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Purpose: Individuals with presbycusis often show deficits in cognitive function, however,
the exact neurophysiological mechanisms are not well understood. This study explored
the alterations in intra- and inter-network functional connectivity (FC) of multiple networks
in presbycusis patients, and further correlated FC with cognitive assessment scores to
assess their ability to predict cognitive impairment.

Methods: Resting-state functional magnetic resonance imaging (rs-fMRI) was performed
in 40 presbycusis patients and 40 matched controls, and 12 resting-state networks
(RSNs) were identified by independent component analysis (ICA) approach. A two-
sample t-test was carried out to detect the intra-network FC differences, and functional
network connectivity (FNC) was calculated to compare the inter-network FC differences.
Pearson or Spearman correlation analysis was subsequently used to explore the
correlation between altered FC and cognitive assessment scores.

Results: Our study demonstrated that patients with presbycusis showed significantly
decreased FC in the subcortical limbic network (scLN), default mode network (DMN),
executive control network (ECN), and attention network (AN) compared with the control
group. Moreover, the connectivity for scLN-AUN (auditory network) and VN (visual
network)-DMN were found significantly increased while AN-DMN was found significantly
decreased in presbycusis patients. Ultimately, this study revealed the intra- and inter-
network alterations associated with some cognitive assessment scores.

Conclusion: This study observed intra- and inter-network FC alterations in presbycusis
patients, and investigated that presbycusis can lead to abnormal connectivity of
RSNs and plasticity compensation mechanism, which may be the basis of cognitive
impairment, suggesting that FNC can be used to predict potential cognitive impairment
in their early stage.
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INTRODUCTION

Presbycusis, also known as age-related hearing loss, results from
lifetime damage to the auditory system and can be defined
as progressive bilateral sensorineural high-frequency hearing
loss (Gates and Mills, 2005). Presbycusis has become the third
leading chronic health disorder affecting elderly over the age
of 65 after hypertension and arthritis (GBD 2015 Disease and
Injury Incidence and Prevalence Collaborators, 2016), which
mainly characterized by slow central processing of acoustic
information, impaired localization of sound sources, and
reduced ability to distinguish speech under noisy environments
(Gates and Mills, 2005; Tavanai and Mohammadkhani, 2017).
Lots of robust research evidence suggests that presbycusis
not only causes alterations of function and morphology
in specific brain areas, but also independently associated
with cognitive decline, increasing the risk of dementia, and
impaired performance across cognitive domains (Thomson
et al., 2017; Ford et al., 2018; Loughrey et al., 2018), this
results in a serious adverse impact on their daily life and
social interaction of elderly. Early detection and prevention
have supposed to be the most potential approaches in dealing
with cognitive impairment. Therefore, the recognition of early
cognitive impairment is of great importance for patients
with presbycusis.

Resting-state functional magnetic resonance imaging (rs-
fMRI) does not require subjects to receive any sensory
stimuli or perform a specific task, thus, it is widely used in
describing abnormal brain neuronal activity and functional
connectivity (FC) in various clinical conditions (Biswal et al.,
1995). FC refers to measuring the temporal synchronization
of neuronal activity between different brain regions within
resting-state networks (RSNs), reflecting the functional status
of the corresponding brain regions (Geerligs et al., 2015).
Therefore, the use of this technology to map the Spatio-temporal
covariance structure of spontaneous brain activity networks is
increasing, which will provide an in-depth understanding of
the neural mechanisms for cognitive impairment in presbycusis.
A growing body of research has indicated that auditory
and cognitive processing are tightly related and that patients
with hearing loss recruit functions of the executive network
to maintain communication, leading to cascading cognitive
effects that further affect comprehension, perception and
working memory (Peelle and Wingfield, 2016; Loughrey et al.,
2018). Previous research has found that hearing loss was
associated with decreased volume in the temporal lobe, which
is responsible for semantic memory and sensory integration,
and the atrophy of the temporal lobe may be involved
in the early stage of mild cognitive impairment (Fortunato
et al., 2016). Another finding suggested that during effortful
speech perception in the hearing-impaired showed increased
activation of the frontal lobe, which leads to fewer resources
of frontal lobes for cognition and indirectly affected the high-
level cognitive processes. Moreover, hearing loss can lead to
impaired auditory-limbic network FC (Rutherford et al., 2018),
and resulted in a cross-modal plastic reorganization of the
auditory cortex. Even mild hearing loss affects the transmission

of information within the auditory-linguistic-motor circuits
(Bidelman et al., 2019).

Taken together, cognitive impairment in presbycusis most
likely depends on system-level disruption of brain networks,
namely the internal interactions of different brain regions in
one network or the interactions among multiple networks,
rather than the dysfunction of a single discrete brain region.
However, conventional seed-based FC researches rely on the
user’s self-defined region of interest (ROI; Lv et al., 2018)
and fail to fully investigate the interaction between the brain
networks of presbycusis patients. Independent component
analysis (ICA) using a data-driven method (McKeown et al.,
1998) without prior experimental models or assumptions
decompose BOLD signal from the whole brain voxels into
spatially and temporally independent components (ICs),
which has been widely used in rs-fMRI and is capable of
measuring interactions within and between multiple brain
networks directly. Among them, resting-state function network
connectivity (FNC) can be used to describe the temporal
correlation between these RSNs (Wang et al., 2014; Qin et al.,
2018). At present, ICA studies on the connectivity changes
within and between networks in presbycusis have not been
reported, just a few studies focused on intra-network FC
alteration (Schmidt et al., 2013; Luan et al., 2019). Therefore,
we predict that by exploring RSNs and FNC to elucidate the
impairment and compensation patterns of cognitive impairment
in presbycusis patients will provide valuable information for
rational treatment.

This study aims to systematically explore FC and their
interactions within and between RSNs in presbycusis patients
and to provide new reliable markers for identifying early
cognitive impairments. We will experimentally validate
the following hypothesis: first, the cognitive impairment
in presbycusis patients is related to the disrupted FC of
multiple RSNs; second, in addition to changes within the
network, changes between networks may also be associated with
cognitive impairment.

MATERIALS AND METHODS

Subjects
A total of 40 presbycusis patients were recruited from the
otolaryngology department, and 40 age-, gender-, education-,
and handedness matched control subjects were selected from
community health census or online advertising. Based on the
definition of hearing loss, all participants underwent the hearing
loss assessment using the speech-frequency pure tone average
(PTA) of the 0.25, 0.5, 1, 2, 4, 8 kHz (air conduction) threshold
in the better hearing ears. The PTA value of 25 dB HL is the
normal listening threshold limit. No significant difference in
the auditory threshold between the experimental and control
group was observed; and middle ear function was measured
by using Madsen Electronics Zodiac 901 Middle Ear Analyzer
(GN Otometrics).

Exclusion criteria were as follows: (1) in addition to
presbycusis, ear diseases that impacted hearing threshold,
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including tinnitus, hyperacusis and Meniere’s disease (Lopez-
Escamez et al., 2015); (2) a history of otologic surgery,
ototoxic drug therapy, noise exposure or hearing aid use;
(3) asymmetric hearing loss, with the difference of air conduction
threshold exceeding 20 dB, and at least two frequencies between
0.5, 1, 2 and 4 kHz; (4) severe smoking, alcohol abuse,
brain damage, Alzheimer’s disease, Parkinson’s disease, major
depression, epilepsy, mental or neurological disorders, major
diseases (such as anemia, thyroid dysfunction, cancer); and (5)
a contraindication to MRI.

Neuropsychological Assessment
The neuropsychological assessment of all participants required a
comprehensive test of cognitive status, including the use of Mini-
Mental State Exam (MMSE; Ardila et al., 2016) and Montreal
Cognitive Assessment (MoCA; Lu et al., 2011) to assess general
cognitive function, Auditory Verbal Learning Test (AVLT and
AVLT-delay; Xu et al., 2020) and Complex Figure Test (CFT
and CFT-delay; Shin et al., 2006) for episodic verbal learning
as well as visual memory recall, Digit Span Test (DST; Gabel
et al., 2019) for verbal working memory. Executive control was
assessed by Trail-Making Test A and B (TMT-A and TMT-B;
Sánchez-Cubillo et al., 2009) and Clock-Drawing Test (CDT;
Viscogliosi et al., 2017), besides mental processing speed and
visuospatial abilities were evaluated by Digit Symbol Substitution
Test (DSST; Rosano et al., 2013) and Verbal Fluency Test (VFT;
Brucki and Rocha, 2004). Also, the Self-Rating Anxiety Scale
(SAS; Song et al., 2014) and Self-Rating Depression Scale (SDS;
Zung, 1971) were used to assess the symptoms of anxiety and
depression. There are a total of 14 cognitive tests and it took
almost 60 min for each individual to finish this battery of
orderly tests.

Imaging Data Acquisition
All imaging data acquisitions were performed on a 3.0
Tesla Philips MRI scanner (Ingenia, Netherlands) with an
eight-channel phased-array head coil. Resting-state functional
images were acquired axially using a gradient echo-planar
imaging sequence as following parameters: repetition time
(TR) = 2,000 ms, echo time (TE) = 30 ms, slices = 36, thickness
= 4 mm, gap = 0 mm, field of view (FOV) = 240 mm ×

240 mm, acquisition matrix = 64 × 64, and flip angle (FA)
= 90◦, the voxel size was 3.75 × 3.75 × 4.0 mm3; and this
sequence lasted 8 min and 8 s. Structural images were obtained
using a three-dimensional turbo fast echo (3D-TFE) T1WI
sequence and following scan parameters: TR/TE = 8.1/3.7 ms,
slices = 170, thickness = 1 mm, gap = 0 mm, FOV = 256 mm
× 256 mm, acquisition matrix = 256 × 256, and FA = 8◦.
The structural sequence lasted 5 min and 29 s. Besides, all
scans were acquired with parallel imaging using sensitivity
encoding (SENSE) technique and SENSE factor = 2.

During the scan, the participants were instructed to lie
quietly and keep still, with eyes closed but not asleep or think
about anything special. Meanwhile, foam padding was used to
reduce the involuntary movement of the head, and earplugs
were used to reduce the influence of noise on the participants.
According to the manufacturer’s specifications, the earplugs

(Hearos Ultimate Softness Series, USA) could attenuate scanner
noise by almost 32 dB.

Preprocessing of Functional Imaging Data
GRETNA (Graph Theoretical Network Analysis) was applied
to preprocess the functional image data for further analysis
(Wang et al., 2015), involving the following steps. First, the
first 10 volumes were removed to allow for an equilibrium
of the magnetization and adaptation of the participants
to the scanning environment. Then the remaining volumes
were sliced for timing (slice timing) and corrected for head
motion (realignment). Since micromovements from volume
to volume can influence the FC, framewise displacement
(FD) values were computed for each subject to reflect the
temporal derivative of the movement parameters. Time points
that exceeded a max FD of 0.5 mm were excluded from
subsequent analyses. The corrected volumes were spatially
normalized to the Montreal Neurological Institute space with
resampled voxel size = 3 × 3 × 3 mm3, and finally spatially
smoothed with a Gaussian smooth kernel (full width at half-
maximum of 6 mm).

Identification of Resting-State Networks
The group ICA software (Medical Image Analysis Lab, University
of New Mexico, Albuquerque, NM, USA1) was used to
implement the spatial group ICA and identify RSNs. ICA
analysis is performed in three phases: (1) data reduction;
(2) application of ICA algorithm; and (3) back reconstruction for
each subject. The number of ICs over all subjects was estimated
using the minimum description-length (MDL) criteria. In phase
one, principal component analysis (PCA) was used to reduce
computational complexity, then the remaining reduction step
was achieved again using PCA based on a selected number of
ICs. In phase two, the infomax algorithm was used to run the
proper ICA. In the final phase, Single-subject individual time
courses and spatial maps were group ICA (GICA) type back-
reconstructed and results were converted into z-scores to display.

Intra-network Functional Connectivity
Analysis
Among the 40 components arising from ICA, 12 components
(eight meaningful RSNs) were selected as the focus of subsequent
analysis through visual inspection based on previous rs-fMRI
studies. For each RSNs, a one-sample t-test was first performed
to obtain z-maps for each group, which were corrected by
false discovery rate (FDR) method, and the statistical figure
was obtained at the threshold of p < 0.05. The spatial maps
of the components were used as variables for a one-sample
t-test. Each mask of the control group and presbycusis was
further combined into a total mask for each component. Then,
the z-maps of RSN were compared between groups using a
two-sample t-test of voxel restricted within the combination
mask. The comparison results were corrected p < 0.01, with
a Monte Carlo simulation for multiple comparisons (AlphaSim

1http://icatb.sourceforge.net

Frontiers in Aging Neuroscience | www.frontiersin.org 3 August 2020 | Volume 12 | Article 246

http://icatb.sourceforge.net
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Xing et al. Disrupted FNC in Presbycusis

correction2), and the regions of significant differences were
selected from each RSNs to facilitate further analysis.

Inter-network Functional Connectivity
Analysis
After ICA, the spatiotemporal double regression method was
used to obtain the individual level time courses of the identified
RSNs. Then, FNC analysis was carried out to study the
relationship between different RSNs time courses. During the
analysis, a temporal band-pass filter (range from 0.00 to 0.25 Hz)
is first applied to the time courses to reduce the effects of
low-frequency drift and high-frequency physiological noise.
Secondly, the correlations were calculated between any two RSNs
time courses of each subject. Then the FNC, also known as
temporal correlation, is obtained by calculating the Pearson
correlation coefficient of the time courses of selected RSNs and
generate the 13 × 13 matrix. A general linear model (GLM) with
age, sex as covariates was finally used to analyze which pairs of
RSNs were significantly different between controls and patients.
The significance threshold was p < 0.05, corrected for multiple
comparisons using FDR.

Correlations With Neuropsychological
Assessment
To further investigate the relationship between connectivity
anomalies and cognitive impairment in patients with
presbycusis, we performed the correlation analysis between the
abnormal connectivity regions detected and neuropsychological
assessment scores. That is, for the inter-network FC, the brain
region with a significant difference in the two-sample t-test
was selected as the ROIs and the coordinates of ROIs were
extracted. Then, the mean z-scores within ROI were used to
illustrate the correlation. Also, for intra-network FC, significant
differences among the three groups were detected at the level of
12 components, and its FNC coefficients were used to calculate
the correlation with assessment scores.

Statistical Analyses
To investigate the difference between presbycusis patients and
healthy controls for demographic and clinical information, the
chi-square test was applied to the categorical variables and
independent two-sample t-test for continuous variables, both
conducted by the IBM SPSS 19.0 package, p < 0.05 was
considered statistically significant. Then, we used Cohen’s d to
describe the effect size (ES) of each clinical variable. Meanwhile,
for RSNs and FNC analysis, a two-sample t-test was performed
to conducted group comparison between presbycusis patients
and healthy controls, and results were corrected for AlphaSim
(p < 0.01) and FDR method (p < 0.05), separately. Pearson
or Spearman correlation was used to exam the relationship
between FC and neuropsychological test scores with a statistical
significance level p < 0.05. During all this analysis, SPM8
(statistical parametric mapping) was used to carry out the
voxel-level statistical analysis of RSNs, and MATLAB function
(MATLAB 2013a) was used for FNC group comparison and

2 https://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf

other correlation analysis. Bonferroni correction for multiple
comparisons was used in the correlation analysis.

RESULTS

Clinical Characteristics and
Neuropsychological Data
The clinical characteristics as well as the neuropsychological
results of presbycusis patients and the control group were
summarized in Tables 1, 2. There were no significant differences
in the aspect of age, gender, and education level. All participants
had a type-A tympanometry curve, suggesting the normal
function of the middle ear. No significant difference was
observed in PTA between the left and right ear of the presbycusis
and the control group. The average hearing thresholds of both
ears in presbycusis and control group were shown in Figure 1.
The average PTA of presbycusis patients was significantly higher
than that of the control group (p < 0.001, 1,000–8,000 Hz).
In neuropsychological assessment, patients with presbycusis
performed significantly worse on DST and TMT-B scores
(p < 0.05). The other neuropsychological tests did not show any
significant differences between the two groups. No subjects had
max FD > 0.5 mm on more than 35 volumes in this study. No
significant difference was found in the mean and max FD values
between presbycusis patients and controls.

Resting-State Networks
By using ICA approach, we obtained a cluster of 12 ICs and
identified the eight meaningful RSNs (Figure 2), which is similar
to previously reported research and including the following
networks: the subcortical limbic network (scLN; IC2), which
located throughout striatum and extends into the thalamus,
brainstem, hippocampus, and amygdala. Auditory network
(AUN; IC25) mainly consists of superior temporal gyrus and
middle temporal gyrus which corresponded to the auditory
system. The Default-mode network (DMN; IC3 + 32), includes
the anterior region and the posterior region, the anterior region
comprises the medial prefrontal cortex and the anterior cingulate
cortex, and the posterior region mainly involves the posterior
cingulate cortex/precuneus, bilateral inferior parietal cortex, and
angular gyrus. The executive control network (ECN; IC21 + 27),
primarily contains the bilateral dorsolateral prefrontal cortex and
the lateral parietal cortex. Attention network (AN; IC28 + 30) is
captured in two components, named as dorsal AN and ventral
AN, including the following areas: the bilateral intraparietal
sulcus, frontal eye field, ventral parietal cortex, and inferior
frontal gyrus (IFG). Sensorimotor network (SMN; IC4 + 22)
centered on the bilateral primary somatosensory cortex, mainly
including precentral gyrus and postcentral gyrus. Also, visual
network (VN; IC6) and cerebellum network (CN; IC26) were in
agreement with the anatomical and functional delineations of the
occipital lobe and cerebellar cortex, respectively.

Altered FC Within RSNs
Compared with the controls, presbycusis patients showed
significant FC differences in four RSNs including the scLN,
DMN, ECN, and AN, all of which revealed the decreased
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TABLE 1 | Demographics of the presbycusis patients and healthy controls.

Presbycusis patients (n = 40) Healthy controls (n = 40) p-value

Age (years) 61.35 ± 5.05 61.30 ± 3.89 0.961
Sex (male: female) 20/20 17/23 0.501
Education levels (years) 10.45 ± 1.84 10.58 ± 1.53 0.742
PTA of the left ear (dB HL) 32.27 ± 4.71 16.17 ± 2.98 <0.001∗

PTA of the right ear (dB HL) 32.88 ± 6.58 16.02 ± 3.17 <0.001∗

Mean PTA of both ears (dB HL) 32.32 ± 4.24 15.92 ± 2.58 <0.001∗

Mean FD value (mm) 0.20 ± 0.06 0.19 ± 0.06 0.291
Max FD value (mm) 0.44 ± 0.05 0.42 ± 0.08 0.146

Data are represented as Mean ± SD. ∗P < 0.001. PTA, pure-tone audiometry; FD, framewise displacement.

TABLE 2 | Neuropsychological tests of presbycusis patients and healthy controls.

Presbycusis patients (n = 40) Healthy controls (n = 40) p-value ES

MMSE 29.18 ± 1.06 28.68 ± 1.44 0.081 0.40
MoCA 25.68 ± 1.69 25.93 ± 1.79 0.522 0.14
AVLT 35.35 ± 7.38 34.88 ± 7.75 0.779 0.06
AVLT-delay 7.18 ± 2.23 6.75 ± 2.31 0.405 0.19
CFT 34.70 ± 1.57 34.58 ± 1.56 0.722 0.08
CFT-delay 16.70 ± 3.07 17.20 ± 2.78 0.447 0.17
TMT-A 70.73 ± 21.56 67.60 ± 18.36 0.487 0.16
TMT-B 195.73 ± 63.59 156.03 ± 53.52 0.003∗ 0.68
CDT 3.55 ± 0.55 3.63 ± 0.54 0.541 0.15
DST 10.65 ± 1.48 11.68 ± 2.08 0.013∗ 0.57
VFT 13.95 ± 4.05 14.41 ± 3.71 0.596 0.12
DSST 70.13 ± 8.22 68.73 ± 9.94 0.494 0.15
SAS 36.83 ± 5.82 36.38 ± 6.04 0.735 0.08
SDS 39.03 ± 9.24 37.13 ± 8.45 0.340 0.21

Data are represented as Mean ± SD, ∗p < 0.05. MMSE, Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; AVLT, Auditory Verbal Learning Test; CFT, Complex Figure
Test; DST, Digit Span Test. TMT-A, Trail Making Test-Part A; TMT-B, Trail Making Test-Part B; CDT, Clock Drawing Test; VFT, Verbal Fluency Test; DSST, Digit Symbol Substitution Test;
SDS, Self-Rating Depression Scale; SAS, Self-Rating Anxiety Scale; ES, effect size.

FC in the presbycusis group (Figure 3 and Table 3). For
the scLN, FC decreased in the right middle cingulate gyrus
(R_ middle cingulate gyrus). For the DMN, FC decreased in
the left precuneus (L_Precuneus). For the ECN, FC decreased
in the right Inferior Frontal Gyrus (R_IFG). And, the AN
revealed the decreased FC in the right supplementary motor area
(R_SMA). Besides, there were no differences in resting-state FC
between controls and presbycusis groups within the AUN, SMN,
VN, and CN.

Altered Inter-network FC
Significant differences in the network connectivity in scLN,
AUN, DMN, AN, and VN between presbycusis and control
groups for FNC analysis were found (Figure 4). Subsequent
analysis for significant differences in FNC revealed increased
connectivity between scLN (IC2) and AUN (IC25), as well
as the VN (IC6) and DMN (IC3) in presbycusis group
compared to control group. Relative to the control group,
the presbycusis group exhibited significantly decreased inter-
network connectivity in the AN (28)-DMN (32).

Correlation Analysis
Pearson or Spearman correlations were performed between the
mean z-scores of 12 ROIs in the eight RSNs and cognitive
assessment scores. Before multiple comparisons correction,
significant correlations were found between the left precuneus
within the DMN and DST scores (rho = 0.501, p = 0.001),

as well as between the right IFG within the ECN and TMT-B
scores (r = −0.341, p = 0.042). Moreover, after performing the
correlations between the FNC coefficients (three connections)
and the cognitive scores in presbycusis patients, only the
AN-DMN connection was found to be positively correlated
with DST scores (rho = 0.327, p = 0.040). Nevertheless, no

FIGURE 1 | Mean hearing thresholds of the presbycusis and control groups
from 250 Hz to 8,000 Hz. Data are presented as mean ± SD.
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FIGURE 2 | Functional relevant resting-state networks (RSNs). The spatial
maps of 12 independent components (ICs) were selected as the RSNs for
further analysis. AUN, Auditory network; DMN, default mode network; ECN,
executive control network; AN, attention network; SMN, sensorimotor
network; VN, visual network; CN, cerebellum network.

significant correlations persisted after Bonferroni correction.
Also, no significant associations between FD value and network
connectivity in each RSNs were found in this study.

DISCUSSION

To our knowledge, this study is the first time using the ICA
approach to detect the intra- and inter-network FC and their
relationship with cognitive function in patients with presbycusis.
Four brain networks were found to be abnormal in presbycusis
patients compared with the controls, including scLN, DMN,
ECN, and AN. Meanwhile, increased or decreased alterations of
the inter-network functional coupling were found in the three
functional connections in presbycusis patients through FNC
analysis. And in presbycusis patients, only DST and TMT-B were
found significant in cognitive performance, which may indicate
that cognitive impairment is mainly manifested in the level of
working memory and executive control function.

Analysis of RSNs internal FC focuses on the interaction of
multiple networks in a certain spatial pattern (Beckmann et al.,
2005). In this study, presbycusis patients observed reduced FC in
the right middle cingulate gyrus for scLN. It is well known that
scLN carries a variety of functions, including emotion, behavioral

motivation, cognition, and memory processing (Morgane et al.,
2005). A previous study found that in patients with sudden
sensorineural hearing loss showed increased nodal betweenness
of the limbic network, which may suggest a plastic compensatory
mechanism to lessen the consequences of nerve damage caused
by hearing loss and help maintain the patient’s cognitive abilities
(Xu et al., 2016). Our research found reduced FC in the
middle cingulate gyrus, suggesting the possibility of cognitive
impairment in presbycusis patients. The middle cingulate gyrus
forms an important component of the limbic system and is
widely connected to neighboring brain regions via bundles of
white matter fibers (Powell et al., 2018). Moreover, this study
believes that the change stems from hearing impairment patients
with persistent pressure on speech perception, which leads to
reduced adaptive activity in the limbic network involved in the
emotional processing of sounds.

As we know, the DMN controls both primary perception and
advanced cognition and is responsible for the integration of these
two (Zhao et al., 2018). Studies by Chen et al. (2018) indicated
that compared with healthy controls, patients with hearing
impairment showed reduced spontaneous neuronal activity in
the precuneus. Also, decreased FC between the dorsal AN and
the precuneus in patients with hearing loss has been emerging
understanding. It is however not the hearing loss itself associated
with reduced FC but the individually perceived listening effort
that occurs as a result of hearing loss (Rosemann and Thiel,
2019). Moreover, the precuneus is functionally involved in
episodic memory retrieval, self-awareness and processing, and
is a critical element of the DMN (Cunningham et al., 2017;
Feldstein Ewing and Chung, 2019). Meanwhile, we also found
that the FC in the left precuneus within the DMN was associated
with the DST score, implicating the disrupted working memory
in presbycusis patients.

The ECN is involved in numerous advanced cognitive tasks
and plays an important role in adaptive cognitive control
(McHugh et al., 2017). In the current study, decreased FC in
the right IFG within the ECN in patients with presbycusis was
appeared, and significant correlations between the right IFG
and TMT-B scores were found, reflecting the abnormality of
the executive control function, which is inconsistent with the
previous research. A psychiatric study (Rutherford et al., 2018)
identified that hearing loss leads to reduced activation in central
auditory pathways, thus resulting in compensatory increased
activation in the ECN. Rosemann and Thiel (2019) observed that
patients with hearing loss actively recruited frontal lobe regions,
which possibly reflect increased efforts in executive function.
Our results actually recognized a hypothesized mechanism for
the relationship between presbycusis and cognitive impairment:
the reallocation of cognitive resources. External acoustic stimuli
reduced as a result of hearing loss, so more neural resources
are allocated to deal with the attenuation of auditory signals,
while few resources correspondingly left that can be used for
higher-level cognition. The right IFG is mainly implicated in
sensory input processing related to expectation and attention.
The decline of its function indicates the impairment of attention
and the impairment of language processing (Sherman et al., 2016;
Briggs et al., 2019).
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FIGURE 3 | Group functional connectivity (FC) differences within RSNs. Significant differences between the presbycusis and control groups were found within four
RSNs. scLN, subcortical limbic network; DMN, default mode network; ECN, executive control network; AN, attention network; IFG, inferior frontal gyrus; SMA,
supplementary motor area; R, right; L, left.

A growing body of evidence suggests that SMA is not
only a motor structure but also involves in a wide range of
cognitive fields (Bonini et al., 2014; Leek et al., 2016). It is
generally believed that the processing of auditory is modulated
by movement (Schneider and Mooney, 2018). A previous study
discovered that the reduced directed FC from the SMA to
the hippocampus revealed impaired sensorimotor function in
patients with presbycusis (Chen et al., 2020). Panouillères and
Mættænen suggested that in the old adults with hearing loss,
the reduction of auditory input from the cochlea to the auditory
system leads to a reduction in the recruitment of the articulatory
cortex (Panouillères and Mættænen, 2018). This finding supports
the hypothesis of auditory-motor decline (Skipper et al., 2017),
which is in line with our results. The frontal regions depart
from the primary motor cortex, passes through the intermediate
premotor and SMA areas, and then head towards the prefrontal
areas, thus to form an organizational structure (Fuster, 2006).
Therefore, the decreased FC of SMA in presbycusis patients
suggested the disruption of this organizational structure,
leading to the impaired function of frontal lobe-mediated
cognitive processing. The above results suggested that these

four cognitive-related networks may have certain specificity in
cognitive impairment mediated by presbycusis, which will help
understand the neuropathological mechanism of presbycusis.

Recently, gradually increasing evidence suggested that
RSNs are interdependent and continue to interact with
each other (Smith et al., 2015). Our results illustrated the
increased connectivity for the scLN-AUN, which may be
following the conceptual model proposed by Jastreboff (1990).
Our results revealed that under the condition of long-term
deprivation of auditory ability and insufficient auditory input
in presbycusis patients, the compensatory feedback neural
activity of the scLN increased, reflecting a certain degree
of plastic reorganization within the limbic network. Data
from previous animal models also indicated that hearing loss
promotes cortical reorganization and morphological alterations
(Peelle and Wingfield, 2016). Besides, it also suggested that
the auditory cortex is involved in the analysis of inputs
from higher-order functions mediated by scLN. Besides, our
study also demonstrated the hyper-connectivity for VN-DMN,
reflecting the improvement of visual motion or peripheral
spatial localization ability of patients with presbycusis, and

TABLE 3 | Brain regions with significant differences connectivity within resting-state networks (RSNs) between presbycusis patients and healthy controls.

Brain regions BA Peak MNI coordinates Peak T-value Voxels

x y z

scLN R_middle cingulate gyrus 32 12 9 33 −3.667 41
DMN L_precuneus 7 −12 −54 63 −4.1241 41
ECN R_IFG 47 42 33 −15 −3.8975 47
AN R_SMA 6 12 −15 66 −4.0499 40

MNI, Montreal Neurologic Institute; scLN, subcortical limbic network; DMN, default mode network; ECN, executive control network; AN, attention network; IFG, inferior frontal gyrus;
SMA, supplementary motor area; R, right; L, left.

Frontiers in Aging Neuroscience | www.frontiersin.org 7 August 2020 | Volume 12 | Article 246

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Xing et al. Disrupted FNC in Presbycusis

FIGURE 4 | Significant differences in the network connectivity in the
subcortical limbic network (scLN), Auditory Network (AUN), default mode
network (DMN), attention network (AN), and Visual Network (VN) between
presbycusis and control groups.

the compensatory plastic reorganization occurs in the brain
network which may be due to the lack of auditory ability. The
strengthened functional coupling of the local sensory network
including visual and sensory-motor areas in patients with sloping
sensorineural hearing loss indicates that the auditory-deprived
brain will have integrated compensation for the remaining
sensory regions (Wolak et al., 2019).

The decline in attention and the reduction in the volume
of the attention-related cortex reflects the impaired function of
the AN (Cardin, 2016), which in turn affects the perceptual
analysis and the auditory processing of acoustic signals, always
occurs in presbycusis patients (Fortunato et al., 2016). Previously
investigating the cross-network interaction between the DMN
and the DAN, it was found that activities in DMN decreased
when performing goal-directed tasks, while activities in DAN
increased. This relationship suggested to be anti-correlated (Fox
et al., 2009), and our result seems to reinforce this decoupling
effect. That is, the FC in AN reduced to stabilize the balance from
the external environment, such as auditory input. However, the
reduction of perceived auditory tasks in presbycusis leads to the
interruption of AN, and decrease the connectivity to key nodes
of the DMN. The interruption of AN is also one of the causes
of memory impairment (Veldsman et al., 2019). In addition to
FNC abnormalities, a negative correlation between the AN-DMN
and DST scores was also detected, showing that the dis-coupling
probably relates to the disrupted working memory in presbycusis
patients, and these disconnections above may also contribute to
daily cognitive impairment.

Several limitations should be paid attention to. First
of all, although the FC results are consistent with the
previous literature, the essence of the interaction between
and within different internal connectivity networks has poorly

comprehended. Second, the brain networks involved in this study
are limited. Because other networks may play an important
role in the pathophysiology of cognitive impairment in the
presbycusis, detecting the variation of the FC in multiple
networks will provide insight into the neural mechanism
in depth. Further researches should focus on the effects of
presbycusis on other brain networks and conduct longitudinal
research to predict long-term cognitive function. Moreover,
no significant results persisted after Bonferroni correction for
multiple comparisons in the correlation analyses due to the
relatively strict method, which will be considered in further
study. Nonetheless, our research is still meaningful to provide
some enlightenment for future studies in this field. Finally, the
newly reported rs-FC is difficult to reflect the characteristics
of temporal variations within the brain network, therefore,
dynamic FNC is regarded as the future research direction. Also,
the directionality of the interaction between networks cannot
reveal by the ICA approach, further studies are needed to assess
the specific and directional function in the coupling between
brain networks.

To sum up, this study suggested that the structure of intra-
and inter-networks FC of presbycusis patients has undergone
profound alterations. The alterations involving the primarily
auditory system and other high-order cognitive control networks
have demonstrated that brain network with extensive plastic
reorganization during the abnormal state, which provides
meaningful insights for further understanding the neural
mechanism of cognitive impairment in presbycusis patients.
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