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Intrinsic network changes associated with cognitive impairment in
patients with hearing loss and tinnitus: a resting-state functional
magnetic resonance imaging study
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Background: Hearing loss and tinnitus often occur concurrently and play a vital role in the development
and progression of cognitive impairment (CI). However, the exact mechanism remains unclear. This study
aimed to investigate the changes in intrinsic brain connectivity in patients with hearing loss and tinnitus
accompanied by CI.

Methods: A total of 24 hearing loss and tinnitus patients with CI, 23 hearing loss and tinnitus patients
with cognitive normality (CN), and 20 healthy controls (HCs) underwent resting-state functional magnetic
resonance imaging (rs-fMRI). Resting-state networks (RSNs) were identified and intrinsic functional
connectivity (FC) values were measured using independent component analysis (ICA). FC values within
the RSNs were measured and correlations between altered RSNs and clinical characteristics were evaluated
using Pearson correlation analysis.

Results: No significant difference was found in the disease duration or Tinnitus Handicap Inventory (THI)
scores between the CI and CN groups. Eleven RSN differed significantly among the 3 groups. Compared
with the CN group, the CI group exhibited higher FC in the right supramarginal and left middle temporal
gyri within the auditory network (AN), the left inferior parietal, but supramarginal and angular gyrus (IPL)
gyrus within the right frontoparietal network (RFPN), the right middle occipital gyrus (R_MOG) and left
superior frontal gyrus (L_SFG) within the dorsal attention network (DAN), the right middle frontal gyrus (R_
MFG) within the executive control network (ECN), the right cuneus (R_cuneus) within the visual network
(VN), and the left inferior frontal gyrus within the salience network (SAN), as well as lower FC in the right
superior temporal gyrus (R_STG) within the AN and the left FPN (LFPN) and the right superior frontal
gyrus (R_SFQG) within the LFPN. Montreal Cognitive Assessment (MoCA) scores were negatively correlated
with the FC values of the R_MFG and positively correlated with the FC values of the R_STG and R_SFG.
Conclusions: Aberrant intrinsic FC was observed in the R_MFG within the ECN, the R_ST'G within the
AN, and the R_SFG within the LFPN in hearing loss and tinnitus patients, which may be a biomarker for

the severity of CL in hearing loss and tinnitus patients.
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Introduction

Hearing loss affects 6-8% of the global population and
has become the third leading cause of years lived with
disability (1,2). Sensorineural hearing loss accounts for
approximately 90% of all hearing loss cases (3) and is often
accompanied by tinnitus (4). Many epidemiological studies
have confirmed that hearing loss and tinnitus are closely
associated with the progression of cognitive impairment (CI)
and may even lead to dementia (5,6).

Tinnitus has a complex relationship with hearing loss,
both involving auditory processing disorders. One theory is
widely accepted as the cause of tinnitus development: hearing
loss is the deprivation of the auditory pathway stimulation,
and tinnitus may be the result of the compensation
mechanism for hearing loss (7). These mechanisms involve
an increase in spontaneous activity and/or a decrease in
inhibition in the central auditory pathway (8). Lee ez 4l
found that hearing loss and tinnitus severity significantly
contributed to the developing cognitive impairment (9).

Although several authors believe that the progression
of hearing loss and tinnitus toward CI is related to brain
structural and functional abnormalities, the underlying
mechanism remains unclear (10). Jafari et /. proposed the
cognitive load and common cause hypotheses to explain
the mechanism underlying the coexistence of hearing loss
and CI (11). Several authors have also found that abnormal
changes in various brain areas of patients with hearing loss
or tinnitus were associated with the occurrence of CI, such
as reduced prefrontal cortex volume (12), reduced temporal
activity, increased frontal activity (13), and hyperactive
limbic system and cingulate cortex (14,15). Previous studies
have reported significant differences between hearing loss
and tinnitus and hearing loss without tinnitus in not only
sensory-related brain regions but also cognition-related
brain regions, such as the dorsolateral prefrontal cortex
(16,17). However, such studies did not recruit hearing
loss and tinnitus patients with CI, which limits specific
interpretations on the neural mechanisms underlying the
progression from hearing loss and tinnitus to CI. Therefore,
in this study, we recruited hearing loss and tinnitus patients
with and without CI to explore the neural mechanisms
underlying CI in hearing loss and tinnitus.

Functional magnetic resonance imaging (fMRI) can
sensitively show structural and functional brain changes.
Compared to task-state fMRI, resting-state functional
MRI (rs-fMRI) requires less patient compliance and can
directly reflect spontaneous neural activity and functional
intensity (18). Independent component analysis (ICA) is a
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functional network connection analysis method that can
be applied to resting-state functional magnetic resonance
imaging (rs-fMRI) data. It allows for hypothesis-free and
observer-independent measures of intrinsic connectivity
patterns (19). Cognitive processes involve multiple brain
networks and different aspects of cognitive tasks, and their
mechanisms can be more clearly explained by studying
the whole brain. Therefore, we focused on changes in
whole-brain intrinsic connectivity patterns in hearing loss
and tinnitus patients with CI to understand the neural
mechanism of CI in hearing loss and tinnitus. Based on the
studies mentioned above on hearing loss and tinnitus, we
hypothesized that hearing loss and tinnitus patients with CI
exhibit distinct brain network alterations. We present the
following article in accordance with the MDAR reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-2135/rc).

Methods
Participants

A total of 47 hearing loss and tinnitus patients from Beijing
Tongren Hospital were enrolled from May 2020 to May
2021. The inclusion criteria for patients were as follows:
(I) aged over 18 years; (II) right-handed Han Chinese;
(III) bilateral sensorineural hearing loss and high-pitched
hearing loss (>2 kHz) above 25 dB HL in both ears; and (IV)
idiopathic tinnitus. The exclusion criteria were as follows:
(D) a history of associated ear diseases, such as hyperacusis,
otosclerosis, and Méniére’s disease; (II) other neurological
diseases or preexisting mental illnesses; and (III) a history
of associated brain diseases confirmed by conventional
magnetic resonance imaging (MRI). All participants
completed the Montreal Cognitive Assessment (MoCA) to
assess the degree of CI. According to the MoCA score, 24
patients were categorized into the CI group (MoCA score
<26), and 23 patients were categorized into the cognitive
normality (CN) group (MoCA score >26) (20). A total of
20 healthy volunteers (MOCA score >26) were recruited
as healthy controls (HCs). Age, sex, and education were
matched among the 3 groups. The inclusion criteria for
HCs were: (I) adults; (II) right-handed; and (III) normal
hearing assessed by otological tests. The same exclusion
criteria above also applied to HCs.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The
experimental procedures were approved by the institutional
review board of Beijing Tongren Hospital, Capital Medical
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University (No. TRECKY2013-KS-23). Written informed
consent was obtained from all participants before the study.

Image acquisition

Images were acquired on a 3.0T MRI scanner (General
Electric Medical Systems, Milwaukee, WI, USA). During
scanning, all subjects were asked to lie on the examination
bed and remain as still as possible with their eyes closed and
not thinking of anything in particular. A matched 8-channel
phase-array head coil was used, with earplugs and foam
padding to reduce scanner noise and head motion. Images
were acquired parallel to the anterior commissure-posterior
commissure line and covered the whole brain. The sagittal
three-dimensional T1-weighted sequence comprised
the following parameters: repetition time/echo time
=8.8/3.5 ms; field of view =240x240 mm’; matrix =256x256;
slice thickness =1.0 mm, no gap; flip angle =13°; 176 slices.
Rs-fMRI data were acquired using an echo-planar imaging
pulse sequence with the following parameters: repetition
time/echo time =2,000/35 ms; field of view =240x240 mm?;
matrix =64x64; slice thickness =3.00 mm, 1.00 mm gap; flip
angle =90°; 180 volumes.

Data preprocessing

For image preprocessing, the first 10 volumes were
removed. Slicing timing was corrected, and head motion
>2 mm displacement in any direction or an angular rotation
greater than 2° for the image was excluded from further
analyses. Images were then spatially normalized to the
Montreal Neurological Institute template (resampling voxel
size =3x3x3 mm’) and spatially smoothed using a Gaussian
kernel of 6x6x6 mm’ full width at half maximum.

1cA4

ICA was performed using GIFT software version 2.0a
(https://www.nitrc.org/projects/gift). The procedure
included 3 steps: (I) principal component analysis was
performed to reduce the data at the individual level; (II)
the InfoMax algorithm was applied to decompose the data
into group-independent components; and (III) the time
series and spatial maps of the independent components
were regular back-reconstructed. At present, there is no
consensus on an algorithm for selecting the optimal number
of components. In this study, 30 components were extracted
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from each participant and normalized into Z-values to
obtain independent spatial activation distribution maps and
corresponding time series that reflected intra-functional
connectivity (FC). Eleven meaningful resting-state networks
(RSNs) were identified by visual inspection as anatomically
and functionally classical RSNs (21-24): 2 auditory networks
(ANs), a bilateral frontoparietal network (FPN), a dorsal
attention network (DAN), an executive control network
(ECN), 3 visual networks (VNs), a salience network (SAN),
a motor network (MN), 2 sensorimotor networks (SMNs),
2 default mode networks (DMNs), and a ventral attention

network (VAN).

Statistical analysis

SPM12 software (https://www.fil.ion.ucl.ac.uk/spm/) was
used for data analysis. Differential brain regions were
identified among the 3 groups using one-way analyses of
variance (ANOVAs) to determine abnormal RSNs (voxel
P<0.001, voxel size >10, no correction). For these abnormal
RSN, a post hoc two-sample 7-test was used to compare
FC values between the CI and CN groups (voxel P<0.001,
cluster P<0.05, AlphaSim correction). Brain areas that
displayed significant FC differences between the CI and
CN groups were selected as regions of interest (ROIs),
and the relationships between the mean Z-values of these
ROIs and clinical characteristics, including MoCA score,
Tinnitus Handicap Inventory (THI) score, disease duration,
and degree of hearing loss (maximum high-pitched hearing
loss of >2 kHz in both ears), were separately assessed using
Pearson correlation analyses with a threshold of P<0.05/11
[family-wise error (FWE) corrected].

Results
Demographics and clinical bebavior

Table 1 shows the demographic and clinical characteristics
of all participants. There were no significant differences in
sex, age, or education among the 3 groups. Compared with
the CN group, the CI group had significantly lower MoCA
scores (P<0.05). Disease duration and THI scores were not
significantly different between the CN and CI groups.

Aberrant intrinsic connectivity

The abnormal RSNs identified among the 3 groups were
AN, left FPN (LFPN), right FPN (RFPN), DAN, ECN,
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Table 1 The demographics and clinical behavior of the CI, CN, and HC groups

Demographic Cl (MoCA <26, n=24) CN (MoCA =26, n=23) HCs (n=20) F/T-value P value
Gender (M/F) 18/6 18/5 11/9 3.184 0.203*
Age (years) 54.13+11.20 48.70+13.40 48.20+10.35 1.789 0.175°
Education (years) 12.45+2.75 12.57+3.26 13.8+3.52 1.168 0.318°
Duration (years) 3.70+4.91 4.65+6.72 - -0.557 0.580°
Hearing loss (dB) 69.78+22.49 73.5+21.79 - 0.582 0.563°
THI 46+23.02 51.04+28.15 - -0.575 0.565°
MoCA 23.5+1.47 27.13+£0.92 - -5.932 0.000°

Data are presented as mean + SD. ?, chi-square test; b one-way ANOVA test; °, two-sample t-test. Cl, cognitive impairment group; CN,
cognitive normality group; HC, healthy control; MoCA, Montreal Cognitive Assessment; THI, Tinnitus Handicap Inventory; ANOVA, analysis
of variance.

RFPN (IC14) DAN (IC15)

Figure 1 Abnormal brain networks with significant differences in intrinsic FC in the CI and CN groups. RFPN (IC14), right frontoparietal
network; DAN (IC15), dorsal attention network; LFPN (IC21), left frontoparietal network; ECN (IC22), executive control network; VN
(IC24), visual network; SAN (IC26), salience network; AN (IC30), auditory network; FC, functional connectivity; CI, cognitive impairment

group; CN, cognitive normality group.

VN, SAN, MN, SMN, DMN, and VAN (P<0.05, AlphaSim Compared with the CN group, the CI group showed higher
correction). The FCs of the AN, LFPN, RFPN, DAN, connectivity in the right supramarginal (R_SMG) and the
ECN, VN, and SAN were significantly different between the left middle temporal gyrus (L_MTGQG) within the AN, the left
CI and CN groups (P<0.05, AlphaSim correction; Figure I). inferior parietal, but supramarginal and angular gyrus (L_
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Table 2 Brain regions with significant differences in intrinsic FC between the CI and CN groups
Peak MNI, mm
RSN Brain region Cluster size, mm? Peak T value
X y z
Cl>CN AN R_SM 94 66 —42 15 4.2077
L_MTG 43 -51 -54 15 4.0314
RFPN L IPL 49 -51 -51 51 4.0384
DAN R_MOG 41 48 -72 24 3.8232
R_SFG 43 -21 39 45 4.3808
ECN R_MFG 46 24 60 33 3.2725
VN R_cuneus 94 12 -75 27 3.9469
Cl<CN SAN L_IFG 49 -45 12 15 3.854
AN R_STG 58 45 -30 -3 -5.038
LFPN R_STG 44 63 -18 0 -3.3934
R_SFG 48 30 27 54 -4.549

Post hoc two-sample t-tests, P<0.05, AlphaSim correction. Cl vs. CN. FC, functional connectivity; Cl, cognitive impairment group;
CN, cognitive normality group; RSN, resting-state network; MNI, Montreal Neurological Institute; AN, auditory network; RFPN, right
frontoparietal network; DAN, dorsal attention network; ECN, executive control network; VN, visual network; SAN, salience network; LFPN,
left frontoparietal network; R_SM, right supramarginal; L_MTG, left middle temporal gyrus; L_IPL, left inferior parietal, but supramarginal
and angular gyrus; R_MOG, right middle occipital gyrus; R_SFG, right superior frontal gyrus; R_MFG, right middle frontal gyrus; R_cuneus,
right cuneus; L_IFG, left inferior frontal gyrus, triangle part; R_STG, right superior temporal gyrus.

IPL) within the RFPN, the right middle occipital gyrus (R_
MOG) and the left superior frontal gyrus (L_SFG) within the
DAN, the right middle frontal gyrus (R_MFQG) within the
ECN, the right cuneus (R_cuneus) within the VN, and the
left inferior frontal gyrus (L_IFG) within the SAN, as well
as lower connectivity in the right superior temporal gyrus
(R_STG) within the AN and the R_STG and right superior
frontal gyrus (R_SFG) within the LFPN. Table 2 and Figure 2
provide detailed information of the brain regions that showed
significantly different intrinsic FC between the CI and CN
groups.

Correlation between the FC of RSNs and clinical
characteristics

The Pearson correlation analysis showed that MoCA scores
were negatively correlated with the FC values of the R_MFG
of the ECN and positively correlated with the FC values
of the R_STG of the AN and the R_SFG of the LFPN
(P<0.05/11, FWE corrected, Table 3, Figure 3). Disease
duration of tinnitus and THI scores were not significant
difference between CI and CN.

© Annals of Translational Medicine. All rights reserved.

Discussion

In this study, we investigated the resting-state FC of RSNs
in hearing loss and tinnitus patients with CI. We found
5 abnormal RSNs that are involved in cognitive processing,
particularly attention, memory, and executive function
(DAN, SN, LFPN, RFPN, and ECN), and 2 abnormal
RSN that are related to sensory processing (AN and VN).
Moreover, we found that the FC of the R_MFG within
the ECN was positively correlated with the severity of
CI, and the FCs of the R_STG within the AN and the R_
SFG within the LFPN were negatively correlated with the
severity of CI. These findings provide novel insights into
the mechanisms underlying the progression of hearing loss
and tinnitus into CL

We found abnormalities in the AN and VN, which are
related to sensory processing. Although under normal
conditions the SMG usually belongs to the VN, the FC
between the R_SMG and AN was significantly higher in the
CI group than in the CN group. The study by Gilley ez 4.
in a group of children with long-term hearing loss showed
that the SMG cortex responds to auditory stimuli (25), in
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Figure 2 Brain regions demonstrate statistically significant differences between the CI and CN groups in terms of FC in 7 RSNs. (A)
Visualization of abnormal brain regions. (B) The X-axis represents the brain regions of the RSNs, and the Y-axis represents the mean value
of intrinsic FC signal. The detail regions can be found in 7zble 2. AN, auditory network; RFPN, right frontoparietal network; DAN, dorsal
attention network; ECN, executive control network; VN, visual network; SAN; salience network; LFPN, left frontoparietal network; R_
SM, right supramarginal; L_MTG, left middle temporal gyrus; L_IPL, left inferior parietal, but supramarginal and angular gyrus; R_MOG,
right middle occipital gyrus; R_SFG, right superior frontal gyrus, dorsolateral; R_MFG, right middle frontal gyrus; R_cuneus, right cuneus;
L_IFG, left inferior frontal gyrus, triangle part; R_STG, right superior temporal gyrus; R_SFG, right superior frontal gyrus, dorsolateral;

FC, functional connectivity; CI, cognitive impairment group; CN, cognitive normality group; RSN, resting-state networks.
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Table 3 Correlations between clinical characteristics and FC values of abnormal brain regions
MoCA scores Degree of hearing loss Duration THI
Brian regions
r P r P r P r P

R_SMG -0.386 0.007 0.014 0.927 0.235 0.112 0.246 0.096
L MTG -0.320 0.029 -0.064 0.667 -0.160 0.235 -0.136 0.363
L IPL -0.230 0.120 -0.096 0.520 0.084 0.572 0.248 0.093
R_MOG -0.389 0.007 -0.106 0.479 -0.030 0.840 -0.243 0.100
R_SFG -0.131 0.378 -0.023 0.877 -0.134 0.370 0.100 0.502
R_MFG -0.512 0.000* 0.078 0.600 0.029 0.848 -0.104 0.485
R_Cuneus -0.396 0.006 0.177 0.234 -0.058 0.700 0.265 0.072
L_IFG -0.336 0.021 0.035 0.813 0.072 0.630 0.159 0.286
R_STG(AN) 0.509 0.000* -0.373 0.010 0.015 0.922 0.156 0.294
R_STG(LFPN) 0.303 0.038 0.025 0.869 0.090 0.547 0.025 0.869
R_SFG 0.564 0.000* -0.039 0.797 -0.057 0.706 0.245 0.097

*, Pearson correlation analyses, P<0.05/11, FWE. FC, functional connectivity; MoCA, Montreal Cognitive Assessment; THI, Tinnitus
Handicap Inventory; R_SMG, right supramarginal; L_MTG, left middle temporal gyrus; L_IPL, left inferior parietal, but supramarginal and
angular gyrus; R_MOG, right middle occipital gyrus; R_SFG, right superior frontal gyrus; R_MFG, right middle frontal gyrus; R_cuneus,
right cuneus; L_IFG, left inferior frontal gyrus, triangle part; R_STG, right superior temporal gyrus; FWE, family-wise error.

line with the theory of cross-modal plasticity proposed by
Glick and Sharma (26). In line with our findings, enhanced
FC connectivity has been reported in some visually relevant
brain regions (like SMQG) in the AN (27). In addition, we
observed higher FC between the R_cuneus and the VN.
The cuneus is a major component of the visual cortex
and is involved in the modification and transmission of
visual information to the extrastriate cortex, where spatial
processing is performed (28). Glick and Sharma showed
that when children with hearing loss were presented with
a radially modulated visual grating stimulus, additional
activation was observed in the temporal cortex, whereas
children with normal hearing showed activation of cortical
areas associated with the typical processing of visuomotor
stimuli (26). Therefore, hearing loss and tinnitus patients
with CI may have an overactive sensory cortex in the VN
and AN, which results in excess sensory information (29).
Because of the excessive sensory information and the
overactive sensory network, the cognitive network of
patients with hearing loss may encounter numerous ways
to process this information, which could lead to cognitive
conflict (4,29). We also found that the FCs of the R_MFG
in the ECN and the L_IFG in the SAN were higher in
the CI group than in the CN group. The ECN, SAN,
and DMN form a tri-network system, which is considered

© Annals of Translational Medicine. All rights reserved.

a core cognitive network (30). The ECN is associated
with externally directed cognitive tasks, such as self-
reflection, working memory, decision making, and other
executive functions (31). The middle frontal gyrus (MFQG)
is activated by cognitive conflict, negative emotions, and
pain (29). Abnormal MFG neural activity in the ECN
was also reported in a study by Chen er 4/., which showed
that presbycusis disrupts spontaneous activity (32). The
SAN is associated with directing attention to the most
consistently salient events (31). The inferior frontal gyrus
(IFG) constitutes the neuroanatomical network of cognitive
function (33). The L_IFG has been shown to be driven
by the selection rather than the retrieval of semantic
knowledge (34). The enhanced FC of the MFG within
the ECN and the IFG within the SAN may be attributed
to the high selection and monitoring demands during
cognitive tasks (35). In line with this, the MoCA scores were
negatively correlated with the FC values of the R_MFG
within the ECN.

In CI, the higher FC between the L_IPL within the
RFPN and between the R_MOG and L_SFG within
the DAN was related to the cognitive abnormalities of
hearing loss and tinnitus patients, particularly working
memory (17). The IPL, MOG, and SFG are all involved

in visual working memory and form the parietal-frontal
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Figure 3 Correlations between clinical characteristics and FC values of abnormal brain regions. Pearson correlation showed a negative
association between the MoCA score and the FC values in the R_MFG of the ECN (r=-0.512, P=0.000), and a positive association between
the MoCA score and the FC values in the R_STG of the AN (r=0.509, P=0.000) and the R_SFG of the LFPN (r=0.564, P=0.000). MoCA,
Montreal Cognitive Assessment; R_MFG, right middle frontal gyrus; R_STG, right superior temporal gyrus; R_SFG, right superior frontal

gyrus; FC, functional connectivity; ECN, executive control network; AN, auditory network; LFPN, left frontoparietal network.

circuit and occipitoparietal pathway that process spatial
information (36). When attention is directed to external
stimuli, the activity of the FPN and DAN is increased,
and activating the FPN/DAN reduces working memory
information capacity (37). The enhanced FC between
the left IPL within the RFPN and the right MOG and
L_SFG within the DAN in CI indicates that the FPN
and DAN are active, which would result in a decrease in
working memory capacity. The study by Cai et a/. on brain
networks involved in working memory found that the
connection between the IPL and the FPN was significantly
increased when working memory load was enhanced (38).
Furthermore, the study by Xue ez 4. (39) reported that the
FC of the L_IPL and L_SFG were increased in patients in
the early stage of Alzheimer’s disease. Our study suggests
that the predominant effect of hearing loss and tinnitus on
cognition is in working memory, where information load
leads to a decrease in the processing capacity of the FPN
and DAN, which clinically manifests as reduced working

© Annals of Translational Medicine. All rights reserved.

memory capacity.

In contrast, the FCs between the R_STG within the
AN and LFPN and between the R_SFG within the LFPN
were shown to be lower in hearing loss and tinnitus patients
with CI than in those without CI. The AN is involved in
the processing of auditory information, and the integration
of sensory signals is the hallmark of self-awareness (40).
The LFPN is thought of as a linguistic network and has
been reported to be involved in language-related cognitive
processes, such as phonological, semantic, episodic, and
working memory (41). The STG is a key area not only for
auditory perception but also for visual working memory,
decision-making, and emotional processing (42,43). Hearing
loss may lead to hypoacusis of the auditory cortex (i.e.,
the STG), which results in reduced FC between the STG
and the AN or LFPN. We hypothesize that CI in hearing
loss and tinnitus patients is due to insufficient information
being transmitted by the STG to the AN and RFPN to
support normal auditory and language-related cognitive

Ann Transl Med 2022;10(12):690 | https://dx.doi.org/10.21037/atm-22-2135



Annals of Translational Medicine, Vol 10, No 12 June 2022

functions (44). Ding ez /. also found a positive correlation
between STG activity and cognitive performance in people
with early deafness (45). Therefore, decreased FC of the
STG within the AN and LFPN due to hearing loss may lead
to reduced cognitive function in hearing loss and tinnitus
patients. The right frontal gyrus is active during the early
stages of sensory processing (46). Because of the reduction
in sensory information, the connection between the SFG
and LFPN is weakened, which results in difficulties in the
early processing phase of cognition. In hearing loss and
tinnitus patients with CI, the reduced FC between the R_
STG within the AN and LFPN and between the R_SFG
within the LFPN contributes to poor cognitive performance
because of reduced semantic information input. We found
a positive correlation between MoCA scores and FC of the
R_STG within the AN and the R_SFG within the LFPN,
which suggests that the higher the severity of the CI, the
weaker the FC between these regions.

In summary, patients with hearing loss and tinnitus
showed higher inputted perceptual information due to the
reorganization of perceptual brain areas (i.e., the R_SMG,
STG, and cuneus) within the AN and VN. For the core
cognitive networks of the ECN and SAN, the increased
FC of the R_MFG in the ECN and the L_IFG in the SAN
were suggested to be highly selective in cognitive tasks,
which may, in turn, lead to cognitive conflict and decline.
These cognitive effects may manifest specifically in working
memory because of the higher FC between the L_IPL
within the RFPN and the R_MOG and L._SFG within the
DAN, as well as the lower working memory capacity of the
RFPN and DAN. In contrast, the auditory cortex (R_STG)
receives less normal information, and less information is
transmitted to the AN and LFPN, which leads to abnormal
cognitive function. Moreover, the R_SFG is less active in
the early stages of cognitive processing. Taken together,
our findings suggest that the disruption of perceptual
information processing contributes to the CI of hearing loss
and tinnitus patients.

Limitations

The current study has several limitations. First, the sample
size of our study was relatively small, so further validation
of our findings with a larger sample size is needed.
Second, the degree of CI in our cases was mild. Thus,
we aim to investigate different subtypes of CI to conduct
more detailed examinations using neurophysiological and
neuroimaging methods. Third, only patients with bilateral
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hearing loss and tinnitus were studied. In the future, we
plan to further explore whether the mechanisms of CI differ
in patients with unilateral hearing loss and tinnitus.

Conclusions

Abnormalities in the FC of cognitive and sensory brain
regions within RSNs contribute to the CI of hearing loss
and tinnitus patients. Furthermore, the FC of the MFG
within the ECN, the SFG within the AN, and the STG
within the LEPN may be used to predict the extent of CI in
hearing loss and tinnitus patients.
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