 1.9 1.2 0 3.1 0.57 0.52 0.04 + 56 69 25 29 24

7 M 63 Head trauma 22 3.8 2.4 4.4 4.8 6.2 9.2 0.71 0.56 0.1 − 50 42 20 29 24

8 F 67 Idiopathic

(DM, CKD5)

18 0 0 0 0 0 0 0.35 0.36 0.04 + 76 141 23 24 23

9 F 22 SLE 3 1.4 5.9 6.9 3.2 7.3 10.1 0.34 0.39 – + 94 152 16 30 19

10 M 80 Recurrent

bilateral VN

4 1.7 0 1.1 0 1.7 1.1 0.65 0.34 0.2 + 62 134 17 28 15

11 M 75 AML, ototoxic 3 1.1 2 2.2 0 3.2 2.2 0.54 0.5 – + 46 136 9 25 8

12 F 68 Idiopathic 180 0.6 0 0 0.4 0.6 0.4 0.72 0.53 – + 54 53 24 27 22

13 F 74 Idiopathic

(post-OP)

36 3.4 1.3 1.7 2.3 4.7 4.0 0.48 0.54 0.04 + 82 114 18 24 13

Mean 63.46 72.00 1.49 1.55 1.57 1.55 2.59 3.12 0.63 0.50 58.15 92.69 27.46 18.46

SD 14.70 103.755 1.63 1.84 2.09 2.09 3.00 3.74 0.17 0.12 22.47 44.34 2.40 7.42

Range

(min–max)

22–80 3–300 0–4.40 0–5.9 0–6.9 0–6.3 0–8.0 0–10.1 0.34–

0.93

0.25–

0.66

4–94 27–152 24–30 5–28

RW, right warm stimulation; RC, right cold stimulation; LW, left warm stimulation; LC, left cold stimulation; RT, right total summation (RW+ RC); LT, left total summation (LW+ LC); vHIT, video-head impulse test; VOR, vestibulo-ocular reflex; RC, rotatory chair

test; DVA, dynamic visual acuity; DHI, dizziness handicap inventory score; VDRL, vestibular disorders activities of daily living scale; HADS, hospital anxiety and depression scale; DM, diabetes mellitus; VN, vestibular neuritis; OP, operation; CKD, stage 5 chronic

kidney disease; SLE, systemic lupus erythematosus; AML, acute myeloid leukemia; MMSE, mini-mental state examination; GDS, geriatric depression scale.
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segmented into gray matter, white matter, and cerebrospinal fluid,

and smoothed with an 8-mm FWHM Gaussian kernel filter.

The modulated normalized volume images were combined in a

whole-brain voxel-wise statistical analysis (two-sample t-test) in

the VBM approach. The age, sex, and total intracranial volume

were entered as a covariate in the group comparison. DHI, VADL,

HADS, and disease duration were tested for correlation with

voxel-wise gray matter density in two separate random-effects

multiple regression analyses. Results were thresholded at p < 0.001

(uncorrected) for cluster definition with a minimum cluster size

of 100 voxels.

Results

Clinical features

The demographic and clinical characteristics and vestibular

function tests of the BVP patients are presented in Table 2.

Although the cause remains unclear in six BVP patients (46%),

three patients had a history of general or local surgery and two

patients had uncontrolled DM. seven patients (54%) of BVP

had causative factors; three recurrent vestibular neuritis, two

ototoxic drugs, one head trauma, and one SLE. All patients were

not observed cerebellar dysfunction in neurologic examination

and hearing abnormalities. Nine patients showed bilateral loss

or reduction of low-frequency VOR (sum of bithermal max.

peak SPV on each side <6◦/s by a caloric test with air

stimulation) and five patients showed bilateral loss of high-

frequency VOR (horizontal angular VOR gain <0.6 by vHIT).

The rotatory chair test was selectively performed when no

clear abnormalities in the caloric test or vHIT. Nine of ten

patients showed horizontal angular VOR gain lower than 0.1

upon sinusoidal stimulation (0.1Hz, Vmax = 50◦/s). The GDS

score was significantly higher in BPV group (18.46 ± 7.42)

than control group (4.53 ± 2.67, p = 0.004). Also, BVP group

had a lower MMSE (27.46 ± 0.66) than the control group

(29.82± 0.39, p < 0.001).

FIGURE 1

Decreased functional connectivity in bilateral vestibulopathy. (A) Patient with bilateral vestibulopathy showed decreased functional connectivity in

the bilateral insular, lateral occipital, fusiform, and anterior cingulate cortices. Seed-level two-sided false discovery rate (FDR) corrected p < 0.05. (B)

The connectivity matrix showed brain regions with reduced functional connectivity correspond to salience and auditory network.
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FIGURE 2

Decreased anatomical connectivity in bilateral vestibulopathy. (A) The anatomical connectometry analysis found fractional anisotropy (FA) values in

the right cerebellum, corpus callosum tapetum, and left fornix decreased in the patients with bilateral vestibulopathy compared with control subjects

(FDR ≤ 0.05). (B) The correlation analysis found FA values in the bilateral frontal parahippocampal cingulum, corpus callosum (tapetum, body, and

forceps major), right inferior fronto-occipital fasciculus, bilateral fornix, negatively correlated with DHI scores in patients with bilateral vestibulopathy

(FDR ≤ 0.05). (C) The correlation analysis found FA values in the corpus callosum (tapetum, body, forceps major, and forceps minor), bilateral fornix,

bilateral cerebellum, bilateral superior and anterior thalamic radiation, right inferior fronto-occipital fasciculus, bilateral fronto-parietal cingulum,

right dentatoruburothalamic tract negatively correlated with VADL scores in patients with bilateral vestibulopathy (FDR ≤ 0.05).

Altered functional connectivity in patients
with BVP

Compared to normal controls, patients with BVP showed

decreased functional connectivity among the key nodes of the

salience network, auditory (including vestibular) network, bilateral

posterior parahippocampal gyri, bilateral paracingulate gyri, and

right frontoparietal network (Figure 1, Supplementary Table).

Correlation analyses for clinical variables (DHI, VADL, HADS, and

disease duration) in patients with BVP showed no significant result.

Altered anatomical connectivity in patients
with BVP

The anatomical connectometry analysis found fractional

anisotropy (FA) values in the right cerebellum, corpus callosum

tapetum, and left fornix decreased in the patients with BVP

compared with control subjects (Figure 2A). The correlation

analysis found FA values in the bilateral frontal parahippocampal

cingulum, corpus callosum (tapetum, body, and forceps major),

right inferior fronto-occipital fasciculus, bilateral fornix, negatively

correlated with DHI in patients with BVP (Figure 2B). The

correlation analysis found FA values in the corpus callosum

(tapetum, body, forceps major, and forceps minor), bilateral

fornix, bilateral cerebellum, bilateral superior and anterior thalamic

radiation, right inferior fronto-occipital fasciculus, bilateral fronto-

parietal cingulum, right dentatoruburothalamic tract negatively

correlated with VADL in patients with BVP (Figure 2C).

Voxel- and surface-based morphometry

Patients with BVP showed decreased volumes in the bilateral

parahippocampal gyri, right precentral gyrus, anterior cingulate

gyrus, and right middle temporal gyrus. Gray matter volume in

the right superior frontal gyrus increased in the patients with BVP

(Figure 3A). The correlation analysis found gray matter volumes in

the bilateral middle occipital gyri, right superior occipital gyrus, left

angular gyrus, and right cuneus negatively correlated with DHI in

patients with BVP (Figure 3B). The correlation analysis found gray

matter volumes in the right angular gyri, bilateral parahippocampal

gyri, right middle temporal gyrus, right cuneus, bilateral inferior

occipital gyri, left middle occipital gyrus, right superior frontal
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FIGURE 3

Alteration in brain volumes in bilateral vestibulopathy. (A) Patient with bilateral vestibulopathy showed decreased volumes in the bilateral

parahippocampal gyri, right precentral gyrus, anterior cingulate gyrus, and right middle temporal gyrus. Gray matter volume in the right superior

frontal gyrus increased in patients with bilateral vestibulopathy. (B) The correlation analysis found gray matter volumes in the bilateral middle

occipital gyri, right superior occipital gyrus, left angular gyrus, and right cuneus negatively correlated with DHI scores in patients with bilateral

vestibulopathy (uncorrected p ≤ 0.001, cluster extents > 100 voxels). (C) The correlation analysis found gray matter volumes in the right angular gyri,

bilateral parahippocampal gyri, right middle temporal gyrus, right cuneus, bilateral inferior occipital gyri, left middle occipital gyrus, right superior

frontal gyrus, left fusiform gyrus, bilateral caudate, left cerebellar crus, and bilateral calcarine gyri negatively correlated with VADL scores in patients

with bilateral vestibulopathy (uncorrected p ≤ 0.001, cluster extents > 100 voxels).

gyrus, left fusiform gyrus, bilateral caudate, left cerebellar crus, and

bilateral calcarine gyri negatively correlated with VADL in patients

with BVP (Figure 3C).

Discussion

In our study, patients with BVP showed decreased functional

connectivity among the key nodes of the salience network,

auditory (including vestibular) network, bilateral posterior

parahippocampal gyri, bilateral paracingulate gyri, and right

frontoparietal network. The study also found decreased fractional

anisotropy (FA) values in the right cerebellum, corpus callosum

tapetum, and left fornix in patients with BVP compared with

control subjects, and FA values in these regions were negatively

correlated with DHI and VADL. Also, patients with BVP showed

decreased volumes in the bilateral parahippocampal gyri, right

precentral gyrus, anterior cingulate gyrus, and right middle

temporal gyrus and these volume changes were negatively

correlated with DHI and VADL.

Previous literature has reported conflicting results on the

relationship between BVP and the volume of hippocampal

formation. Some studies have found reduced volume in BVP

patients (6, 8, 23), while others have not (24–26). Our study

showed decreased volumes in the bilateral parahippocampal gyri.

The parahippocampal cortex encompasses a large portion of the

medial temporal lobe and is associated with many cognitive

processes, including visuospatial processing and episodic memory

(27). The present study provides evidence that supports the

theory that the disruption of vestibular signals in BVP leads to

the deafferentation of fibers that connect to the hippocampus,

which in turn results in the atrophy of the hippocampus. This

study offers a valuable perspective on the neural mechanisms

underlying the symptoms exhibited by patients with BVP, including

not only oscillopsia and imbalance but also deficiencies in

spatial cognition (6, 8, 28).

Themost noteworthy outcome of this study is the identification

of a significant reduction in functional connectivity in several key

regions, particularly the anterior cingulate and insular areas, which

are known to be crucial nodes in the salience network (SN). The SN

plays an important role in detecting and reacting to salient events,

as well as facilitating access to attention and working memory

resources. This interpretation is consistent with the findings of

prior studies which have reported dysfunction of the SN in bilateral

hearing loss (29, 30). Auditory as well as vestibular stimulation, is

a crucial external stimulus for the detection of salient events. The

study suggests that dysfunction of the salience network may be a

common mediator of cognitive dysfunction that occurs as a result
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of abnormalities in peripheral sensory organs, such as hearing loss,

not just in vestibular dysfunction.

SN is involved in switching between large-scale brain networks

related to externally oriented attention and internally oriented

mental processes. The SN, along with the central executive

network, typically shows increased activation during cognitively

demanding tasks, while the default-mode network shows decreased

activation. When a salient event is detected, the SN initiates

control signals to engage cognitive and task control systems and

suppress the default-mode network (31). The SN is a causal hub

for signaling the central executive network, which is important for

maintaining and manipulating information in working memory

(32). Therefore, dysfunction of the SNmay also lead to dysfunction

of the central executive network and the default mode network,

which could potentially result in cognitive impairments, including

attention, working memory, and spatial navigation, in patients

with BVP.

The right superior frontal gyrus is one of the important

nodes in the fronto-parietal network and is known to be involved

in processing visual attention (33, 34). In BVP patients, loss

of vestibular function results in increased dependence on visual

stimulation. As a result of this compensatory action, it can be

carefully deduced that the brain volume of the corresponding

area increased.

The anatomical connectivity analysis demonstrated that there

was a decrease in connectivity in various white matter tracts, which

indicates that there are both functional and structural changes in

the brain of patients with BVP. In addition, the correlation analysis

showed that the more severe the impairment of daily life due to

dizziness, the lower the integrity of the extensive white matter tract.

This is presumed to be because, unlike the DHI, which consists of

three domains, physical, emotional, and functional, VADL is less

affected by other confounding effects such as anxiety or depression.

After all, it is a scale focused only on disturbances in daily life due

to balance disorders.

There are severe limitations to our study. First, the sample

size was small, which did not allow further subgroup analysis

of etiologies. Second, etiology of BVP or result of vestibular

function test are heterogenous. Third, we excluded patients

with MMSE score ≤ 23 to rule out the dementia, but the

BVP group had a lower MMSE (27.46 ± 0.66) than the

control group (29.82 ± 0.39). Fourth, we excluded psychiatric

disorder such as generalized anxiety disorder or major depressive

disorder, but the GDS and HADS scores in the BVP group

were higher than in the control group, which may have affected

the results.

Despite its limitations, this study has the strength of being

a comprehensive and data-driven examination of structural and

functional brain imaging of BVP.

Conclusion

Our study concurs with previously established characteristics

of BVP, such as reductions in the volume of the hippocampus

and alterations in functional and anatomical connectivity.

Furthermore, the results of this study propose that dysfunction

in the salience network may serve as a common mediator for

cognitive dysfunction that arises from abnormalities in peripheral

sensory organs.
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