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Purpose: Age-related hearing loss (ARHL) is a major public issue that affects
elderly adults. However, the neural substrates for the cognitive deficits in
patients with ARHL need to be elucidated. This study aimed to explore the
brain regions that show aberrant brain functional network strength related to
cognitive impairment in patients with ARHL.

Methods: A total of 27 patients with ARHL and 23 well-matched healthy
controls were recruited for the present study. Each subject underwent pure-
tone audiometry (PTA), MRI scanning, and cognition evaluation. We analyzed
the functional network strength by using degree centrality (DC) characteristics
and tried to recognize key nodes that contribute significantly. Subsequent
functional connectivity (FC) was analyzed using significant DC nodes as seeds.

Results: Compared with controls, patients with ARHL showed a deceased
DC in the bilateral supramarginal gyrus (SMG). In addition, patients with ARHL
showed enhanced DC in the left fusiform gyrus (FG) and right parahippocampal
gyrus (PHG). Then, the bilateral SMGs were used as seeds for FC analysis.
With the seed set at the left SMG, patients with ARHL showed decreased
connectivity with the right superior temporal gyrus (STG). Moreover, the right
SMG showed reduced connectivity with the right middle temporal gyrus (MTG)
and increased connection with the left middle frontal gyrus (MFG) in patients
with ARHL. The reduced DC in the left and right SMGs showed significant
negative correlations with poorer TMT-B scores (r = —0.596, p = 0.002;
r=—0.503, p = 0.012, respectively).

Conclusion: These findings enriched our understanding of the neural
mechanisms underlying cognitive impairment associated with ARHL and may
serve as a potential brain network biomarker for investigating and predicting
cognitive difficulties.
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1. Introduction

Age-related hearing loss (ARHL) is a major public issue
that affects elderly adults (1). There is growing evidence
to suggest that hearing deprivation can precede the onset
of dementia by 5 to 10 years since it often leads to
social isolation, depression, anxiety, and communication
problems (2). A 12-year follow-up study indicated that
the risk of dementia associated with hearing loss (ages
ranging from 36 to 90) was 36.4% (3). However, the neural
substrates underlying cognitive impairment with ARHL need to
be elucidated.

Previous neuroimaging studies have proven that ARHL
shows a constellation of changes in the auditory and non-
auditory cortices. It is increasingly recognized that ARHL
is related to structural and functional changes in the central
auditory pathway and other areas of the central nervous
system (4). In terms of the global brain, cortical thinning
and reduced gray matter volume have been found in
ARHL subjects (5, 6). Ren et al. also found that abnormal
spontaneous neural activity was frequency dependent
and correlated with cognition by exploring all frequency
bands of oscillation (7).

the functional reorganization of the auditory cortex (8),

Some studies have shown that

cingulo-opercular network (9), motor (10), visual (11), and
attention networks (12) in ARHL could be responsible
for cognitive and neural functioning and, in turn, affect
auditory processing.

Degree centrality (DC) is a voxel-wise data-driven method
that can quantify the importance of each node in a brain
network. This graph theory-based network analysis can assess
the network centrality without a priori selection of nodes or
networks of interest (13). It has been recently used to assess
the pathophysiological mechanism of various neurological and
psychiatric diseases (14, 15). DC has more advantages than
other algorithms, such as seed-based functional connectivity
(FC) and independent component analysis (ICA), which depend
on specific components of interest for connectivity patterns.
Thus, to unravel the details of the brain functional network
strength in ARHL, we sought to evaluate the brain regions
that show aberrant functional connectivity across all brain
networks in patients with ARHL using the DC method.
Our study further analyzed the DC characteristics related
to cognitive impairment in ARHL and tried to recognize
the key nodes that contribute significantly. Subsequent FC
analysis was analyzed using significant DC nodes as seeds
to detect their relationships with other brain regions. We
hypothesized that the intrinsic dysconnectivity patterns of
cognition-specific brain regions might play a pivotal role in the
brain functional network strength of patients with ARHL. The
DC and subsequent FC patterns could be disrupted in ARHL
linked to cognitive impairment.
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2. Materials and methods
2.1. Subjects

We with ARHL from the
otolaryngology department of our hospital and 23 age-,

recruited 27 patients

sex-, and education-matched healthy controls from the local
community via advertisements. A pure-tone audiometry (PTA)
test was computed to evaluate the hearing threshold, and the
diagnosis of ARHL was defined as a PTA value of >25 dB at
high frequencies. The thresholds of both ears in healthy controls
were <25 dB at six frequencies (0.25, 0.5, 1, 2, 4, and 8 kHz).
The tympanometry test was conducted to confirm the function
of the middle ear. Subjects were excluded from the present
research if they (1) suffered from pulsatile tinnitus, Meniere’s
disease, conductive deafness, vertigo, Parkinson’s disease, mild
cognitive impairment (MCI), Alzheimer’s disease, neurological
disorders, and major illnesses; (2) had a history of brain injury,
drug addiction, smoking, or alcoholic addition; or (3) had
MRI contraindications, such as cochlear implants, pacemakers,
or prosthetic valves. This prospective study was approved by
the research ethics committee of Nanjing Medical University.
All participants provided written informed consent before
the experiment.

2.2. Cognitive tests

All participants underwent a detailed battery of standardized
neuropsychological tests to reveal their cognitive status, mainly
focusing on memory, attention, and executive functions,
including the Mini-Mental State Exam (MMSE), Montreal
Cognitive Assessment (MoCA), Auditory Verbal Learning Test
(AVLT), Complex Figure Test (CFT), Digit Span Test (DST),
Trail Making Test (TMT-A and B), Clock-Drawing Test (CDT),
Digit Symbol Substitution Test (DSST), and Verbal Fluency Test
(VFT). The Self-Rating Anxiety Scale (SAS) and Self-Rating
Depression Scale (SDS) were used to assess mental conditions.

2.3. MRl acquisition

All MRI data were acquired using a 3.0 Tesla MRI scanner
(MAGNETOM Vida, Siemens Healthcare, Erlangen, Germany)
with a 64-channel phased-array head coil, including 3D-T1
and blood oxygen level-dependent (BOLD) sequences. Every
subject was asked to lie quietly, keep their eyes closed, remain
awake, and avoid thinking about anything special during the
scanning procedure. The noise of MRI scanning was reduced
using earplugs. BOLD was acquired using a gradient echo-planar
imaging sequence with 240 time points as follows: repetition
time (TR) = 2,000 ms, echo time (TE) = 30ms, slices = 33,
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TABLE 1 Demographic and cognitive data in patients with ARHL and
healthy controls.

ARHL Healthy

patients controls

(n=27) (n=23)
Age (years) 64.11 £ 6.74 61.61 £ 3.54 0.116
Sex (Male: Female) 13/14 12/11 0.777
Education level (years) 10.15 + 1.99 10.43 £+ 1.44 0.569
PTA (Left, dB HL) 33.33 £ 3.89 15.07 £ 2.45 0.000*
PTA (Right, dB HL) 33.14 £6.55 15.25 +3.25 0.000*
PTA (Mean, dB HL) 3323 £3.55 15.16 = 1.91 0.000*
MMSE (scores) 28.93 £1.17 28.87 £ 1.39 0.877
MoCA (scores) 25.78 £ 1.80 26.48 + 1.88 0.186
CDT (scores) 3.52£0.58 3.48 £0.51 0.797
CFT (scores) 3443 £ 1.64 3454+ 1.85 0.812
CFT-delay (scores) 16.67 £+ 2.86 17.41 £ 4.34 0.470
TMT-A (seconds) 71.81 £21.44 65.96 £ 21.49 0.341
TMT-B (seconds) 235.52 £ 40.25 182.52 £ 54.95 0.000*
AVLT (scores) 34.81 + 8.58 36.43 +5.34 0.437
VEFT (scores) 13.90 £ 1.53 11.79 £ 1.78 0.296
DST (scores) 11.07 £+ 1.58 11.78 £ 2.35 0.210
DSST (scores) 70.04 +9.12 68.30 £ 7.91 0.480
SDS (scores) 39.93 £10.24 39.09 + 8.86 0.760
SAS (scores) 37.56 £ 6.25 3535+ 6.63 0.232

ARHL, age-related hearing loss; PTA, pure-tone audiometry; MMSE, Mini-Mental
State Exam; MoCA, Montreal Cognitive Assessment; CDT, Clock-Drawing Test; CFT,
Complex Figure Test; TMT, Trail Making Test; AVLT, Auditory Verbal Learning Test;
VFT, Verbal Fluency Test; DST, Digit Span Test; DSST, Digit Symbol Substitution Test;
SDS, Self-Rating Depression Scale; SAS, Self-Rating Anxiety Scale. * p < 0.001.

thickness = 4 mm, gap = 0 mm, the field of view (FOV) = 192
x 192mm, acquisition matrix = 64 x 64, and flip angle
(FA) =90°. The scanning time for the BOLD sequence lasted
8 min and 8 s. The parameters of 3D-T1-weighted imaging were
as follows: TR/TE = 5000/2.98 ms, slices = 176, thickness =
1 mm, gap = 0 mm, FA = 90°, acquisition matrix = 256 x 256,
and FOV = 256 x 256 mm. The scanning time for the 3D-T1
sequence lasted 5 min and 29 s.

2.4. Data processing

Functional data were preprocessed using DPABI (http://
rfmri.org/dpabi) and SPM 12 (http://www.fil.ion.ucl.ac.uk/spm)
in MATLAB (R2013b). The preprocessing steps of functional
data contain the following steps: (1) removing the first
10 time points to minimize the effect of signal instability;
(2) slice timing; (3) realignment for head motion correction;

Frontiersin Neurology

03

10.3389/fneur.2022.1071237

(4) segmentation; (5) normalization to a standard template;
(6) regressing six motion parameters, six temporal derivatives,
and 12 corresponding squared items using the Friston-24
parameter; (7) smoothing with 8-mm full width at half-
maximum Gaussian kernel; and (8) detrending and filtering
(0.01-0.08). Subjects with a translational or rotational head
motion of >2.0mm or 2.0° in any direction were excluded.
In this study, no subjects were excluded due to excessive
head motion.

Then, we computed degree centrality (DC) analysis using
DPABI, which is a graph theory-based technique. The BOLD
time course of each voxel was extracted, and Pearson’s
correlation coefficient (r) between any pair of brain voxels was
calculated. A matrix of Pearson’s correlation coefficients was
obtained to construct the whole-brain functional connectivity
matrix for each participant at r > 0.25 (16). Finally, FC analysis
was conducted using the significant DC nodes as seeds to reflect
abnormalities in the core brain hub and its relationships with
other brain areas.

2.5. Statistical analysis

The normality distribution of demographic characteristics
and cognitive assessments was checked by using the
Kolmogorov-Smirnov method. The intergroup difference
in age was analyzed by using an independent-sample t-test.
The comparison of sex between groups was conducted by a
chi-square test. The Mann-Whitney U-test was applied for the
comparisons between groups in years of education and cognitive
performance. SPSS software (version 22.0, SPSS Inc., Chicago,
IL, United States) was utilized for the statistical analyses. The
significant p-value was set at <0.05.

A one-sample f-test was conducted to assess patterns
of DC and FC maps using DPABI software. A two-
sample t-test was used to assess different DC and FC maps
between groups using the Gaussian random field (GFR)
correction that was used to adjust for multiple comparisons
using DPABI software (two-tailed, voxel-level: p < 0.0,
GRF correction, cluster-level: p < 0.05). Finally, Pearson’s
correlation coefficients between abnormal DC and FC values
and cognitive scores were analyzed using SPSS. Partial
correlations were computed by adjusting for age, sex, and
education level.

3. Results

3.1. Demographic and cognitive scores

Detailed information about the demographic and
neuropsychological data is shown in Table 1. There were

no significant differences in terms of age, sex, or education.
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FIGURE 1
Hearing thresholds of ARHL and healthy controls using PTA test. Data are shown as mean 4 SD. PTA, pure-tone audiometry. “"Means significant
differences of hearing thresholds between two groups.

Compared with healthy controls, the hearing thresholds of
the left and right ears in patients with ARHL were higher
(p <0.001), especially at high frequencies (Figurel). In
addition, patients with ARHL performed worse on the
TMT-B, which primarily concentrated on attention and
executive function. No significant differences in other cognitive
scores were observed between patients with ARHL and
healthy controls.

3.2. DC and FC analyses

Compared with healthy controls, patients with ARHL
exhibited reduced DC in the bilateral supramarginal gyrus
(SMG). Moreover, patients with ARHL showed enhanced DC in
the left fusiform gyrus (FG) and right parahippocampal gyrus
(PHG). According to DC analysis, we noticed that the SMG
may play an important role in ARHL. Thus, the left and right
SMGs were used as seeds in subsequent FC analysis to reveal
their relationships with the whole brain. With the seed set at
the left SMG, patients with ARHL showed lower FC with the
right superior temporal gyrus (STG). In addition, the right
SMG showed reduced FC with the right middle temporal gyrus
(MTG) and increased connectivity with the left middle frontal
gyrus (MFG) in patients with ARHL (Figure 2 and Table 2).
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3.3. Correlation analysis

The reduced DC in the left and right SMGs showed
significant negative correlations with poorer TMT-B scores
(r=-0.596, p = 0.002; r = —0.503, p = 0.012, respectively)
(Figures 3A, B). In the regions with altered FC of the left
and right SMGs, the TMT-B scores were negatively associated
with left SMG connectivity to the right STG (r = —0.462,
p = 0.023), while the right SMG connectivity to the right MTG
was negatively correlated with the mean hearing thresholds in
patients with ARHL (r = —0.594, p = 0.002) (Figures 3C, D).

4. Discussion

To our knowledge, DC can quantify the overall connectivity
of a node to all other nodes in the whole brain. Our DC
findings proved that ARHL influenced not only the auditory
center but also non-auditory brain regions. Consistent with
previous research, subjects with ARHL performed worse on
the TMT-B (17-19). They had lower DC values in the frontal
gyrus and parietal lobe, as well as higher DC values in the
cerebellum. In contrast, our patients with ARHL showed higher
DC values in the FG and PHG. In terms of anatomy, FG
is located close to the PHG and is known to decrease in
size with increasing age in healthy people (20). The FG is
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DC differences

ROI: R-SMG

R-MTG

FIGURE 2

DC and FC results. (A) DC analysis between patients with ARHL and healthy controls. Compared with healthy controls, patients with ARHL
exhibited reduced DC in the left and right supramarginal gyrus (L-SMG and R-SMG) as well as enhanced DC in left fusiform gurus (L-FG) and right
parahippocampal gyrus (R-PHG). (B) FC analysis between patients with ARHL and healthy controls. With the seed set at L-SMG, patients with
ARHL showed lower FC with the right superior temporal gyrus (R-STG). With the seed set at R-SMG, patients with ARHL showed reduced FC with
the right middle temporal gyrus (R-MTG) and increased FC with the left middle frontal gyrus (L-MFG). The significant cluster-level p was set at
<0.05 with Gaussian random field (GFR) correction
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TABLE 2 Differences in DC and FC among patients with ARHL and healthy controls.

Brain region Voxel size Peak MNI coordinates (mm) Peak t
values

X Y

DC differences

Left supramarginal gyrus 48 32 —62 —30 27 —4.3595
Right supramarginal gyrus 48 33 58 —36 30 —4.3658
Left fusiform gyrus 20 43 —30 -25 —24 4.6355
Right parahippocampal gyrus 30 23 33 —17 —14 4.0522

ROI: left supramarginal gyrus

Right superior temporal gyrus 42 35 63 -25 12 —4.1528
ROI: right supramarginal gyrus

Right middle temporal gyrus 21 37 61 —31 12 —4.3556
Left middle frontal gyrus 40 26 —35 19 50 4.2344

The threshold was set at p < 0.05, family-wise error correction. BA, Brodmann area. MNI, Montreal neurological institute.
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FIGURE 3

Correlation between altered brain functional network and clinical characteristics in patients with ARHL. The reduced DC in left and right SMG
showed significant negative correlations with poorer TMT-B scores (A,B). The TMT-B scores were negatively associated with left SMG
connectivity to right STG (C). The right SMG connectivity to right MTG was negatively correlated with the mean hearing thresholds (D).
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related to high-order visual processing and word recognition.
Chen et al. (17) confirmed that the effect of depression on
the risk of dementia in aging was mediated by the hyper-
synchronization of the hippocampus/FG, which supports our
discovery in this study. In addition, we think that a high
DC value of the FG might be associated with cross-modal
reorganization after hearing deprivation. Long-term ARHL may
lead to the enhancement of visual function or visual-auditory
networks (21).

Furthermore, increased DC values have also been detected
in the PHG, which is part of the limbic system. Kan
et al. found high F-fluorodeoxyglucose (FDG) uptake in the
PHG in ARHL patients with repetitive transcranial magnetic
stimulation therapy (22). Traditionally, the PHG is a critical
cognition-related structure that collects memories from the
hippocampus and functions in learning and visuospatial tasks
(23). In contrast to other studies, the activity of the PHG
was not downregulated in patients with ARHL. Further
study is required to explore the potential mechanism of
the PHG.

Interestingly, we found that SMG was involved in ARHL
compared with healthy controls. On the one hand, the SMG
can be activated by pure tones and is causally implicated in
auditory-motor integration (24). On the other hand, the SMG
becomes a convergence zone of various networks associated with
attention and verbal working memory (25). In ARHL patients
with hearing loss (26) and bilateral sensorineural hearing loss
(27), SMGs showed reduced connectivity with the cerebellum
and nucleus accumbens, indicating that hearing deprivation had
a negative impact on SMGs. An intracranial EEG study (28)
provided evidence for SMG’s role in encoding episodic memory,
while some patients with ARHL in our study had poorer scores
on the TMT-B. Thus, we conducted subsequent FC analysis
using the left and right SMGs as two seeds since different
sides of the SMG were reported to have diverse functions.
Recent studies have implied that the left SMG is important for
pitch memory processing, especially auditory memory retention
(29). In the current study, the left SMG showed weakened
connections with the temporal lobe in patients with ARHL.
The right SMG is relevant to emotion recognition, which is
known to change with age (30). In the present study, we did
not find a significant difference in SAS and SDS scores, but
patients with ARHL had relatively higher scores than healthy
controls. Further study is required to explore the emotion
of ARHL.

Several limitations need to be acknowledged in our
study. First, our sample size was relatively small, and
further research with a larger sample size is required to
make the results more convincing. Second, we did not
divide the ARHL subgroup according to different cognitive
levels mainly due to the limited sample size, which will be
taken into consideration in future studies. Furthermore,
the participants cannot be completely isolated from the
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MR scanner noise that may influence the brain’s functional
network strength to varying degrees. This confounding
factor should be taken into consideration in future studies.
Finally, this is a cross-sectional study, and longitudinal
work should be conducted to explore the progression of

cognitive impairment.

5. Conclusion

this focuses

difference

Overall,
on the

preliminary  study  mainly
in connections between ARHL and
healthy controls, elaborating on the neural mechanism
of cognitive deficits in ARHL. Our study might shift
auditory diseases into central neural symptoms and
this

could provide a potential therapeutic target for ARHL in

contribute to early diagnosis. Moreover, research

the future.
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