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Abnormal neural activity in the cerebellum has been implicated in hearing impairments, but the effects of long-term hearing loss on
cerebellar function are poorly understood. To further explore the role of long-term bilateral sensorineural hearing loss on cerebellar
function, we investigated hearing loss-induced changes among neural networks within cerebellar subregions and the changes in
cerebellar-cerebral connectivity patterns using resting-state functional MRI. Twenty-one subjects with long-term bilateral
moderate-to-severe sensorineural hearing loss and 21 matched controls with clinically normal hearing underwent MRI scanning
and a series of neuropsychological tests targeting cognition and emotion. Voxel-wise functional connectivity (FC) analysis
demonstrated decreased couplings between the cerebellum and other cerebral areas, including the temporal pole (TP), insula,
supramarginal gyrus, inferior frontal gyrus (IFG), medial frontal gyrus, and thalamus, in long-term bilateral sensorineural
hearing loss patients. An ROI-wise FC analysis found weakened interregional connections within cerebellar subdivisions.
Moreover, there was a negative correlation between anxiety and FC between the left cerebellar lobe VI and left insula. Hearing
ability and anxiety scores were also correlated with FC between the left cerebellar lobe VI and left TP, as well as the right
cerebellar lobule VI and left IFG. Our results suggest that sensorineural hearing loss disrupts cerebellar-cerebral circuits, some
potentially linked to anxiety, and interregional cerebellar connectivity. The findings contribute to a growing body showing that
auditory deprivation caused by cochlear hearing loss disrupts not only activity with the classical auditory pathway but also
portions of the cerebellum that communicates with other cortical networks.

1. Introduction

According to the World Health Organization (WHO), hear-
ing loss (HL) of sensorineural origin affects approximately
466 million people (5% of the world’s population) and ranks
as the fifth leading age-related disability [1]. It is estimated
that by 2050, over 900 million people will have disabling
HL. Sensorineural hearing loss (SNHL) typically results from
damage to outer and inner hair cells, spiral ganglion neu-
rons, and auditory nerve fibers which project to the central
auditory system [2, 3]. Recent studies have shown that
SNHL alters neural activity not only in the central auditory
pathway but also in the nonauditory structures such as the
hippocampus, supramarginal gyrus (SMG), occipital gyrus,

calcarine cortex, and prefrontal cortex [4-7]. The loss of
sensory information could contribute to distractibility [8],
cognitive decline [9], loss of independence [10], and a range
of emotional reactions [11].

The cerebellum has traditionally been thought of as being
involved in motor control; however, emerging evidence
indicates that the cerebellum also plays important roles in
sensory, cognitive, and emotional processes [12-14]. All
acoustic information transduced in the cochlea is transmitted
through the auditory nerve to the cochlear nucleus in the
brainstem; some of this information is relayed to the cer-
ebellum [15-17] while some regions of the cerebellum
project back to the cochlear nucleus [18]. The cerebellum
also projects to other nuclei in the central auditory pathway
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[19] while parts of the descending auditory pathway project
to the cerebellum [20]. Electrophysiological studies in ani-
mals and functional imaging studies in human have revealed
auditory-evoked activity in portions of the cerebellum
[21-28]. A meta-analysis of 15 human imaging studies indi-
cated that portions of the cerebellum play a purely sensory
role in auditory processing [29].

From a global perspective, the cerebellum lies within
independent sets of closed cortico-cerebellar loops, including
“the motor loop” and “prefrontal loop,” which provide the
structural and functional foundations linking the cerebel-
lum to higher-order behaviors [30]. Abnormal volume,
perfusion, and neural activity in the cerebellum of individuals
were indicated in various psychiatric disorders, including
schizophrenia [31], depression [32], anxiety [33], and neurode-
generative dementia [34]. The cerebellum receives dopaminer-
gic inputs from the ventral tegmentum, a region associated
with cerebellar neuroplasticity. Thus, drug-induced dopami-
nergic changes in emotion have been linked to cerebellar
abnormalities [35]. Taken together, these results suggest
that SNHL and resulting auditory deprivation could dis-
rupt cerebellar function and contribute to changes in global
higher-order emotional function such as anxiety or depres-
sion [36]. Indeed, a number of recent surveys have reported
higher levels of anxiety and depression among individuals
with HL [37-39].

Functional imaging and electrophysiological studies
using an animal model of drug-induced HL and tinnitus
identified an auditory-cerebellar network, in which some
neurons in the parafloccular lobe of the cerebellum (PFL)
and vermis respond to sound through direct and indirect
connections with neurons in the cochlear nucleus (CN), infe-
rior colliculus (IC), and auditory cortex (ACx) [25, 28, 40—
42]. Structural MRI studies revealed increased cerebellar
grey matter volume in early deafness [43]. A connectome-
level analysis which mapped selected components revealed
decreased functional connections in subcortical and cere-
bellar networks in long-term unilateral HL [44]. While
there is a growing awareness that the cerebellum may be
directly or indirectly involved in SNHL and its associated
comorbid symptoms such as tinnitus, hyperacusis, cogni-
tion, depression, and anxiety, there is a paucity of evidence
from functional neuroimaging studies linking disturbances
in functional connectivity (FC) within the cerebellum and
neural networks linking the cerebellum with other regions
of the brain. To address this issue, we carried out a
resting-state FC study in which we hypothesized that [1]
SNHL disrupted connectivity within the cerebellum and
cerebellar-cerebralconnectivity and [2] some features of dis-
rupted FC were linked to comorbid emotional characteristics
in the SNHL group.

2. Materials and Methods

2.1. Subjects. SNHL has been ranked into five severity levels
in the Global Burden of Disease (GBD) 2013 (i.e., moderate:
35-49 dB, moderately severe: 50-64 dB, severe: 65-79 dB, pro-
found: 80-94 dB, and complete > 95 dB). In the present study,
twenty-one long-term bilateral, moderately severe SNHL
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TaBLe 1: Characteristics of long-term bilateral sensorineural
hearing loss patients and healthy controls.

SNHL Healthy
Characteristic patients controls p value

(n=21) (n=21)
Age (years) 54.2 +10.6 53.6+8.8 0.826
Gender (male : female) 14:7 10:11 0.212
BMI 232+3.1  233+2.1 0.921
Education level (years) 11.2+2.8 11.7+3.4 0.590
Hearing loss duration 82475 NA NA
(years)
Mean PTA_left 58.2+21.6 15.1+50 <0.001***
Mean PTA_right 55.5+20.7 16.3+4.5 <0.001"**
Mean PTA_bilateral 56.8 +20.7 15.7+43  <0.001***
MMSE 29.6+0.8 29.7+0.6 0.663
SAS 34.8+8.0 29.1+3.1 0.006**
HAMD 6.4+4.0 56+8.9 0.706
SDMT 36.1+£12.0 38.2+11.0 0.540
AVLT-5min 6.0+£2.8 6.8+1.5 0.273
AVLT-20 min 6.0+£2.8 6.3+1.8 0.697

Data are represented as mean+SD. **p<0.01; ***p<0.001. SNHL:
sensorineural hearing loss; BMI: body mass index; PTA: pure tone
audiometry; MMSE: Mini-Mental State Examination; AVLT: Auditory
Verbal Learning Test; SDMT: symbol digit modalities test; SAS: Self-Rating
Anxiety Scale; HAMD: Hamilton Depression Scale.

subjects and 21 normal hearing subjects matched for age,
sex, body mass index (BMI), and education level were
recruited from the clinic of the E.N.T. Department of
Zhongda Hospital and local community. All subjects in the
two groups were right-handed and had completed at least 8
years of education. Diagnosis of long-term SNHL was based
on pure tone audiometry (PTA) at frequencies of 0.25, 0.5,
1, 2, 4, and 8 kHz. Detailed information regarding the assess-
ment of the subjects is shown in Table 1 and Figure 1.

None of the participants were excluded due to excessive
head motion which needed to be less than 2.0 mm in transla-
tion and 2.0 degrees in rotation. Inclusion criteria were aver-
age PTA values of >25dB [45], duration > 1 year, and no
conductive and/or congenital HL. Participants were excluded
from the present study if they [1] suffered from Meniere’s
disease, pulsatile tinnitus, vestibular diseases, vertigo, Parkin-
son’s disease, Alzheimer’s disease, brain injury, or MR image
contraindications (e.g., cochlear implants, pacemakers, or
prosthetic valves) or [2] had a history of sign language, hear-
ing aids, alcohol or cigarette abuse, stroke, tumor in brain
lesions, or neurologic disorder.

2.2. Ethical Considerations. Written informed consent was
provided by all subjects before their participation in the
study. All experimental procedures were approved by the
ethics committee of Zhongda Hospital, Southeast University
(2016ZDSYLLO031.0), and in accordance with the declaration
of Helsinki [46].
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FIGURE I: Pure tone audiometry (PTA) test of the long-term bilateral moderately severe sensorineural hearing loss (SNHL) patients and
healthy controls (HCs). (a) Mean (+SEM) PTA of right ears of the SNHL group and HCs. Compared to HCs, thresholds are significantly
higher in right ears of the SNHL group at 0.25, 0.5, 1, 2, 4, and 8 kHz, p <0.001. (b) Mean (+SEM) PTA of left ears of the SNHL group
and HCs. Compared to HCs, thresholds are significantly higher at every frequency, p <0.001. (c) There was no significant difference
between left and right ears in long-term bilateral SNHL subjects, p > 0.05.

2.3. Neuropsychological Tests. All participants underwent a
detailed battery of neuropsychological tests. Mini-Mental
State Examination (MMSE), Auditory Verbal Learning Test
(AVLT), and Symbol Digit Modalities Test (SDMT) target-
ing cognitive function. The Self-Rating Anxiety Scale (SAS)
and Hamilton Depression Scale (HAMD) were used to eval-
uate mental status.

2.4. MR Imaging Data Acquisition. The functional and struc-
tural imaging data were acquired at the Radiology Depart-
ment of Zhongda Hospital using 3.0 Tesla MRI (Siemens
MAGENETOM Trio, Erlangen, Germany) with a standard
head coil. Foam padding and earplugs (Hearos Ultimate Soft-
ness Series, USA) were used to attenuate scanner noise by
approximately 32dB. Subjects were instructed to stay still,
keep their eyes closed, remain awake, and avoid thinking of
anything in particular during the scan. The whole-brain
fMRI dataset which took about 8 min and 6sec to collect
was based on BOLD signals. Images were obtained axially using
a gradient echo-planar imaging (EPI) sequence. Parameters
were as follows: 36 slices, volume =240, repetition time
(TR) =2000ms, echo time (TE) = 25 ms, section thickness =
4 mm, gap =0mm, field of view FOV =240 mm x 240 mm,
acquisition matrix = 64 x 64, and flip angle (FA)=90°. We
then used 3D MPRAGE sequence to acquire high-resolution
(1mm®) T1-weighted images (sections = 176, TR/TE = 1900/
2.48 ms, inversion time = 900 ms, FA = 90, FOV = 256 mm x
256 mm, and acquisition matrix = 256 x 256).

2.5. Functional Data Processing. Data analysis was conducted
using Data Processing Assistant for Resting-State fMRI pro-
grams (http://rfmri.org/DPARSF), which is based on statisti-
cal parametric mapping (SPMS8; http://www.fil.ion.ucl.ac.uk/
spm). The preprocessing steps were as follows: (a) removing
the first 10 time points for signal equilibrium of initial mag-
netic resonance signals and adaption of the subjects to the
scanner; (b) slice timing adjustment; (c) realignment for head
motion correction; (d) segmentation and normalization to
the Montreal Neurological Institute (MNI) template by linear

transformation (resampling to 3 x3x3mm® isotropic

voxels); (e) regressing 6 motion parameters, 6 temporal
derivatives, and 12 corresponding squared items using the
Friston-24 parameter model to minimize the effect of head
motion [47-49]; (f) smoothing using a 6 mm full-width
half-maximum (FWHM) Gaussian kernel; and (g) detrend-
ing and band-pass filtering (0.01-0.08 Hz) to reduce the effect
of low-frequency drift and high-frequency noise.

2.6. Statistical Analysis

2.6.1. Clinical Data. Demographic and clinical variables
were compared between groups using SPSS software (version
18.0; SPSS Inc., Chicago, IL). An independent two-sample
t-test was used for continuous variables (including age
and BMI), and a chi-square test was used for categorical
variables such as gender. A p value < 0.05 was considered
statistically significant.

2.6.2. Structural Data Analysis. Voxel-based morphometry
(VBM) was computed to identify differences in brain anat-
omy using DARTEL VBM methods [50]. Structural data
(three-dimensional T1-weighted images) were segmented
into grey matter (GM), white matter (WM), and cerebrospi-
nal fluid. The total brain parenchyma volume was counted as
the sum of GM and WM volumes. Between-group compari-
son was then conducted to confirm whether SNHL influ-
enced the brain volume.

2.6.3. Functional Data Analysis. On the basis of previous
findings [40], we separated the cerebellum into nine regions
according to the Anatomical Automatic Labeling (AAL)
atlas. The nine regions included the bilateral crus I, bilateral
crus II, bilateral lobe VI, bilateral lobe VIIb, and vermis
(Figure 2). Prior FC studies have provided evidence that these
nine regions are involved with various aspects of sensorimo-
tor function, the executive control network, the default mode
network (DMN)), the salience network, and the task-positive
network [51-53]. The nine regions were resampled to a 3 x

3x3mm?’ standard space in order to enable extraction of
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FIGURE 2: Nine subregions of the cerebellum including bilateral
crura I (brown), II (grey), VI (indigo), and VIIb (green) and vermis
(yellow/red/lavender). R: right hemisphere; L: left hemisphere. Slices
shown for X =27 mm, Y =-52mm, and Z =-12 mm.

time series from each subject’s fMRI data. The resulting FC
maps were transformed using Fisher’s z to yield normally
distributed data, and the average data for each subject was
used for subsequent analyses. Each individual’s z values were
entered into random effect, one-sample t-test to identify the
spatial distribution of each brain circuit region (p<0.05
with family-wise error [FWE] correction). A two-sample
t-test was performed to test for differences between SNHL
patients and HCs. The mask was combined with the signifi-
cant clusters of both groups. The significance threshold was
set at p <0.01 by FWE correction with age, sex, education
level, and motion corrected. Furthermore, interregional
seed-based matrices were also constructed among the nine
chosen ROIs of the cerebellum, quantifying the unique func-
tional relationships between each pair of ROIs. The uncor-
rected p value threshold was set at <0.01.

2.6.4. Relationships between FC Data and Clinical
Characteristics. To study the relationships between the
FC results and the clinical variables, we extracted the sig-
nals from each significant cluster using REST software
(http://www.restfmrinet). A Pearson correlation analysis
was then conducted between mean z values of FC and each
clinical feature (HL duration, neuropsychological tests, mean
PTA of the left/right ear, and mean PTA of bilateral ears)
using SPSS software. A p value < 0.05 was considered statis-
tically significant.

3. Results

3.1. Demographic and Hearing Loss Characteristics. The two
groups did not differ in age, gender, BMI, and education
years (Table 1). SNHL patients had higher PTA thresholds
in both the left and right ears compared to the normal hear-
ing control group. In the SNHL group, the mean hearing
threshold was >30dB at 0.25, 0.5, 1, 2, 4, and 8 kHz. There
was no significant difference in pure tone hearing thresholds
between left and right ears in the SNHL group (Figure 1(c)).
Consistent with GBD 2013, patients included in our study
reached a moderately severe degree of HL because the mean
PTA thresholds of both ears was 56.8dB (+£20.7dB). No
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significant differences were observed between the two groups
on the MMSE, SDMT, and AVLT tests. However, there was a
significant difference in SAS scores between the SNHL and
control groups; SAS scores in the SNHL group were higher
than those in the normal hearing control group. These results
suggested that long-term auditory deprivation resulting from
SNHL may increase anxiety.

3.2. Cerebellar-Cerebral Connectivity and SNHL. No signifi-
cant differences were found in GM and WM volume between
the SNHL and normal hearing groups. However, there were
significant differences between the SNHL group and HC
group in terms of FC among the nine ROIs within the cere-
bellum (i.e., vermis and bilateral crura I, II, VI, and VIIb)
and other brain regions as shown in Figure 3 and Table 2
(p<0.01, FWE corrected). Compared to normal hearing
controls, the SNHL group showed [1] reduced FC between
left cerebellar crus VI and left temporal pole (TP), insula,
and supramarginal gyrus (SMG), [2] reduced FC between
the right cerebellar crus VI and left inferior frontal gyrus
(IFG), [3] reduced FC between left cerebellar crus VIIb and
left medial frontal gyrus (MFG)/bilateral thalamus, and [4]
reduced FC between right cerebellar crus VIIb and right cer-
ebellar crus I.

3.3. ROI-Wise Interregional Cerebellar Connectivity Analysis.
A matrix map of rs-FC was constructed among the nine
cerebellar subdivisions for the SNHL and HC groups, and a
between-group comparison of the two matrices was per-
formed to determine if there were significant differences
between the two groups. As shown in Figure 4, rs-FC was sig-
nificantly reduced in the SNHL group compared to the HC
group between right crus I and right crus VI (p < 0.01, uncor-
rected); however, after FWE correction, these differences dis-
appeared. No other significance between group differences in
rs-FC was observed among the remaining cerebellar regions
(Figure 4).

3.4. Correlation Analysis. To assess the relationships between
the fMRI results and the clinical data, Pearson correlation
analyses were calculated. There were no significant correla-
tions between cerebellar interregional FC measures and the
clinical test scores. However, in the SNHL group, mean FC
z values between left cerebellar crus VI and left insula
were lower than in the control group (Figure 5(a)).
Reduced FC t-scores in the left insula are shown in the
heat map of the left hemisphere (Figure 5(b)). FC z-scores
between left crus VI and left insula were negatively correlated
with SAS anxiety scores (r=-0.668, p =0.001) (Figure 5(c)).

In the SNHL group, mean FC z values between left
crus VI and left TP were lower than that in the control
group (Figure 6(a)). The reduced FC t-score is illustrated
with the heat map of the left hemisphere (Figure 6(b)). FC
z-scores between the left crus VI and left TP were negatively
correlated with severity of HL (r=-0.497, p=0.022)
(Figure 6(c)) and negatively correlated with SAS anxiety
scores (r=-0.508, p =0.019) (Figure 6(d)).

Also, in the SNHL group, mean FC z-scores between left
crus VI and left IFG were lower than that in the normal
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L crus VI

R crus VI

L crus VIIb

R crus VIIb

F1GURE 3: Whole-brain analysis of functional connectivity (FC) of nine cerebellum subregions. Decreased cerebellar-cerebral FC in SNHL
patients compared to healthy controls indicated by colour (p <0.01, family-wise error corrected). The colour heat map scale at the right

shows t values. R: right; L: left.

TaBLE 2: Decreased functional connectivity in SNHL subjects compared with healthy controls.

Seed region Brain region BA MNI coordinate x, y, z (mm) Peak t-score Cluster size

Lcrusl — — — — —

RcrusI — — — — —
L crus II — — — —
R crus II — — — —

L crus VI L temporal pole 38 -48, 18, -12 -3.8264 99

L insula 48 -33,3,9 -4.1166 60

L supramarginal gyrus 42 -63, -27, 21 -4.3278 134

R crus VI L inferior frontal gyrus 38 -45,21, -12 -4.0291 197

L crus VIIb L medial frontal gyrus 10 -9, 60, 15 -4.1873 173

L thalamus — -18, -18, 15 -4.0176 260

R thalamus — 6, -15, 6 -4.109 194

R crus VIIb R crus 1 19 36, -66, -27 -3.9536 109

Vermis — — — — —

BA: Brodmann area; MNI: Montreal Neurological Institute; L: left; R: right.

hearing control group (Figure 7). The reduced FC t-score in
the IFG is indicated on the heat map of the left hemisphere
(Figure 7(b)). FC z-scores between left crus VI and left IFG
were negatively correlated with severity of HL (Figure 7(c))
(r=-0.562, p=0.008) and also negatively correlated with
SAS anxiety scores (Figure 7(d)) (r=-0.573, p=0.007). In
contrast, none of the correlations between FC values and
the clinical scores were statistically significant in the normal
hearing control group.

4. Discussion

FC MRI measures have been used to reveal the effects of
hearing impairments on brain function [7, 25, 40]. To
date, this is the first study identifying alterations of
cerebellar-cerebral and interregional neural activities in

long-term bilateral moderately severe SNHL patients. Dis-
rupted cerebellum FC to auditory and nonauditory areas
was observed in SNHL patients versus control subjects, as
well as decreased connectivity within cerebellar subdivisions.
It could be inferred from our research that SNHL disrupts the
functional circuits leading to reorganization of higher-order
control networks. Of note, these neural abnormalities in FC
were correlated with the severity of HL and SAS scores, sug-
gesting that cerebellum-related connectivity might be a can-
didate imaging marker for SNHL. Along with previous
studies [15, 54], our findings provide support for the cerebel-
lum as a crucial node in auditory and emotional processing.

The cerebellum has been found to play a role in tinnitus
patients possibly through the gain-control mechanism [40].
Decreased levels of the benzodiazepine receptor (BDR)
detected by '*’I-iomazenil SPECT were shown in tinnitus,
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FIGURE 4: A matrix map of ROI-based interregional functional
connectivity (FC) in the cerebellum of the SNHL group and HCs.
Compared to HCs, the SNHL group showed a significant reduction
of resting-state FC between right crus I and crus VI (p <0.01,
uncorrected). After FWE correction, no significant difference
remained. The colour bar at the right shows ¢ value. **p < 0.01.

while BDR could enhance GABAergic neuronal transmis-
sion and inhibitory effect [55]. Nevertheless, the potential
involvement of the cerebellum in SNHL remains to be fur-
ther explored. Even though numerous somatosensory and
sensory discrimination tasks have been applied to distinguish
the function of the cerebellum in multimodal sensory infor-
mation, few have concentrated on pure hearing tasks. Activa-
tion likelihood estimation meta-analysis [29] determined
that the cerebellum was involved in fundamental calculations
when acquiring sensory data in real-time, operating at the
level of basic mechanisms of auditory sensory processing.
Additionally, data from animals found shorter response
latency in the cerebellum than the auditory cortex when
responding to acoustic stimuli without emotion, cognition,
or motor components [22, 42]. Our findings provided sup-
port for the cerebellum as a crucial node in auditory and
emotional processing.

Both Voxel-wise and ROI-wise FC analyses found dis-
associations within the cerebellum: the right cerebellar crus
I showed decreased connections with right cerebellar crura
VI and VIIb (posterior lobes of the cerebellum). Clinical
evidence suggests that the cerebellum functions in
cognition and emotion patterns, lesions of the cerebellar
posterior lobe could result in cognitive and affective
impairments [56]. Independent component analysis (ICA)
also confirmed the involvement of the cerebellum in the
DMN and the frontoparietal network [57]. To our knowl-
edge, this is the first demonstration of internal deficits of
the cerebellum in SNHL, suggesting that SNHL may inter-
rupt internal functioning of the cerebellum. Further study
is needed to find the underlying pathology of cerebellar
involvement in SNHL.

Weakened left cerebellar crus VI-SMG FC and left cer-
ebellar crus VI-TP FC were observed in deafness. SMG
(located inferior to the intraparietal sulcus and near the
temporoparietal junction) can not only be activated by
pure tones [58] but is also involved in the phonological
processing and verbal working memory [59], as well as
interfere with the function of the temporal lobe [60].
Interestingly, the left cerebellar crus VI-TP FC showed
negative correlations with hearing ability and anxiety level.
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More than being an important node in traditional auditory
cortex, the TP binds perceptual inputs to visceral emo-
tional response [61] and strongly interconnected with
amygdala [62], extending its role in emotion regulation
[63]. The TP has been reported in anxiety disorders [64,
65], indicating its potential role as a biomarker for anxiety
diagnosis and treatment. Moreover, the IFG and MFG
showed a decline in FC to the cerebellum in our research.
Parker et al. explored cerebellar-frontal interactions in
schizophrenia animal models, and functional MRI revealed
cerebellar activation in concurrence with frontal activation
[66]. This suggests potential therapeutic targets in which
cerebellar stimulation could promote recovery from dys-
functional frontal networks. Likewise, it was notable that
IFG and MFG (parts of frontostriatal circuits, prominently
projecting to the dorsomedial striatum [67]) are engaged in
temporal action, particularly sound discrimination and lan-
guage processing [68]. Our data are consistent with previ-
ous findings, showing that reduced connectivity in subjects
with SNHL is negatively correlated with the severity of HL
and SAS scores. We failed to find such a relationship
between anxiety and HL (r =0.240, p =0.295), in contrast
to other that found a positive correlation between severity
of HL and anxiety [36]. Heterogeneity of subjects and accom-
panied symptoms (like tinnitus, depression, and stress)
might contribute to this inconsistency.

In our study, the cerebellar subdivisions had weakened
connectivity with the thalamus and insula, compared with
the controls. The thalamus is considered as the main relay
station of cerebral-cerebellar circuits, regulating informa-
tion between deep cerebellar nuclei and cerebral cortex
[69]. As a sensory hub, it relays inputs from sensory
organs (like ears and eyes) to cerebral areas. An animal
study demonstrated that auditory deprivation abolished
acoustic activation in the thalamus and synaptic thalamo-
cortical connections [70]. Lyness et al. observed increased
microstructural measurements of mean diffusivity, radial
diffusivity, and interrupted thalamocortical tracts in
congenital deafness using diffusion MRI [71]. Based on
anatomic connections between the thalamus and insula
[72], the insula could also respond to internal/interocep-
tive and external (including acoustic) stimuli [73]. Sudden
SNHL patients showed decreased FDG uptake in the
insula, reflecting a “freezing” behavior during hearing
traffic [74]. Considering its afferent and efferent connec-
tions with the anterior cingulate cortex and amygdala,
the insula is thought to be involved in emotion processing
[75], consistent with our data showing a correlation with
SAS scores. The thalamus and insula are two key compo-
nents of the reward neurocircuitry which links motivation
with complex behaviors [76]. Auditory participats in the
reward process with acoustic stimuli [77], and anxiety
disorders often exert negative effect on the reward network
[78]. More work is needed to determine how SNHL
contributes to reward process and its correlation with
SNHL-induced anxiety.

Several limitations of this study need to be acknowledged
in addition to the relatively small population size of adult
participants. First, the duration and medication of SNHL
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insula (r=-0.668, p=0.001). SNHL: sensorineural hearing loss; HCs: healthy controls; SAS: Self-Rating Anxiety Scale.
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FIGURE 6: (a) Mean FC z values between left cerebellar crus VI and left TP. (b) Schematic of the left surface of the brain: coloured regions
identify regions of reduced FC in left TP with left crus VI. (c) Voxel-wise correlations of FC z-score between left crus VI and left TP
versus severity of hearing loss (dB). FC z-score between left cerebellar crus VI and left TP (r=-0.497, p=0.022). (d) Voxel-wise
correlations of FC z-score between left crus VI and left TP versus SAS anxiety score (dB) (r=-0.508, p=0.019). SNHL: sensorineural
hearing loss; HCs: healthy controls; TP: temporal pole; SAS: Self-Rating Anxiety Scale.
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FIGURE 7: (a) Mean FC z values between right cerebellar crus VI and left IFG. (b) Schematic of the left surface of the brain: coloured regions
identify regions of reduced FC in left IFG with right crus VI. (c) Voxel-wise correlations of FC z-score between right crus VI and left IFG
versus severity of hearing loss (dB). FC z-score between right cerebellar crus VI and left IFG (r=-0.562, p =0.008). (d) Voxel-wise
correlations of FC z-score between right crus VI and left IFG versus SAS anxiety score (dB) (r=-0.573, p=0.007). SNHL: sensorineural
hearing loss; HCs: healthy controls; IFG: inferior frontal gyrus; SAS: Self-Rating Anxiety Scale.

were quite variable in our study. In order to minimize the  contribution of MR scanner noise which ranges from
effects of confounding factors, further longitudinal studies =~ 103-113dB SPL in 3T MRI scanners [79], although we
with a larger sample size are needed to identify dynamic  used earplugs and a sponge. Therefore, the confounds of
alternations in related brain areas and cognitive deficits in ~ MR imaging acoustic noise in nontask fMRI remain to be
SNHL patients. Second, we cannot completely rule out the  addressed since the FC changes may be due to internal and



external stimulations. Third, the limitation is seed-based FC,
which only investigates a limited number of interactions;
hence, whole-brain connectivity analysis, such as graph
theory-based network analysis, may better elucidate the
key-region alterations in FC due to SNHL [80].

5. Conclusion

To conclude, this preliminary study is the first to discover
widespread decreased cerebellar-cerebral connections and
abnormal internal cerebellum function resulting from
long-term bilateral moderately severe SNHL. Some of the
weakened connectivity patterns were negatively correlated
with severity of HL and neuropsychological scores. Our
study provides novel insights into the role of the cerebel-
lum and a better understanding of the neuropathology of
cerebellar-cerebral interactions following sensory depriva-
tion, proving a therapeutic target for SNHL-related emo-
tional impairments.
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