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Objective: Acute unilateral vestibulopathy (AUVP) is the second leading cause of
peripheral vestibular vertigo. Full recovery of AUVP is related to sufficient central
vestibular compensation. It has been confirmed that the vestibular nucleus and
vestibular cortex are involved in the process of vestibular compensatory in AUVP
patients. However, few studies have focused on the functional compensation of
thalamus in patients with AUVP. This study aimed to explore the alterations of
resting-state functional connectivity (FC) focused on thalamus using functional
magnetic resonance imaging (fMRI) in AUVP patients.

Methods: Data of 3D-T1 and resting-state fMRI were collected from 40 AUVP
patients and 35 healthy controls (HC). Seeds-based (bilateral thalamus) FC was
analyzed to investigate the changes in FC between the two groups. Furthermore,
we evaluated the associations between altered thalamus FC and clinical features
in AUVP patients using Pearson’s partial correlation.

Results: Compared with HC, AUVP patients showed decreased FC between
bilateral thalamus and left insula. We also observed decreased FC between
right thalamus and left supramarginal gyrus. Additionally, we found increased
FC between left thalamus and right postcentral gyrus (PCG), as well as increased
FC between right thalamus and regions of bilateral PCG, right middle frontal
gyrus and right middle occipital gyrus in AUVP patients. Furthermore, the FC
between left thalamus and left insula was negatively correlated with values of
canal paresis in patients with AUVP (p = 0.010, r = —0.434).

Conclusion: Our results provided first evidence for the decreased thalamo-
vestibular cortex pathway, as well as increased thalamo-somatosensory and
thalamo-visual cortex pathway in AUVP patients. These findings help us better
understand the underlying mechanisms of central dynamic compensatory
following an acute unilateral peripheral vestibular damage.
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Introduction

Acute unilateral vestibulopathy (AUVP), also known as
vestibular neuritis (VN), is characterized by acute or sub-acute
episodes of moderate-to-severe rotational or non-rotational vertigo
accompanied by instability and spontaneous horizontal nystagmus
(or torsion) without hearing impairment or brainstem dysfunction
(Strupp and Magnusson, 2015; Johns and Quinn, 2020; Strupp
et al., 2022). AUVP is the second leading cause of peripheral
vestibular vertigo (Strupp and Brandt, 2013). The incidence of
AUVP ranges from 3.5~15.5/100,000 (Strupp and Brandt, 2009).
AUVP accounts for 3.2%-9% of patients in vertigo or neurology
clinics (Strupp and Brandt, 2009). About 2%-11% of AUVP
patients relapse, and 10%-15% of AUVP patients have secondary
benign paroxysmal positional vertigo (Neuhauser, 2016; Le et al.,
2019).

Most AUVP patients experience a quick recovery that seems
to be related to a compensatory adaptation for the central
vestibular information processing. Previous studies have shown
that 30%~50% of AUVP patients developed chronic dizziness,
including persistent postural-perceptual dizziness (Yan et al,
2017; Popkirov et al, 2018). Recent studies suggested that
the development of such chronic symptoms following AUVP
was predominantly mediated by central mechanisms (inadequate
central vestibular compensation) (Best et al., 2006; Panichi
et al., 2017). It was reported that the vestibular nucleus might
play a crucial role in vestibular compensation in patients with
unilateral peripheral vestibular damage or in rats model of acute
unilateral labyrinthotomy (Helmchen et al., 2011; Zwergal et al.,
2016). A previous positron emission tomography (PET) study
has reported changes in regional cerebral glucose metabolism
in vestibular cortex in patients with AUVP during acute stage
(Bense et al, 2004). Neuroimaging studies using method of
voxel-based morphometry have reported gray matter volume
changes in regions of vestibular cortex in patients with AUVP
(Helmchen et al., 2009; Hong et al., 2014). Functional and structural
changes of vestibular cortex in AUVP patients indicate that the
vestibular cortex probably plays an important role in vestibular
compensation. In the vestibular pathway, peripheral vestibular
information is projected through vestibular nucleus to ocular
motor nuclei, and in parallel to ascend via thalamus to the central
vestibular cortex (Hitier et al., 2014; Kirsch et al., 2016). So far, few
studies have focused on the functional compensation of thalamus
in patients with AUVP (Becker-Bense et al, 2014; Helmchen
et al., 2014; Klingner et al., 2014; Roberts et al., 2018; Cheng
et al,, 2023). It is currently not clear whether patients with AUVP
have abnormal resting-state functional connectivity (FC) of the
thalamus.

Therefore, this study aimed to explore the changes in FC
focused on bilateral thalamus in patients with AUVP during acute
phase using resting-state functional magnetic resonance imaging
(fMRI), and to determine whether these FC abnormalities correlate
with certain clinical features of the patients. We hypothesized
that the process of central vestibular compensation in AUVP
patients involved functional changes in the thalamus. It has been
suggested that adaptation is one of the strategies for vestibular
compensation (Hillier and McDonnell, 2011). The main strategy of
adaptation is sensory substitution. Vision and proprioception are
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the main sources of sensory substitution (Hillier and McDonnell,
2011; Lacour and Bernard-Demanze, 2015). It is believed that
thalamus is functionally connected with visual, somatosensory,
and vestibular cortex (Wijesinghe et al., 2015; Roy et al,, 2022).
Thus, we speculated that patients with AUVP might have altered
resting-state FC between thalamus and a set of brain regions
involved in vestibular, visual, and somatosensory information
processing.

Materials and methods

Participants

Based on the diagnostic criteria of AUVP/VN from the
consensus document of the committee for the classification of
vestibular disorders of the Barany Society (Strupp et al.,, 2022), 40
right-handed AUVP patients were recruited at the Department of
Neurology of the Second Affiliated Hospital of Xuzhou Medical
University. All patients were evaluated within 1 week of onset.
Each patient underwent a detailed neurological and neuro-
otological evaluation, including demographic information, history
of present illness, past medical history, neurological and vertigo
bedside examination, videonystagmograph, video head impulse test
(VHIT), vestibular evoked myogenic potentials (VEMPs, including
ocular and cervical VEMPs), rotatory chair test, pure tone test, and
measurement of acoustic immittance. In the videonystagmograph
evaluation, a patient with AUVP usually characteristically presents
as a spontaneous nystagmus (horizontal-torsional, direction-fixed,
and enhanced by removal of visual fixation) with a trajectory
appropriate to the semicircular canal afferents involved. In the
VHIT and rotatory chair test, a patient with AUVP usually
shows reduced vestibulo-ocular reflex (VOR) function on the
side opposite the direction of the fast phase of the spontaneous
nystagmus (VOR gain less than 0.7 with saccades for vHIT,
or canal paresis more than 25% for rotatory chair test). In
addition, examinations of VEMPs and vHIT help us to differentiate
the distribution of nerve injury in AUVP patients. All patients
underwent acute or subacute onset of vertigo lasting more than
24 h. No patient had positive neurological signs beyond those
of a unilateral peripheral vestibular lesion. None of the patients
had hearing impairment or tinnitus, or other otologic symptoms
such as otalgia. No patient had previous history of neurological,
neuro-otological, psychiatric, or systemic disease. To control for
laterality, all patients suffered damage to the left side. Patients
with drug or alcohol abuse were excluded. Patients with recurrent
AUVP were excluded. Patients who received vestibular function
inhibitors within 2 days prior to assessments of vestibular function
and fMRI were excluded. For enrolled patients, resting-state fMRI
were performed within 1 week of onset, and all fMRI scans were
obtained on the same day as the completion of the vestibular
function evaluation.

Thirty-five age, sex, and education-matched healthy controls
(HC) were recruited. They received resting-state fMRI scanning.
They are all right-handed, with no history of vertigo, drug, or
alcohol abuse. HC with neurological, neuro-otological, mental, or
systemic disorders were excluded. Both patients with AUVP and
HC underwent routine MRI (T1WI + T2WI + DWI + FLAIR)
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scans to rule out occult central nervous system diseases. In addition,
subjects with moderate-severe white matter hyperintensity on
FLAIR images were excluded. In addition, all participants
underwent assessments of Hamilton Anxiety Scale (HAMA),
Hamilton Depression Scale (HAMD), and Montreal Cognitive
Assessment (MoCA). All scales and neuropsychological tests were
completed by a qualified neuropsychological evaluator who was not
aware of the grouping of the subjects.

Imaging acquisition

All MRI images were collected using a 3.0T GE MRI scanner
(GE Medical Systems) at the Second Affiliated Hospital of
Xuzhou Medical University, including high resolution T1-
weighted images (TIWI) and resting-state fMRI. All participants
kept their eyes closed and lay still during the MRI scanning.
In addition, all subjects were asked not to think about
anything during the MRI scanning. The T1WI images were
obtained using a 3D-BRAVO sequence with the following
parameters: repetition time (TR) = 2,500 ms, echo time
(TE) = 3.5 ms, flip angle (FA) = 8°, matrix = 256 x 256,
thickness = 1 mm, 156 slices. A fast field echo-planar imaging
(EPI) sequence was used to acquire the whole brain fMRI
images, the scanning parameters were as follows: TR = 2,000 ms,
TE = 30 ms, FA = 90°, field of view (FOV) = 200 x 200 mm,
matrix = 64 X 64, thickness/gap = 3.6/0 mm, 210 time points, total
scan time = 7 min.

Imaging preprocessing

For the acquired 210 functional time points, we removed
the first 10 time points. The remaining 200 time points were
preprocessed by Statistical Parametric Mapping 12 (SPM12)!
and CONN toolbox (Version 18b)?> working on MATLAB
R2023a (MathWorks, Inc., Natick, MA, USA). The preprocessing
procedures were the default parameters within the CONN toolbox:
(a) functional slice-timing correction was used to reduce the
difference in the acquisition time of each layer; (b) functional
realignment was adopted to correct head movement within
sequence; (c) we performed functional outlier detection with head
motion threshold set at 3 mm and global signal threshold set
at z = 9; (d) in order to narrow the difference in structural
center caused by manual positioning, we performed the step of
structural center to (0, 0, 0) coordinates (translation); (e) functional
segmentation and normalization (DARTEL); (f) spatial smoothing
based on a Gaussian kernel of 6-mm full-width at half maximum;
(g) band-pass filtering (0.01-0.08 Hz); and (h) nuisance variable
regression: including the signals of white matter, cerebrospinal
fluid, and the 24 motion parameters. Six AUVP patients and four
HC were excluded due to large head motion or poor normalization.
Finally, 34 AUVP patients and 31 HC were included in the
following analysis.

1 https://www fil.ion.ucl.ac.uk/spm/software/spm12

2 http://www.nitrc.org/projects/conn
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Seed-based functional connectivity

Functional connectivity between the selected seeds and the
rest of the brain regions was computed with the seed-to-voxel
method. The bilateral thalamus were extracted from the FSL
Harvard-Oxford atlas. For each seed, we extracted the time-
series from the preprocessed functional images. We calculated
the Pearson correlation coefficients (r) between the seed and all
other voxels, which was then converted to z scores using Fisher’s
r-to-z transformation.

Statistical analysis

Analysis of demography and clinical
characteristics

Statistical analyses of demography and clinical characteristics
were performed using the Statistical Package for the Social Sciences
(SPSS, v22.0) for Windows (SPSS Institute Inc., Chicago, IL, USA).
Two-sample ¢-tests were adopted to analyze the differences in age,
educational years, scores of HAMA, HAMD, and MoCA, the Chi-
square test was used to examine the difference in gender. A p < 0.05
was considered significant for all analyses.

Analysis of differences in FC

Two-sample t-tests were applied to analyze the differences of
FC between AUVP patients and HC. Age, gender, education level,
scores of MoCA, HAMA, and HAMD were included as covariates.
Significance was determined at voxel-level threshold (p < 0.001)
and cluster-level threshold [p < 0.05, false discovery rate (FDR)
corrected, two-tailed].

Correlation analysis

For FC showing significant differences between the two
groups, z-values were calculated. We performed Pearson’s partial
correlation analysis to evaluate the correlations between z-values
and patients clinical features [including duration of AUVP,
values of canal paresis (CP), slow-phase velocity of spontaneous
nystagmus, scores of VVAS and DHI], controlling for age, gender,
education level, scores of MoCA, HAMA, and HAMD. A p < 0.05
was considered significant.

Results

Demographic and clinical features

The general data of all subjects were summarized in Table 1.
There was no significant difference in age, gender, education level,
scores of HAMA, HAMD, and MoCA between the two groups (all
p > 0.05, Table 1). The clinical characteristics of AUVP patients
were shown in Table 2. The AUVP patients in the present study
suffered from moderate to severe vertigo symptoms according to
the scores of VVAS (6.4 & 1.3), which resulted in severe handicap as
identified by scores of DHI (61.1 % 20.6). Of all the 34 patients with
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TABLE 1 General information of the participants.

AUVP HC (n = 31) p-Value
(n = 34)

Age (years) 51.3+10.9 48.7 £ 134 0.108
Gender 18/16 14/17 0.705
(male/female)

Education 143 £3.6 15.1 £3.6 0.183
(years)

HAMA scores 19.4 £ 12.5 163+ 11.1 0.091
HAMD scores 128 £7.6 9.7 +53 0.084
MoCA scores 284+1.2 28.1£13 0.477

AUVP, acute unilateral vestibulopathy; HC, healthy control; HAMA, Hamilton Anxiety
Scale; HAMD, Hamilton Depression Scale; MoCA, Montreal Cognitive Assessment Scale.

TABLE 2 Clinical features of the AUVP patients (n = 34).

VVAS scores 6.4+13
DHI scores 61.1 £20.6
Duration of AUVP (days) 45+22

History of pre-onset URI (1, %) 10 (29.4%)
CP (+) (n, %)

CP values (%)

34 (100%)
60.6% =+ 20.0%

VHIT (+) [L (n), %] 30 (88.2%)

oVEMP (+) (n, %) 30 (88.2%)

CVEMP (+) (1, %) 13 (38.2%)

Spn [R (1), %] 32 (94.1%)

Spn-SPV (°/s) 12.1 £ 11.4°/s

AUVP, acute unilateral vestibulopathy; VVAS, Vertigo Visual Analog Scale; DHI, dizziness
handicap inventory; URI, upper respiratory infection; L, left; R, right; CP, canal paresis;
vHIT, video head impulse test; oVEMP, ocular vestibular evoked myogenic potentials;
cVEMP, cervical vestibular evoked myogenic potentials; Spn, spontaneous nystagmus; SPV,
slow-phase velocity; +, abnormal.

AUVP we enrolled, 10 (29.4%) patients had a clear history of upper
respiratory infection before onset. All patients (34, 100%) had
left peripherals vestibular lesions. All patients (34, 100%) showed
spontaneous nystagmus (Spn), the slow-phase velocity of Spn was
12.1 & 11.4°/s. Thirty-two (94.1%) patients showed right side Spn
and 1 (5.9%) patient showed left side Spn. All patients (34, 100%)
showed canal paresis (CP, 60.6% =+ 20.0%) during rotatory chair
testing. Thirty (88.2%) patients displayed abnormal vHIT (left side
VOR gain reduction and saccade waves). Ocular VEMP (0VEMP)
was abnormal in 30 cases (88.2%) and cervical VEMP (cVEMP) was
abnormal in 13 cases (38.2%). Results of vHIT and VEMPs showed
that 20 (58.8%) patients had superior vestibular nerve damage only,
3 (8.9%) patients had inferior vestibular nerve damage only, 1
(2.9%) patient had ampullary nerve damage and 10 (29.4%) patients
had whole vestibular nerve damage (Table 3).

FC differences between groups

Compared with HC, AUVP patients showed increased FC
between the left thalamus and the right postcentral gyrus (PCG)
(Table 4 and Figure 1). We also observed decreased FC between the
left thalamus and the left insula in patients with AUVP compared
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with HC (Table 4 and Figure 1). In addition, compared with HC,
AUVP patients showed increased FC between the right thalamus
and brain regions of the bilateral PCG, right middle frontal gyrus
(MFG) and right middle occipital gyrus (MOG) (Table 5 and
Figure 2). We also found decreased FC between the right thalamus
and brain regions of the left insula and the left supramarginal gyrus
(SMG) in AUVP patients (Table 5 and Figure 2).

Correlation results

Correlation analysis revealed that the FC (z-value) between the
left thalamus and the left insula was negatively correlated with the
value of CP in patients with AUVP (p =0.010, r = —0.434; Figure 3).
There was no significant correlation between the FC (z-value) and
patients’ clinical features of disease duration, slow-phase velocity of
Spn, and scores of VVAS and DHI (all p > 0.05).

Discussion

To our knowledge, the present study is the only one which
explored resting-state FC changes focusing on thalamus in patients
with AUVP. We found that AUVP patients showed abnormal
thalamus resting-state FC. In addition, our results suggested that
the altered thalamus FC was correlated with the severity of
peripheral vestibular impairment (CP values) in the AUVP patients.

The thalamus is believed to receive vestibular input from
vestibular nuclei and cerebellum, and transmit vestibular input
2014; Kirsch et al.,
2016). Previous studies have suggested that the thalamus was

to the central vestibular cortex (Hitier et al,,

involved in the processing of vestibular information (Asanuma

et al., 1983; Indovina et al, 2005). Functional and structural
abnormalities of thalamus have been reported in vestibular diseases.
For example, Menieres disease, vestibular migraine and visually
induced dizziness (Van Ombergen et al., 2017; Borghammer and
2020; Chen et al, 2022; Zhe et al., 2023). In patients

with AUVP, altered regional cerebral glucose metabolism in the

Ovesen,

thalamus was previously reported during the acute stage (Bense
et al., 2004), which was partially similar to the results of the
present study. Our results of the altered thalamus FC supported
our hypothesis and potentially suggested that changes in thalamus
functional activity were involved in the process of vestibular
compensation in AUVP patients.

The insula is an important component of parieto-insular
vestibular cortex (PIVC) (Eickhoff et al, 2006; Frank and
Greenlee, 2018). The PIVC is mainly located in the posterior
insula, retroinsular region and the parietal operculum, and is
now generally considered to be the primary vestibular cortex
2006; Frank and Greenlee, 2018).
The insula receives vestibular inputs from thalamus and plays a

in humans (Fickhoff et al,

considerable role in vestibulo-thalamo-PIVC pathway (Lopez et al.,
2012; zu Eulenburg et al,, 2012). An 18F-fluorodeoxyglucose PET
study reported increased regional cerebral glucose metabolism in
posterior insula in AUVP patients (Bense et al., 2004). Studies using
voxel-based morphometry analysis found increased gray matter
volume in the insula in AUVP patients compared with HC, and in
AUVP patients at the restoration stage (3 months) compared with
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TABLE 3 Distribution characteristics of nerve injury in patients with AUVP.

10.3389/fnins.2024.1388213

Involved VN Case number (%) VvHIT-H VHIT-A VHIT-P oVEMP cVEMP
Superior VN 20 (58.8%) + + - + _
Whole VN 10 (29.4%) + + + + +
Inferior VN 3 (8.9%) - - + . +
Ampullary nerve 1(2.9%) + + - - _

AUVP, acute unilateral vestibulopathy; VN, vestibular nerve; vHIT, video head impulse test; H, horizontal semicircular canal; A, anterior semicircular canal; P, posterior semicircular canal;
oVEMP, ocular vestibular evoked myogenic potentials; cVEMP, cervical vestibular evoked myogenic potentials; +, abnormal;—, normal.

TABLE 4 Altered functional connectivity of the left thalamus in AUVP patients compared with HC.

Brain regions Voxel size Peak MNI coordinates Peak t-score

X,y z
RPCG 440 39, —27,48 5.2105 Postcentral_R 1
L insula 378 —39,9,—6 —7.2593 Insula_L 13

The results were assigned thresholds at voxel-level threshold (p < 0.001) and cluster-level threshold (two-tailed, p < 0.05) with false discovery rate (FDR) correction. AUVP, acute unilateral
vestibulopathy; HC, healthy control; MNI, Montreal Neurological Institute; AAL, anatomical automatic labeling; BA, Brodmann area; L, left; R, right; PCG, postcentral gyrus.

FIGURE 1

Differences in functional connectivity (FC) between patients with
AUVP and healthy controls when the left thalamus was chosen as a
seed. Blue and cyan regions suggest decreased FC, while red and
yellow areas indicate increased FC [voxel-level threshold

(p < 0.001) and cluster-level threshold (two-tailed, p < 0.05, FDR
correction)]. AUVP, acute unilateral vestibulopathy; FDR, false
discovery rate; L, left; R, right.

the same patients at the acute stage (onset within 72 h) (Helmchen
et al., 2009; Hong et al,, 2014). Recently, a neuroimaging study
reported that AUVP patients at acute stage showed decreased FC
between left lingual gyrus and right insula, indicating decreased
FC between visual and vestibular cortex in patients with AUVP
(Cheng et al., 2023). Partially consistent with previous functional
and structural neuroimaging studies (Bense et al., 2004; Helmchen
et al., 2009; Hong et al., 2014; Cheng et al., 2023), the present
study found that AUVP patients with left peripherals vestibular
lesions showed decreased FC between the left insula and bilateral
thalamus, indicating decreased thalamo-vestibular cortex neural
pathway. In addition, our AUVP patients showed a significant
negative correlation between the increased CP (the greater the
CP value, the more serious the damage of vestibular function)
and the decreased FC of left thalamus-insula. The decrease in
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resting-state FC between the left thalamus and left insula was
probably related to the impaired left side peripherals vestibular
function in the AUVP patients with left peripherals vestibular
lesions.

This study also observed decreased FC between the right
thalamus and left SMG in AUVP patients with left peripherals
vestibular lesions. The SMG within the inferior parietal lobule
(IPL) has been shown to be activated by vestibular stimulation
(Lopez and Blanke, 2011). It was also reported that a left parietal
lobe infarction involving the SMG presented as isolated positional
vertigo with rightward horizontal nystagmus (Naganuma et al,
2006). The SMG is a key region identified in previous studies
for vestibular information processing (Lopez and Blanke, 2011;
zu Eulenburg et al., 2012; Dieterich and Brandt, 2018). The
functional and structural changes in SMG have been demonstrated
in vestibular disorders like benign paroxysmal positional vertigo
with residual dizziness, persistent postural-perceptual dizziness,
and vestibular migraine (Zhe et al., 2020; Lin et al., 2023; Maywald
et al, 2023). A recent fMRI study has revealed decreased FC
between the left lingual gyrus and the bilateral SMG in patients
with AUVP (Cheng et al., 2023). The current study found decreased
FC between the right thalamus and left SMG. This result also
indicated decreased thalamo-vestibular cortex neural pathway in
AUVP patients.

The PCG is part of the parietal lobe and is known as primary
somatosensory cortex of human beings (Kaas et al., 1979; Geyer
et al., 2000). In AUVP patients, increased regional homogeneity
(ReHo) values in the right PCG and decreased regional cerebral
glucose metabolism in PCG were previously reported by resting-
state fMRI and 18F-fluorodeoxyglucose PET studies (Bense et al.,
2004; Cheng et al., 2023). The present study observed increased
FC between the left thalamus and right PCG, and between
the right thalamus and bilateral PCG. These results suggested
increased thalamo-somatosensory cortex neural pathway in AUVP
patients. We also discovered increased FC between the right
thalamus and right MFG in patients with AUVP. The MFG is
a crucial component of the prefrontal cortex, which is reported
to be involved in the attention network (Vossel et al, 2014).
It was reported that the MFG was activated in response to an
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TABLE 5 Altered functional connectivity of the right thalamus in AUVP patients compared with HC.

Brain regions Voxel size Peak MNI coordinates Peak t-score
X,y z

RPCG 328 48, —21, 36 5.1682 Postcentral_R 1

LPCG 177 —45,-21, 63 4.6665 Postcentral _L 4

R MFG 75 30, 39,42 4.0589 Frontal_Mid_R 9
RMOG 66 45, —78,12 4.6553 Occipital_Mid_R 19
L insula 112 —39,3, -6 —5.9203 Insula_L 13
L SMG 90 —59, —47, 31 —6.2496 SupraMarginal_L 39

The results were assigned thresholds at a voxel-level threshold (p < 0.001) and a cluster-level threshold (two-tailed, p < 0.05) with false discovery rate (FDR) correction. AUVP, acute unilateral
vestibulopathy; HC, healthy control; MNI, Montreal Neurological Institute; AAL, anatomical automatic labeling; BA, Brodmann area; L, left; R, right; PCG, postcentral gyrus; MFG, middle

frontal gyrus; MOG, middle occipital gyrus; SMG, supramarginal gyrus.

FIGURE 2

Differences in functional connectivity (FC) between patients with
AUVP and healthy controls when the right thalamus was chosen as
a seed. Blue and cyan regions suggest decreased FC, while red and
yellow areas indicate increased FC [voxel-level threshold

(p < 0.001) and cluster-level threshold (two-tailed, p < 0.05, FDR
correction)]. AUVP, acute unilateral vestibulopathy; FDR, false
discovery rate; L, left; R, right.

active unilateral knee joint position sense test, suggesting that the
MFG was involved in the processing of proprioception (Strong
et al., 2023). Another study suggested that the MFG might play
a role in the integration of proprioceptive information in the
process of sensory and motor information integration (Stock et al.,
2013). Therefore, we speculated that the increased FC between
the right thalamus and right MFG might also reflect increased
thalamo-somatosensory cortex neural pathway in AUVP patients.
Similar to our results, it was reported that there was a shift
to the somatosensory system due to an elevated processing of
proprioceptive information in the right gracile nucleus in AUVP
patients during chronic stage (zu Eulenburg et al., 2010). However,
similar to most previous studies (zu Eulenburg et al., 2010; Hong
et al, 2014; Klingner et al., 2014; Roberts et al., 2018; Cheng
et al,, 2023), we did not evaluate the vestibulospinal reflex (VSR)
pathway for the AUVP patients as the VSR pathway is involved
in acute vertigo and runs through the thalamus (Helmchen
et al,, 2014; Carmona et al., 2023). Therefore, the increased
thalamo-somatosensory cortex neural pathway observed in AUVP
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FIGURE 3

Functional connectivity between the left insula and left thalamus
was negatively correlated with the value of canal paresis (CP) in
patients with acute unilateral vestibulopathy (p = 0.010, r = —-0.434).

patients probably had something to do with the deficit in VSR
pathway.

In addition, the current study found increased FC between
the right thalamus and right MOG in AUVP patients. The MOG
is known to be an important part of the lateral visual network
and belongs to the secondary visual cortex. Thus, our study
indicated increased thalamo-visual cortex neural pathway in AUVP
patients. Previous neuroimaging studies have also demonstrated
the altered function of visual cortex in AUVP patients (Bense et al.,
2004; Cheng et al,, 2023) and in patients with chronic unilateral
vestibulopathy (CUVP) (Si et al., 2022). In addition, a voxel-based
morphometry study observed increased gray matter volume in
the MOG in AUVP patients with disease duration longer than
3 months compared with the same patients at acute stage (onset
within 72 h) (Cheng et al., 2023).

It is well known that the maintenance of human postural
balance depends on the close cooperation among vestibular, visual,
and somatosensory systems. We believed that the interaction
and integration among different senses makes it possible for
sensory substitution in AUVP patients. When vestibular sense
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is absent, AUVP patients may compensate for the missing
vestibular sense with visual and somatosensory senses to maintain
postural balance, visual stability and perception of spatial location.
The present study observed decreased thalamo-vestibular cortex
neural pathway, as well as increased thalamo-somatosensory
and thalamo-visual cortex neural pathway in AUVP patients
during acute phase. This potentially indicated a powerful
functional central vestibular compensation within the visual and
somatosensory systems when the peripheral vestibular system
undergoes a substantial loss of function. Our findings of
functional vestibular compensation echoed an earlier voxel-based
morphometry research that provided evidence for the volumetric
increases in the visual and somatosensory cortices from the
perspective of structural vestibular compensation in AUVP patients
during chronic phase (zu Eulenburg et al., 2010).

Limitations

This study had several potential limitations. First, the sample
size was relatively small and the data were gathered from a single
center. Second, the seeds (bilateral thalamus) we adopted contained
the whole thalamus. In fact, the thalamus can be divided into
several sub-regions, in order to improve the specificity of the
analysis, future study should define anatomical parcellation of the
thalamus more specifically. The third potential limitation was that
we only adopted method of seed-based FC, future studies should
combine other methods to further explore the neuroimaging
changes of AUVP, for example, independent component analysis
(ICA), functional network connectivity (FNC), dynamic FNC,
VBM, and so on. Fourth, we did not evaluate the VSR pathway
for the AUVP patients. Finally, we did not follow up patients
with AUVP to observe changes in brain functional activity after
3 months to further verify the results of this study.

Conclusion

In conclusion, our results provided first evidence for the
decreased thalamo-vestibular cortex neural pathway, as well
as increased thalamo-somatosensory and thalamo-visual cortex
neural pathway in AUVP patients during acute phase. These
findings help us better understand the underlying mechanisms
of central dynamic compensatory following an acute unilateral
peripheral vestibular damage.
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