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Editorial on the Research Topic

Neuroimaging Approaches to the Study of Tinnitus and Hyperacusis

Approximately 12% of adults experience tinnitus, but about 1% experience severe tinnitus that is
in some cases disabling. Tinnitus is often accompanied by hyperacusis, a debilitating condition
in which moderate-intensity sounds are perceived as extremely loud. To date, a lot of evidence
has supported that tinnitus and hyperacusis is a problem of the central nervous system that
is caused or triggered by peripheral hearing loss (HL). Recent neuroimaging studies, such as
structural magnetic resonance imaging (including diffusion tensor/spectrum imaging, DTI/DSI),
resting-state functional magnetic resonance imaging (rs-fMRI), arterial spin labeling (ASL), and
quantitative electroencephalography (EEG), have revealed significant structural and functional
alterations of the brain associated with tinnitus and hyperacusis. From these studies, many
key concepts linking tinnitus and/or hyperacusis to enhanced central gain, altered functional
connectivity (FC) in neural networks, aberrant rhythmic activity in cortical networks, spontaneous
hyperactivity, and aberrant activity in regions associated with anxiety, attention, emotion, and
memory have emerged. In this Research Topic for Frontiers in Neuroscience, we bring together
a collection of work from experts in the field that both summarizes past findings and introduces
current advances to our understanding of non-pulsatile tinnitus and HL mechanisms using
neuroimaging approaches. Hereinafter, we provide a summary of their contributions. The clinical
and demographic data of the participants from all studies in the Research Topic are presented in
Supplementary Table 1.

STRUCTURAL MRI APPROACHES

Tinnitus and hyperacusis can lead to significant brain structural changes that are closely related
to patients’ dysfunction. Structural MRI (including T1-weighted imaging and DTI) would be a
useful measurement to evaluate these changes. In their article, using graph-theory-based analysis,
Lin et al. provided the first morphological evidence of altered topological patterns of the brain
networks in tinnitus patients. Moreover, they considered that the heightened efficiency of the
brain network and altered auditory-limbic connection of patients would be compensation for the
auditory deafferentation. Besides, Chen, Wang et al. explored the possible reorganization of brain
white matter (WM) in tinnitus patients and found that tinnitus can cause significant brain WM
microstructural alterations, and most of them were not auditory-related. More interestingly, these
changes may be irrespective of the duration of tinnitus perception or other clinical performances.
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In the research of Zhang et al. they applied fiber tracking
analysis and reported that sudden HL patients exhibited altered
WM integrity in the auditory neural pathway that is associated
with disease severity. Structural MRI can also be used for the
evaluation of therapeutic outcomes. For example, Wei et al.
investigated the changes in gray matter volume before and after
narrow-band sound stimulation and found that sound therapy
had a normalizing effect on the gray matter atrophy caused
by tinnitus.

RESTING-STATE FMRI APPROACHES

As a powerful technique for characterizing the intrinsic brain
activity and functional- or even network connectivity, rs-fMRI
can provide useful information for us to better understand the
neural mechanism of tinnitus and hyperacusis. For example,
in the study of Cai et al. using amplitude of low-frequency
fluctuation and seed-based FC, they found that abnormal
alterations of regional activity in the central auditory system
(such as the higher-order auditory cortex and inferior colliculus)
existed. Moreover, these changes could result in increased
FC among the auditory network, cerebellum, and limbic
system, which could be another possible mechanism of tinnitus
generation. The frontostriatal circuit plays a very important role
in evaluating and modulating tinnitus perception signals. Using
granger causality analysis, Xu J-J. et al. confirmed the neural basis
of the frontostriatal gating control of tinnitus sensation and its
contribution to tinnitus distress.

Tinnitus patients almost always have different degrees of
hearing loss or hearing impairment; thus, we need to explore the
possible neural mechanism of tinnitus with HL or even HL itself.
In this regard, Zhou et al. explored the intraregional brain activity
and FC in acute tinnitus patients with HL. Their study provided
evidence that tinnitus with HL showed abnormal intraregional
neural activity and disrupted connectivity in the hub regions of
some non-auditory networks in the early stage, such as the default
mode network (DMN), attention network, visual network, and
executive control network. Meanwhile, Cai, Xie et al. reported
aberrant functional and causal connectivities in both the auditory
and non-auditory cortices in acute tinnitus patients with HL.

In addition, Xie et al. even discussed the neural mechanism
in patients with hearing impairment, they found that there were
significant differences in intrinsic brain activities and FC in
unilateral hearing impairment patients, and the disease severity
was associated with the FC values in some auditory or limbic-
related regions. Moreover, Xu X-M. et al. found that patients with
long-term HL would show disrupted spatial and temporal brain
connectivity in the salience network, which is closely associated
with hearing impairment-induced neuropsychiatric symptoms
(such as cognitive impairments, depression, and anxiety).

Rs-fMRI can also be used to predict and evaluate the
therapeutic efficacy of tinnitus. For example, Han L. et
al. presented evidence that tinnitus patients’ baseline FC
characteristics can be used to predict the outcomes of sound
therapy (narrow band noise). More importantly, they supposed
that the connectivity of the thalamus at baseline would be a

more reliable and objective neuroimaging-based indicator for
effectiveness predicting of the therapy. Meanwhile, Zimmerman
et al. applied resting-state FC analysis to evaluate the outcome of
mindfulness-based cognitive therapy and found that the changes
of amygdala-parietal connectivity would be a brain imaging
marker of successful treatment. In short, rs-fMRI (including
regional brain activity, undirected or directional connectivity,
and network) can be a useful method to characterize brain
functional alterations that may contribute to the occurrence or
development of tinnitus and to predict or even evaluate patients’
therapeutic outcomes.

ASL APPROACH

Currently, few studies are using ASL to investigate the blood
flow or neural mechanism of tinnitus and hyperacusis. In a
recent study, the researchers found that tinnitus patients showed
abnormal blood flow in the auditory cortex and the DMN (Xia et
al.). More importantly, they considered the patients may benefit
from blood glucose control in terms of tinnitus-related emotional
dysfunction, such as cognitive function, distress, and depression.

EEG APPROACHES

EEG can be used to characterize the brain reorganization features
that may contribute to tinnitus and hyperacusis. For instance,
using EEG analysis, both Lee, Choi et al. and Asadpour et al.
discussed the possible neural mechanism of tinnitus. Asadpour
et al. proved that tinnitus may be the result of the aberrant
prediction error caused by the abnormal frequency of the stimuli,
while Lee, Choi et al. reported that as our brain works in a
Bayesian manner, tinnitus develops only if the deafferented brain
updates the missing auditory information and the pregenual
anterior cingulate cortex (pgACC)-based top-down gatekeeper
system is actively involved and this process is also associated
with the DMN. Meanwhile, based on resting-state EEG analysis
(microstates and FC analysis), Cai, Chen et al. found that
sudden HL patients not only showed alterations of central neural
networks but also inhibition of brain area activity and change in
FC. Moreover, EEG-related analysis can also be used to predict
the efficacy of tinnitus pre-treatment and evaluate the prognosis
after treatment. In this regard, Han J. et al. demonstrated
that the ongoing cortical oscillatory activity before the hearing
aids treatment may predict symptom improvement of patients
with HL and tinnitus. Besides, in their research, Lee, Rhee
et al. provided us the possible reason why tinnitus retraining
therapy (TRT) is efficacious in most tinnitus patients: TRT
induced habituation via modulation of FCs between the auditory
system and the limbic and autonomic nervous systems, which
may improve tinnitus-related distress. Additionally, Wang et al.
explored the possible neural mechanism of hearing recovery after
cochlear implantation in patients with HL by EEG analysis, and
they suggested that the changes of some EEG features reflect the
process of auditory function remodeling and may be a predictor
for effect of cochlear implantation.
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MULTIMODALITY IMAGING APPROACHES

A combination of the methods mentioned above would provide
us more useful information about the underlying neural
mechanism of brain reorganization tinnitus and hyperacusis. In
a study performed by Luan et al. they conducted a combination
of structural MRI, rs-fMRI, and DTI and demonstrated that
the dorsolateral prefrontal cortex played an important role
in patients with HL, as it recruited the auditory area into
cross-sensory and higher-order processing through a top-down
control. They provided evidence about the mechanism of cross-
modal reorganization and cognitive participation in HL, whether
with tinnitus or not. Moreover, Tang et al. applied multimodal
imaging analysis as well, they reported the consistency of
functional and structural pathways in the amygdala in HL
patients. More importantly, they proved that the amygdala
connectivity changes may be a potential mechanism underlying
the HL-related emotional impairments. Besides, in a recent study
conducted by Chen, Lv et al. it was demonstrated that sound
therapy (narrow-band sound noise) has a significant effect on
brain structural and network-level reorganization in idiopathic
patients without HL. Additionally, in Hu et al. mini-review,
they reviewed fMRI studies in a broader sense (including rs-
fMRI, DTI, ASL, and so on) published in recent years on the
neuroimaging mechanisms of tinnitus. The results have revealed
various neural network alterations in tinnitus patients (such as
vision network), which is confirmed by the study of Li et al.
as they proved that the pre-response level of individuals with
tinnitus showed a loss in vision dominance. They speculated
the abnormality may be due to the reduced interference of
visual information in auditory processing. These methods can
also be applied for further researches on neural mechanisms
of hyperacusis.

CONCLUSION

These articles highlighted avenues for the research of tinnitus.
New methods that can predict therapeutic outcomes before
treatment and that can objectively evaluate treatment effects after

therapy are provided. As can be appreciated, the articles covered
a wide range of advances and new insights in our understanding
of the neural mechanism underlying tinnitus and/or HL.
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Objective: Hearing loss, one main risk factor of tinnitus and hyperacusis, is believed to
involve significant central functional abnormalities. The recruitment of the auditory cortex
in non-auditory sensory and higher-order cognitive processing has been demonstrated
in the hearing-deprived brain. The dorsolateral prefrontal cortex (dlPFC), which has
dense anatomical connections with the auditory pathway, is known to play a crucial role
in multi-sensory integration, auditory regulation, and cognitive processing. This study
aimed to verify the role of the dlPFC in the cross-modal reorganization and cognitive
participation of the auditory cortex in long-term sensorineural hearing loss (SNHL) by
combining functional and structural measurements.

Methods: Thirty five patients with long-term bilateral SNHL and 35 matched healthy
controls underwent structural imaging, resting-state functional magnetic resonance
imaging (rs-fMRI), diffusion tensor imaging (DTI), and neuropsychological assessments.
Ten SNHL patients were with subjective tinnitus.

Results: No differences in gray matter volume, spontaneous neural activity, or diffusion
characteristics in the dlPFC were found between the SNHL and control groups. The
functional connectivity (FC) between the dlPFC and the auditory cortex and visual
areas, such as the cuneus, fusiform, lingual cortex, and calcarine sulcus was increased
in patients with SNHL. ANOVA and post hoc tests revealed similar FC alterations
in the SNHL patients with and without tinnitus when compared with the normal
hearing controls, and SNHL patients with and without tinnitus showed no difference
in the dlPFC FC. The FC in the auditory cortex was associated with the symbol digit
modality test (SDMT) scores in the SNHL patients, which reflect attentional function,
processing speed, and visual working memory. Hearing-related FC with the dlPFC was
found in the lingual cortex. A tract-based spatial statistics (TBSS) analysis revealed
decreased fractional anisotropy (FA) values, mainly in the temporal inferior fronto-
occipital fasciculus (IFOF), which showed remarkable negative correlations with the
mean hearing thresholds in SNHL.
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Conclusion: Higher functional coupling between the dlPFC and auditory and visual
areas, accompanied by decreased FA along the IFOF connecting the frontal cortex
and the occipito-temporal area, might mediate cross-modal plasticity via top-down
regulation and facilitate the involvement of the auditory cortex in higher-order cognitive
processing following long-term SNHL.

Keywords: sensorineural hearing loss, dorsolateral prefrontal cortex, multimodal MRI, resting-state functional
connectivity, tract-based spatial statistics, cross-modal reorganization, cognition, tinnitus

INTRODUCTION

Approximately half a billion people are suffering from disabling
hearing deprivation, accounting for 6–8% of the global
population (Wilson et al., 2017). Hearing loss is associated
with several common hearing disorders, such as tinnitus and
hyperacusis (Eggermont and Roberts, 2004; Knipper et al., 2013).
Since the most discussed pathology of tinnitus and hyperacusis
is the elevated central auditory gain as a response to the loss
of peripheral auditory input, hearing loss is one of the main
risk factors to develop these hearing impairments (Knipper
et al., 2013). The exploration of the neural abnormalities of
hearing loss might be essential to develop a better understanding
of the neural mechanisms underlying tinnitus, hyperacusis
or other hearing disorders. Previous research indicates that
widespread functional reorganization, within both the central
auditory system and the non-auditory brain, is involved in
hearing loss. The association between hearing loss and the
raised risk of cognitive and emotional impairments has been
widely accepted (Smith and Pichora-Fuller, 2015; Rutherford
et al., 2018). No specific treatment has been proven effective
for hearing loss. Hearing aids and cochlear implants are two
major ways to partially restore the perception of environmental
sounds and speech, but they are of limited value, particularly
with regard to the cognitive decline, affective disorders, and social
isolation that occur in cases of severe or profound hearing loss
(Dawes et al., 2015; Rutherford et al., 2018).

Cross-modal plasticity is an intrinsic ability of the central
multi-sensory brain, and refers to the recruitment of resources
from the deprived modality into the intact sensory processing;
it is known as a compensatory adaption of wide-ranging brain
circuits (Glick and Sharma, 2017). Cross-modal reorganization
has been well-documented in hearing loss. A functional near-
infrared spectroscopy study revealed a stronger response in
the auditory cortex elicited by visual motion stimulation in
deaf patients compared to normal-hearing controls (Dewey and
Hartley, 2015). The N1 visual evoked potential was reported
in the temporal lobe in patients with hearing loss, although
they had received cochlear implants (Buckley and Tobey, 2011).
The auditory cortex in patients with early moderate hearing
loss also shows robust activation to somatosensory stimuli
(Cardon and Sharma, 2018). However, the exact principles of
where and how the cross-modal organization happens following
hearing loss remain poorly understood. Although it has been
proposed that this reorganization might result from changes
in local connectivity, supported by altered sensory maps,
recent opinions emphasize the promising role of long-ranging

connections in cross-modal reorganization. Besides, those studies
on cross-modal activation overlooked the spontaneous functional
architecture associated with hearing deprivation, as revealed by
a recent study that showed cross-modal functional coupling
patterns were different between resting state and sensory stimuli
(Pelland et al., 2017).

Apart from low-level sensory processing, accumulating
evidence has indicated that the deprived auditory cortex is
also recruited for higher-order cognitive functions. Language
stimuli-evoked activation in the superior temporal gyrus (STG)
of deaf patients shows enhanced functional coupling with frontal
areas, which correlates with the language learning function
(Que et al., 2018). Activation in the auditory cortex was also
elicited during the visual working memory task in patients with
early hearing loss, suggesting that the functional modification
related to hearing loss might not be explained by a bottom-up
mechanism only (Ding et al., 2015). These results indicate that
cross-modal reorganization might also rely on interactions with
the fronto-parietal areas, which are thought to process higher-
order cognitive functions.

The dorsolateral PFC (dlPFC) plays a crucial role in top-down
regulation (O’Reilly, 2010), multi-sensory integration (Fuster
et al., 2000), and cognitive function, including working memory
(Wang et al., 2015), decision making (Philiastides et al., 2011),
and response inhibition (Gläscher et al., 2012). Anatomically,
the dlPFC receives multiple sensory afferents from the sensory
cortices (Jones and Powell, 1970; Romanski et al., 1999), which
support its multi-sensory integration, notably for sight and
sound. The dlPFC also directly projects axons to the thalamic
reticular nucleus (TRN), including the auditory portion, which
is involved in negative regulation of auditory thalamo-cortical
communication (Zikopoulos and Barbas, 2006). The dense
connections between the dlPFC and the sensory areas provide
a convenient circuit for cross-modal plasticity and top-down
regulation (Morrone, 2010). Hence, we hypothesize that the
dlPFC might mediate the recruitment of the auditory cortex
in cross-modal plasticity and higher-order cognitive functions
in hearing loss.

To verify our hypotheses, we evaluated the structural and
functional properties of the dlPFC by combining multimodal
magnetic resonance imaging (MRI) techniques. We aimed to
determine whether the functional coupling pattern of the dlPFC
changes following long-term sensorineural hearing loss (SNHL)
with and without accompanying tinnitus, with a particular
focus on the multiple sensory areas, and its relevance to
hearing perception and higher-order cognitive performance.
We further evaluated the properties of the white matter
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microstructure of the prefrontal-temporal pathway using a tract-
based spatial statistics (TBSS) approach. We aimed to identify
the dlPFC as a potential biomarker underlying the cross-modal
reorganization and cognitive participation of the auditory cortex
related to SNHL.

MATERIALS AND METHODS

Participants
Thirty-five patients with long-term bilateral SNHL were recruited
for this study (all right-handed, 21 men and 14 women, 31–
69 years old). All of these SNHL patients reported consistent
hearing loss over the duration from the onset age of 3–42 years.
Hearing loss was caused due to a clinical history of ototoxic drug
application in one case of the SNHL subjects, others had no clear
etiology. Ten of these SNHL patients were accompanied by mild
subjective tinnitus. Thirty-five age-, sex-, and education-matched
normal-hearing controls were also included in this study (all
right-handed, 17 men and 18 women, age range: 32–69 years).
All participants were Chinese Han. The criteria for the inclusion
of the patients with long-term bilateral SNHL were as follows:
(1) age range: 20–70 years; (2) clinically diagnosed SNHL with
a disease duration above 3 years; (3) post-lingual hearing loss;
(4) bilateral hearing loss with mean hearing thresholds above
25 dB HL for both ears. The criteria of exclusion for both the
SNHL and control groups were as follows: clinically diagnosed
Meniere’s disease and acoustic neuroma, a clinical history of
head injury, cancer, stroke or otologic surgery, poorly controlled
diabetes or hypertension, seizures, Multiple Sclerosis, Parkinson’s
disease, Alzheimer’s disease, depression, schizophrenia, and other
neuropsychiatric diseases. This research was approved by the
Ethics Committee of Affiliated Zhongda Hospital of Southeast
University. A written informed consent was obtained from each
of the participants before the experiment. All procedures were
performed in accordance with the Declaration of Helsinki.

Audiological Assessment
The hearing thresholds were measured at the frequency of
250, 500, 1000, 2000, 4000, and 8000 Hz via pure tone
audiometry using a GSI-61 audiometer. The monaural mean
hearing threshold was computed as the averaged value of the
air conduction thresholds at 500, 1000, 2000, and 4000 Hz. The
binaural mean hearing threshold was calculated by averaging
the monaural mean hearing thresholds. Acoustic immittance was
performed to exclude hearing loss due to conductive deafness. All
subjects in the control group had mean thresholds <25 dB HL for
both ears. All subjects in the SNHL group had mean thresholds
>25 dB for both ears.

Neuropsychological Assessment
A series of neuropsychological assessments that covered the
relevant cognitive or emotional domains were conducted with
all participants. The tests for each participant took approximately
1 h to complete and were administered by the same researcher in
the same order. For cognitive assessment, the general cognitive
state was evaluated by the Mini Mental State Examination

(MMSE) (Galea and Woodward, 2005). The functions involving
attention, visual scanning, and working memory, and the
processing seed were assessed by the Symbol Digit Modalities
Test (SDMT) (Smith, 1982). The episodic memory of verbal
information was assessed by the Auditory Verbal Learning Test
(AVLT) (Schmidt, 1996), comprising an immediate recall, a
5-min delayed recall, and a 20-min delayed recall test. For
emotional assessment, possible depression, and anxiety states
were determined via the Hamilton Depression Rating Scale
(HAM-D) (Hamilton, 1960) and the Self-Rating Anxiety Scale
(SAS) (Zung, 1971), respectively.

MRI Data Acquisition
All participants underwent brain structural, resting state fMRI
(rs-fMRI), and diffusion tensor imaging (DTI) scanning in a
Siemens 3.0 T MRI scanner (Siemens, Erlangen, Germany) with
a 12-channel head coil at the Department of Radiology, Affiliated
Zhongda Hospital of Southeast University. Soft foam padding
was used to alleviate head motion; earplugs and a headphone
were used to alleviate the noise during scanning. The participants
were instructed to keep their head still, eyes closed, and avoid
thinking about anything in particular during the MRI scanning.
Structural images were acquired using a high-resolution three-
dimensional magnetization-prepared rapid gradient-echo (3D
MPRAGE) T1-weighted sequence. The sequence parameters
were as follows: repetition time: 1900 ms, echo time: 2.48 ms,
flip angle: 9.0◦, inversion time: 900 ms, slice number: 176,
slice thickness: 1.0 mm, field of view: 250 mm × 250 mm,
matrix: 256 × 256. Functional raw data were obtained using a
gradient-recalled echo-planar imaging (GRE-EPI) sequence in
an interleaved order. The sequence parameters were as follows:
repetition time: 1900 ms, echo time: 2.48 ms, flip angle: 90.0◦,
slice number: 32, slice thickness: 4.0 mm, the field of view:
240 mm × 240 mm, matrix: 64 × 64, volumes number: 240.
The DTI raw data were acquired using a single-shot echo
planar imaging sequence (EPI) with the following parameters:
repetition time: 5800 ms, echo time: 82 ms, flip angle: 90◦, slice
number: 31, slice thickness: 4.0 mm, b-values: 0 and 1000 s/mm2,
acquired resolution: 2 mm × 2 mm × 2 mm, direction: 30,
matrix: 128 × 128.

Structural Data Analyses
To avoid the impact of structural damage on the functional
measurements, we computed the volume of gray matter (GM)
and white matter (WM) for each participant using the voxel-
based morphometry (VBM) method via the SPM8 toolbox.
The T1-weighted images of each subject were segmented into
the GM, WM, and cerebro-spinal fluid and then non-linearly
normalized to the standard Montreal Neurological Institute
(MNI) space. The images after normalization were smoothed
with an 8-mm full-width at half-maximum (FWHM) Gaussian
kernel. The whole-brain GM and WM volumes were calculated
by estimating the segments. The voxel-based between-group
difference in GM and WM was determined via analysis of
variance (ANOVA) using a general linear model (GLM) with
age, sex, and education included as nuisance covariates of
no interest. Significant differences were determined to have a
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p-value threshold <0.05 corrected by the false discovery rate
(FDR) method for multiple comparison correction. The region
of interest (ROI)-based VBM analysis was used to compare
the regional GM volume between two groups. The ROIs were
defined from the Brodmann template as the bilateral dlPFC. The
subject-specific GM data within the ROI were exacted from the
normalized and smoothed GM images.

Functional Data Preprocessing and
Analyses
The Statistical Parametric Mapping software (SPM81) and the
Data Processing and Analysis for Brain Imaging V2.3 (DPABI2)
toolbox were used to preprocess the fMRI data including the
following steps: exclusion of the first 10 volumes; slice-timing
for correcting the differences in acquisition time between slices;
realignment for head motion correction; spatial normalization
to a standard template in the MNI space using a DARTAL
approach followed by reslicing into 3 mm × 3 mm × 3 mm
voxel size; spatial smoothing with a Gaussian kernel size of
6 mm × 6 mm × 6 mm FWHM; linear detrending; nuisance
covariate regression for the white matter and cerebrospinal fluid
signal and the head motion parameters; bandpass filter with the
frequency window from 0.01 to 0.1 Hz. Subjects were excluded if
their head motion exceeded 2.0 mm in the x, y, z plane, or 2.0◦ of
axial rotation. No participant was excluded in the current study
due to head motion.

Functional Connectivity and Hearing-Related
Functional Connectivity Analyses
The seed-based functional connectivity (FC) analysis was
implemented using the Resting-state fMRI Data Analysis Toolkit
(REST3). The region of interest (ROI) in the left and right dlPFC
was defined using the Wake Forest University (WFU) PickAtlas
software4 (Macaluso and Driver, 2001) from the Brodmann
template. The mean time series for each ROI were extracted
and the Pearson’s correlation coefficients were calculated between
the mean time series of the ROIs and each voxel across the
brain. Fisher’s r-to-z transformation was implemented for each
voxel to improve normality. The FC z-score map was generated
for each participant. The between-group differences between the
SNHL and control groups were determined by the ANOVA
analysis using a GLM with age, sex, and education as the
nuisance covariates of no interest. Differences with a p < 0.05
were deemed statistically significant, using an FDR method
for multiple comparison correction. A one-way ANOVA was
performed to determine the main effect of group on dlPFC FC
among SNHL without tinnitus, SNHL with tinnitus and control
groups, with age, sex, and education as the nuisance covariates of
no interest. Then the two-sample t-tests masked by the ANOVA
main effect results were used to identify (1) SNHL patients
without tinnitus vs. controls, (2) SNHL patients with tinnitus
vs. healthy controls, and (3) SNHL patients without tinnitus

1http://www.fil.ion.ucl.ac.uk/spm/
2http://rfmri.org/dpabi/
3http://www.restfmri.net/forum/
4http://www.ansir.wfubmc.edu

vs. SNHL patients with tinnitus. Differences with a p < 0.05/3
were deemed statistically significant for post hoc two-sample
t-tests, using an FDR method for multiple comparison correction.
A hearing-related FC map was calculated by correlating the
binaural mean hearing thresholds with the FC z-scores of each
voxel, with the ROI set at the left and right dlPFC, respectively, in
all SNHL patients, with age, sex, and education as the covariates.
Significant differences were considered with a cluster threshold
of p < 0.05 using the Gaussian Random Field method at a voxel
height of p < 0.001.

Amplitude of Low-Frequency Fluctuation Calculation
The whole brain amplitude of low-frequency fluctuation (ALFF)
was calculated for each participant using the REST software.
The preprocessed time series of each voxel was transformed to
a power spectrum via a fast-Fourier transform. The square root
of the power spectrum was calculated at each frequency and
averaged across a low-frequency (0.01–0.1 Hz) domain to acquire
the amplitude (Zou et al., 2015). Then the individual ALFF map
was transferred into a z-score map by subtracting the averaged
ALFF value. The mean ALFF z-scores were extracted from the
bilateral dlPFC for each participant.

Diffusion Imaging Preprocessing and
Analyses
The DTI data processing was performed using the FMRIB
Software Library (FSL5). The skulls were removed using the brain
extraction tool of FSL. FMRIB’s Diffusion Toolbox was used
to correct head motion and the distortions resulting from the
eddy currents, estimate the diffusion tensor, and generate the
fractional anisotropy (FA) map and mean diffusion (MD) maps
for each participant. Finally, the individual FA and MD maps
were directly registered to the high-resolution FMRIB58 template
in a 1 mm × 1 mm × 1 mm standard MNI152 space using a
non-linear algorithm.

Diffusion Measurements of the dlPFC
The normalized FA and MD maps were spatially smoothed with
a Gaussian kernel size of 6 mm × 6 mm × 6 mm FWHM.
Again, the averaged FA and MD values of the bilateral dlPFC
were obtained from each of the participants referring to the
Brodmann template.

Tract-Based Spatial Statistics
The TBSS analysis was employed following the pipeline of
FSL. Briefly, the mean WM tract skeleton was generated
in the normalized space with the threshold of FA >0.2,
representing the central fiber bundles across all participants.
Then all FA maps were projected to the mean FA skeleton. The
voxelwise FA values in the WM skeleton were compared
between the SNHL group and the control group using
a randomization test with 5000 permutations in FSL,
with age, sex, and education included as covariates. The
statistical significance was set at p < 0.05 and we corrected
for multiple comparisons using the threshold-free cluster
enhancement method (TFCE).

5http://www.fmrib.ox.ac.uk/fsl
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Statistical Analyses
Group differences in age, education, mean hearing thresholds,
results of neuropsychological tests, GM volume, ALFF, FA
values and MD values in ROIs between SNHL patients and
healthy controls were determined with a Student’s t-test.
Group differences in age, education, and mean hearing
thresholds among the SNHL with tinnitus, SNHL without
tinnitus and healthy control group were determined with
one-way ANOVA. Group difference in sex was determined
by the chi-square test (SPSS, 19 software, Chicago, IL,
United States). Differences with p < 0.05 were considered
to be statistically significant. The correlations between the
functional or structural parameters and clinical variants in
the SNHL group were assessed using a partial correlation
analysis, controlling for age, sex, and education. Differences
with p < 0.05 were considered to be statistically significant.
To determine the power of the differences observed
from the seed-based FC analysis, we used the receiver
operating characteristic (ROC) curve analysis and calculated
the area under the curve. All data are presented as the
mean ± standard deviation (SD).

RESULTS

Demographic, Hearing, and
Neuropsychological Characteristics
Thirty five patients with SNHL and 35 healthy controls were
included. All of the SNHL subjects had a history of long-term
consistent hearing loss when this study was conducted. The
mean duration of auditory deprivation in the SNHL subjects
was 9.29 ± 8.95 years. Most of them acquired the hearing
loss with no clear cause. There was no difference in age,
sex, education, handedness, or ethnicity between the SNHL
group and control group. The mean hearing thresholds of
the left and right side were above 40 dB HL in the SNHL
group (Figure 1). There was no significant difference between
the two sides (p = 0.109). The mean hearing thresholds
of both sides in the control group were significantly lower
than in the SNHL group and were within the normal range
(<20 dB HL). There was no significant difference between
the two sides (p = 0.622). Relative to healthy controls,

patients with SNHL presented significantly increased SAS and
HAM-D scores, and significantly decreased AVLT-5 scores.
No other between-group difference was found with regard
to the MMSE, AVLT, AVLT-20, or SDMT tests. The detailed
demographic, hearing, and neuropsychological results are shown
in Table 1.

Among the 35 long-term SNHL patients, 10 subjects
were accompanied by subjective tinnitus. As illustrated
in Table 2, there was no significant difference among
the SNHL patients with tinnitus, SNHL patients without
tinnitus, and healthy controls in age (F = 0.835, p = 0.438),
gender (χ2 = 1.485, p = 0.476) or education (F = 0.775,
p = 0.465). Post hoc Least-Significance Difference (LSD)
tests revealed no significant difference in the left mean
hearing threshold (p = 0.263), right mean hearing threshold
(p = 0.901), or bilateral mean hearing threshold (p = 0.440)
between the SNHL patients with tinnitus and SNHL patients
without tinnitus.

Structural Results
No significant difference in the GM or WM volumes of the whole
brain was observed between the SNHL and control groups at a
threshold of p < 0.05 corrected by FDR.

Regional Multimodal Measurements of
the dlPFC
As illustrated by Table 3, no significant difference in the ALFF,
GM volume, FA, or MD value was detected in the SNHL
group when compared to the control group for both the left
and right dlPFC.

Seed-Based FC With Bilateral dlPFC
The FC patterns of the left and right dlPFC were significantly
different between the SNHL and control groups, as presented
in Figure 2A and Table 4. When the ROI was set to the left
dlPFC, the right superior temporal gyrus (STG), supplementary
motor area (SMA), and several visual areas, including the
right cuneus, calcarine sulcus, and left fusiform gyrus, showed
significantly enhanced FC in the SNHL group. When the ROI
was set to the right dlPFC, the right STG and left lingual
gyrus showed significantly enhanced FC in the SNHL group. In
the SNHL group, the SDMT scores were positively correlated

FIGURE 1 | The hearing thresholds of (A) right side and (B) left side at 250, 500, 1000, 2000, 4000, and 8000 Hz in the control and SNHL groups. (C) No side
differences in mean hearing thresholds are shown for either group. The mean hearing thresholds for each side in patients with SNHL are significantly higher than in
healthy controls. The data are shown as mean ± standard deviation. ∗∗∗∗p < 0.0001.
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TABLE 1 | Demographic, clinical, and neuropsychological characteristics of the patients with SNHL and healthy controls.

SNHL patients (n = 35) Healthy controls (n = 35) t/χ2 P-value

Age (years) 54.49 ± 9.45 55.97 ± 7.80 −0.717 0.476

Gender (M/F) 21/14 17/18 0.921 0.337

Education (years) 11.09 ± 3.28 11.51 ± 3.46 −0.531 0.597

Handedness (R/L) 35/0 35/0

Mean PTA of right ear (dB HL) 40.28 ± 16.98 18.12 ± 5.20 7.319 <0.0001∗∗∗∗

Mean PTA of left ear (dB HL) 48.48 ± 24.59 17.46 ± 5.44 7.253 <0.0001∗∗∗∗

Averaged PTA of both ears (dB HL) 44.38 ± 19.03 17.78 ± 4.89 7.954 <0.0001∗∗∗∗

Duration of hearing loss (years) 9.29 ± 8.95 – – –

Neuropsychological tests

MMSE 29.49 ± 0.83 29.83 ± 0.47 −1.929 0.058

AVLT 17.09 ± 3.53 17.28 ± 5.43 −0.162 0.872

AVLT-5 6.11 ± 2.10 7.17 ± 1.54 −2.259 0.027∗

AVLT-20 6.06 ± 2.27 6.50 ± 2.05 −0.812 0.420

SDMT 37.66 ± 12.13 40.86 ± 8.24 −1.209 0.231

HAM-D 6.20 ± 3.90 4.21 ± 2.47 2.481 0.016∗

SAS 31.14 ± 7.98 27.41 ± 4.02 2.418 0.019∗

All data are presented as mean ± standard deviation. ∗p < 0.05, ∗∗∗∗p < 0.0001. M/F, male/female; R/L, right/left; PTA, pure tone audiometry from 0.5 to 4 kHz; MMSE,
Mini Mental State Examination; AVLT, Auditory Verbal Learning Test; AVLT-5, Auditory Verbal Learning Test 5-min recall; AVLT-20, Auditory Verbal Learning Test 20-min
recall; SDMT, Symbol Digit Modalities Test; HAM-D, Hamilton Depression Rating Scale; SAS, Self-Rating Anxiety Scale.

TABLE 2 | Demographical and clinical comparisons of the SNHL subgroups and control group.

SNHL patients without
tinnitus (n = 25)

SNHL patients with
tinnitus (n = 10)

Healthy controls (n = 35) Significance, p-value

Age (years) 55.48 ± 9.79 52.00 ± 8.50 55.97 ± 7.80 F = 0.835, p = 0.438a

Gender (M/F) 16/9 5/5 17/18 χ2 = 1.485, p = 0.476

Education (years) 10.68 ± 3.19 12.10 ± 3.48 11.51 ± 3.46 F = 0.775, p = 0.465a

Handedness (R/L) 25/0 10/0 35/0 –

Mean PTA of right ear (dB HL) 40.46 ± 17.65 39.84 ± 16.05 18.12 ± 5.20 p = 0.901b

Mean PTA of left ear (dB HL) 50.72 ± 24.19 42.89 ± 25.99 17.46 ± 5.44 p = 0.263b

Averaged PTA of both ears (dB HL) 45.59 ± 18.62 41.37 ± 20.74 17.78 ± 4.89 p = 0.440b

aANOVA: SNHL without tinnitus, SNHL with tinnitus and healthy controls. χ2 test: SNHL without tinnitus, SNHL with tinnitus and healthy controls. bPost hoc Least-
Significance Difference (LSD) test: SNHL without tinnitus and SNHL with tinnitus.

with left dlPFC-seeded FC in the right cuneus and STG, and
with right dlPFC-seeded FC in the right STG (Figures 2B–D),
after controlling for the effects of age, sex, and education. The
area under the receiver operating characteristic curve (AUC)
of the temporal and occipital clusters with significant between-
group differences in the FC with the left (Figure 3A) and right
(Figure 3B) dlPFC were all above 0.75.

To further determine the effect of tinnitus associated with
hearing loss on the dlPFC FC changes, we divided the
SNHL patients into two subgroups and compared the dlPFC
among the SNHL patients without tinnitus, SNHL patients
with tinnitus and healthy controls (Figure 4). When the ROI
was set to the left dlPFC, right STG, SMA, and several
visual areas, including right fusiform, calcarine, and cuneus,
and left lingual gyrus, fusiform gyrus, and calcarine sulcus,
showed significantly enhanced FC when comparing the SNHL
patients without tinnitus with healthy controls. Left lingual
gyrus and fusiform gyrus showed significantly enhanced FC
when comparing the SNHL patients with tinnitus with healthy
controls. No significant difference was observed when comparing

the SNHL patients without tinnitus with SNHL patients with
tinnitus. When the ROI was set to the right dlPFC, the right
STG and left lingual gyrus showed significantly increased FC
when comparing the SNHL patients without tinnitus with
healthy controls. Left lingual gyrus showed significantly increased
FC when comparing the SNHL patients with tinnitus with
healthy controls. No significant difference was observed when
comparing the SNHL patients without tinnitus with SNHL
patients with tinnitus.

Hearing-Related dlPFC-Seeded FC
In patients with long-term SNHL, several brain regions
showed hearing-related FC with the dlPFC. Table 5
presents the cluster size, cluster coordinates, and statistics.
Figure 5A shows the anatomical locations of the significant
clusters. FC in the left lingual gyrus and right anterior
prefrontal cortex (aPFC) with the left dlPFC exhibited
significant positive correlations with the binaural mean
hearing thresholds with age, sex, and education considered
as nuisance covariates. The mean FC z-scores in the left
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lingual gyrus were extracted and were found to be positively
associated with the binaural mean hearing thresholds
(p < 0.0001, Figure 5B), controlling for the effects of age,
sex, and education.

TABLE 3 | Multimodal measurements of the bilateral dlPFC.

Metrics SNHL patients Healthy controls t P-value

Left dlPFC

ALFF z-score −0.0178 ± 0.1323 0.0300 ± 0.2434 −1.023 0.310

GM volume 0.2978 ± 0.0363 0.2959 ± 0.0388 0.224 0.824

FA value 0.0699 ± 0.0028 0.0702 ± 0.0039 −0.412 0.682

MD value 0.0007 ± 0.0001 0.0007 ± 0.0001 1.709 0.092

Right dlPFC

ALFF z-score −0.0905 ± 0.1466 −0.0622 ± 0.2103 −0.653 0.516

GM volume 0.3225 ± 0.0425 0.3249 ± 0.0368 −0.243 0.809

FA value 0.0862 ± 0.0034 0.0875 ± 0.0046 −1.297 0.200

MD value 0.0007 ± 0.0001 0.0007 ± 0.0001 0.863 0.391

Data are shown as mean ± standard deviation. dlPFC, dorsolateral prefrontal
cortex; ALFF, amplitude of low-frequency fluctuation; GM, gray matter; FA,
fractional anisotropy; MD, mean diffusion.

Similarly, the FC in the right lingual gyrus and right aPFC
with the right dlPFC exhibited significant positive correlations
with the binaural mean hearing thresholds, with age, sex, and
education considered as nuisance covariates in patients with
SNHL. The mean FC z-scores in the right lingual gyrus were
extracted and positively associated with the binaural mean
hearing thresholds (p < 0.0001, Figure 5C), controlling for the
effects of age, sex, and education.

Comparison of FA Values Between
Patients With SNHL and Controls Using
TBSS
Several clusters with altered FA values were found in patients
with SNHL compared with healthy controls (Figure 6A). The
patients with SNHL showed reduced FA values within the
WM skeleton in the bilateral inferior fronto-occipital fasciculus
(IFOF), inferior longitudinal fasciculus (ILF), and superior
longitudinal fasciculus (SLF), particularly in the temporal part
near the auditory cortex. The mean FA value extracted from
the significant cluster in the right temporal lobe exhibited a
negative correlation with binaural mean hearing thresholds in

FIGURE 2 | (A) The between-group difference distribution map of FC with the seed set to the left and right dlPFC independent of age, sex, or education (p < 0.05,
corrected by FDR). Significantly increased FC is present in the red-yellow heat scales. The color bar below shows the t-scores obtained from the between-group
comparisons. The SDMT scores are positively correlated with the left dlPFC-seeded FC in the right cuneus (B), left dlPFC-seeded FC in the right STG (C), and the
right dlPFC-seeded FC in the right STG (D) in patients with SNHL, after controlling for age, sex, and education. FC, functional connectivity; dlPFC, dorsolateral
prefrontal cortex; FDR, false discovery rate; SDMT, Symbol Digit Modalities Test; STG, superior temporal gyrus; ROI, region of interest; L, left; R, right.

Frontiers in Neuroscience | www.frontiersin.org 7 March 2019 | Volume 13 | Article 22215

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


fnins-13-00222 March 9, 2019 Time: 18:12 # 8

Luan et al. Prefrontal-Temporal Dysconnectivity in Hearing Loss

TABLE 4 | Differences in FC in patients with SNHL compared with healthy controls when the ROI was set at the left and right dlPFC.

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

X Y Z

Left dlPFC

SNHL patients > healthy controls

Right cuneus 18 28 15 −81 18 4.3364

Right calcarine sulcus 17 25 27 −51 6 4.4442

Right superior temporal gyrus 22/41/42 87 51 −30 6 5.0824

Supplementary motor area 6 42 6 0 75 4.4006

Left fusiform gyrus 37 118 −21 −45 −3 5.1345

Right dlPFC

SNHL patients > Healthy controls

Right superior temporal gyrus 41/42 40 51 −27 6 5.3037

Left lingual gyrus 18 36 −21 −45 −3 5.5005

FC, functional connectivity; ROI, region of interest; BA, Brodmann’s area; MNI, Montreal Neurological Institute.

FIGURE 3 | Receiver operating characteristic curves for differentiating patients with SNHL and healthy controls based on the significant FC with the left dlPFC (A)
and right dlPFC (B). AUC, area under the receiver operating characteristic curve.

FIGURE 4 | The between-group difference distribution map of FC with the seed set to the left and right dlPFC among the SNHL without tinnitus, SNHL with tinnitus,
and healthy controls, independent of age, sex, or education (p < 0.05/3, corrected by FDR). Significantly increased FC is present in the red-yellow heat scales. The
color bars show the t scores obtained from the between-group comparisons.
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TABLE 5 | Hearing-related FC with the dlPFC in patients with SNHL.

Brain region BA Voxel size Peak MNI coordinates (mm) Peak z-values

X Y Z

Left dlPFC

Left lingual gyrus 18 109 −18 −96 −3 4.1467

Right anterior prefrontal cortex 10 33 24 63 9 3.7206

Right dlPFC

Right lingual gyrus 18 44 21 −81 −12 5.2721

Right anterior prefrontal cortex 10 74 27 57 24 3.9782

FIGURE 5 | (A) Voxel-wise hearing-related FC patterns with the left and right dlPFC in patients with SNHL, independent of age, sex, and education. Significant
positive correlations are presented in the red-yellow heat scales. The color bar below shows the z-scores. The scatterplots show the correlations in the patients with
SNHL between the binaural mean hearing thresholds with the mean left dlPFC-seeded FC in the left lingual gyrus (B) and the mean right dlPFC-seeded FC in the
right lingual gyrus (C), which were shown to be significant by the voxel-wise correlation analysis, after controlling for the effects of age, sex, and education.

patients with SNHL (Figure 6B), controlling the effects of age,
sex, and education.

DISCUSSION

Recruitment of the auditory cortex into cross-modal and higher-
order cognitive processing has been reported following hearing
deprivation. We hypothesized that the connectivity between the
dlPFC and auditory cortex or other brain areas might play a
role in this. We assessed both local properties and long-ranging
connectivity properties of the dlPFC by combining functional
and structural measurements. The results showed that no ALFF,
GM volume, FA, or MD changes occurred in the dlPFC. However,
the distant functional coupling between the dlPFC and auditory
cortex and multiple visual areas were remarkably increased in
patients with SNHL independent of tinnitus. The long-ranging

FC between the dlPFC and auditory cortex is associated with
cognitive performance linking attentional function, information
processing speed, and visual working memory in the subjects with
SNHL. Higher levels of hearing loss contribute to stronger dlPFC-
visual cortex coupling. Decreased FA values within the mean WM
skeleton were observed in several central fiber bundles in SNHL,
particularly in the temporal lobe near auditory cortex, which is
associated with the degree of hearing loss.

In line with our local measurement results, most previous
functional and structural imaging studies did not report
significant regional changes of spontaneous neural activity, GM
volume, or WM microstructure properties in the dlPFC in
hearing loss (Li et al., 2012; Hribar et al., 2014; Lin et al.,
2014; Rachakonda et al., 2014; Yang et al., 2014; Wang et al.,
2016). Therefore, we speculate that the way by which the dlPFC
regulates functional reorganization following SNHL is more
likely via long-ranging connectivity rather than local functional

Frontiers in Neuroscience | www.frontiersin.org 9 March 2019 | Volume 13 | Article 22217

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


fnins-13-00222 March 9, 2019 Time: 18:12 # 10

Luan et al. Prefrontal-Temporal Dysconnectivity in Hearing Loss

FIGURE 6 | (A) Distribution map of the FA value that was significantly lower in the SNHL group compared with the control group based on the TBSS analysis. The
mean FA skeleton (green) is overlaid with the blue clusters denoting significantly decreased FA values in patients with SNHL. The color bar on the left presents the
p-value. The mean FA values in the significant cluster of the right temporal lobe are positively correlated with the binaural mean hearing thresholds in patients with
SNHL, after controlling for the effects of the age, sex, and education (B). FA, fractional anisotropy; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal
fasciculus; SLF, superior longitudinal fasciculus.

or structural alterations. However, one recent rs-fMRI study
reported increased ALFF in the dlPFC in patients with severe
congenital hearing loss (Xia et al., 2017). This discrepancy could
be related to the differences in the patients that were focused on,
since in the current study, we recruited patients who acquired
SNHL late and with a relatively wide range of hearing loss.

Prior behavioral, neuroimaging, and electrophysiological
studies have provided convincing evidence of cross-modal
plasticity following sensory modality deprivation, such as hearing
loss and blindness; however, there is still much debate about
where and how this kind of functional reorganization happens
(Xia et al., 2017). Cross-modal plasticity and multisensory
integration are influenced by bottom-up cochlear hearing loss
(Sharma, 2014, 2017) and top-down regulation from cortical
areas (Levin et al., 2007). One of the most robust candidates is
the prefrontal top-down attentional control. The human brain
has a limited capacity for information processing and can make a
selection from the considerable inputs from the multiple sensory
environments for dominant sensory stimuli. The competition
among these sensory signals relies upon a bottom-up processing
by which the salience stimuli evokes a robust cortical response,
and a top-down regulation by which neural activity is biased
toward a specific pattern relevant to the current behavioral
intention (Kastner et al., 1998; Moore and Zirnsak, 2017).
Selective attention regulates normal sensory processing. In
cases of sensory deprivation, cross-modal reorganization is

also mediated by the attentional transition from the deprived
modality to the retained modalities via top-down modulation
from the prefrontal cortex (PFC) (Morrone, 2010). Hearing
loss can contribute to auditory attention deficits (Nagarkar and
Panda, 2007; Park et al., 2016). A previous study revealed a
cascade-of-control model during attention-demanding tasks, in
which the dlPFC performs the top-down attentional control prior
to the attentional selection modulated by the dorsal anterior
cingulate cortex (dACC) (Silton et al., 2010). The dlPFC is
one of the most described top-down control PFC regions in
earlier studies (MacDonald et al., 2000; Dosenbach et al., 2006,
2008). Besides, cross-modal plasticity is assumed to rely on both
multimodal brain structure and the unimodal brain areas. For
example, visuo-tactile stimuli could elicit activation in the visual
cortex when the tactile stimuli was on the same side as the
visual target. The visual cortex also exhibited higher effective
connectivity from the multimodal inferior parietal area and
somatosensory cortex in the spatially congruent bimodal tasks.
These findings indicate that the inferior parietal area, which
is involved in the spatial and attentional processing, integrates
the bimodal information and mediates the recruitment of the
visual cortex to the sensory stimuli in cross-modal plasticity
of spatial attention (Macaluso et al., 2000). Similar to the
inferior parietal region, the dlPFC is also a multimodal brain
area. In particular, the dlPFC is rich in audio-visual associative
cells, supporting the involvement of the dlPFC in audio-visual
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association and integration (Fuster et al., 2000). The lesion of
the dlPFC leads to deficiencies in discriminating auditory and
visual stimuli (Petrides, 1986). Based on this notion, we proposed
that the hypersynchrony of the dlPFC with both the auditory
and visual cortices might reflect the adaptive reorganization
of the audio-visual integration under circumstances of hearing
loss, which facilitates the participation of the auditory cortex
in visual processing. Besides, our voxelwise correlation analyses
revealed that the hearing-related dlPFC FC was also located
in the visual cortex, indicating that the reinforced functional
integration between the dlPFC and the visual cortex was owing
to the loss of peripheral hearing. Taken together, these findings
suggest that hearing loss leads to cross-modal reorganization
between the auditory and visual modalities, which is probably
mediated by the dlPFC.

It has been proposed that the long-ranging connectivity
between the PFC and the multiple sensory areas might mediate
the recruitment of the deprived sensory cortices into high-
order cognitive functions. The dlPFC has dense anatomical
connections with the auditory cortex. In normal hearing subjects,
these kinds of connections regulate auditory processing through
attention control (Knight et al., 1995). The dlPFC lesions
contribute to reduced attention effects during an auditory
selective attention task (Knight et al., 1981). However, when
SNHL is present, the innervation from the high-order cognitive
circuit, such as the prefrontal areas, might lead the auditory
cortex to participate more in higher-order cognitive functions.
Moreover, the connections between the auditory cortex and
the prefrontal multimodal areas are greater than other sensory
cortices, such as the visual cortex (Beer et al., 2011; Yeterian
et al., 2012). The takeover by prefrontal high-order cognitive
areas in the auditory cortex might thus be a major pattern
of functional reorganization in SNHL (Bedny, 2017). Findings
from several recent studies on hearing loss have supported this
hypothesis. The STG exhibited robust activation during a visual
working memory task in deaf individuals, and this predicted
the speed and accuracy of their working memory performances.
Moreover, deaf individuals had stronger effective connectivity
from the prefrontal eye field to the STG, implying the effects
of the PFC on the participation of the auditory cortex in
working memory processing (Ding et al., 2015). Resting-state
FC between the STG and dorsal anterior cingulate cortex also
predicted spatial working memory performances in patients with
hearing loss (Ding et al., 2016). Apart from working memory,
the auditory cortex is also implicated in language processing in
hearing loss. A word recognition task led to enhanced activity
in the auditory cortex, dlPFC, and inferior frontal cortex in
older adults with hearing loss (Kuchinsky et al., 2016). Greater
activation was also observed in the auditory cortex which
depended on the degree of hearing loss during a sign language
task (Lambertz et al., 2005). Larger and stronger response
in auditory cortex to both natural speech and unintelligible
speech understanding tasks was correlated with their speech
understanding performances in the hearing loss patients, even
though they already had the cochlear implants which partially
restored their hearing (Olds et al., 2016). A recently proposed
theory of cognitive pluripotency in the sensory cortices might

account for these findings. During development, the auditory
cortex is pluripotent, with the capability of performing a
variety of low-level auditory and high-level cognitive functions
based on its intrinsic physiology, including the local and
long-ranging connectivity among the auditory pathway, other
sensory cortices, and prefrontal high-order cognitive areas.
The functional specialization depends on the input during
development, confined by experience and connectivity (Gao and
Suga, 2000). Under normal conditions, the dominant function
of auditory cortex is processing the information in the acoustic
signal, which is transmitted along the hierarchical bottom-up
auditory processing system (Irvine, 2007). Altered information
transmission causes cortical specialization. The loss of auditory
input leads the intrinsic long-ranging connectivity from the
prefrontal areas to recruit the auditory cortex into a series of
cognitive processes (Bedny, 2017). In order to assess whether
the dlPFC is involved in high-order cognitive takeover in the
auditory cortex in SNHL, we correlated the elevated dlPFC FC
in the STG with the SDMT performances in patients with SNHL.
The finding of their association was in line with the previous
theory that the long-ranging connectivity linking the prefrontal
areas and auditory cortex contributes to functional modification
in the auditory deprived brain. Previous event-related fMRI
studies revealed activation in the fronto-parietal network and
visual areas during SDMT tests, including the dlPFC, cuneus,
and lingual gyrus (Forn et al., 2009, 2013; Akbar et al., 2016;
Dobryakova et al., 2016). The SDMT requires the visual tracking,
scanning, and attention regulated by the visual areas, as well as
the attentional control, memory coding, working memory, and
inferential reasoning involving the dlPFC (Silva et al., 2018).
In the current study, the enhanced FC between the dlPFC and
cuneus was also associated with the SDMT performances in
the patients with SNHL, suggesting that the stronger functional
integration between the dlPFC and visual cortex also contributed
to faster information processing speed in SNHL. We propose
that this result might be due to the hearing loss caused by the
reinforced attention shift from the auditory modality to the visual
modality, which was implicated in SDMT processing.

Regarding the seed-based FC results, remarkably enhanced
dlPFC FC was mainly located in the STG and the visual
cortex, including the cuneus, lingual gyrus, calcarine sulcus,
and the fusiform gyrus. All of these abnormalities of dlPFC FC
presented fair to excellent distinguishing power (0.7 < AUC < 1)
when differentiating patients with SNHL from healthy controls,
indicating that the dlPFC might be a potential imaging marker
to identify patients with SNHL with cross-modal and higher-
order cognitive reorganization in the auditory cortex. In addition,
after we divided the SNHL patients into two subgroups according
to whether they were accompanied by tinnitus, these two
subgroups showed similar FC changes (i.e., increased dlPFC
FC in the auditory and visual areas) when compared with
the healthy controls, and no between-group difference. These
findings indicate that the accompanying tinnitus makes negligible
impacts on the hearing loss-related functional reorganization
between the dlPFC with auditory, and visual areas. Tinnitus
is generally accepted to be associated with the maladaptive
plasticity of the auditory deafferentation caused by auditory
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deprivation (De Ridder et al., 2014). Previous functional imaging
studies revealed the hyperactivity in the auditory area and the
coactivation of some other brain areas, such as dlPFC (Vanneste
et al., 2010). Electrophysiologic study has indicated that the
tinnitus might be associated with the dysfunction in the dlPFC-
dependent top-down inhibitory auditry modulation (Norena
et al., 1999). However, we did not find additional impacts made
by the tinnitus on the dlPFC FC beyond the SNHL. One of the
possible explanations might be that the effects of the relatively
mild tinnitus did not overweigh the profound effects of long-
term bilateral hearing loss on the dlPFC FC pattern. Another
interpretation might be the very limited sample size of the SNHL
patients accompanied by the tinnitus and the heterogeneity of the
tinnitus characteristics.

It is also important to understand the neural mechanisms
underlying such reorganization in the auditory cortex in SNHL
and distinguish the structural aspects from the functional
aspects. Although the pathological substrates of DTI damage
are still not clear, developing quantitative evaluations of the
DTI metrics will provide a powerful tool to understand the
microstructural features of the WM in the central brain. FA, a
DTI measurement of the directional diffusion of water within
the WM tracts, depends on the anatomical characteristics of the
axonal microstructure (Scholz et al., 2009). A reduced FA value
was observed in the bilateral IFOF, ILF, and SLF, particularly
within the temporal lobe near the STG, in the SNHL group.
These results were consistent with prior DTI studies conducted
on deaf individuals (Kim et al., 2009; Husain et al., 2011; Stevens
et al., 2017). The IFOF connects the lateral frontal cortex with
the occipital and temporal lobes, the ILF links the ipsilateral
occipital and temporal lobes, and the SLF connects the fronto-
parietal and fronto-temporal areas (Catani et al., 2002). The
temporal cortex facilitates these main WM tracts to communicate
with the fronto-parietal and occipital regions. The reduced FA
value in the temporal WM near the auditory cortex is speculated
to be associated with the disuse in the auditory cortex due to
the loss of the peripheral auditory input; lower FA with greater
magnitudes of hearing loss found in the current study might
support this assumption. Since the FA value is known to reflect
the fiber density, fiber amount, and the degree of myelination
(Schmithorst et al., 2005), one interpretation for the neural
basis of such plasticity might be that the loss of peripheral
auditory input resulted in the disuse-driven WM microstructural
alterations in the temporal lobe near auditory cortex, such as
axonal loss and demyelination (Song et al., 2002; Kim et al.,
2009). In addition to the WM integrity damages of the fiber
tracts, the FA value could also be affected by the distribution
patterns of the WM fibers. Hence, another possible explanation
might be the compensatory mechanism, which means other
fibers expanding into this region result in more disordered WM
tracts (Husain et al., 2011). Such compensation might provide
the neuroanatomical substrate for cross-modal reorganization
and the cognitive recruitment of the auditory cortex (Shiell and
Zatorre, 2016; Karns et al., 2017). Although the exact underlying
mechanism of both resting-state FC and the FA changes is
difficult to understand, one possible interpretation might be that
the functional connectivity is largely constrained by the structural

connectivity (Sporns et al., 2009; Supekar et al., 2009). A previous
study has indicated the association between neural activity and
myelination by addressing the cellular substrates (Demerens
et al., 1996). Hence, the intrinsic WM connectivity between the
frontal and temporal areas, as an infrastructure, might mediate
the functional coupling changes.

Surprisingly, we found that the functional abnormality of
the STG was particularly located in the right side, even though
the patients recruited in the current study all had bilateral
SNHL. This might be due to the tendency of their higher
hearing loss to be on the left side. Another possible explanation
might be related to the specification of hemisphere dominance.
Phonetic and language processing is left hemisphere dominant
in the primary auditory cortex, and pitch processing is right
hemisphere dominant in the primary auditory cortex (Zatorre
et al., 1992). Prior studies indicate the important role of the
left STG in sign language in individuals with hearing loss
(MacSweeney et al., 2002; Sakai et al., 2005). Our patients
with SNHL mostly had mild to moderate hearing loss, and
none of these patients use sign language. We suggested that
the right STG would be the predominately influenced area in
the functional reorganization related to the loss of auditory
input. Consistent with our finding, a previous study also found
regional homogeneity in the right STG, but not the left STG,
was altered in individuals with acquired bilateral hearing loss
(Li et al., 2013).

Several limitations of this study must be acknowledged.
First, because of the cross-sectional nature of this study,
we were unable to track the dynamic progression of the
SNHL. Further longitudinal studies will address this question.
Second, although the total pool of subjects in the SNHL
and the control groups was more than 30, the sample size
was not large enough to divide the patients into different
subgroups according to different cognitive or emotional
states or by the severity or frequency of characteristics
of hearing loss. We were able to partially overcome this
problem by performing correlation analyses. Third, the
blood-oxygen-level dependent (BOLD) signal is a reflection
of local cerebral blood changes and is not a direct measure
of neural activity. Combining rs-MRI with other non-
invasive techniques, such as electroencephalography or
magnetoencephalography, might be helpful to better understand
the brain-wise neurophysiological mechanisms underlying
SNHL and the cognitive associated with SNHL. Finally, the
neuropsychological tests applied in the current study were
relatively rudimentary. Future research will address the neural
mechanisms underlying the more specific higher-order functions
related to SNHL.

In summary, the current study substantiated the role of the
prefrontal area, particularly the dlPFC, in the recruitment of
the auditory area into cross-sensory and higher-order processing
through a top-down control in conditions of long-term
bilateral SNHL, by providing combined functional and structural
neuroimaging evidence. Our findings enhance the understanding
of cortical pluripotency and the underlying mechanisms of cross-
modal reorganization and cognitive participation in the deprived
auditory cortex.
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Unilateral hearing impairment is characterized by asymmetric hearing input, which
causes bilateral unbalanced auditory afferents and tinnitus of varying degrees. Long-
term hearing imbalance can cause functional reorganization in the brain. However,
differences between intrinsic functional changes in the brains of patients with left- and
those with right-sided long-term hearing impairments are incompletely understood. This
study included 67 patients with unilateral hearing impairments (left-sided, 33 patients;
right-sided, 34 patients) and 32 healthy controls. All study participants underwent blood
oxygenation level dependent resting-state functional magnetic resonance imaging and
T1-weighted imaging with three-dimensional fast spoiled gradient-echo sequences.
After data preprocessing, fractional amplitude of low frequency (fALFF) and functional
connectivity (FC) analyses were used to evaluate differences between patients and
healthy controls. When compared with the right-sided hearing impairment group,
the left-sided hearing impairment group showed significantly higher fALFF values
in the left superior parietal gyrus, right inferior parietal lobule, and right superior
frontal gyrus, whereas it showed significantly lower fALFF values in the left Heschl’s
gyrus, right supramarginal gyrus, and left superior frontal gyrus. In the left-sided
hearing impairment group, paired brain regions with enhanced FC were the left
Heschl’s gyrus and right supramarginal gyrus, left Heschl’s gyrus and left superior
parietal gyrus, left superior parietal gyrus and right inferior parietal lobule, right inferior
parietal lobule and right superior frontal gyrus, and left and right superior frontal
gyri. In the left-sided hearing impairment group, the FC of the paired brain regions
correlated negatively with the duration and pure tone audiometry were in the left
Heschl’s gyrus and right supramarginal gyrus. In the right-sided hearing impairment
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group, the FC of the paired brain regions correlated negatively with the duration
was in the left Heschl’s gyrus and superior parietal gyrus, and with pure tone
audiometry was right inferior parietal lobule and superior frontal gyrus. The intrinsic
reintegration mechanisms of the brain appeared to differ between patients with left-
sided hearing impairment and those with right-sided hearing impairment, and the
severity of hearing impairment was associated with differences in functional integration
in certain brain regions.

Keywords: unilateral hearing impairment, functional magnetic resonance imaging, fractional amplitude of low
frequency fluctuation, functional connectivity, brain network

INTRODUCTION

Hearing is an important advanced function of the human
brain. The mechanisms underlying hearing and hearing disorders
are very complicated (Paul et al., 2017; Ungar et al., 2018).
Hearing impairments can cause debilitating problems, such
as poor voice location and difficulties with orientation and
listening (Chen and Young, 2016; Shah et al., 2018). Unilateral
hearing impairments are characterized by asymmetric auditory
transmissions accompanied by tinnitus of varying degrees. This
causes bilateral imbalance in auditory afferents, importantly,
long-term hearing imbalance can trigger cortical reorganization
of the brain (Kim et al., 2018).

The incidence of unilateral hearing impairment increases with
age. Long-term unilateral hearing impairment can lead to hearing
problems, as well as behavioral and psychological deficits (e.g.,
dysphoria and restlessness) (Paul et al., 2017). Moreover, long-
term unilateral hearing impairment can lead to abnormal changes
in brain function, which can cause a variety of abnormalities
in brain networks involving sensory, conductive, and cognitive
functions (Shah et al., 2018). Understanding these abnormal
changes in brain function and related functional integration in
patients with long-term unilateral hearing impairment could help
to elucidate the neurological mechanisms by which impairment
of brain functions may occur.

Awareness has increased over the past decade regarding how
the brain remodels itself in response to hearing impairment and
the mechanisms underlying the processing and integration of
auditory information; this increasing awareness is due to the
development and advancement of neuroimaging technologies
in auditory research, such as magnetoencephalography and
functional magnetic resonance imaging (fMRI) (Burton et al.,
2012; Hughes et al., 2018). The complex processes of auditory
information recognition and functional coding undergo
restructuring in response to hearing impairment (Andoh et al.,
2015). One study has suggested the presence of a frequency-
sensitive coding structure in the auditory cortex of the human
brain (Chang et al., 2016). The dominance of the contralateral
hemisphere disappears when a unilateral auditory stimulus is
presented (Andoh and Zatorre, 2011). Previous studies have
shown that the pattern of auditory conduction on the side of
hearing impairment can significantly affect the lateralization
pattern of the auditory cortex (Chen and Young, 2016). In
unilateral hearing impairment, uniaural sound conduction

is present, which produces asymmetric activation patterns
of unilateral neurons in the auditory network of the brain,
thereby leading to dominant contralateral functional activity
of the auditory projection. In addition, in long-term unilateral
hearing impairment, activation of the auditory cortex tends
to shift to a more symmetrical and synchronous mode of
auditory conduction. Thus far, some studies in neuroimaging
have confirmed that a subset of functional networks of the
brain associated with integration of auditory networks may
change in patients with unilateral hearing impairment. The
function and structure of the auditory systems are reorganized
in patients with unilateral hearing impairment (Bertolero et al.,
2015). Recent studies have shown that the remodeling of hearing
function occurs in patients with unilateral hearing impairment
(Zhang et al., 2017a); moreover, this correlates with the patients’
mental states (Kompus et al., 2012; Firszt et al., 2017). However,
changes in functional activity in different regions of the brain,
as well as abnormal functional connectivity (FC) patterns
that could develop due to unilateral hearing impairment,
remain unexplored.

In resting-state fMRI (R-fMRI), the amplitude of low
frequency fluctuation (ALFF) and fractional amplitude of low
frequency fluctuation (fALFF) reflect spontaneous activity in
the brain (Jing et al., 2013). At low frequencies, fALFF is
more sensitive and specific than ALFF, and can more accurately
reflect the strength of functional activity in the brain (Zou
et al., 2008). FC, defined as the correlation between a temporal
series and the corresponding functionally activated events, is
another method of quantification (van de Ven et al., 2004).
Both fALFF and FC have been used as reliable and sensitive
indicators in healthy subjects and in patients with various
neurological and psychiatric diseases, such as Alzheimer’s disease
and depression. Additionally, some neuroimaging studies have
used these methods and have reported that patients with hearing
impairment exhibit abnormal intrinsic functional activities
in the brain, which are involved in the auditory network
(Leaver and Rauschecker, 2016). However, these quantitative
methods have not been used in patients with unilateral
hearing impairment, and the relationship between quantified
spontaneous neurological activity, as determined by these
two methods, and clinical measurements of unilateral hearing
impairment has not been studied. Furthermore, regions of
functional activity in patients with unilateral hearing impairment,
as well as subsequent changes in functional networks that are
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caused by unilateral hearing impairment, remain unclear. Finally,
the correlation between these changes and the degree of hearing
impairment is unknown.

The purpose of our study was to explore differences in
the intrinsic functional changes in the brain between patients
with left- and right-sided hearing impairment using fALFF and
FC. In this study, we hypothesized that patients with long-
term unilateral hearing impairment would exhibit abnormal
intrinsic functional activity in relevant areas of the brain
and reconstruction of related functional networks. We also
hypothesized that this would partially explain differences
between patients and healthy controls. We tested this hypothesis
using R-fMRI with fALFF and FC analysis. Furthermore, we
analyzed the correlation between altered FC and the duration of
illness and pure tone audiometry (PTA) scores in patients with
left- and right-sided hearing impairments.

MATERIALS AND METHODS

Participants
This study included 67 patients with unilateral hearing
impairments caused by idiopathic hearing loss. All patients
were right-handed and aged between 28 and 54 years. Left-
sided hearing impairment was present in 33 patients (19 men;
14 women), and right-sided hearing impairment was present
in 34 patients (19 men; 15 women). Thirty-two healthy, right-
handed controls, aged between 24 and 56 years, were also
recruited (18 men; 14 women). Patients were excluded for the
following reasons: (1) congenital brain dysplasia or accidental
brain trauma with structural deformation of the brain or loss of
consciousness; (2) addiction or dependence on special substances
(history of drug use, analgesic drug intake or alcohol abuse);
(3) other neurological or psychiatric diseases, or somatic diseases
that may lead to central nervous system dysfunction; (4) active
breast-feeding or pregnancy; and (5) refusal to undergo magnetic
resonance scanning. A previous study showed that cortical
remodeling occurs in patients who have had unilateral hearing
impairment for more than 2 years (Schmithorst et al., 2014).
Hence, all patients included in this study had been diagnosed
with unilateral long-term hearing loss for at least 2.5 years
by two senior otologists. The degree of hearing was evaluated
using mean PTA thresholds, which were measured and calculated
using the same audiometer at thresholds of 500, 1000, 2000,
and 4000 Hz to reflect the listening levels of the participants.
The affected ears of the patients had moderate to severe hearing
impairments (PTA score > 55 dB). The unaffected ears of the
patients and the healthy controls had normal hearing (PTA
score ≤ 25 dB). The study was approved by the local ethics
committee of our hospital, and written informed consent was
obtained from each participant.

Data Acquisition
The participants underwent MRI using a 3.0T MR scanner
(General Electric, Discovery MR750, Milwaukee, WI,
United States) with a matched eight-channel phased array
head coil, and parallel imaging of the brain was employed.

The scan protocol included the following: (1) scout images;
(2) T2-weighted images; (3) resting-state blood oxygenation level
dependent fMRI with single-shot gradient recalled echo-planar
echo imaging sequences (GRE-EPI); and (4) three-dimensional
T1-weighted images with three-dimensional fast spoiled
gradient-echo sequences (3D FSPGR). The parameters of the
GRE-EPI included slice thickness of 3.5 mm, slice spacing of
0.7 mm, repetition time of 2000 ms, echo time of 30 ms, flip angle
of 90◦, matrix size of 64 × 64, field of view of 240 × 240 mm2,
and number of excitations of 1, 34 slices, and 240 time points.
The parameters of the 3D FSPGR included slice thickness of
1.0 mm, repetition time of 6.7 ms, echo time of Min Full,
acquisition matrix of 256 × 256, field of view of 256 × 256 mm2,
and number of excitations of 1. Participants were instructed to
rest in the supine position with their eyes closed and to breathe
calmly. Their heads were fixed to minimize movement, and they
were provided with soft earplugs, and electrostatic headphones
for both ears. They were also instructed to remain awake and not
to think of anything specific.

Data Processing and Analysis
Data Pre-processing
SPM121 was used for data processing and analysis (Eickhoff
et al., 2005). The preprocessing procedure included the following
steps: (1) The data format was converted from DICOM to
NIFTI, and the first five time points were removed. (2) The
slice-timing was corrected. (3) The head motion was corrected
in all subjects (the standard was less than 2.5 mm or 2.5◦),
and three translation and three rotation parameters were
obtained using the head motion. (4) Spatial normalization
was performed. Functional images were co-registered with
corresponding T1 structural images that were segmented and
warped into the anatomical Montreal Neurological Institute
template; they were then transformed at a resolution of 3-mm
isotropic resolution into the standard Montreal Neurological
Institute space. (5) Smoothing was performed with a full width
at half maximum of 4. (6) The linear drift was removed.
(7) Covariate regression was performed, and six head-motion
parameters, white matter, cerebrospinal fluid, and global signals
were removed by applying linear regression. (8) Band-pass
filtering was performed (frequencies were set at 0.01 to 0.08 Hz)
to remove the effects of low-frequency drifts and high-frequency
noise after fALFF calculation.

fALFF and FC Analysis
Fractional amplitude of low frequency fluctuation values from
each voxel were obtained from preprocessed data. Differences
between the left- and right-sided hearing impairment groups
and the healthy controls were analyzed and compared to identify
regions between the groups. These coordinates were used as
the centers of 4-mm-sized spherical seed brain regions of
interest (ROIs) that were created using the wfu_pickatlas tool
in SPM12. First, FC analysis was performed by calculating
the time serial correlation coefficients between each ROI
and all the other non-ROI voxels (voxel-wise) in each

1https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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participant. The z-values were obtained for further statistical
analysis from these correlation coefficients using Fisher’s z
translation. Intergroup mean comparisons of overall FC of
each brain region were conducted between left- and right-sided
hearing impairment groups. In addition, the FC between two
ROIs (paired ROIs) was calculated, and intergroup multiple
comparisons were analyzed.

Statistical Analysis
One-way analysis of variance was used to compare age and
level of education among the three groups. Two-sample t-tests
were used to compare the duration of illness and PTA scores
between the left- and right-sided hearing impairment groups.
The chi-square test was applied to compare sex distributions.
Demographic and clinical data were analyzed using SPSS (version
23.0, SPSS, Inc., Chicago, IL, United States).

One-way analysis of covariance was performed to examine
group differences in fALFF values. Age, sex, and level of
education were incorporated as covariates. Post hoc tests
were conducted to identify variations between each pair of
groups. Intergroup comparisons of the overall FC of each
brain region were conducted by independent two-sample t-tests.
Multiple comparisons of FC between each pair of ROIs were
performed, and false discovery rate correction was used for
multiple comparison correction in the resulting data with a
threshold of 0.05 (Song et al., 2017). The z-values of abnormal
FC were extracted and used for Pearson correlation analysis
with duration of illness and PTA scores of the patients. The
differences were considered statistically significant if the value of
P was less than 0.05.

RESULTS

Clinical Data
There were no significant differences in sex, age, or level of
education between patients with hearing impairment and healthy
controls (P > 0.05). The duration of illness was comparable
(P > 0.05) between patients with left-sided hearing impairment
(mean ± standard deviation: 38.50 ± 12.57 months) and
those with right-sided hearing impairment (mean ± standard
deviation: 37.50 ± 11.72 months). There were no significant
differences in the PTA of the affected ear between the left-
sided hearing impairment group (mean ± standard deviation:
76.20 ± 24.28 dB) and right-sided hearing impairment
group (mean ± standard deviation: 75.60 ± 23.11 dB)
(P > 0.05; Table 1).

Difference in fALFF Between Left- and
Right-Sided Hearing Impairment Groups
The fALFF values in the left triangular portion of the inferior
frontal gyrus, left middle temporal gyrus, left calcarine, left and
right thalami, right middle occipital gyrus, and right superior
frontal gyrus were significantly higher in the left-sided hearing
impairment group than in the healthy control group (Table 2).

The fALFF values in the right inferior temporal gyrus, right
parahippocampal gyrus, left and right thalami, left triangular

TABLE 1 | Demographic and clinical data of unilateral hearing impairment and
healthy control patients.

Protocols Patients HCs (32) P-value

Left (33) Right (34)

Gender (M/F) 19/14 19/15 18/14 0.694a

Age (years) 46.15 ± 11.32 45.48 ± 10.67 44.45 ± 10.39 0.125b

Education (years) 10.5 ± 1.36 11.20 ± 3.27 11.05 ± 1.77 0.351b

Duration (months) 38.50 ± 12.57 37.50 ± 11.72 / 0.362c

PTA of affected 76.2 ± 24.28 75.6 ± 23.11 / 0.434c

ear (dB HL)

HCs, healthy control patients; PTA, pure tone audiometry; aP-value was obtained
using a Pearson Chi-square test (two-tailed) among three groups; bP-value was
obtained using one-way ANOVA (two-tailed) among three groups; cP-value was
obtained using the independent two sample t-test (two-tailed).

TABLE 2 | Brain regions showing group fALFF differences with
post hoc tests analysis.

Peak MNI

Coordinates

Brain regions BA (mm) (x, y, z) t-value

Left vs. right groups

HG.L 38 (−55, −12, 11) −2.25

SMG.R 48 (60, −39, 36) −2.42

SPG.L 7 (−30, −57, 67) 2.48

IPL.R 40 (49, −47, 51) 2.72

SFG.L 6 (−13, 14, 52) −2.67

SFG.R 8 (23, 13, 61) 2.39

Left vs. healthy controls

IFGtri.L 45 (−52, 30, 5) 2.58

MTG.L 21 (−60, −53, 7) 2.78

Calcarine.L 17 (−4, −93,5) 2.65

Thalamus.L / (−8, −21,8) 2.39

Thalamus.R / (8, −23,12) 2.64

MOG.R 19 (32, −85,20) 2.59

SFG.R 6 (23,1,63) 2.71

Right vs. healthy controls

ITG.R 20 (55, −14, −27) 2.31

PHG.R 20 (35, −18, −20) 2.36

Thalamus.L / (−5, −20,2) 2.24

Thalamus.R / (5, −17,20) 2.26

IFGtri.L 45 (−54,24,13) 3.26

Caudate.L 25 (−6, 19, −4) 2.43

IPL.L 40 (−35, −42, 43) 2.57

BA, Brodmann area; MNI, Montreal Neurologic Institute; HG.L, left Heschl’s
gyrus; SMG.R, right supramarginal gyrus; SPG.L, left superior parietal gyrus;
IPL.R, right inferior parietal lobule; SFG.L, left superior frontal gyrus; SFG.R, right
superior frontal gyrus; PreCG.L, left precentral gyrus; IFGtri.L, left triangular part of
inferior frontal gyrus; MTG.L, left Middle temporal gyrus; Calcarine.L, left calcarine;
Thalamus.L, left thalamus; Thalamus.R, right thalamus; MOG.R, right middle
occipital gyrus; ITG.R, right inferior temporal gyrus; PHG.R, right parahippocampal
gyrus; Caudate.L, left caudate.

portion of the inferior frontal gyrus, left caudate, and left inferior
parietal lobule were significantly higher in the right-sided hearing
impairment group than in the healthy control group (Table 2).
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FIGURE 1 | Brain regions showed fALFF differences between left and right hearing impairment groups. The different regions with higher fALFF were observed in the
left superior parietal gyrus, right inferior parietal Lobule, and right superior frontal gyrus. The regions with lower fALFF were observed mainly in the left Heschl’s gyrus,
right supramarginal gyrus, and left superior frontal gyrus.

TABLE 3 | Comparison of the means of the overall inter-regional connectivity between left and right hearing impairment patient groups (mean z-values, mean ± SD).

Brain regions HG.L SMG.R SPG.L IPL.R SFG.L SFG.R

Left hearing impairment 1.53 ± 0.32 1.55 ± 0.23 1.59 ± 0.34 1.72 ± 0.35 1.77 ± 0.39 1.78 ± 0.35

Right hearing impairment 1.42 ± 0.21 1.38 ± 0.21 1.44 ± 0.29 1.58 ± 0.38 1.68 ± 0.24 1.64 ± 0.39

T-values −0.34 0.55 1.04 0.78 0.89 0.68

P-values 0.68 0.07 0.31 0.47 0.34 0.49

HG.L, left Heschl’s gyrus; SMG.R, right supramarginal gyrus; SPG.L, left superior parietal gyrus; IPL.R, right inferior parietal lobule; SFG.L, left superior frontal gyrus;
SFG.R, right superior frontal gyrus.

Compared with the right-sided hearing impairment group,
the left-sided hearing impairment group showed significantly
higher fALFF values in the left superior parietal gyrus, right
inferior parietal lobule, and right superior frontal gyrus;
moreover, the left-sided hearing impairment group showed
significantly lower fALFF values in the left Heschl’s gyrus,
right supramarginal gyrus, and left superior frontal gyrus
(Figure 1 and Table 2).

Intergroup Comparison of Overall FC
By comparing left- and right-sided hearing impairment
groups, we identified six brain regions that showed different
fALFF values. However, the mean overall connectivity in
these brain regions did not differ between the two groups
(P > 0.05; Table 3).

Intergroup Comparison of FC Between
Paired ROIs
Compared with the right-sided hearing impairment group,
the left-sided hearing impairment group showed enhanced FC
between the left Heschl’s gyrus and right supramarginal gyrus
(P < 0.001), left Heschl’s gyrus and left superior parietal gyrus
(P < 0.001), left superior parietal gyrus and right inferior parietal
lobule (P = 0.002), right inferior parietal lobule and superior

frontal gyrus (P = 0.001), and left and right superior frontal gyri
(P < 0.001) (Figure 2 and Table 4).

Correlation Analysis
In the left-sided hearing impairment group, there was a
significant correlation between the FC of paired ROIs and the
duration of illness, as well as between the FC of paired ROIs and
PTA scores in the left Heschl’s gyrus and right supramarginal
gyrus (duration: P < 0.001, r = −0.59; PTA scores: P < 0.01,
r = −0.52). In the right-sided hearing impairment group, there
were significant correlations between the FC of paired ROIs
and duration of illness in the left Heschl’s gyrus and left
superior parietal gyrus (P < 0.01, r = −0.55), and between
the FC of ROIs and PTA scores in the right inferior parietal
lobule and right superior frontal gyrus (P = 0.02, r = −0.54;
Figure 3 and Table 5).

DISCUSSION

Long-term unilateral hearing impairment can lead to abnormal
changes in brain function, which can lead to a variety
of network abnormalities in the brain involving sensory,
conductive, and cognitive functions (Chen and Young, 2016;
Shah et al., 2018). Awareness of abnormal changes in brain

Frontiers in Neuroscience | www.frontiersin.org 5 March 2019 | Volume 13 | Article 20628

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


fnins-13-00206 March 9, 2019 Time: 17:30 # 6

Xie et al. Brain Abnormalities in Hearing Impairment

FIGURE 2 | Inter-group comparison of functional connectivity (FC) (z-values)
between paired ROIs. Compared with right hearing impairment group, the
paired ROIs with enhanced FC were left Heschl’s gyrus and right
supramarginal gyrus, left Heschl’s gyrus and left superior parietal gyrus, left
superior parietal gyrus and right inferior parietal lobule, right inferior parietal
lobule and superior frontal gyrus, and left and right superior frontal gyrus in the
left hearing impairment group.

TABLE 4 | Difference of inter-ROI functional connectivity between left and right
hearing impairment patients groups.

z-values (mean ± SD)

Two brain regions Left side Right side t-values P-values

HG.L and SMG.R 1.83 ± 0.43 1.52 ± 0.26 3.84 <0.001

HG.L and SPG.L 1.29 ± 0.34 0.93 ± 0.25 4.89 <0.001

SPG.L and IPL.R 1.55 ± 0.33 1.29 ± 0.23 3.91 0.002

IPL.R and SFG.R 1.39 ± 0.29 1.13 ± 0.34 3.55 0.001

SFG.L and SFG.R 1.7 ± 0.32 1.42 ± 0.31 3.69 <0.001

HG.L, left Heschl’s gyrus; SMG.R, right supramarginal gyrus; SPG.L, left superior
parietal gyrus; IPL.R, right inferior parietal lobule; SFG.R, right superior frontal gyrus.

function and related functional integration will help to elucidate
the neurological mechanisms by which impairment of brain
function occurs in patients with long-term unilateral hearing
impairment (Chen and Young, 2016). Such awareness would
also be helpful for the identification areas of abnormal
brain activity that could serve as clinical therapeutic targets.
In this study, we used fALFF values and FC to study
changes in resting brain function activity, as well as to
compare changes between patients with left-sided long-term
hearing impairment and those with right-sided long-term
hearing impairment.

We found that the left-sided hearing impairment group
showed significantly higher fALFF values in the left superior
parietal gyrus, right inferior parietal lobule, and right superior
frontal gyrus, compared with those in the right-sided hearing
impairment group; moreover, the left-sided hearing impairment
group showed significantly lower fALFF values in the left
Heschl’s gyrus, right supramarginal gyrus, and left superior
frontal gyrus, compared with those in the right-sided hearing

impairment group. Heschl’s gyrus, also known as the transverse
temporal gyrus, is the primary cortical structure that processes
incoming auditory information (Warrier et al., 2009). A previous
study has shown, using fMRI, that the transverse temporal
gyrus is active during auditory processing of tone and
semantic tasks (Lieu et al., 2012). Interestingly, the transverse
temporal gyrus in the left hemisphere has a significantly
more rapid processing rate (33 Hz), relative to that in the
right hemisphere (3 Hz). This difference in processing rate is
associated with the volume of the rate-related cortex in the gyrus
(Zatorre and Belin, 2001).

Other brain regions that showed functional changes in
patients with hearing impairments in this study have not
previously been shown to play direct roles in auditory processing.
The superior parietal lobule is associated with spatial orientation
and receives visual and sensory inputs (Goldberg et al., 2006);
the inferior parietal lobule is associated with the perception
of emotions in facial stimuli and interpretation of sensory
information (Peeters et al., 2009); the supramarginal gyrus
forms part of the somatosensory association cortex, which
interprets tactile sensory data, and is associated with the
perception of space and limb location (Hartwigsen et al.,
2010); the right supramarginal gyrus plays a central role in
controlling empathy toward other individuals. Evidence from
fMRI studies has indicated that the superior frontal gyrus is
involved in self-awareness, in coordination with the actions
of the sensory system (Morosan et al., 2005). The activation
of the inferior parietal lobule is related to the recognition of
linguistic information, while the functions of the superior frontal
lobe and the middle gyrus are associated with the retention of
linguistic information (Pross et al., 2015). Some studies have
suggested that equivalent information about the environment
can be obtained by perceptual compensation through perception
of stimuli that are suitable for their own sensory patterns
(Leclerc et al., 2000). Moreover, Leclerc et al. (2000) revealed
that the visual area of the brain is used to perform auditory
functions in individuals who are blind. Therefore, the activity
observed in non-auditory areas in patients with unilateral
hearing impairment in our study supports the perceptual
compensation theory.

In previous studies, altered functional activity in patients
with hearing impairment has been reported in the inferior
frontal gyrus, superior marginal gyrus, anterior central gyrus,
and posterior central gyrus (Schmithorst et al., 2014; Zhang
et al., 2015). Furthermore, abnormal activation of the central
anterior and posterior gyri of patients with hearing impairments
is significantly higher than that in healthy controls (Bertolero
et al., 2015; Chang et al., 2016; Zhang et al., 2016 Paul et al.,
2017). However, in the present study, no significant differences in
activation were found in the anterior and posterior gyri between
patients and controls. Bushara et al. (1999) analyzed auditory
and visual processing and found extensive activation in regions
in the parietal lobes and inferior frontal gyrus where integration
of auditory and visual information is performed. Abnormal
functional activity in these regions of the brain suggests that brain
reorganization might occur in patients with neurological deafness
(Wang et al., 2014). Furthermore, these results indicate that the
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FIGURE 3 | Correlations between altered FC (z-values) of paired regions and corresponding duration and PTA scores of the patients (altered FC showed from i to v;
the colorbar indicated t-values among bilateral comparisons in the Table 4 which showed the degree of difference of inter-groups). In the left hearing impairment
group, the FC of paired ROIs that correlated with the duration and PTA were left Heschl’s gyrus and right supramarginal gyrus (i). In the right hearing impairment
group, the FC of paired ROIs that correlated with the duration were the left Heschl’s gyrus and superior parietal gyrus (ii), and correlated with the PTA were the right
inferior parietal lobule and superior frontal gyrus (iv).

functional networks of the human brain undergo neuroplasticity
under a variety of physiological conditions, in order to adapt to
environmental needs and changes. Our results are inconsistent
with those of previous studies. Therefore, we speculate that the
mechanism of reorganization of the resting-state auditory event-
related network in patients with long-term hearing impairment is
complex and requires further study.

In the present study, the overall FC of each ROI was compared
between the left- and right-sided hearing impairment groups. No
differences were identified. The balance of overall connectivity
strength in different functional regions of the brain might have
been maintained because remodeling of the functional activity of
the brain in these patients compensated for areas of the brain that
were functionally damaged. Comparisons of FC between left- and
right-sided hearing impairment groups showed that the paired
regions with enhanced FC in the left-sided hearing impairment
group were left Heschl’s gyrus and right supramarginal gyrus,
left Heschl’s gyrus and left superior parietal gyrus, left superior
parietal gyrus and right inferior parietal lobule, right inferior
parietal lobule and right superior frontal gyrus, and left and right
superior frontal gyrus. These results indicated that FC changes
in these regions related to information input may contribute to
remodeling of the sensory system. Furthermore, these results
highlighted the role of Heschl’s gyrus in processing incoming
auditory information (Zhang et al., 2017b). In addition, our
results indicated that the FC of the regions of the brain in
the resting-state network related to auditory information was
stronger in the left side than in the right side, which is consistent

TABLE 5 | Brain regions showed correlation between left and right hearing
impairment groups.

Groups Two brain regions Correlation with r-values P-values

Left hearing
impairment

HG.L and SMG.R Duration −0.59 < 0.001

HG.L and SMG.R PTA −0.52 0.005

Right hearing
impairment

HG.L and SPG.L Duration −0.55 0.002

IPL.R and SFG.R PTA −0.54 0.02

HG.L, left Heschl’s gyrus; SMG.R, right supramarginal; SPG.L, left superior parietal
gyrus; IPL.R, right inferior parietal lobule; SFG.R, right superior frontal gyrus.

with the results of another study (Puschmann and Thiel, 2017).
The functional integration network of patients with left-sided
hearing impairment underwent more obvious reorganization,
indicating a laterality of processing with respect to incoming
auditory information in the brain; this is consistent with the
findings of previous studies (Wang et al., 2016). Furthermore,
we showed an asymmetry in the structure and function of the
left and right hemispheres of the brain, which is consistent with
the findings of a previous study that showed lateralization in
the processing of auditory sensory afferent information with a
dominant hemisphere effect (Burton et al., 2012).

In patients with left-sided hearing impairment, the paired
ROI that showed negative correlations with both the duration
of illness and PTA scores was the left Heschl’s gyrus and
right supramarginal gyrus. In patients with right-sided hearing
impairment, the paired ROIs that showed respective negative
correlations with duration and PTA scores were the left Heschl’s
gyrus and left superior parietal gyrus, and the right inferior
parietal lobule and superior frontal gyrus. The processing of
auditory information is associated with sensory transmission.
Therefore, we speculate that increased sensory afferent actions
may accompany increased disease severity. This may explain
the close relationship between disease severity and changes
in the auditory information processing in patients with
hearing impairment.

This study had some limitations. First, the sample size
was relatively small. Therefore, the validity of the statistical
inferences is relatively low. Second, the noise of high-field
magnetic resonance could not be completely eliminated with
the earplugs and sponge pads that were placed on the head
during the experiment; this may have been more obvious
for the healthy control participants. Finally, we did not
differentiate among etiologies for unilateral hearing impairment.
In the future, we plan to increase our sample size, use
etiological grouping, and eliminate the impact of noise from
magnetic resonance, in order to confirm the findings of
the present study.

In summary, this R-fMRI study provided considerable
evidence for abnormal intrinsic brain activity in patients with
unilateral hearing impairment. Furthermore, our data indicated
differences in the mechanism of reintegration between patients
with left-sided hearing impairment and those with right-sided
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hearing impairment. Finally, we found that the disease severity
was associated with differences in functional activity in certain
regions of the brain. However, further studies are needed
to explore the specific underlying mechanisms by which
fALFF values and functional activity are altered in patients
with hearing loss.
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Sensorineural hearing loss (SNHL), sometimes accompanied with tinnitus, is associated
with dysfunctions within and outside the classical auditory pathway. The salience
network, which is anchored in bilateral anterior insula and dorsal anterior cingulate
cortex, has been implicated in sensory integration. Partial auditory deprivation could
alter the characteristics of the salience network and other related brain areas, thereby
contributing to hearing impairments-induced neuropsychiatric symptoms. To test this
hypothesis, we performed fMRI scanning and neuropsychological tests on 32 subjects
with long-term bilateral hearing impairment and 30 well-matched Controls. Non-
directional functional connectivity and directional Granger causality analysis were used
to identify aberrant spatial and temporal patterns of connections targeting bilateral
anterior insula and dorsal anterior cingulate cortex. We found that the left anterior insula
showed decreased connectivity with right precentral gyrus and superior frontal gyrus.
The connections between the dorsal anterior cingulate cortex and middle frontal gyrus,
superior parietal gyrus and supplementary motor area (SMA) were also reduced. Relative
to Controls, SNHL patients showed abnormal effective connectivity of the salience
network, including inferior temporal gyrus, cerebellum lobule VI, lobule VIII, precentral
gyrus, middle frontal gyrus and SMA. Furthermore, correlation analysis demonstrated
that some of these atypical connectivity measures were correlated with performance
of neuropsychiatric tests. These findings suggest that the inefficient modulation of the
salience network might contribute to the neural basis of SNHL and tinnitus, as well as
associated cognition and emotion deficits.

Keywords: sensorineural hearing loss, tinnitus, functional connectivity, effective connectivity, salience network,
non-auditory symptom

INTRODUCTION

Sensorineural hearing loss (SNHL), which accounts for about 90% of all cases of hearing loss, results
largely from the degeneration of cochlear sensory hair cells and their afferent auditory neurons
(Charizopoulou et al., 2011; Li et al., 2017). SNHL is often accompanied by tinnitus (ringing in the
ear), hyperacusis (loudness intolerance), impaired speech perception and poor temporal processing
(Manohar et al., 2017; Paul et al., 2017). Since the sensory hair cells and auditory nerve fibers do

Frontiers in Neuroscience | www.frontiersin.org 1 March 2019 | Volume 13 | Article 24633

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2019.00246
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2019.00246
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2019.00246&domain=pdf&date_stamp=2019-03-19
https://www.frontiersin.org/articles/10.3389/fnins.2019.00246/full
http://loop.frontiersin.org/people/686167/overview
http://loop.frontiersin.org/people/362602/overview
http://loop.frontiersin.org/people/336437/overview
http://loop.frontiersin.org/people/700462/overview
http://loop.frontiersin.org/people/678454/overview
http://loop.frontiersin.org/people/45582/overview
http://loop.frontiersin.org/people/632635/overview
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00246 March 15, 2019 Time: 18:7 # 2

Xu et al. Salience Network in Hearing Loss and Tinnitus

not regenerate, the auditory deficits associated with SNHL
are largely irreversible and can only be partially ameliorated
with hearing aids or cochlear implants (Gordon et al., 2013).
The auditory cortex, like other sensory cortices, forms parallel
connections with other brain networks each with its own
unique function(s) (Menon, 2011; Sepulcre, 2014). There is
growing awareness that the lack of sensory input from the
peripheral auditory system can disrupt neural circuits within and
outside the classically defined auditory pathway, disruptions that
could affect higher order cognitive, emotional, motivational, and
attentional processes.

The salience network (SN), with major hubs in the dorsal
anterior cingulate cortex (dACC) and anterior insula (AI),
connects with subcortical and limbic structures (Seeley et al.,
2007). It is well positioned to integrate internal and external
stimuli, including those from the auditory pathway (Heywood
et al., 2017). In patients experiencing auditory hallucinations,
activity within the SN was perturbed and increased activation
was present in the AI, suggesting greater relevance and attention
to the internally generated auditory percepts (Sommer et al.,
2008; Lefebvre et al., 2016). The AI is also activated in tasks
designed to detect temporal disparities between auditory and
visual stimuli (Bushara et al., 2001). Activity in the AI and
dACC increased as auditory/visual information became more
ambiguous and the task more difficult, suggesting that these
structures might be of importance in sensory integration and
cognition (Lamichhane et al., 2016). As the integrity of the
SN was the basis of normal network functioning, white-matter
damage in the SN could predict worse default mode network
(DMN) function (Bonnelle et al., 2012; Luo et al., 2014;
Sidlauskaite et al., 2016; Wu et al., 2016; Chang et al., 2017).
As SNHL makes auditory processing more difficult, it deprives
the SN of important auditory information needed for sensory
integration, directing attention, decision making, and performing
motivationally relevant tasks. Therefore, it should come as
no surprise to learn that SNHL is associated with cognitive
impairment, anxiety, depression and impaired executive function
(Husain et al., 2011; Kronenberger et al., 2013; Basner et al.,
2014). However, the potential mechanisms underlying SNHL-
related neuropsychiatric symptoms and the relationships with the
SN need to be further explored.

Functional connectivity (FC) is used to characterize the
statistical dependence between the functional activity in two
or more brain regions without making predictions about the
causal nature of the interactions (Leavitt et al., 2012; Seth et al.,
2015; Chen et al., 2017). By examining the time-lagged in
the relationships between two or more brain regions, effective
connectivity (EC) revealed by Granger causality analysis (GCA)
tries to predict the direction of information flow in the network.
These two powerful techniques can be used to identify the
magnitude and direction of functional connections between
different brain regions in a variety of neurological and psychiatric
disorders (Demirci et al., 2009; Anderson et al., 2011; De Pisapia
et al., 2012; Feng et al., 2016; Jiang et al., 2018). In the current
study, we employed both FC and GCA to determine if SNHL
disrupted non-directional and directional connectivity patterns
using three major nodes in the SN as regions of interest (ROIs).

We hypothesized that SNHL would disrupt the normal flow of
neural activity within the SN and other parallel brain regions in
the central nervous system. To determine if the disturbances in
the SN were associated with a particular phenotype, we correlated
the changes in FC and EC with performance on a series of
cognition, depression, and anxiety tests.

MATERIALS AND METHODS

Subjects
The study was conducted with two groups of subjects (Table 1);
one group of 32 subjects had long term bilateral SNHL and the
second group of 30 subjects, which formed the Control group,
had clinically normal hearing. The SNHL sample included 22
males and 10 females with a mean age of 54.5 years ± 9.3 (SD),
a mean body mass index (BMI) of 23.8 ( ± 3.3 SD), and a mean
education level of 11.0 years ( ± 3.0 SD). The etiologies of long
term bilateral SNHL were: unknown (n = 28), ototoxic drugs
(n = 2) and chronic middle ear infection (n = 2). The Control
group consisted of 14 males and 16 females with a mean age of
53.6 years (± 8.0 SD), a mean BMI of 23.2 (± 2.5 SD) and mean
education level of 11.8 years ( ± 3.6 SD). Subjects were recruited
into the study through clinical referrals though the outpatient
clinics in Zhongda Hospital in Nanjing or through newspaper
advertisements. All above procedures were approved by the
Ethics Committee of Zhongda Hospital, Southeast University in
Nanjing, China (2016ZDSYLL031.0). Every participant signed an
informed consent form prior to participating in the study.

Only right-handed subjects between the ages of 20–65 years
were included in the study. All subjects first underwent
audiological testing to determine if they met the criteria for
normal hearing (≤20 dB HL, octave interval from 0.25 to
8 kHz) for the Control group. The criteria for inclusion in

TABLE 1 | Demographic and clinical characteristics of long-term bilateral SNHL
and Control groups. Mean data (±SD) and p-values (∗p < 0.05; ∗∗∗p < 0.001)
shown for SNHL and Control group.

SNHL group Control group

Characteristic (n = 32) (n = 30) p-value

Age (years) 54.5 ± 9.3 53.6 ± 8.0 0.698

Gender (male:female) 22:10 14:16 0.122

BMI 23.8 ± 3.3 23.2 ± 2.5 0.397

Education level (years) 11.0 ± 3.0 11.8 ± 3.6 0.348

Hearing loss durations (years) 8.0 ± 8.9 – –

Framewise displacement 0.217 ± 0.097 0.227 ± 0.148 0.187

MMSE 29.6 ± 0.8 29.8 ± 0.6 0.315

SDMT 34.3 ± 12.5 41.5 ± 10.1 0.015∗

AVLT-5 min 6.0 ± 2.7 6.8 ± 2.0 0.189

AVLT-20 min 5.9 ± 2.8 6.8 ± 1.8 0.140

SAS 36.1 ± 7.4 30.5 ± 3.7 0.001∗∗∗

HAMD 6.1 ± 4.0 3.9 ± 3.2 0.024∗

Mean data (±SD) and p-values (∗p < 0.05; ∗∗∗p < 0.001) shown for SNHL
and Control group. SNHL, sensorineural hearing loss; BMI, body mass index;
MMSE, mini-mental state examination; SDMT, symbol digit modalities test; AVLT,
auditory verbal learning test; SAS, self-rating anxiety scale; HAMD, hamilton
depression scale.
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FIGURE 1 | Hearing thresholds at 0.25, 0.5, 1, 2, 4, and 8 kHz. (B) Mean right-ear audiogram of SNHL group and Control group. (A) Mean left-ear audiogram of
SNHL group and Control group.

SNHL were: (1) hearing loss duration> 1 year, (2) post-
lingual hearing loss, (3) hearing thresholds ≥30 dB HL
in both ears. Exclusion criteria included: abnormal visual
acuity, Meniere’s diseases, acoustic neuroma, pulsatile tinnitus,
drug or alcohol addiction, severe heart diseases, pregnancy,
breast feeding, or MRI contraindications. Additionally, people
were removed from this study if they had a history of
depression or other psychiatric illness, Alzheimer’s disease,
stroke, or head trauma.

Audiological Tests
A clinical audiologist performed pure tone audiometry (PTA)
using a GSI-61 audiometer in the ENT department of Zhongda
Hospital. Air conduction thresholds in the left and right ear were
assessed at 0.25, 0.5, 1, 2, 4, and 8 kHz using standard clinical
procedures (Figure 1). Impedance testing was conducted to rule
out middle ear dysfunction test and conductive hearing loss.

Neuropsychological Evaluation
Before MRI scanning, subjects underwent several cognitive
and mental tests. The Mini-Mental State Examination (MMSE)
is of high validation (Tombaugh and McIntyre, 1992) and
can be easily performed to assess global cognition (Magni
et al., 1996). Subjects with MMSE scores <26 were removed
from our study. The Auditory Verbal Learning Test (AVLT)
is a powerful tool for assessing episodic memory which
consists of immediate and 20-min delayed recall, as well
as recognition of 12 words (Brugnolo et al., 2014). It
has been widely used for assessing cognition in dementia
and pre-dementia conditions (Estevez-Gonzalez et al., 2003).
The Symbol Digit Modalities Test (SDMT) was used to
assess attention, processing speed and executive function
(Benedict et al., 2017; Jaywant et al., 2018). The Self-Rating
Anxiety Scale (SAS) contains 20 questions; 15 questions
assess increasing anxiety levels and five questions assess
decreasing anxiety levels (Yang et al., 2015). The Hamilton
Depression Scale (HAMD) is considered as “gold standard”
to capture core depressive symptoms in clinical research
(Hamilton, 1967).

MRI Scanning Protocol
MRI data were collected at the Radiology Department
of Zhongda Hospital using a 3.0 T MRI system
(Siemens, Erlangen, Germany) with an 8-channel receiver
array head coil. Structural images were acquired with a
T1-weighted 3D spoiled gradient-echo sequence: sections = 176,
repetition time (TR) = 1900 ms, echo time (TE) = 2.48 ms,
slices = 176, section thickness = 1.0 mm, flip angle (FA) = 90◦,
FOV = 256 × 256 mm2, acquisition matrix = 256 × 256. The
fMRI data were obtained axially using a gradient-echo-planar
(EPI) imaging sequence with the following parameters: 36 slices,
TR/TE = 2000/25 ms, section thickness = 4.0 mm, FA = 90◦,
FOV = 240 × 240 mm2, acquisition matrix = 64 × 64. The fMRI
data were acquired over a period of 8 min and 6 s and images
were acquired in an interleaved order. Subjects wore earplugs
and earphones to attenuate scanner noise (approximately 32 dB)
and a head cushion was used to reduce head motion. Subjects
were instructed to keep their eyes closed, remain awake, lie
quietly, and avoid specific thoughts.

Data Processing
Our data processing and analysis procedure have been described
in detail in earlier publications (Cui et al., 2014, 2015). Briefly,
functional data analyses were preprocessed using Data Processing
Assistant for Resting-State software1 and SPM 12 toolbox2. The
first 10 time points were discarded to allow for signal equilibrium
and the remaining 230 consecutive volumes were used for
subsequent analysis. Afterward, slice timing correction and
realignment were performed. Structural and functional images
were then coregistered to Montreal Neurological Institute (MNI)
space, and data were resampled to 3 mm3. Six motion parameters,
6 temporal derivatives, 12 corresponding squared items were
regressed using the Friston-24 parameter model to minimize the
effect of head motion (Yan et al., 2013). The mean framewise
displacement (FD) was computed from each time point for every
subjects (Power et al., 2012; Van Dijk et al., 2012), and subjects
with FD of >0.5 were excluded from the analysis. None of our

1http://rfmri.org/DPARSF
2http://www.fil.ion.ucl.ac.uk/spm
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subjects were removed because of excessive head motion and
there was no significant difference in FD between SNHL and
Control group (Table 1). Finally, data were smoothed with an
isotropic Gaussian kernel (FWHM = 6.0 mm) and filtering from
0.01 to 0.08 Hz.

Functional Connectivity
Functional connectivity was performed using REST software3.
We used three primary nodes in the SN as ROIs (Figure 2)
from the functional imaging in neuropsychiatric disorders lab
at Stanford University4 (Shirer et al., 2012). The time-series
of each region was averaged and correlated with every other
voxel within the gray-matter mask. The FC correlation maps
were converted using the Fisher r-to-z transform. Two-sample
t-test was performed to explore the difference between SNHL
patients and Controls. The statistical maps were thresholded at
p < 0.001 at voxel level and p < 0.05 by Gaussian Random
Fields (GRF) correction with age, gender and FD corrected.
Significant clusters were mapped onto the surface of brain using
BrainNet Viewer software5.

Effective Connectivity
Effective connectivity was also analyzed by REST-GCA using the
REST software and the same ROIs as described above. GCA is a
statistical tool to depict the directionality flow of information in
time series analysis (Stokes and Purdon, 2017). If the temporal
progression of brain activity in one region allows the prediction
of future time series activity in another brain area, it is assumed
that the first brain region causally influences the second area
(Granger, 1969). In present study, the time series from the left
AI, right AI, and bilateral dACC were defined as the three seed
time series, x, while the time series of all voxels in the brain
were identified as the time series, y. Fx → y and Fy → x were
calculated voxel by voxel as the linear direct influence from the
time series x to y and from y to x, respectively. We transformed
the residual-based F to a normally distributed F’, then converted
the normally distributed F-values to standardized Z-scores (Zx→y
and Zy→x). Two Granger causality maps, (Zx→y and Zy→x),
were generated for each subject. Since we selected three seeds,
six Granger causality maps were generated (left AI, Zx→y and
Zy→x, right AI with Zx→y and Zy→x, and dorsal ACC, Zx→y
and Zy→x) for both the SNHL and Control groups. The GCA
threshold was set at p < 0.01 at the voxel level and p < 0.05
corrected by GRF correction in two-sample t-tests with age,
gender and FD corrected.

Correlation Analysis
We also evaluated the relationships among the clinical variables
and the functional MRI data. First, the clusters of significance
in FC and GCA were extracted. Then, the mean z-values of the
abnormal connectivity region masks (i.e., significant differences
between the long term bilateral SNHL and Control groups) were
calculated and used to perform a Person correlation analysis

3http://www.restfmri.net
4http://findlab.stanford.edu/functional_ROIs.html
5http://www.nitrc.org/projects/bnv/

between the mean z-values of FC and each of the clinical
variables (e.g., SDMT score, SAS scores, hearing ability, etc.,)
using SPSS software (Version 18.0; Chicago, IL, United States).
The significant p-value was set at p < 0.05, corrected for
multiple comparison.

RESULTS

Clinical Data and Neuropsychological
Findings
Table 1 summarizes the demographic features, cognition and
emotion status of the SNHL group and Control group. The
two groups did not differ in terms of age, BMI, or education
level. Consistent with our hypothesis, the SNHL group had
significantly lower SDMT scores (p < 0.05), suggestive of poorer
executive control or cognition among subjects with SNHL.
The SAS scores (p < 0.001) and HAMD scores (p < 0.05)
in the SNHL group were higher than those in the Control
group suggesting greater anxiety and/or depression in subjects
with long-term SNHL.

Hearing Characteristic
All subjects in the control group had thresholds≤20 dB HL at all
frequencies in both ears (Yang et al., 2014) and normal middle
ear function (Gwer et al., 2013); and subjects with SNHL had
bilateral hearing thresholds ≥30 dB HL for more than 1 year
(Figures 1A,B). Most SNHL patients had moderate to severe,
sloping high frequency hearing loss although a few had profound
hearing loss in one or more ears.

Functional Connectivity
The left AI, right AI, and dACC were used as three nodes
in our ROI analysis. We compared FC matrices in the SNHL
and Control groups. SNHL did not lead to an increase FC
between any of our three ROIs and other brain regions. Instead,
we observed significant decreases in FC in the SNHL group
compared to the Control group (Figures 3A,B and Table 2,
p < 0.001, GRF corrected). The left AI showed decreased
FC with the right precentral gyrus (PreCG) and superior
frontal gyrus (SFG). Moreover, the dACC showed weakened
connections with the right medial frontal gyrus (MFG) and

TABLE 2 | Regions of decreased functional connectivity in the SNHL group
compared to the control group with the seed ROIs in the left AI,
right AI, and dACC.

Seed MNI coordinate Peak Cluster

region Brain region BA x,y,z (mm) t-score size

Left AI R precentral gyrus 6 18,−27,69 −4.4713 180

R superior frontal gyrus 6 27,6,60 −4.9222 98

dACC R medial frontal gyrus 11 12,39, −24 −4.0982 158

R superior parietal gyrus 19 18, −84,45 −4.1949 154

L supplementary motor area 6 −3,0,66 −4.5348 161

BA, Brodmann area; MNI, Montreal Neurological Institute coordinates (MNI); AI,
anterior insula; dACC, dorsal anterior cingulate cortex; L, left; R, right.
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FIGURE 2 | Schematic showing three ROIs, the dorsal anterior cingulate cortex (dACC), left anterior insula (AI), and right anterior insula (AI), as nodes in the salience
network.

FIGURE 3 | Significant differences in functional connectivity between SNHL and Control group with ROIs in the left AI, right AI, and dACC. (A) Reduced functional
connectivity using the left AI as the seed. (B) Reduced functional connectivity using the dACC as the seed. Heat maps shows z-values; threshold set at p < 0.001 at
the voxel level and p < 0.05 after Gaussian Random field correction. AI, anterior insula; dACC, dorsal anterior cingulate cortex; SFG, superior frontal gyrus; PreCG,
precentral gyrus; SMA, supplementary motor area; MFG, superior frontal gyrus; SPG, superior parietal gyrus; L, left; R, right.

superior parietal gyrus (SPG), as well as the left supplementary
motor area (SMA).

Effective Connectivity
In addition to assessing the magnitude of FC, GCA attempts to
identify the directionality or presumed causality of information
flow in a network (Goebel et al., 2003). We used GCA to
determine if SNHL disrupted FC and its directionality in
our three ROIs. Compared to Controls, the SNHL group
demonstrated decreased outflow GCA values from the left AI
to the left cerebellum lobule VI, right MFG and right PreCG
(Figure 4A). The inflow from right inferior temporal gyrus (ITG)
to the left AI was also decreased (Figure 4B). Meanwhile, the
outflow from the right AI to bilateral MFG was reduced in
SNHL subjects (Figure 4C). Significant changes in directional
connectivity were also evaluated using the dACC as the ROI.
We observed decreased outflow from the dACC to the left PreCG

and right SMA, but increased inflow from right cerebellum lobule
VIII (Figures 4D,E and Table 3).

Correlation Analysis
Our neuropsychological data indicated that SNHL was associated
with decreased executive function (SDMT scores), increased
anxiety (SAS scores) and depression scores (HAMD scores) as
noted in Table 1. To determine if these neuropsychological
deficits were associated with the FC and EC changes,
we correlated the SDMT, SAS, and HAMD scores with the
changes in FC and EC for each of the three ROIs using voxel-wise
methods. The SDMT performance showed positive correlations
with dACC-left SMA FC (r = 0.487, p = 0.005, Figure 5A)
and left AI-right SFG FC (r = 0.491, p = 0.004, Figure 5B).
The connectivity between dACC and right SPG was negatively
correlated with HAMD scores (r =−0.498, p = 0.004, Figure 5C).
In addition, higher SAS scores were correlated with lower GCA
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FIGURE 4 | Changes in effective connectivity in the SNHL group compared to the control group using three key nodes in the salience network as ROIs (left AI, right
AI, and dACC). (A) Decreased outflow effective connectivity from the left AI to left cerebellum lobule VI and right PreCG, MFG, and ITG highlighted by blue color;
(B) Decreased inflow effective causal connectivity from right ITG to dACC highlighted by blue color; (C) Decreased outflow effective connectivity from the right AI to
left and right MFG highlighted by blue color; (D) Decreased outflow effective connectivity from the dACC to the left PreCG and right SMA highlighted by blue color;
(E) Increased inflow effective causal connectivity from the right cerebellum lobule VIII to the dACC highlighted by red color. Heat maps shows z-values; threshold set
at p < 0.01 at the voxel level and p < 0.05 after Gaussian random field correction. SNHL, sensorineural hearing loss; AI, anterior insula; dACC, dorsal anterior
cingulate cortex; PreCG, precentral gyrus; MFG, middle frontal gyrus; ITG, interior temporal gyrus; SMA, supplementary motor area.

values from left AI to left cerebellum lobule VI (r = −0.534,
p = 0.002, Figure 5D).

DISCUSSION

To date, little research has focused on the spatial and temporal
brain connectivity patterns in subjects with long-term bilateral
SNHL. This is the first study combing non-directional FC
and directional EC to uncover the abnormalities of intrinsic
organization in brain regions using three key nodes of the SN
as ROIs since the SN is found to play an crucial role in auditory
processing (Li et al., 2015). Widely decreased connections were
observed in the SNHL group. Significant alterations of EC
appeared in multiple areas emanating from and to bilateral AI
or dorsal ACC. In addition, some alterations in FC and EC

were correlated with clinical measurements. Our results provide
emerging evidence of changed functional architecture in the
SNHL brain, providing new insight into the role of the SN and
associated brain regions in deafness.

When processing speech, greater activation occurred in the
AI as word recognition scores declined suggesting greater
salience or attention in difficult listening situations (Harris
et al., 2009). In order for effective aural communication
to occur, a listener must selectively attend to the relevant
acoustic signal in a noisy environment in order to from a
coherent auditory stream, a task normal listeners perform
effortlessly (Lee et al., 2008). The involvement of the SN
has been implicated in tinnitus, as increased activity in the
SN and enhanced insula-auditory cortex couplings might be
associated with tinnitus percept and continuous awareness
(Vanneste et al., 2013). Listeners with SNHL have great difficulty
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TABLE 3 | Changes in effective connectivity in the SNHL group compared to the
control group using three key nodes in the salience network as ROIs (left AI,
right AI, and dACC).

MNI coordinate Peak Cluster

Brain region BA x,y,z (mm) t-score size

Casual outflow from left AI to the rest of brain (X to Y)

L cerebellum lobule VI 19 −24, −69, −21 −4.6058 89

R middle frontal gyrus 45 45,42,18 −3.9075 140

R precentral gyrus 6 30, −21,63 −4.498 131

Casual inflow to the left AI from the rest of brain (Y to X)

R inferior temporal gyrus 37 60, −51, −21 −4.569 80

Casual outflow from right AI to the rest of brain (X to Y)

L middle frontal gyrus 46 −42,42,27 −3.8855 88

R middle frontal gyrus 46 33,51,18 −4.4832 141

Casual outflow from dACC to the rest of brain (X to Y)

L precentral gyrus 6 −45,0,33 −4.2246 93

R supplementary motor area 6 3,0,60 −4.4094 97

Casual outflow to dACC from the rest of brain (Y to X)

R cerebellum lobule VIII - 30, −51, −51 4.3345 56

BA, Brodmann area; MNI, Montreal Neurological Institute coordinates (MNI); AI,
anterior insula; dACC, dorsal anterior cingulate cortex; L, left; R, right.

filtering out irrelevant acoustic information resulting in impaired
auditory processing, diminished attention and an inability to
use memory and cognition to fill in missing information in
an auditory stream. Interestingly, we observed weakened non-
directional and directional AI-PreCG connections in SNHL
subjects. Although the PreCG is part of the posterior frontal
lobe and traditionally functions as the primary motor cortex,
evidence has indicated its role in auditory-associated events.
Zhang et al. (2015) found decreased thalamic connectivity to
the PreCG in tinnitus patients and the connections between
the thalamus and insula have already been demonstrated in
healthy adults (Namkung et al., 2017), so that decreased AI-
PreCG connectivity in the SNHL group seems reasonable.
However, there were some inconsistent findings, likely due
to the various kinds of hearing impairments and disease
durations. [18F]fluorodeoxyglucose (FDG)-PET, a quiet and
reliable auditory imaging technique, demonstrated increased
FDG uptake in the insula and PreCG within 72 h of onset of
sudden SNHL. Glucose consumption in the PreCG was positively
correlated with the speech discrimination scores (Micarelli et al.,
2017). Compared to hearing non-dyslexics subjects, congenital
deafness and dyslexic adults showed greater activation in the
PreCG using a rhyme judgment task (MacSweeney et al., 2009).
Taken together, these results suggest that the PreCG might
participate in word recognition and phonological processing.
Further experiments with these specific tasks in long-term SNHL
could reveal the potential mechanism of the PreCG after partial
hearing deprivation.

We found reduced AI-SFG FC and EC from AI to MFG
in current study. Voxel-based morphometry (VBM) analysis
(Husain et al., 2011) delineated gray matter changes in the
SFG and MFG suggesting decreased use of executive control
network (ECN) in chronic hearing loss patients, which supports
our correlation between AI-SFG and SDMT scores (a symbol

substitution test that examines an individual’s cognitive ability,
including executive control and switching attention, which also
requires oculomotor scanning and visuomotor coordination
(Forn et al., 2009; Pascoe et al., 2018). Conversely, metabolic PET
studies found increased FDG uptake in SFG and MFG in sudden
hearing loss (Micarelli et al., 2017), indicative of enhanced neural
activity in ECN regions. The increased metabolic activity might
reflect enhanced conflict monitoring caused by the unexpected
auditory input impairment and/or an emotional response in
acute hearing loss period (Chen et al., 2013), while our aberrant
ECN function was not immediate but occurred over time.
Moreover, our connectivity results suggest abnormal interactions
between the SN and the ECN (which includes dorsolateral
prefrontal cortex) and casual flows from SN to ECN in SNHL.
It has been reported that the SN plays a critical role in switching
between the ECN and DMN, allocating information toward
ECN and DMN (Sridharan et al., 2008). The SN has positive
connectivity with the ECN and they can be co-activated during
cognition tasks (Greicius et al., 2003). Here, hearing impairments
altered inter-connectivity between SN and ECN, which could
insights on cognitive control in SNHL.

It is important to note that the cerebellum is affected
by SNHL. Emerging evidence shows that the cerebellum is
not only associated with motor function, but also cognition
processing and emotion control (Schmahmann and Caplan,
2006; Moreno-Rius, 2018). The cerebellum is considered to
have a much border role in sensory and perceptual processing
(Baumann et al., 2015). Except the primary auditory cortex,
parts of the cerebellum are activated during various auditory
tasks (Petacchi et al., 2005). Human and animal studies have
also found activation in various regions of the cerebellum in
its participation in hearing impairments, including tinnitus,
hyperacusis and hearing loss (Stoodley and Schmahmann, 2009;
Chen et al., 2015). Manganese-enhanced magnetic resonance
imaging demonstrated increased spontaneous activity in portions
of the cerebellum in rat with tinnitus, suggesting that it
might serve as a tinnitus generator (Brozoski et al., 2007).
Neuroimaging in unilateral hearing loss revealed enhanced and
weakened connectivity between cerebellar networks and other
systems (Zhang et al., 2018). In the present study, we observed
weakened EC from left AI to left cerebellum lobule VI; this was
negatively correlated with anxiety status revealed by SAS scores.
Interestingly, lobule VI is considered part of the neural circuit of
anxiety and fear (Lange et al., 2015).

EEG beta power of dACC was associated with a hyper-
responsiveness state to non-noxious auditory stimuli in tinnitus
and positively correlated with scores on tinnitus questionnaires
(Song et al., 2014), which might contribute to presistent vigilance
in tinnitus. In cochlear implant users, the dACC can be
activated by sound stimuli and is engaged dual-stream auditory
processing (Song et al., 2015), supporting its involvement in
hearing impairments. The dACC showed decreased connections
with the SPG and dACC-SPG FC was negatively correlated
with HAMD scores. Contemporary views of brain function
have emphasized the role of SPG in depression (Yang et al.,
2017), tinnitus and hearing loss (Siedentopf et al., 2007), which
correspond well to our correlation analysis. In our study,
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FIGURE 5 | Relationships between fMRI and clinical neuropsychiatric scales. (A) Positive correlation between the SDMT scores and functional connectivity of dACC
and left SMA (r = 0.487, p = 0.005); (B) Positive correlation between the SDMT scores and functional connectivity of left AI and right SFG (r = 0.491, p = 0.004);
(C) Negative correlation between the HAMD scores and functional connectivity of left dACC and right SPG (r = –0.498, p = 0.004); (D) Negative correlation between
the SAS scores and the decreased effective connectivity from the left AI to the left cerebellum lobule VI(r = –0.534, p = 0.002). SNHL, sensorineural hearing loss;
Ctrls, controls; AI, anterior insula; dACC, dorsal anterior cingulate cortex; SMA, supplementary motor area; SFG, superior frontal gyrus; SPG, superior parietal gyrus;
SDMT, symbol digit modalities test; HAMD, hamilton depression scale; SAS; self-anxiety scale.
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the outflow from dACC to PreCG was disrupted in subjects
with SNHL. FC and independent component analysis (ICA)
have suggested a robust relationship between the PreCG
and dACC (Chen et al., 2018). White et al. (2010) found
a weakened relationship between the PreCG and dACC in
schizophrenia similar to our causal finding from the dACC
and PreCG. We also observed the participation of SMA
(falling with SFG) which is involved in motor action (Cona
et al., 2017). Existing research shows that the dACC not only
provides supplemental function to the SMA, but also resides
at a higher level than the SMA (Hatanaka et al., 2003) in
motor control, consistent with our correlation between dACC-
SMA FC and SDMT performance. PET and fMRI studies
found recruitment of the SMA in the perception of speech
(Adank, 2012) and addressed the candidate role of SMA
in auditory processing and auditory imagery (Lima et al.,
2016). Moreover, the directed FC from the dACC to SMA is
another aspect of a contribution from the frontal executive
network (Asemi et al., 2015), and involvement of sensory
process in executive control (Funahashi, 2001). Our data show
that auditory deprivation results in abnormal directed and
unidirectional connectivity from the dACC to SMA. However,
further research is needed to elucidate the role of the SMA
auditory processing pathway and disclose its role in SNHL-
induced non-auditory symptoms.

Limitation
There were several limitations in our preliminary study. First,
this cross-sectional research does not provide direct evidence of
causal relationships of functional MRI and hearing loss distress.
Follow-up work using a longitudinal, within-subjects design are
needed to confirm these findings. Second, the related approach
should be expanded to sub-regions of bilateral AI and dACC, as
well as other brain areas involved in ECN and emotional function.
Third, further study using a larger sample size could be used
to identify differences in the SN between SNHL subjects with
tinnitus and without tinnitus. Finally, despite the fact that hearing
protection was used by the subjects, scan noise from the MRI
would influence spontaneous neural activity in the brain.

CONCLUSION

To conclude, we identified disrupted functional and EC in the SN
in long-term SNHL patients. In addition, cognitive impairments,
depression and anxiety correlated with alterations in non-
directional and directional connections. The imbalances between
the SN and other brain regions could potentially disclose the
neuropathological mechanism underlying hearing impairments
and associated reorganization of complex networks.
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In order to clarify the central reorganization in acute period of hearing loss, this study
explored the aberrant dynamics of electroencephalogram (EEG) microstates and the
correlations with the features of idiopathic sudden sensorineural hearing loss (ISSNHL)
and tinnitus. We used high-density EEG with 128 channels to investigate alterations
in microstate parameters between 25 ISSNHL patients with tinnitus and 27 healthy
subjects. This study also explored the associations between microstate characteristics
and tinnitus features. Microstates were clustered into four categories. There was a
reduced presence of microstate A in amplitude, coverage, lifespan, frequency and
an increased presence of microstate B in frequency in ISSNHL patients with tinnitus.
According to the syntax analysis, a reduced transition from microstate C to microstate
A and an increased transition from microstate C to microstate B were found in ISSNHL
subjects. In addition, the significant negative correlations were found between Tinnitus
Handicap Inventory (THI) scores and frequency of microstate A as well as between THI
scores and the probability of transition from microstate D to microstate A. While THI was
positively correlated with the transition probability from microstate D to microstate B. To
sum up, the significant differences in the characteristics of resting-state EEG microstates
were found between ISSNHL subjects with tinnitus and healthy controls. This study
suggests that the alterations of central neural networks occur in acute stage of hearing
loss and tinnitus. And EEG microstate may be considered as a useful tool to study the
whole brain network in ISSNHL patients.
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INTRODUCTION

Sudden sensorineural hearing loss (SSNHL) is the sudden-onset
and rapidly developed hearing impairment with reduction in
hearing of at least 30 dB in no less than three consecutive
audiometric frequencies within 72 h (Stachler et al., 2012). The
incidence of SSNHL is approximately 5 to 20 individuals per
100,000/year (Klemm et al., 2009; Stachler et al., 2012). Some
studies suggest that the hearing impairment of SSNHL is usually
unilateral, and less than 5% of SSNHL patients is bilateral (Oh
et al., 2007; Schreiber et al., 2010). SSNHL, whose etiology
and pathogenesis are mostly unclear, is usually considered as
idiopathic (Chau et al., 2010). No more than one third of cases are
caused by viral infection, otologic disease, trauma, cardiovascular
or hematologic risk factors, neoplastic disease, and autoimmune
disease (Chau et al., 2010; Lin et al., 2012). At present, the
main treatment for idiopathic sudden sensorineural hearing loss
(ISSNHL) is steroid therapy (Jung et al., 2016). Unfortunately,
many ISSNHL patients have little improvement of their hearing
function even after high-quality suitable therapy, which may
lead to the poor quality of their life (Kuhn et al., 2011). The
discontented state of ISSNHL treatment may be due to the
unclear mechanism of ISSNHL.

Idiopathic sudden sensorineural hearing loss is often
accompanied by tinnitus, vertigo, ear fullness, and so on (Koç
and Sanisoğlu, 2003). Among them, tinnitus is a perceived sound
without any external sound source (Kang et al., 2017). Tinnitus is
a common and annoying problem in ISSNHL patients. And the
incidence of tinnitus in patients with ISSNHL is 80 to 95% (Rah
et al., 2015; Nogueira-Neto et al., 2016). Tinnitus not only has a
high incidence in ISSNHL patients, but also has a negative impact
on the life of the sufferers. For example, ISSNHL patients with
tinnitus have more depressive symptoms, mental distress, and
disruptive personal relationship (Chen et al., 2013). As a result,
physicians should attach great importance to the treatment of
ISSNHL patients with tinnitus.

To cure ISSNHL subjects with tinnitus effectively, it is
necessary to explore the intrinsic mechanism of ISSNHL
completely. Previous researches have showed that ISSNHL is
correlated with the deviant activity of some central neural
networks (Seeley et al., 2009; Musiek et al., 2013; Wang et al.,
2014; Zhou and Seeley, 2014; Fan et al., 2015; Zhang et al.,
2015; Golden et al., 2016; Xu et al., 2016; Micarelli et al.,
2017). The development of ISSNHL is associated with several
function networks, including auditory network, default mode
network (DMN) and limbic network (Xu et al., 2016; Micarelli
et al., 2017). A prospective case research by Fan et al. (2015)
suggested that subjects with unilateral SSNHL had significant
decrease in gray matter of contralateral auditory cortex. Similarly,
Micarelli et al. (2017) found that ISSNHL patients had the
hypometabolism in the contralateral auditory cortex by Positron
emission tomography (PET). The hypothesized mechanism
behind ISSNHL may be related to the unbalanced activities
between excitatory and inhibitory neurons, which led to the
errors about the intensity perception at cortical level (Musiek
et al., 2013; Fan et al., 2015; Micarelli et al., 2017). Moreover,
Wang et al. (2014) found that the deficiency of unilateral sensory

input changed the activity in sensory regions and reorganized
the cognitive control network. A study by Zhang et al. (2015)
suggested that long-term unilateral ISSNHL patients had an
abnormal change in default node network, which might influence
their cognitive abilities. In addition, the insula is an important
brain region to link DMN with the networks which assess
sensory information and program behavioral responses (Seeley
et al., 2009; Zhou and Seeley, 2014). The decreased activity
of insula is related to the inhibition of activity between DMN
and auditory network (Golden et al., 2016). The increase of
connection between auditory network and limbic system may
be associated with the generation of tinnitus in ISSNHL patients
(Xu et al., 2016). Although the deviant activity of several brain
functional networks had been found in ISSNHL, more studies
were needed to resolve the further central mechanism behind
ISSNHL. This study aimed at exploring alterations in central
nervous system of ISSNHL patients with tinnitus in a novel way.

Electroencephalography (EEG) is a high temporal resolution
technique for exploring electrical activity of central brain areas.
It records the electrical potentials within the brain through
the electrodes on the scalp (Ingber and Nunez, 2011). So
far, some ways can be applied to extract useful information
from multichannel EEG data. Among them, microstate analysis
explores multichannel EEG recordings across the scalp and
defines a set of stable microstates (Khanna et al., 2015).
Therefore, it not only partly compensates for the problem of
low spatial resolution in EEG, but also analyzes the aberrant
dynamics of the whole brain networks. As a result, we can
acquire helpful information on brain networks by microstate
analysis to further explore resting-state central neural activity. In
general, microstates are clustered into four categories, including
microstates A, B, C, and D. (1) Microstate A is related to
activation in the bilateral superior and middle temporal gyrus
regions that are correlated with phonological processing. (2)
Microstate B is associated with bilateral visual cortex areas. (3)
Microstate C is related to a salience network, which involved the
detection and orientation of both internal and external stimuli.
(4) Microstate D is associated with activation in the right-
lateralized dorsal and ventral regions of the frontal and parietal
regions that are correlated with the central executive network
(Britz et al., 2010).

At present, several studies have suggested that some central
neuropsychiatric diseases have significant changes in EEG
microstates, including schizophrenia, dementia, depression,
and panic disorder. According to the researches about these
neuropsychiatric diseases, EEG microstate analysis may be
an effective way to detect the objective indicators, recognize
the disease’s severity, design the treatment plan and evaluate
the treatment effect (Khanna et al., 2015). Additionally, EEG
microstate has been used to study the neurophysiological
mechanism of auditory hallucination and tinnitus. For instance,
Kindler et al. (2010) found a significantly reduced presence
of microstate D in hallucinating patients. Besides, Cai et al.
(2018) suggested that microstate A was significantly longer and
microstate D was significantly shorter in tinnitus subjects.

So far, knowledge of microstate abnormalities in ISSNHL
is limited. To investigate the neurophysiological mechanism of
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ISSNHL, this study explores the changes in EEG microstates
between ISSNHL subjects with tinnitus and healthy subjects.
Additionally, it can confirm whether EEG microstate is a useful
tool to investigate ISSNHL. With the alterations of nervous
activities after ISSNHL and tinnitus, the hypothesis is that the
significant alterations of microstates would be found in ISSNHL
patients with tinnitus at rest. The significant result can be
considered as a vital electrophysiological indicator of ISSNH.

MATERIALS AND METHODS

Participants
The ISSNHL subjects with tinnitus were recruited from the Ear,
Nose and Throat Clinic, Sun Yat-sen Memorial Hospital, Sun Yat-
sen University, Guangzhou, China. Detailed selection criteria for
inclusion and exclusion in the study were:

(1) Patients with at least 30 dB idiopathic sensorineural
hearing impairment in no less than three consecutive
audiometric frequencies within 72 h were recruited. In
addition, ISSNHL was diagnosed by pure tone audiometry
(PTA) within 72 h of conscious hearing loss or more than
72 h of conscious hearing impairment without appreciable
progression of hearing damage.

(2) Patients had sought clinical help because of their hearing
loss and tinnitus.

(3) Patients with acoustic neurinoma, autoimmune
hearing loss, Meniere’s disease, depression, or
insomnia were excluded.

(4) All patients with head trauma, central nervous system
disorders, middle ear surgery or pulsatile tinnitus
were also excluded.

There were 25 ISSNHL patients with tinnitus (9 males and 16
females; age Mean = 46.16 years, SD = 13.15 years) and 27 healthy
controls (10 males and 17 females; age Mean = 41.48 years,
SD = 13.53 years). A written consent form was signed by all
participants after they had been properly informed about the
background and purpose of the research. Our research was
approved by the Institution Review Board of the Sun Yat-sen
Memorial Hospital at Sun Yat-sen University of China.

Routine Audiological Examinations
Routine audiological examinations included otoscopy and PTA.
In the test of PTA, air conduction thresholds were measured
at 125, 250, 500, 1000, 2000, 4000, and 8000 Hz for both ears,
and bone conduction thresholds were measured between 250
and 4000 Hz in a sound-proof room. PTA was used to measure
the hearing thresholds of all participants. In addition, the mean
hearing threshold is defined as the average of hearing threshold at
the frequencies of 0.5, 1, 2, and 4 kHz (British society of audiology
recommendation, 1988; Dispenza et al., 2011; Bing et al., 2018).

Tinnitus Specific Assessments
Patients were asked to describe the laterality of tinnitus.
Then, tinnitus pitch matching test was performed

(Teismann et al., 2011). In the process of tinnitus pitch matching
measures, the tinnitus pitch was roughly matched through the
use of nine hearing frequencies, including 0.125, 0.25, 0.5, 1, 2, 3,
4, 6, and 8 kHz. Participants contrasted the perceptive tinnitus
pitch and the matching pitch, and then the matching pitch
was adjusted to go higher or lower according to the feedback
from patients. Ultimately, an exact or closely approximate
matching pitch was gained by adjusting in a half-octave step.
Narrow band noise was used if no matching pure tone was
obtained from subjects.

Tinnitus Handicap Inventory (THI) was used to evaluate
tinnitus severity. THI assessed the perceived level of handicap in
tinnitus patients, according to a 0–100 increasing handicap scale
(Newman et al., 1996). Participants were required to fill in the
THI prior to the experiment.

EEG Recordings
Electroencephalogram signals were recorded by a high-density
EEG with 128 channels and were saved with Electrical Geodesics,
Inc. (EGI, Eugene), and a NetAmps 200 amplifier. After
understanding the purpose and requirements of the test, subjects
were instructed to sit in a comfortable chair and remain calm.
Then, participants were required to open the eyes and fixate a
cross mark in front of them. A resting EEG for about 7 min was
recorded. The sampling rate was set to 1000 Hz. The impedances
of all electrodes were kept less than 50 k� and the CZ electrode
was used as reference.

Preprocessing of EEG Data
The raw EEG data was preprocessed by EEGLAB 13.0.0 in the
toolbox of Matlab. Firstly, the data was re-referenced against
the mean reference by all electrodes. The sampling rate of the
data was reduced to 500 Hz/s. A notch filter was implemented
at 50 Hz and the signals were band-pass-filtered from 0.5
to 80 Hz. Gross artifacts were manually removed by visual
inspection. Some artifacts originated from one or a few distinct
sources or a limited volume of space were removed. In addition,
some artifacts characterized by a particular temporal pattern
such as exponential decay were also removed. For example,
in the pretreatment of resting EEG (eye-opening state), the
largest artifact comes from eye electricity. Our system has a
special electrode (E127 and E126) for recording eye electricity,
but the effect of eye electricity is not limited to these two
electrodes, it has a great influence on the electrode of frontal
region. Therefore, we use ICA algorithm to correct it. The
advantages of the ICA algorithm can be viewed in the literature
(Onton et al., 2006), the artifact can be separated as independent
components, and the other features of the original EEG signal
can be effectively retained. Other artifacts, such as eye movement,
muscle artifacts and heart beats, could be also removed by
independent component analysis (ICA) correction. Then, the
EEG signals were reconstructed and segmented into 2 s epochs.
According to the study by von Wegner et al. (2018), the
invariance of the quantities implies that the tested properties are
algorithm-independent, and the microstate sequences are derived
from inherent features of resting state EEG. Based on the previous
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research (Milz et al., 2016), more than 20 artifact-free epochs were
used to microstate analysis randomly.

EEG Microstate Analysis
Microstate analysis was done following the procedure described
in the study by Cai et al. (2018). First of all, the global field power
(GFP) was calculated by using the selected EEG epoch. Then,
the clustering analysis was applied to the local maxima of the
GFP. The GFP reflects the variation degree of potential across
electrodes at a time point. The calculation formula is:

GFP(t) =

√√√√ 1
K

K∑
i=1

(Vi(t)− Vmean(t))2

Where, K is the number of electrodes in the EEG data. Vi(t)
is the potential of the i-th electrode at a certain time point.
Vmean(t) is the average value of the instantaneous potential
across electrodes and the formula is Vmean(t) = 1

K
∑K

i=1 Vi(t).
The EEG topographic maps at the local maxima of the GFP
curve were taken as the local representative maps (Konig and
Mellgarcia, 2009). Then, the clustering analysis was carried
out to look for the stable microstates in EEG signals. All
representative maps were divided into several types by the
clustering analysis. It is showed that microstates can be clustered
into four categories, namely microstate classes A, B, C, and D
(Newman et al., 1996; Konig and Mellgarcia, 2009; Kindler et al.,
2010; Teismann et al., 2011; Khanna et al., 2015; Cai et al., 2018).
After obtaining the microstates of all participants, we compute
the parameters of microstates, including topographical shape,
amplitude, coverage, average lifespan, frequency of occurrence
and transition probabilities of microstates (Cai et al., 2018). The
amplitude of a microstate is the mean GFP that microstate is
dominant. The coverage of a microstate is the percentage of
recording time when the microstate is dominant. The average
lifespan of a microstate is the average length of time when
a microstate appears and remains stable. The frequency of
occurrence of a microstate is the average number of times per
second that a microstate occurs during a period of recording.
The transition probability of a microstate means that the
microstate is non-random and has the potential significance of
sequence transfer.

Statistical Analysis
SPSS 19.0 software was used for all statistical analyses.
t-Test was performed to explore the significant differences of
the microstate parameters between two groups. We applied
Pearson correlation analysis to evaluate the correlation between
microstate features and the characteristics of ISSNHL and
tinnitus. A p level of less than 0.05 (two-sided) was considered
to be statistically significant.

RESULTS

Table 1 shows the demographic information of ISSNHL subjects
with tinnitus. No significant differences were found between the

ISSNHL and control groups in terms of age (t = −1.263, df = 50,
p = 0.212) and gender (x2 = 0.006, df = 1, p = 0.938). Table 1
also shows their hearing thresholds and tinnitus features, such as
tinnitus laterality, pitch and duration.

Figure 1 shows the mean microstate topographies acquired
from two groups. Similar to previous studies (Lehmann et al.,
2005; Britz et al., 2010), four microstate maps were found and
clustered into microstates A, B, C, and D.

Independent sample t-tests for microstate parameters between
the ISSNHL (N = 25) and control (N = 27) groups are given
in Table 2. The microstate parameters included the coverage,
lifespan, amplitude, and frequency of the microstates. The
significant differences in microstates A and B were found by
the t-test. Compared with the control group, microstates A had
significant decrease in coverage (t = 2.817, df = 50, p = 0.007),
lifespan (t = 2.644, df = 50, p = 0.011), amplitude (t = 2.039,
df = 50, p = 0.047), and frequency (t = 2.125, df = 50, p = 0.039).
And microstate B had an increased presence (t = 3.096, df = 50,
p = 0.03) in frequency for the ISSNHL group compared with the
control group. There was no significant difference in microstates
C or D (p > 0.05).

As shown in Figure 2, there was a significant reduction in
the probability of transition from microstate C to microstate A
(t = 2.978, df = 50, p = 0.004) in the ISSNHL patients compared
with healthy subjects. Additionally, the probability of transition
from microstate C to microstate B (t =−2.440, df = 50, p = 0.018)
was increased significantly. No other significant difference in the
probability of transition among microstates was revealed.

The associations between alterations in microstate parameters
and tinnitus characteristics were shown in Figure 3 and Table 3.
Significant negative correlations were revealed between THI
scores and frequency of microstate A (r = −0.417, p = 0.038)
as well as between THI scores and the probability of transition
from microstate D to microstate A (r =−0.447, p = 0.025). While
THI was significant positively associated with the transition
probability from microstate D to microstate B (r = 0.425,
p = 0.034). No significant correlation was revealed in the
alterations of microstate characteristics with hearing threshold in
ISSNHL subjects (p > 0.05).

DISCUSSION

As far as we know, it is the first research to explore the aberrant
dynamics of EEG microstate in ISSNHL patients with tinnitus.
The purpose of this research was evaluating the early stages of
cortical plasticity after ISSNHL and tinnitus by using resting-
state EEG microstate. There were significant differences in the
temporal characteristics of the EEG microstate between ISSNHL
patients and controls.

The coverage, lifespan, amplitude, and frequency of microstate
A were significantly reduced in our study. Britz et al. (2010)
demonstrated that microstate A was related to activation in
the bilateral superior and middle temporal gyrus regions that
were correlated with phonological processing. These results
were similar to the finding of Fan et al. (2015), who found
the decrease of contralateral auditory gray matter in unilateral
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TABLE 1 | The landscape layout of ISSNHL participants with tinnitus.

Patient Gender Age (years) Tinnitus duration (days) Tinnitus laterality Tinnitus pitch (Hz) Hearing thresholds (dB HL) (L/R) THI

CJH Female 62 20 Left 125 95/19 34

CYF Female 43 20 Left 4000 79/10 50

DL Male 30 14 Left 8000 90/6 36

FLX Female 61 7 Right 1000 31/81 58

HJW Female 25 14 Right 1500 15/60 72

HDR Female 63 7 Right 1000 53/112 78

HST Male 42 7 Left 4000 80/25 26

LMJ Male 54 14 Right 8000 25/110 62

LGZ Female 58 10 Right 250 15/75 56

LJH Male 51 20 Right 6000 47/56 26

LRH Female 54 7 Right 6000 32/67 82

LWY Female 49 7 Right 250 15/83 12

LSK Male 46 25 Bilateral 2000/2000 58/63 26

LC Male 47 2 Right 6000 19/81 12

LQ Female 36 20 Left 125 110/9 58

MY Male 41 7 Right 4000 38/68 4

PGJ Male 51 20 Bilateral 4000/750 52/66 68

SWL Male 42 10 Left 250 110/20 60

WJD Female 57 20 Left 8000 110/22 52

WWM Female 48 10 Right 1000 15/89 50

XWY Female 17 14 Right 4000 8/81 16

ZMY Female 18 10 Right 2000 20/83 48

ZYT Female 41 8 Right 500 13/98 28

ZXH Female 53 7 Left 6000 70/20 40

ZJH Female 65 2 Right 4000 23/63 30

FIGURE 1 | The spatial configuration of the four microstates classes in two group. Microstate class orientations were: (A) right-frontal left-posterior; (B) left-frontal
right-posterior; (C) anterior–posterior; (D) fronto-central extreme.

ISSNHL. Additionally, Micarelli et al. (2017) also showed
the decrease of the metabolism in contralateral auditory
cortex in ISSNHL subjects. These interesting results indicated
that cortical functional alterations already existed in ISSNHL

subjects during acute period and mainly occurred in the
auditory network.

Increase in coverage of microstate B was also revealed in the
SSNHL subjects with tinnitus. A study by Britz et al. (2010)
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FIGURE 2 | Schematic view of the syntax pattern. ∗ Indicates significant
difference (p < 0.05). Solid arrow indicate significant correlation.

FIGURE 3 | Correlations between transitions of microstates and tinnitus
subjective symptoms. ∗ Indicates significant difference (p < 0.05). Solid arrow
indicate significant correlation.

suggested that microstate B was associated with bilateral visual
cortex areas. The increased coverage of visual network could
indicate a compensatory mechanism secondary to ISSNHL. This
result was similar to the finding by Campbell and Sharma (2013),
who showed an alteration in cortical resource allocation with
reduced activation in superior temporal gyrus and increased
frontal activation in response to auditory input in hearing
impairment subjects. These findings suggested that cortical
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TABLE 3 | Correlations between changes of microstates and THI in ISSNHL
patients with tinnitus.

THI scores Microstate A Microstate B Microstate C Microstate D
R-value R-value R-value R-value

Coverage (%) −0.358 0.197 −0.228 0.230

Lifespan (ms) −0.235 0.137 −0.192 0.147

Amplitude (uV) 0.000 −0.411∗ 0.053 −0.117

Frequency −0.417∗ 0.223 −0.193 0.257

THI, Tinnitus Handicap Inventory; ∗ Statistical significance.

reorganization facilitated visual and auditory cross-modal
recruitment for visual processing in acute period after ISSNHL.

In current study, no significant difference was found in
microstate C or microstate D. Britz et al. (2010) suggested that
microstate C was related to a salience network, which involved
the detection and orientation of both internal and external
stimuli. Microstate D was related to signals in the right-lateralized
dorsal and ventral regions of the frontal and parietal cortex. These
regions roughly corresponded to the central executive network
(Britz et al., 2010). This result was similar to finding by Fan et al.
(2015), who only found decreased auditory cortical changes in
ISSNHL patients. The reason may be the short-term of duration
which is not sufficient to trigger changes of cognitive functions.
However, the study by Yang et al. (2014) reported not only the
decreased temporal cortical activation, but also the reduced gray
matter volume in non-auditory brain areas such as posterior
cingulate gyrus, precuneus, and right parahippocampal gyrus. Xu
et al. (2016) also showed that alterations of limbic, paralimic, and
auditory networks existed in ISSNHL. The differences might be
due to the heterogeneity in sample characteristics including age,
gender, hearing ability, laterality of hearing loss, educational level,
and research methodology (Fan et al., 2015).

According to the syntax analysis, a significant reduction in
the probability of transition from microstate C to microstate A
was found. The reduced transition from the salience network to
the auditory network was likely due to the deficiency of auditory
sensory input. In addition, the increase was significantly found
in the transition probability from microstate C to microstate B.
This result indicated the compensatory plasticity after hearing
loss with increased activity from the salience network to the
visual network. ISSNHL subjects began to rely more on the visual
information to compensate for their hearing impairment (Rouger
et al., 2012; Campbell and Sharma, 2014).

Another interesting finding was the negative correlations
between THI scores and the frequency of microstate A as well
as between THI scores and the transition probability from
microstate D to microstate A. While a positive association was
found between THI scores and the transition from microstate
D to microstate B. These results indicated that the severity of
tinnitus was related to the central plasticity after ISSNHL with
alterations of auditory network and changes of cognitive function
(Chen et al., 2017). The decreased transition from executive
attention network to auditory network and increased to visual
network indicated that generation of tinnitus in acute period
may be also due to disruption of auditory and non-auditory

network (Elgoyhen et al., 2015; Song et al., 2015). However, Cai
et al., 2018) cannot found significant correlation between THI
scores and any microstate parameters in chronical tinnitus. The
reasons may be relied on the difference of the tinnitus duration
and the alteration of central reorganizaiton between acute and
chronic periods for tinnitus subjects. Further longitudinal study
was needed to explore the central characteristics of ISSNHL and
tinnitus at each stage to clarify the mechanism of the generation
and maintenance of tinnitus.

All in all, the results of this study showed that there
was a reduced activity in auditory network and an increased
activity in visual network. In addition, the negative correlation
between THI scores and frequency of microstate A was found.
The findings of this study provided the theoretical basis for
the treatment of ISSNHL patients with tinnitus. For example,
repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive way that can modulate the excitability of the brain cortex
(Formanek et al., 2018). And rTMS targeted on the abnormal
central networks may be a strategy for the treatment of tinnitus.
According to the findings of our study, we can improve the
excitability of brain regions of auditory network by using rTMS,
which may be beneficial for the improvement of symptoms of
ISSNHL patients with tinnitus. Additionally, THI scores of acute
tinnitus may reduce with the excitement of auditory network.
More further studies were needed to explore the clinical effective
treatment by using the findings of tinnitus associated researches.

Nonetheless, it is necessary to realize that ISSNHL is a
heterogeneous disease with different hearing function, laterality
and concomitant symptoms, such as tinnitus and vertigo (Fan
et al., 2015). Therefore, it is hard to eliminate its heterogeneous
factors completely even with the use of strict inclusion
and exclusion criteria. Additionally, this study investigate
aberrant dynamics of EEG microstates in ISSNHL patients with
tinnitus and cannot separate the effects of acute tinnitus and
ISSNHL on central nervous system respectively. Because of
the perspectiveness and novelty of the study, our research has
some limitations and its results need to dispose with caution.
A further research with larger sample sizes and more subgroups
comparisons is needed to clarify the central mechanism of
ISSNHL and tinnitus in acute period.

CONCLUSION

There were several significant differences in temporal
characteristics and syntax of EEG microstates between ISSNHL
patients with tinnitus and the controls at rest. This study suggests
that the alterations of central neural networks occur in acute
stage of hearing loss and tinnitus. EEG microstate may be
considered as a useful way to explore the brain network in
ISSNHL patients with tinnitus.
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At present, the mechanisms underlying changes in visual processing in individuals with
tinnitus remain unclear. Therefore, we investigated whether the vision dominance of
individuals with tinnitus disappears at the preresponse level through behavioral study.
A total of 38 individuals with tinnitus and 31 healthy controls completed a task in which
they were asked to attend to either visual or auditory stimuli while ignoring simultaneous
stimulus inputs from the other modality. We manipulated three levels of congruency
between the simultaneous visual and auditory inputs: congruent (C), incongruent at
the preresponse level (PRIC), and incongruent at the response level (RIC). Thus, we
differentiated the cross-modal conflict explicitly into the preresponse (PRIC > C) and
response (RIC > PRIC) levels. The results revealed no significant difference in the size
of the preresponse level conflict between the auditory attention and visual attention
conditions in tinnitus group. In brief, the preresponse level of individuals with tinnitus
showed a loss in vision dominance. This may be due to the reduced interference of
visual information in auditory processing.

Keywords: tinnitus, cross-modal interference, vision dominance, attention, behavioral research

INTRODUCTION

Vision and audition are important functions through which individuals obtain information about
the external environment. When individuals attend to information from one sensory modality,
they tend to “look without seeing” or “listen without hearing” to the information received by other
sensory modalities. However, the information received by the non-attended modality affects the
information processing of that received by the attended modality, and this phenomenon is known
as cross-modal interference. Previous studies have reported that when the input information of
visual and auditory modalities is inconsistent, the processing time is prolonged and the accuracy
of responses to attended stimuli decrease (Colavita, 1974; Chen and Zhou, 2013). Moreover, visual
distractors cause more interference to auditory processing than auditory distractors do to visual
processing (as vision dominance) at the preresponse level, but auditory distractors cause more
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interference to visual processing than visual distractors do to
auditory processing (as audition dominance) at the response level
(Repp and Penel, 2004; Kato and Konishi, 2006; Mayer et al.,
2009; Koppen et al., 2009; Chen and Zhou, 2013).

Tinnitus, a subjective auditory experience, emerges
independent of external stimuli, and its occurrence and
maintenance require attentional resources (Roberts et al.,
2013). Previous studies have shown that visual processing
in individuals with tinnitus is significantly worse than that
of healthy controls (Stevens et al., 2007; Heeren et al., 2014;
Araneda et al., 2015a,b; Li et al., 2018), and is more susceptible
to cross-modal interference of auditory information (Araneda
et al., 2015b). Meanwhile, the decrease in signal detection (the
early stage of cognitive processing) might underlie the impaired
visual processing in individuals with tinnitus (Li et al., 2018).
With this in mind, the “visual dominance effect” (i.e., allocating
more attentional resources to visual rather than auditory
information, which leads to stronger interference of visual
distractors on auditory targets) at the preresponse level might
function abnormally in individuals with tinnitus. Clarifying
this problem will facilitate further understanding of the effect
of tinnitus on individuals’ cognitive processing (particularly
cross-channel information integration), and will provide a
reference for improving strategies concerning the evaluation and
management of tinnitus. However, the changes and mechanisms
of visual processing in individuals with tinnitus are unclear.

The current study aimed to investigate whether the vision
dominance of individuals with tinnitus disappears at the
preresponse level. To this aim, we used the experimental design of
Chen and Zhou (2013), which could help investigate cross-modal
conflict at the preresponse and response levels. Participants
simultaneously received visual and auditory stimuli (i.e., cross-
modal inputs), and were asked to attend to one modality
and ignore the other. All experimental stimuli were presented
as one of four colors (red/green/blue/yellow), two of which
(red and green) were targets, while the other two (blue and
yellow) were distractors (Figure 1A); only stimuli in the “target”
category required press the button. The task included the two
following factors: modality (attending to visual/auditory stimuli)
and congruency (cross-modal congruency, C; incongruent at
preresponse level, PRIC; incongruent at both the preresponse
and response levels, RIC). In the C condition, bimodal inputs
referred to the same target (e.g., participants saw a red block
and heard “red”). In the PRIC condition, the stimulus in
the attended channel (visual/auditory) was a target, but the
stimulus in the unattended channel was a distractor that did
not require a response (e.g., participants saw a red block
but heard “blue”); therefore, the cross-modal conflict emerged
at the preresponse level but not the response level. In the
RIC condition, the stimuli in the attended channel and the
unattended channel were two different targets that required
different responses (e.g., participants saw a red block but heard
“green”) (Figure 1B); therefore, the cross-modal conflict emerged
at both the preresponse and response levels. According to
Chen and Zhou (2013), the classical findings in this task are
that visual distractors cause larger preresponse-level interference
(PRIC > C in reaction time) to auditory processing than

vice versa, while auditory distractors cause larger response-level
interference (RIC > PRIC in reaction time) to visual processing
than vice versa.

Based on these previous studies, we hypothesized that the
vision dominance of individuals with tinnitus would disappears
at the preresponse level, and there would be no significant
difference between the interference of visual information in
auditory processing and vice versa. In line with this hypothesis,
we found that there was no significant difference in preresponse-
level interference between the modalities attended. This study did
not have any specific predictions concerning the disappearance of
visual dominance.

METHODS

The experimental protocol was reviewed and approved by the
Ethics Committee of the Third Affiliated Hospital of Sun Yat-
sen University [approval number: (2018) 02-358-01]. All enrolled
participants were required to sign an informed consent form.

Participants
Individuals with tinnitus admitted to the Outpatient Department
of Otorhinolaryngology, the Third Affiliated Hospital of Sun
Yat-sen University due to tinnitus as a major complaint were
enrolled (21 men, 17 women, mean age = 28.23 ± 6.20 years).
All individuals were diagnosed as having chronic subjective
tinnitus, without hyperacusis, and the pure-tone threshold from
125 to 8000 Hz, including the semioctave range, were ≤40 dB
HL. Healthy controls, who had no history of hearing loss
(both pure-tone threshold ≤25 dB HL), tinnitus, dizziness,
or other ear diseases, were recruited from online and poster
adverts at the Sun Yat-sen University (16 men, 15 women,
mean age = 22.63 ± 2.24 years). All participants were right-
handed, had normal or corrected-to-normal vision (5.0 or above
in the Logarithmic Visual Acuity Chart), and no color blindness
or weakness. No participant had a history of neurological or
psychiatric disorders.

Experimental Design and Stimuli
We adopted a 2 (group: tinnitus and control groups) × 2
(modality attended: Attend-Visual and Attend-Auditory) × 3
(congruency: C, PRIC, and RIC) hybrid design.

Visual stimuli (color blocks) were presented on an LED
monitor at a viewing distance of 70 cm. Auditory stimuli (verbal
pronunciations) were voice recordings of a male speaker and
were delivered binaurally via stereo headphones. The volume was
adjusted for each participant such that the auditory stimuli could
be clearly heard.

The experimental task was to judge whether the attended color
block or verbal pronunciation was red or green. Throughout
the experiment, all color blocks and verbal pronunciations were
potential targets that required responses. Participants used the
index and middle fingers of their right hand to respond by
pressing one key on the response box for red or another key
for green. The mapping between the two response keys and red
versus green color was counterbalanced across participants.
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FIGURE 1 | Exemplar stimuli (A) and design (B) in experiment. (A) Two color pictures and their verbal sounds served as targets. Another two color pictures and their
verbal sounds served as distractors. (B) Examples of the manipulation of the three levels of congruency are provided for the situation in which the visual modality
was attended. In the C condition, the auditory name and visual picture refer to the same target. In the PRIC condition, the auditory name refers to the distractors and
the visual picture refers to the target. In the RIC condition, the auditory name and visual picture refer to different targets. The auditory names were played in
Mandarin, like /Hong/ /Lv/ /Lan/, and /Huang/.

Procedure
The stimuli were presented using a hybrid design in which
the attended modality was blocked, and the C, PRIC, and RIC
trials were mixed randomly within each block. In each block,
participants were asked to focus on either the visual or auditory
stimuli while ignoring stimuli from the other modality. They
were instructed to fixate on the central cross throughout the
experiment without moving their eyes. In each trial, a color
block and verbal pronunciation were simultaneously presented
for 300 ms. Each of the six experimental conditions had
48 trials, resulting in a total of 384 trials (288 experimental
trials and 96 null trials). In a null trial, only the central
fixation cross was displayed. For the visual attention condition
and auditory attention condition, respectively, null trials and
C, PRIC, and RIC trials were randomly mixed and then
divided into 24 test blocks. Each block comprised 8 trials
and lasted for 20 s. The visual attention condition and
auditory attention condition blocks were alternated. Each block
started with a 2-s visual instruction about which modality
was to be attended.

Statistical Analyses
Within each of the six experimental conditions, omissions,
incorrect responses, and trials with reaction times (RTs)
three standard deviations away from the mean RT were
excluded from further analyses. The mean RTs of the remaining
trials were subsequently calculated. Normally distributed

data were analyzed using repeated measures analysis of
variance (ANOVA) and t-tests. Otherwise, median and
quartile ranges were presented, and differences were tested
using Wilcoxon Signed Ranks Test. p < 0.05 was considered
statistically significant.

RESULTS

The 2 (group: tinnitus and control groups) × 2 (modality
attended: Attend-Visual and Attend-Auditory) × 3 (congruency:
C, PRIC, and RIC) repeated measures ANOVA showed a
significant main effect of Group [F(1,67) = 9.15, p = 0.004],
whereby the tinnitus group had significantly longer RTs than
those of the control group, irrespective of the attended modality
or congruency condition (p < 0.05; Figure 2A).

Moreover, there was a significant main effect of attended
modality [F(1,67) = 76.94, p < 0.001], whereby RTs to the
visual targets were significantly shorter than those to the
auditory targets. There was also a main effect of congruency
[F(2,134) = 284.53, p < 0.001]; further pairwise comparisons
using Bonferroni correction indicated that RTs in the PRIC
condition were significantly longer than those in the C condition
(p < 0.001), and RTs in the RIC condition were significantly
longer than those in the PRIC condition (p = 0.02). This
result indicated significant cross-modal conflicts at both the
preresponse and response levels.
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FIGURE 2 | Behavioral results of Experiment. (A) Inter-group differences of the six experimental conditions. (B) Intra-group differences of the six experimental
conditions. (C) Inter-group differences of sizes of cross-modal conflict at the preresponse (PRIC > C) and response (RIC > PRIC) levels are shown as a function of
the attended modality. ∗p < 0.05; ∗∗p < 0.01.

There was a significant interaction between the attended
modality and congruency [F(2,134) = 7.44, p = 0.001],
and planned t-tests on simple effects indicated that the

preresponse level conflict was significant both in the auditory
attention condition (p < 0.001) and visual attention condition
(p < 0.001). Conversely, the response level conflict was only
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significant in the visual attention condition (p = 0.001),
and not in the auditory attention condition (p = 0.40).
There were no significant interactions between attended
modality and group [F(1,67) = 1.38, p = 0.25], consistency
and group [F(2,134) = 0.50, p = 0.61], attended modality,
consistency, and group [F(2,134) = 1.80, p = 0.17]. This
indicated that the pattern between attended modality and
consistency were similar between the tinnitus group and control
group (Figure 2B).

Within the control group, the size of the preresponse level
conflict was significantly larger when the auditory modality
was attended vs. when the visual modality was attended
(p = 0.02), whereas the size of the response level conflict
was significantly larger when visual modality was attended
vs. when the auditory modality was attended (p = 0.04)
(Figure 2C, right). Within the tinnitus group, the size of
the preresponse level conflict was not significantly different
between the auditory attention and visual attention conditions
(p = 0.85) (Figure 2C, left).

For both the auditory attention and visual attention
conditions, further independent samples t-tests did not reveal
any significant between-group differences in the size of the
congruency effect at the preresponse and response levels groups
(p = 0.24, 0.59, 0.82, and 0.91, respectively).

DISCUSSION

The brain can process a limited amount of information per
unit time; therefore, the brain needs to allocate limited attention
resources to process the most pertinent information in complex
situations (Mishra and Gazzaley, 2012). The occurrence and
maintenance of tinnitus both require attentional resources, which
eventually affects cognitive processing (Roberts et al., 2013). The
present study found that the RTs of the tinnitus group in both
experimental conditions were significantly longer than those of
the control group, thus supporting the reduction of visual and
auditory processing in individuals with tinnitus.

More importantly, we found that the vision dominance
of individuals with tinnitus disappeared at the preresponse
level, as hypothesized. Although the size of the congruency
effect at the preresponse level did not show significant
differences between the tinnitus and control groups, it reduced
from 162 ms in the control group to 138 ms in the
tinnitus group in the auditory attention condition, while it
maintained a similar effect in the tinnitus (135 ms) and
control (130 ms) groups in the visual attention condition.
Therefore, we speculate that the disappearance of visual
dominance at the preresponse level in individuals with
tinnitus is mainly due to the reduced interference of visual
information in auditory processing. This finding also indicates
that the auditory modality may demand a greater allocation of
attention, which consequently weakens the interference of the
visual modality.

However, we must also realize that tinnitus may be a
product of brain dysfunction (Elgoyhen et al., 2015), and

brain dysfunction may also affect other cognitive processes,
other than auditory processing. Thus, whether the reduction
of visual processing in individuals with tinnitus is due to
tinnitus, or, like tinnitus, still needs to be further explored.
Moreover, the default mode network is involved in visual
dominance at the preresponse level (Chen and Zhou, 2013),
and many brain regions and neural connections in the
default mode network of individuals with tinnitus have been
found to exhibit changes (Elgoyhen et al., 2015). We aim
to explore the relationship between the disappearance of
visual dominance at the preresponse level and the change
in the default mode network in our follow-up EEG and
imaging studies. Furthermore, this study only focused on
individuals with chronic subjective tinnitus. Therefore, the
results of the study cannot be extended to other groups of
individuals with tinnitus. Follow-up studies should gradually
incorporate different groups of individuals of tinnitus, such
as those with acute tinnitus or objective tinnitus, to further
clarify this viewpoint.

CONCLUSION

The preresponse level of individuals with tinnitus revealed a
loss of vision dominance, which may be due to the reduced
interference of visual information in auditory processing. Further
studies are warranted to verify our findings and to explore the
neural mechanisms underlying behavioral changes using EEG
and imaging techniques.
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of Otolaryngology Head and Neck Surgery, Beijing Friendship Hospital, Capital Medical University, Beijing, China,
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Previous resting-state functional magnetic resonance imaging (fMRI) studies have
shown neural connectivity alterations after the treatment of tinnitus. We aim to study
the value of the baseline functional connectivity features of neural network nodes to
predict outcomes of sound therapy through adjusted narrow band noise. The fMRI
data of 27 untreated tinnitus patients and 27 matched healthy controls were analyzed.
We calculated the graph-theoretical metric degree centrality (DC) to characterize
the functional connectivity of the neural network nodes. Therapeutic outcomes are
determined by the changes in the Tinnitus Handicap Inventory (THI) score after a
12-week intervention. The connectivity of 10 brain nodes in tinnitus patients was
significantly increased at baseline. The functional connectivity of right insula, inferior
parietal lobule (IPL), bilateral thalami, and left middle temporal gyrus was significantly
modified with the sound therapy, and such changes correlated with THI changes in
tinnitus patients. Receiver operating characteristic curve analyses revealed that the
measurements from the five brain regions were effective at classifying improvement after
therapy. After age, gender, and education correction, the adjusted area under the curve
(AUC) values for the bilateral thalami were the highest (left, 0.745; right, 0.708). Our study
further supported the involvement of the fronto-parietal-cingulate network in tinnitus
and found that the connectivity of the thalamus at baseline is an object neuroimaging-
based indicator to predict clinical outcome of sound therapy through adjusted narrow
band noise.

Keywords: tinnitus, sound therapy, functional magnetic resonance imaging, functional connectivity, degree
centrality, neural biomarker, graph theory
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INTRODUCTION

Tinnitus, the perception of sound without any external stimuli,
is highly prevalent, affecting 10 to 25% of the general population
(Baguley et al., 2013; Bauer, 2018). Without effective treatment,
patients with persistent tinnitus experience substantial distress
that significantly affects their quality of life, even leading
to suicide. New and effective therapeutic approaches are
desperately needed.

Current therapeutic approaches include tinnitus retraining
therapy (Scherer et al., 2014; Kim et al., 2016), counseling,
cognitive behavior therapy (Conrad et al., 2015; Weise et al.,
2016), transcranial magnetic stimulation (Kreuzer et al., 2017;
Formanek et al., 2018), hearing aids (Searchfield et al., 2010),
pharmacological treatments (von Boetticher, 2011), and several
innovative sound-based treatments (e.g., Heidelberg Neuro-
Music Therapy) (Krick et al., 2015, 2017a,b), Cochleural
Alternating Acoustic Beam Therapy (CAABT) (Liu et al., 2018),
and Tailor-Made Notched Music Training (TMNMT) (Okamoto
et al., 2010; Kim et al., 2017; Lee et al., 2017). Sound therapy is
considered as a cost-effective management for tinnitus (Tunkel
et al., 2014; Walker et al., 2016; Makar et al., 2017) and is one
of the most commonly used first-line therapy interventions for
decades (Henry et al., 2002). An adjusted narrow band noise was
commonly used in sound therapy. For tinnitus patients, sound
therapy may not totally eliminate the symptoms, but it could
help patients become familiar with tinnitus and offer relief from
tinnitus-related distress, subsequently improving their quality of
life (Hobson et al., 2007, 2012; Newman and Sandridge, 2012;
Hoare et al., 2014; Aytac et al., 2017; Mahboubi et al., 2017).
Determining the factors that can predict the treatment efficacy
of sound therapy will help to deliver cost-effectiveness therapy in
tinnitus patients.

For patients with tinnitus, the functional connectivity differs
from that of control individuals (Husain, 2016). Effective
treatments for tinnitus have been shown to correlate with
alterations in brain activities. Brain regions in the posterior
cingulate cortex (PCC)/precuneus (Krick et al., 2017a), rostral
and pregenual anterior cingulate cortices (rACC/pgACC),
auditory cortex, parahippocampus (Kim et al., 2016), and inferior
frontal gyrus (Roland et al., 2015) were reported to have
significantly altered functional activity after therapy. However,
very few studies have investigated the value of a non-invasive
test, i.e., neuroimaging to predict clinical outcome, especially
with sound therapy through adjusted narrow band noise. If a
set of parameters is determined through such study, it would be
valuable to guide patient selection and to deliver personalized
therapeutic strategies.

Among numerous neural network measures, degree centrality
(DC) is regarded as a reliable graph-theoretical-based analytic
method with moderate to high test–retest reliability for the
measurement of functional connectivity features of neural
network nodes (Zuo and Xing, 2014). In graph theory, the DC of a
node is defined as the number of functional connections to other
nodes in the brain atlas (Bullmore and Sporns, 2009; Tomasi
and Volkow, 2010). Thus, DC value could reflect functional
connectivity features. Nodes with a higher DC are considered

more important in the brain network, i.e., neural network hubs.
Thus, DC results could indicate the highly connected regions of
the brain and quantify the importance of each node in the brain
network (Lv et al., 2018). DC features simplicity in understanding
and performance. It has been successfully used to measure altered
functional connectivity in idiopathic tinnitus (Chen et al., 2016),
pulsatile tinnitus (Lv et al., 2015), schizophrenia (Zhuo et al.,
2014), and Alzheimer’s disease (Dai et al., 2015). Alteration
of DC in brain regions is closely correlated with symptom
severity. In addition, DC at baseline could also provide objective
neuroimaging-based indicators to predict response to treatment,
such as in obsessive–compulsive disorder (Gottlich et al., 2015)
and major depressive disorder (Shen et al., 2015). These results
suggested the potential use of neuroimaging-based network
features to predict response to treatment in tinnitus.

We hypothesized that functional connectivity features of the
brain nodes determined by DC can predict the response of sound
therapy through adjusted narrow band noise. In this study, we
will analyze the functional connectivity of the neural network
nodes within a standardized brain atlas (Power et al., 2011).
We will compare the baseline and post-treatment functional
brain network architectures in the cohort of patients with
tinnitus. Furthermore, multiple regression analyses were applied
to explore the potential of baseline functional connectivity
features of neural network hubs to classify improvement
status for patients.

MATERIALS AND METHODS

Standard Protocol Approvals,
Registrations, and Patient Consents
This experiment was approved by the Institutional Review Board
(IRB) of Beijing Friendship Hospital, Capital Medical University,
Beijing, China. Written informed consent was obtained from all
subjects enrolled in this study. The protocol was registered on
ClinicalTrials.gov, ID: NCT02774122.

Participants
A total of 29 patients with untreated persistent tinnitus were
recruited in this study. Twenty-eight age-, sex-, and education-
level-matched healthy controls were also enrolled. The inclusion
criteria for patients were as follows: aged 18 to 65 years and
suffered from idiopathic tinnitus for more than 6 months
persistently. Tinnitus was present as a hissing sound without any
rhythm. Based on audiogram results, we excluded subjects with
hearing loss, which was defined as more than 25 dB hearing loss
at frequencies ranging from 250 to 8 kHz in puretone audiometry
examination (PTA). Other exclusion criteria were hyperacusis
on physical examination, otosclerosis, sudden deafness, Ménière’s
disease, stroke, trauma, brain tumor, and other neurological
diseases. The hearing thresholds of normal controls were also
examined by PTA. Importantly, subject with hearing loss was
one of the exclusion criteria. Other exclusion criteria for healthy
controls were the same as above.

We asked patients to fill in the Tinnitus Handicap
Inventory (THI) to assess the severity of disease at baseline

Frontiers in Neuroscience | www.frontiersin.org 2 July 2019 | Volume 13 | Article 61460

https://clinicaltrials.gov
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00614 July 3, 2019 Time: 15:55 # 3

Han et al. Activity Predict Tinnitus Treatment Effects

(Newman et al., 1996). Tinnitus patients were treated by sound
therapy through adjusted narrow band noise for 12 weeks,
20 min each time for three times per day. The intervention sound
was matched with the clinical examination results, including
loudness, and pitch matching. Specifically, the initial volume of
noise sound was set as 5 dB over the loudness of tinnitus. For
the frequency of the intervention sound, we first determined
the tinnitus frequency (Tf) according to the results of tinnitus
pitch matching. We then set an adjusted narrow band noise
1 kHz narrow band, Tf frequency. It would be necessary to adjust
treated sound parameters based on examination every 2 weeks if
the tinnitus sound is changed following treatment. We also asked
the patients to fill out the THI again at the end of treatment.
A reduction of at least 16 points in THI was considered effective
(Zeman et al., 2011). Two of the patients were excluded due to
lack of response to treatment according to this criterion.

MRI Data Acquisition
For both tinnitus patients and healthy controls, MRI data
acquisition was performed at baseline. All of the subjects
were scanned using a 3.0 T GE (General Electric) scanner
with an eight-channel head coil. Resting-state functional
magnetic resonance imaging (fMRI) data were obtained with
the following parameters (echo planar imaging sequence):
TR/TE = 2,000/35 ms; field of view (FOV) = 240 × 240 mm; flip
angle = 90◦; matrix = 64 × 64; 28 slices; 4-mm slice thickness;
1-mm gap; and 200 time points in total. Additionally, high-
resolution structural images were obtained with the following
parameters: TR/TE/TI = 8.8/3.5/450 ms; FOV = 240 × 240 mm;
flip angle = 15◦; matrix = 256 × 256; 196 slices; and 1 mm
thickness without gap.

Image Preprocessing
Image preprocessing was performed using SPM 81 and the
Graph-theoretical Network Analysis Toolkit v2.0.0 (GRETNA2)
in MATLAB (Wang et al., 2015). Our procedures included
discarding the first 10 time points, slice timing, realigning,
correcting head motion, spatial normalization to the MNI
(Montreal Neurological Institute) space with resampled images
(3 mm × 3 mm × 3 mm), detrending, and bandpass filtering
(0.01–0.08 Hz). Nuisance variables including signals of white
matter and ventricular and friston 24 head motion parameters
(Yan et al., 2013) were regressed out. For the quality control,
one of the enrolled healthy controls was excluded according to
the exclusion criteria (spatial movement in any direction more
than 2.0 mm or degrees). Notably, we did not perform smoothing
in the image preprocessing procedure to prevent the possible
introduction of artifactual correlations in the next DC calculation
step (Zuo et al., 2012; Lv et al., 2018).

Degree Centrality Calculation and
Network Construction
Qualified images were subjected to further brain network
construction and DC calculation using the GRETNA toolbox

1http://www.fil.ion.ucl.ac.uk/spm
2http://www.nitrc.org/projects/gretna/

(Wang et al., 2015). A total of 264 defined brain nodes covering
the whole brain were set as invested regions of interest (ROIs),
as described in a widely used standardized brain atlas (Power
et al., 2011). There were two main approaches when calculating
DC: binary graph and weighted graph. The binary graph of
DC is calculated as the number of functional connections.
The weighted graph is computed as the sum of weights over
every functional connection, providing a more precise centrality
characterization of brain networks (Cole et al., 2010). Weighted
networks generate more reliable numerical results compared to
binarized networks (Wang et al., 2011). Thus, we adopted a
weighted graph to calculate DC in this study. Specifically, the
functional connectivity among ROIs was measured by computing
the Pearson correlation coefficients (r) among the time series of
every possible pair nodes. After calculation, all of the resulting
DC maps were spatially smoothed (a Gaussian kernel with a
full-width at half maximum = 6 mm). Finally, the DC maps
were z-transformed (z-values of DC) to allow for averaging and
between-subject comparisons.

Statistical Analysis
Sample Characteristics and Degree Centrality
Differences Among Groups at Baseline
The demographic data of the patients and healthy controls were
compared using SPSS 12.0 software (SPSS, Inc., Chicago, IL,
United States) through two-sample t-tests, paired two-sample
t-tests, and a Fisher’s exact test. The results were considered
significant with P < 0.05. Longitudinal changes in THI scores
were calculated as: 1THI = THIpre − THIpost. The 1THI would
represent the therapeutic effect of treatment. Imaging data were
analyzed in the SPM. Differences in the z-values of DC between
tinnitus patients and healthy controls were analyzed by a two-
sample t-test (false discovery rate (FDR) corrected for multiple
comparisons, P < 0.05). The results were visualized with the
REST Slice Viewer and BrainNet Viewer3 (Song et al., 2011;
Xia et al., 2013).

Degree Centrality Differences at Baseline
After DC calculation and network construction, we produced
a continuously weighted network (264 × 264 matrix) for each
subject. To reveal the differences of DC between tinnitus patients
and healthy controls at baseline, we used a two-sample t-test. The
results were FDR corrected with P < 0.05.

Correlation Between Degree Centrality Maps and
Tinnitus Handicap Inventory Score
According to a one-sample Kolmogorov–Smirnov test, the THI
score at baseline and the 1THI values were both normally
distributed. To identify brain nodes that were significantly related
to the outcome of treatment for tinnitus patients, we conducted a
correlation analysis between the z-values of DC and baseline THI
as well as 1THI. Age and gender were added as covariates during
the calculations.

Adjusted Receiver Operating Characteristic Curve
To further examine whether the DC at baseline might be
sufficiently sensitive and specific to serve as a potential neural

3http://www.nitrc.org/projects/bnv/
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biomarker for predicting improvement after intervention, we
employed adjusted receiver operating characteristic (ROC)
curves (Janes et al., 2009). We added age, gender, and
education as covariates to recalculate ROC results. Analytic
strategies were performed for each node whose baseline DC was
significantly correlated with the clinical response of treatment in
tinnitus patients.

Additionally, according to the standard defined by Zeman
et al. (2011), a reduction of at least 40 points in THI
represents relative better effects of the therapy. Thus, we set
THI = 40 as a cutoff value to identify brain regions that
predict improvements after treatment with high specificity
and sensitivity.

RESULTS

Demographics and Clinical
Characteristics
A total of 27 tinnitus patients and 27 healthy controls
completed the study (Table 1). For tinnitus patients, THI scores
longitudinally decreased significantly. 1THI were also calculated.

Functional Connectivity Differences
Between Patients and Healthy
Controls at Baseline
We calculated the DC of the 264 defined brain nodes within
the whole brain. As shown in Table 2, when compared to
healthy controls, the anterior cingulate cortex (ACC), right
insula, bilateral superior frontal gyrus (SFG), right middle
frontal gyrus (MFG), right inferior parietal lobule (IPL), bilateral
thalami, and right middle temporal gyrus [two separate brain
regions: the anterior part overlapped within the default mode
network (DMN) and the posterior part overlapped with the
associate auditory cortex (AAC)] showed increased DC in
tinnitus patients. No node with decreased DC was found. These
results suggest that an objective neuroimaging-based indicator
can differentiate tinnitus from healthy controls.

Correlation Between Degree Centrality
Maps and Tinnitus Handicap Inventory
Score
Positive correlations between THI at baseline and DC values were
found in the right insula (r = 0.415, p = 0.031). As shown in

TABLE 1 | Summarized demographic and clinical characteristics of the enrolled subjects.

Tinnitus patients Tinnitus patients Healthy controls Healthy controls

(baseline, n = 27) (12th week, n = 27) (baseline, n = 27) (12th week, n = 27) P-value

Age (years) 23–62 (37.5 ± 10.6) 25–59 (38.4 ± 11.3) 0.78a

Gender (male/female) 12/15 12/15 > 0.99b

Education (years) 6–16 (11.4 ± 3.0) 6–19 (12.3 ± 3.6) 0.33a

Handedness 27 right-handed 27 right-handed > 0.99a

Tinnitus duration (months) 6–48 (25.0 ± 13.4) NA NA

THI score 40–90 (66.6 ± 13.9) 12–50 (30.4 ± 11.1) NA < 0.01c

1THI score 24–52 (36.2 ± 8.8) NA NA

Data are presented as min–max ranges (mean ± SD) for all variables except gender. THI: Tinnitus Handicap Inventory. 1THI = THIpre − THIpost. NA: not applicable.
aTwo-sample t-tests. bChi-square test. cPaired-sample t-tests.

TABLE 2 | Brain nodes with significant differences in DC values in tinnitus patients relative to healthy controls at baseline.

DC value of DC value of

Brain region Peak MNI, mm tinnitus patients healthy controls T

x y z

Anterior cingulate cortex −3 26 44 73.75 ± 3.21.25 57.42 ± 7.22.45 2.75

R insula 37 32 −2 70.87 ± 0.20.96 54.27 ± 4.18.42 3.09

L superior frontal gyrus −20 45 39 73.75 ± 3.21.25 57.42 ± 7.22.45 2.75

R superior frontal gyrus 26 50 27 73.75 ± 3.22.17 57.50 ± 7.15.56 3.12

R middle frontal gyrus 43 49 −2 65.73 ± 5.24.29 48.06 ± 8.15.05 3.21

R inferior parietal lobule 49 −42 45 69.96 ± 9.23.02 52.69 ± 2.22.68 2.78

L thalamus −15 4 8 84.88 ± 4.25.69 61.31 ± 1.21.43 3.66

R thalamus 9 −4 6 82.12 ± 2.27.21 61.84 ± 1.27.48 2.73

R middle temporal gyrus
(anterior part, DMN)

65 −24 −19 74.87 ± 4.21.47 58.78 ± 8.21.19 2.77

L middle temporal gyrus
(posterior part, SAC)

−56 −50 10 84.42 ± 4.25.85 66.14 ± 6.23.97 2.69

For the DC values, data are presented as the mean ± SD. DC, degree centrality (note that the DC value was z-transformed); R, right; L, left; MNI, Montreal Neurological
Institute; DMN, default mode network. SAC, secondary auditory cortex. Peak T scores and location of node maxima in MNI coordinates are listed. The significance
threshold was set as P < 0.05 corrected for multiple comparisons using FDR.
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FIGURE 1 | Brain nodes with baseline DC values that were significantly correlated with decreased THI scores after 12 weeks of sound therapy through adjusted
narrow band noise. (A) Results of the left thalamus. (B) Results of the right insula. (C) Results of the left middle temporal gyrus. (D) Results of the right thalamus.
(E) Results of the right inferior parietal lobule. L, left; R, right; DC, degree centrality; THI, tinnitus handicap inventory; MTG, middle temporal gyrus; IPL, inferior
parietal lobule. X-axis, Decreased THI score; Y-axis, number of Degree Centrality.

Figure 1, for correlative analysis of DC values and therapeutic
effect, significant positive correlations between increased z-values
of DC and 1THI were found in the right insula (r = 0.419,
p = 0.030), right IPL (r = 0.468, p = 0.014), bilateral thalamus (left:
r = 0.411, p = 0.033; right: r = 0.503, p = 0.008, respectively), and
posterior part of the left MTG (SAC; r = 0.410, p = 0.034) after
age and gender correction. There were no additional significant
correlations reported in this study.

Sensitivity and Specificity of Baseline
Degree Centrality in Predicting
Treatment Effect
According to the standard, a reduction of at least 40 points
represents better effects of the therapy (Zeman et al., 2011).
We further tested whether the DC had predictive value for
treatment effectiveness of the intervention. The ROC analyses
revealed that these five brain regions performed well in classifying
better effects of therapy after 12 weeks of treatment. As shown
in Figure 2, after age, gender, and education correction, the
adjusted area under the curve (AUC) values of the nodes
were recalculated. The functional connectivity features of other
brain nodes were as follows: right insula, AUC = 0.704,
sensitivity = 77.8%, specificity = 88.9%, cutoff value = 69.0; right
IPL, AUC = 0.701, sensitivity = 70.4%, specificity = 96.3%, cutoff

value = 72.3; left thalamus, AUC = 0.745, sensitivity = 51.9%,
specificity = 81.5%, cutoff value = 91.0; right thalamus,
AUC = 0.708, sensitivity = 77.8%, specificity = 92.6%, cutoff
value = 88.3; and posterior part of left MTG (SAC), AUC = 0.682,
sensitivity = 51.9%, specificity = 74.1%, cutoff value = 82.5. We
noted that the AUC of bilateral thalami had the highest values
(left, 0.745; right, 0.708). The observed AUC values and bias are
listed in Table 3. We also added unadjusted AUC values of each
node to illustrate the impact of covariates on ROC values in
tinnitus research.

DISCUSSION

This study demonstrated the potential of using a neuroimaging
biomarker in predicting the therapeutic improvement of
tinnitus patients. To our knowledge, this is the first study to
evaluate the predictive value of the graph-theoretical metric
parameters for the outcomes of sound therapy through adjusted
narrow band noise.

Based on a widely used standardized brain atlas consisting
of 264 brain nodes, we first identified 10 brain nodes with
significant differences in their DC values between tinnitus
patients and healthy controls. These brain nodes were widely
distributed within the whole brain and were mainly located in
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FIGURE 2 | The adjusted ROC curves and AUC values of the five nodes when classifying improvements in tinnitus patients after treatment, with age, gender, and
education as corrections. (A) Results of the left thalamus. (B) Results of the right insula. (C) Results of the left middle temporal gyrus. (D) Results of the right
thalamus. (E) Results of the right inferior parietal lobule. X-axis, 100%-Specificity%; Y-axis, Sensitivity.

the frontal lobe (left SFG, right SFG and MFG), parietal lobe
(right IPL), and ACC. These brain regions largely overlap with
the emotional processing areas, which are core structures within

TABLE 3 | The adjusted AUC values and bias of the brain nodes.

95% confidence

AUC Bootstrap interval

(unadjusted; standard (unadjusted;

adjusted) Bias error adjusted)

R insula 0.713 0.574, 0.828

0.704 0.00819 0.07431 0.539, 0.831

R inferior parietal
lobule

0.716 0.577, 0.830

0.701 −0.00043 0.08184 0.524, 0.844

L thalamus 0.752 0.615, 0.859

0.745 0.00027 0.07514 0.575, 0.868

R thalamus 0.704 0.564, 0.820

0.708 0.00740 0.07941 0.535, 0.846

L middle temporal
gyrus (posterior
part, SAC)

0.700 0.560, 0.817

0.682 −0.00336 0.08011 0.528, 0.835

95% confidence interval: bias-corrected confidence interval. R, right; L, left; SAC,
secondary auditory cortex.

the fronto-parietal-cingulate network (Golm et al., 2013; Husain,
2016). Additionally, the thalamus, identified as an important
brain node within the thalamocortical pathway in mediating
auditory–limbic interactions, had a significantly increased DC
in tinnitus patients compared to healthy controls at baseline.
After retrospective data analysis, we identified five nodes with
significant correlations between their DC values at baseline and
decreased THI scores after treatment. Importantly, the DC of
these five nodes had different predictive value for better treatment
responses. Among which, the left thalamus was one of two brain
regions with the highest AUC values, while the other brain
region is the right IPL. However, after age, gender, and education
correction, the adjusted AUC values for the bilateral thalami were
the highest (left, 0.745; right, 0.708). According to our results,
the DC value of the thalamus is an objective neuroimaging-
based indicator to predict better response to treatment. An
improved understanding of neural correlates of tinnitus after
therapy should motivate the development of innovative neural-
based means for assessing the efficacy of sound therapy through
adjusted narrow band noise.

Methodological Considerations
When analyzing functional connectivity features of the neural
network, there are several methods that can be applied. Seed-
based functional connectivity is one of the most commonly
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used methods. The coupling of time series between brain areas
indicates that they are involved in the same underlying functional
process, and thus can be interpreted as functionally connected (Lv
et al., 2018). The computation is relatively simple, and the results
are easily understood. The modest to high test–retest reliability
across connections (Shehzad et al., 2009) further facilitates its
application. However, one of the major disadvantages of seed
analysis is its dependence on the selection of ROIs in conducting
ROI-wise analysis. When the selected seed changes, it may limit
the reproducibility of the results. Thus, it would be more precise
if selected brain nodes are defined prior to data analysis and set
as a standard atlas.

To overcome the problems mentioned above, we first applied
the DC analytic method. Featuring high test–retest reliability
(Zuo et al., 2012), the DC values reflect the entirety of functional
connections between one node to other nodes in the brain
atlas, rather than identifying each connection (Bullmore and
Sporns, 2009; Tomasi and Volkow, 2010). Thus, the results
of DC are quantified values that characterize the importance
of a node (Lv et al., 2018). For the definition of nodes, we
applied a widely used standardized brain atlas, which included
264 defined nodes (Power et al., 2011). Thus, neural activity
could be measured among those 264 predefined nodes within
a graph theoretic framework without selection bias. These
methodological considerations increased the validity of results
and minimized possible confounding factors in this study.

Results of correlation analysis were also needed to be
discussed. We performed correlative analysis with both baseline
THI score at baseline and the 1THI. However, for the results,
we only found positive correlations between the DC values and
THI score at baseline in the right insula, but there were five
brain nodes whose DC values were positively correlated with the
1THI, including the right insula. It indicated that correlations
between brain activity and THI score or 1THI score may be
different. One reason may be the different focused aspect when
we do statistical analysis. One focused on the cross-sectional
aspect and the other focused on the longitudinal changes. As a
result, results may be different and not necessarily overlapped.
Similar phenomena also exist in a previous study on patients with
obsessive–compulsive disorder (Gottlich et al., 2015). Thus, it is
reasonable to presume that results may be different and not be
necessarily overlapped. For another reason, it may indicate that
the DC value is more appropriate for prediction of treatment
effect longitudinally rather than assessment of disease severity.
It would be also one of the advantages that we apply DC as a
predictive biomarker in this study.

The Involvement of the Fronto-Parietal-
Cingulate Network in Tinnitus
The fronto-parietal-cingulate network has been implicated in
tinnitus (Golm et al., 2013; Husain and Schmidt, 2014; Husain,
2016). Brain regions related to the fronto-parietal-limbic network
may include the anterior and PCC, insula, frontal brain areas
(SFG, MFG, especially dorsal lateral prefrontal cortex), amygdala,
parahippocampal gyrus (limbic), and precuneus. These brain
regions are closely correlated with emotional processing.

This network is more active in patients with highly distressing
tinnitus and high THI scores and is also a specific distress
network in tinnitus (Golm et al., 2013). In another study,
increased functional connectivity was detected between the
frontoparietal regions and other parts of the brain (Maudoux
et al., 2012). In the current study, we also found increased
functional connectivity of several regions within the fronto-
parietal-cingulate network, which was reflected by increased DC
values. As a result, our study provided additional evidence that
FC of this network was mainly increased in the perception
of tinnitus. The functional alterations of the fronto-parietal-
cingulate network as well as anatomical changes were involved
in the perception of tinnitus. Gray matter volume changes in the
thalamic level were considered to be critical findings of tinnitus
(Muhlau et al., 2006). According to recent studies, correlations
of tinnitus distress with cortical thickness and cortical surface
area in bilateral cingulate cortex were also reported (Meyer
et al., 2016). Morphological changes were also detected in frontal
areas after treatment (Krick et al., 2015) and were interpreted
as tinnitus-specific gray matter alterations, which was closely
correlated with emotional changes of tinnitus. Additionally, the
THI score of the patients was 66.6 ± 13.9 at baseline, representing
a relatively high distress state. Thus, it is reasonable that core
structures of the fronto-parietal-limbic network with significantly
increased functional connectivity could be identified. Our study
further supports the involvement of this neural network in
tinnitus processing.

The THI score also significantly decreased after treatment in
this study, representing alleviation of symptoms. However, we did
not identify correlations between decreased THI scores and the
DC values of most regions of the fronto-parietal-limbic network
at baseline, except for the right insula. The nature of THI may
be one reason. In fact, THI is a moderately accurate test for
assessing psychiatric disorder of tinnitus patients (AUC = 0.792,
according to previous study) (Salviati et al., 2013). As one of
the most widespread validated questionnaires in the tinnitus
research field (Newman et al., 1996), it is commonly applied
to quantify tinnitus severity rather than tinnitus-related distress
(Langguth et al., 2007). For the evaluation of distress, both
the Global Severity Index (GSI) of Symptomatic Check List-90-
Revised (SCL-90-R) and Stress-related Vulnerability Scale (VRS)
have higher sensitivity and specificity (Salviati et al., 2013). Thus,
a decrease in the THI score may not be specific to relief from
tinnitus-related distress. It would be helpful to acquire GSI or
VRS scores to specifically investigate the activity of the fronto-
parietal-limbic network.

For the right insula, we identified positive correlations
between the DC value and baseline THI as well as a decreased
THI score. It may represent that functional connectivity of the
right insula would be an indication for severe patients and may
also indicate that high functional connectivity of the right insula
have potential predictive value for effective treatment. The insula
is one of the major hubs that modulate tinnitus-related distress
(Husain, 2016). As a core structure of the salience network,
many studies have indicated the important role of the insula in
emotional processing, as reviewed by De Ridder et al. (2014).
When it is active, an external auditory stimulus is perceived by the
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subject (Sadaghiani et al., 2009). For tinnitus patients, an elevated
response of functional activity was found in the right insula
and bilateral parahippocampus when processing affective stimuli
(Carpenter-Thompson et al., 2014). The insula and ACC are
more active in chronic tinnitus compared to recent-onset tinnitus
(Vanneste et al., 2011). Greater functional connectivity was also
detected in both the right anterior insula and left inferior frontal
gyrus in a tinnitus group compared with healthy controls (Burton
et al., 2012). Abnormal regional neural activity and functional
interactions between the right insula and DMN and auditory
network were also reported in patients with persistent pulsatile
tinnitus (Lv et al., 2017). Anatomical changes were also reported
in the insula, according to a voxel-based morphometry study
with a large sample (Schecklmann et al., 2013). Those studies
indicated the importance of the insula in tinnitus mediation. In
this study, we found that the insula DC value performed well in
classifying improvements of the tinnitus patients after treatment.
Our study provided additional evidence for this core structure in
the salience network in tinnitus.

Auditory–Limbic Interaction Pathway
Through the Thalamus
The thalamus is the subcortical auditory processing region. The
medial geniculate nucleus in the thalamus, accompanied by the
primary and secondary sites in the superior temporal gyrus,
forms a typical auditory perception pathway. Further, thalamic
function plays a critical role in the perception of tinnitus and
in regulating the flow of signal among the auditory network and
limbic network. One hypothesis concerning tinnitus perception is
that the thalamic reticular nucleus mediates information between
the limbic and auditory cortex. Under normal circumstances,
the unwanted signal is inhibited in the thalamus, and thus the
propagation of tinnitus is reduced. In chronic tinnitus, cortico-
thalamic activity is increased and prevents inhibition of the
tinnitus signal (Rauschecker et al., 2010; Zhang, 2013). Thus,
changes in the cortico-thalamic feedback loop result in increased
alteration of functional connection of the thalamus (Leaver et al.,
2011). In our study, we mainly enrolled patients with moderate
to severe tinnitus. Those patients were also featured by relatively
higher DC value of the bilateral thalamus. Although we did not
find a positive correlation between DC value and THI score at
baseline, increased FC of the bilateral thalamus could also further
support this theory.

In a different model, the thalamus also plays a major role
in the development of tinnitus. As analyzed by magneto-
encephalography (MEG), the thalamo-cortical loop has normal
rhythms in the normal state relating to sleep and consciousness
(Llinas and Ribary, 1993). When there is reduced functional
input to the thalamus or protracted functioning of the thalamus,
the rhythms of the thalamus change to a large-scale but slow-
rate oscillatory coherent activity, reducing lateral inhibition and
disinhibiting high-frequency gamma waves (Llinas et al., 1999).
To compare the results, the relationship between fMRI and MEG
was preliminarily analyzed (Houck et al., 2017). The spatial
patterns of the two kinds of analysis were similar but not
identical. Interestingly, the functional connectivity results may

be inversed in the two kinds of studies. Thus, theoretically, the
thalamus would be identified with increased FC in fMRI analysis,
as demonstrated by increased DC in our study. As a result,
for both of the models, it was reasonable that thalamus plays
a critical role in mediating tinnitus perception. Besides, similar
to a previous study, our results may further indicate the inverse
relationship of FC revealed by MEG and fMRI analyses.

To further validate the proposed tinnitus models, one previous
study specifically analyzed the functional connectivity features
of the thalamus in tinnitus patients (Zhang et al., 2015). Both
increased and decreased FC were detected between the left
and right thalamus and brain regions in the cerebral cortex.
Different from the results of this study, we only identified
increased functional connectivity (indicated by higher DC values)
in the bilateral thalamus relative to healthy controls. There are
two possible reasons. Firstly, similar to the introduction and
methodological considerations mentioned above, DC calculates
the sum of weights over every functional connection (Cole et al.,
2010), while functional connectivity measures the connection
between several brain regions. Thus, the connectivity feature
of each brain node revealed by DC values will be averaged.
There might be decreased FC between the left or right thalamus
and other brain nodes, but this effect may be covered up by
increased FC values in this study. This circumstance may also
explain why the sensitivity and specificity of the DC values
of both the left and the right thalamus were only moderate
to high in predicting the therapeutic effect. This is also one
limitation of the DC analytic method. However, we should also
pay special attention to the accuracy of traditional ROC. As
suggested by Holly Janes, covariates, e.g., age and gender, are
factors that should be incorporated into ROC analysis (Janes
et al., 2009). Thus, in this study, we added age, gender, and
education as covariates to recalculate the ROC results. After
correction, the adjusted AUC values for the bilateral thalami
were the highest (left, 0.745; right, 0.708). These results further
highlighted the importance of the thalamo-cortical pathway in
processing tinnitus information.

Secondly, a previous study (Zhang et al., 2015) identified
disconnection of the FC of the right thalamus and left STG,
especially in patients with extended disease duration (∼10 years).
Additionally, decreased FC was negatively correlated with
tinnitus duration, possibly indicating habituation of tinnitus. In
our study, the disease duration of enrolled tinnitus patients was
less than 48 months. As a result, the disconnection effect may
not be obvious in patients in the early stage of disease, resulting
in a relatively high DC value at baseline. Sound therapy also
has habituation effects on tinnitus. In our research, higher DC
values in the bilateral thalamus are considered to be potential
biomarkers for predicting the effect of sound therapy through
adjusted narrow band noise. Thus, in light of the previous
study, we hypothesize that DC of the thalamus decreases after
treatment. As this is a core structure that mediates information
between the limbic and auditory cortex, it is critical to test our
hypothesis by analyzing the functional connectivity features of
the thalamus in patients with longer disease duration, as well
as the alteration of DC value of bilateral thalamus after sound
therapy in further studies.

Frontiers in Neuroscience | www.frontiersin.org 8 July 2019 | Volume 13 | Article 61466

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


fnins-13-00614 July 3, 2019 Time: 15:55 # 9

Han et al. Activity Predict Tinnitus Treatment Effects

Limitations
There are several limitations of this study. Firstly, we excluded
two patients who did not respond to treatment in this study.
However, only two subjects would not be enough to do statistical
analysis in an fMRI study. It is important to analyze brain
functional activity in these kinds of patients in order to provide
more information about the neural mechanism of sound therapy
and help to improve treatment strategy in further studies.
Secondly, tinnitus patients enrolled in the current study did not
show any degree of hearing loss, which is not representative for
most tinnitus patients. Thirdly, it would be much more helpful
to enroll a tinnitus group with sham treatment in order to
exclude the placebo effect of tinnitus treatment. Last but not least,
we applied adjusted narrow band noise (1 kHz narrow band,
Tf ± 0.5 kHz) for the treatments of patients, but it indicated that
we were providing more energy in high frequencies where critical
bands are narrower. It would be better if octave bands or similar
bands were applied so that critical bandwidth was considered in
further studies.

CONCLUSION

Our study further supports the involvement of the fronto-
parietal-cingulate network in mediating tinnitus and suggests
that the DC value of the thalamus at baseline is an objective
neuroimaging-based indicator for predicting effectiveness of
sound therapy through adjusted narrow band noise. This
preliminary analysis has important implications in motivating
innovative neuroimaging-based approaches for predicting
the efficacy of treatment, thus guiding earlier personalized
therapeutic strategies for tinnitus patients. Further studies
analyzing functional connectivity of the thalamus are still needed
to further validate the predictive effect of its DC value at baseline.
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Mindfulness-based therapies have been introduced as a treatment option to reduce the
psychological severity of tinnitus, a currently incurable chronic condition. This pilot study
of twelve subjects with chronic tinnitus investigates the relationship between measures
of both task-based and resting state functional magnetic resonance imaging (fMRI)
and measures of tinnitus severity, assessed with the Tinnitus Functional Index (TFI).
MRI was measured at three time points: before, after, and at follow-up of an 8-week
long mindfulness-based cognitive therapy intervention. During the task-based fMRI with
affective sounds, no significant changes were observed between sessions, nor was the
activation to emotionally salient compared to neutral stimuli significantly predictive of TFI.
Significant results were found using resting state fMRI. There were significant decreases
in functional connectivity among the default mode network, cingulo-opercular network,
and amygdala across the intervention, but no differences were seen in connectivity with
seeds in the dorsal attention network (DAN) or fronto-parietal network and the rest of
the brain. Further, only resting state connectivity between the brain and the amygdala,
DAN, and fronto-parietal network significantly predicted TFI. These results point to a
mostly differentiated landscape of functional brain measures related to tinnitus severity
on one hand and mindfulness-based therapy on the other. However, overlapping results
of decreased amygdala connectivity with parietal areas and the negative correlation
between amygdala-parietal connectivity and TFI is suggestive of a brain imaging marker
of successful treatment.

Keywords: tinnitus, mindfulness-based cognitive therapy, resting state MRI, functional MRI, graph connectivity
analysis

INTRODUCTION

Subjective tinnitus, the perception of sound in the absence of an external source, is a currently
incurable chronic condition with a relatively large prevalence rate (12–30% of the general
population) (McCormack et al., 2016). Tinnitus is a heterogeneous condition with varying
perceptual qualities (e.g., pitch, loudness, type of sound) as well as varying psychological
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reactions to the condition. Most individuals habituate to
the condition over time, but for a subset of people, the
condition becomes debilitating with severe psychological effects
including comorbid anxiety and depression (Bartels et al., 2008;
McCormack et al., 2015).

The pursuit of better understanding and treating the condition
typically falls into two overlapping lines of research. One area
seeks to understand and intervene on the primary perception
of the sound. The other line of research focuses more on
understanding the reasons for the variability in psychological
severity of the condition and pursuing ways to effectively
encourage habituation and management of the perception.

Recently, mindfulness-based therapies have been introduced
as a treatment option in this second category of research to reduce
the psychological burden of the condition. Although the research
on these treatments are still in their early days, mindfulness-
based therapies have shown initial promise in modulating the
severity of tinnitus (Kreuzer et al., 2012; Philippot et al., 2012;
Gans et al., 2014; Roland et al., 2015; McKenna et al., 2017). These
therapies teach a conception of mindfulness defined by Kabat-
Zinn (1994) as ‘paying attention. . .on purpose, in the present
moment, and non-judgmentally.’

As mindfulness-based therapies have grown in popularity and
have shown efficacy in a number of psychological conditions (e.g.,
Hofmann et al., 2010; Philippot et al., 2012; Hölzel et al., 2013;
Lakhan and Schofield, 2013), there has been a growing body of
literature investigating changes in functional brain activity after
a period of mindfulness training. Research on the functional
correlates of tinnitus has also expanded in recent years, with
evidence pointing to differences in both responses to certain types
of tasks as well as resting state functional activity predictive of
the condition. Given the evidence for functional changes with
tinnitus and functional changes due to mindfulness training,
there has been growing interest in testing the hypothesis that
the positive effects from mindfulness interventions on tinnitus
severity are modulated through changes in brain function
(Roland et al., 2015). Previous work on functional connectivity
changes with tinnitus have suggested that therapies which
increase connectivity with limbic regions and attention resting
state networks could be effective at reducing tinnitus-related
distress (Schmidt et al., 2013, 2017). Since mindfulness-based
interventions have observed this pattern of connectivity change
(Tang et al., 2015), there is a strong theoretical basis to expect
that mindfulness-based therapies may be effective through this
mechanism. In this study, it was hypothesized that mindfulness-
based therapies alleviate symptoms of tinnitus by altering those
functional patterns.

In addition to changes in seed-voxel connectivity,
supplemental tools from network analysis are widely used
to understand anatomical and functional brain connectivity
patterns using data obtained from neuroimaging studies (Bassett
and Bullmore, 2006; Bullmore and Sporns, 2009; Rubinov and
Sporns, 2010; Meunier et al., 2010; Hutchison et al., 2013; Sporns,
2014; Zalesky et al., 2014; van den Heuvel et al., 2016; Bassett
and Sporns, 2017). Various network metrics have been used to
assess and differentiate between individuals in terms of cognitive
abilities and disease progression in a wide range of conditions

(Liu et al., 2008; Alexander-Bloch et al., 2010; Lynall et al., 2010;
van den Heuvel et al., 2010, 2013; Bassett et al., 2011; Yu et al.,
2011; Hutchison et al., 2013; Wang et al., 2013; Braun et al.,
2015). Researchers have also observed many salient properties of
brain functional networks, e.g., community (module) structure,
rich club organization, network hub structure, strong local
clustering, short characteristic path length, etc., which together
lead to efficiency and small world property in networks. These
network properties, in turn, have been associated with efficient
performance of brain’s tasks. A number of studies have also
applied graph analysis tools to data from mindfulness or
meditation studies and have found significant differences in
efficiency and clustering coefficient in functional brain networks
to be associated with meditation (Gard et al., 2014; van Lutterveld
et al., 2017). However, these graph analysis tools have not been
applied with respect to changes in tinnitus outcomes across
mindfulness-based interventions.

In the current pilot study, we build upon results presented in
Husain et al. (2019) showing a reduction in tinnitus severity after
a mindfulness-based cognitive therapy (MBCT) intervention
by analyzing the functional MRI (fMRI) data in the same
subjects. We analyzed changes in brain activity during an
auditory emotion task and during resting state across three
sessions before, immediately after treatment, and 8 weeks
after the treatment ended. The auditory emotion task was
used in previous studies (Carpenter-Thompson et al., 2014)
to differentiate between bothersome and mild tinnitus. As a
secondary goal, we investigated whether changes in functional
activity to the auditory emotion task or resting state across
the sessions predicted the reductions in tinnitus severity, as
assessed through the Tinnitus Functional Index (TFI: Meikle
et al., 2012). Finally, we investigated how network properties
change across the mindfulness intervention and if those changes
reflect tinnitus severity. This study adds to the burgeoning
literature on functional brain differences in effective tinnitus
therapies and will deepen our knowledge of this complex and
heterogeneous condition.

MATERIALS AND METHODS

Participants
Inclusion/Exclusions Criteria
Participants underwent a screening session to determine
eligibility before enrolling in the study. Individuals included in
the study were between the ages of 21 and 72, had a Tinnitus
Handicap Inventory (THI: Newman et al., 1996) score of 28
or greater and had pure-tone thresholds less than or equal to
30 dB HL up to 2 kHz testing frequency in order to ensure
that they were able to hear the MBCT instructors. The goal
of recruitment was to include a broad sample of individuals
with chronic, bothersome tinnitus, while excluding comorbid
symptoms that may too drastically increase the heterogeneity
of the tinnitus condition investigated in the study or otherwise
impair the ability of the subject to participate in the study. These
included transmandibular joint problems, a history of Meniere’s
disease, pulsatile tinnitus, drug and/or alcohol abuse in the recent
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past, a score greater than 25 on the Beck Anxiety Inventory (BAI:
Beck et al., 1988a), a score greater than 30 on the Beck Depression
Inventory (BDI: Beck et al., 1988b) or a score greater than 0
on question 9 of the BDI, which asks about suicidal ideation,
neurological disorders (e.g., epilepsy), a history of or currently
unmanaged post-traumatic stress disorder, unmanaged chronic
health problems (e.g., hypertension, diabetes), a score of 23 or
below on the Mini-Mental State Examination (MMSE: Folstein
et al., 1975), or speech discrimination scores in quiet lower than
80% in the better ear.

Sample Demographics
Twenty-one participants (11 female) with problematic tinnitus
were recruited from the Champaign–Urbana area via fliers,
campus notifications, and newspaper advertisements. The study
was approved by the University of Illinois at Urbana–Champaign
Institutional Review Board (IRB Protocol Number: 16784), and
all subjects gave written informed consent prior to taking part in
each phase (audiological, MRI, intervention) of the study.

Of those 21 participants, 12 participants participated in the
initial MRI scanning session, 10 participants remained for the
post-MBCT session, and 8 participants returned for a follow-up
scan 8 weeks after the conclusion of the study. Demographics
for the 12 imaged participants are included in Table 1.
Supplementary Table 1 shows the extended demographics for
the post-MBCT and follow-up sessions.

TABLE 1 | Sample demographics.

Gender M = 5; F = 7

Mean SD

Age (year) 51.42 10.63

TFI 50.92 15.57

BDI 6.67 7.04

BAI 10.17 8.67

Mean hearing thresholds at screening

Frequency
(kHz)

Right ear
mean

threshold
(dB HL)

Right ear
threshold SD

(dB HL)

Left ear mean
threshold
(dB HL)

Left ear
threshold SD

(dB HL)

0.25 12.08 5.42 15.00 5.22

0.5 12.08 5.82 12.92 6.56

1 14.17 7.93 14.58 7.82

2 16.67 6.51 15.42 11.37

3 25.42 13.22 25.42 16.44

4 26.25 15.69 25.42 16.16

6 35.42 20.17 30.42 17.38

8 34.17 22.04 37.08 21.05

9 51.25 20.79 43.33 20.60

10 53.75 23.27 46.67 22.50

11.2 56.67 23.77 51.25 25.86

12.5 59.58 25.89 56.25 27.64

14 64.58 24.16 60.83 26.01

16 50.83 17.69 47.08 20.28

Mindfulness-Based Cognitive Therapy
Participants were enrolled in one of two 8-week MBCT sessions.
The classes were taught by clinical psychology graduate students
trained in delivery of MBCT and supervised by a licensed
clinical psychologist. Classes were structured according to the
MBCT curriculum developed by Segal et al. (2002) and used
the student workbook developed for MBCT by Teasdale et al.
(2014). Each class lasted about 2 h and involved learning about
mindfulness, participating in exercises designed to illustrate
principles of mindfulness, clarifying values and setting goals, and
practicing techniques designed to cultivate mindfulness. After
each class, home practice assignments were given according to
the workbook, and participants were asked to commit to daily
practice between 40 and 60 min. The classes were modified
from the original curriculum to remove discussions of depression
relapse prevention and include a loving-kindness meditation in
the final class, but no tinnitus-specific exercises or discussions
were introduced.

Behavioral Measures
Audiology
Participants received a complete audiological evaluation during
an initial screening phase, as well as pre-intervention (week
0), post-intervention (week 8) and at an 8-week follow-up
session. The full audiological screening and follow-up audiology
assessments were reported in Husain et al. (2019).

The initial audiological screening included pure-
tone audiometry (0.25–16 kHz) (Equinox 2.0 PC-based
clinical audiometer) and is presented in Table 1 with the
sample demographics.

Questionnaires
Three measures of tinnitus-related handicap were given at each
session including the THI, TFI and Tinnitus Primary Function
Questionnaire (TPFQ: Tyler et al., 2014). TFI, which has been
shown to be sensitive to changes due to previous interventions
(Henry et al., 2016), was chosen to be analyzed as a covariate of
interest with functional MRI changes.

In addition to the tinnitus measures, the participants were
given the MMSE, BDI, BAI, Big Five Personality Test (John et al.,
1991), and Five Facet Mindfulness Questionnaire (FFMQ: Baer
et al., 2008). TFI, BDI, and BAI were given at each of three
MRI sessions. The behavioral data for this study was previously
analyzed and reported in Husain et al. (2019) and provided
evidence for significant improvement in self-reported tinnitus
severity. The focus of this study was to examine the change in
functional MRI measures across the MBCT intervention and
to analyze the relationship between brain function and tinnitus
severity as the variables change over the course of the study. Since
our sample was so limited in this pilot study, we chose to focus on
TFI as the primary measure of tinnitus severity.

fMRI Scans
Two fMRI scans were used to acquire measures of brain function
at pre-intervention, post-intervention, and follow-up sessions.
First, a resting state scan was collected over approximately
10 min. During the resting state scans, participants were
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instructed to lay still and fixate on a cross for the duration of
the scan. This task was used to analyze resting-state functional
connectivity, and the change in connectivity across sessions.

The second scan was an affective sound categorization task,
where participants were asked to rate sounds presented to them
as pleasant, unpleasant, or neutral. Sounds were used from the
International Affective Digital Sounds Database (IADS; Bradley
and Lang, 2007), which include normative scores of valences (1
very unpleasant – 9 very pleasant) and arousals (1 low arousing –
9 high arousing). Only the normative valence score was used to
categorize sounds into emotionally salient, including a total of 46
pleasant sounds (valence: 6.89 ± 0.25; arousal: 5.99 ± 0.27) and
46 unpleasant sounds (valence: 2.66± 0.38; arousal 6.95± 0.31),
and emotionally neutral, including 46 neutral sounds (valence:
4.96 ± 0.36; arousal 4.92 ± 0.29), for analysis. At each session,
a different combination of 46 sounds was played, matched for
valence across sessions. Each sound in a session was played twice,
totaling 92 sounds played per session. The full list and order of the
sounds presented in each session is included in Supplementary
Table 2. Sounds were delivered using Presentation software1 on
a Windows 7 machine, with an Avotec silent scan 3300 sound
system2 through sound dampening headphones.

MRI/fMRI Acquisition
MRI data were collected on a 3T Siemens MAGNETOM Prisma
MRI scanner with a 20-channel Siemens head coil.

An EPI sequence was collected during the resting state scan
with parameters: TR = 2000 ms, TE = 25 ms, flip angle = 90◦, 38
slices, 2.5 mm × 2.5 mm × 3.0 mm, FOV = 230 mm × 230 mm,
matrix size = 92× 92, with 304 volumes.

A second EPI sequence was collected during the auditory
emotion task using a sparse sampling design in order to
allow enough time for the auditory stimuli to evoke a BOLD
response that does not overlap with the auditory response to the
scanner gradients. The sequence had parameters: TR = 9000 ms
(7000 ms delay), TE = 25 ms, flip angle = 90◦, 38 slices, voxel
size = 2.5 mm × 2.5 mm × 3.0 mm, FOV = 230 × 230, matrix
size = 92× 92, 92 volumes.

In addition, a low-resolution T2-weighted structural image
(TR = 3400 ms, TE = 65.0 ms, flip angle = 120◦, 38 slices, voxel
size = 1.2 mm × 1.2 mm × 3.0 mm, FOV = 230 × 230, matrix
size = 192 × 192) and a high-resolution T1-weighted MPRAGE
(TR = 2300 ms, TE = 2.32 ms, flip angle = 8◦, 192 slices, voxel
size = 0.9 mm × 0.9 mm × 0.9 mm, FOV = 230 × 230, matrix
size = 256× 256) were collected and used for co-registration.

fMRI Analysis
Two types of functional imaging analyses were conducted.
First, results from the emotion task were analyzed. In the
emotion task, the whole brain response to emotionally salient
contrasted against emotionally neutral stimuli was analyzed for
change throughout the intervention. Then, results from resting
state data across the three intervention imaging sessions were
analyzed. For the resting state data, the connectivity between

1http://www.neurobs.com
2http://www.avotecinc.com

the brain and several seed regions was analyzed for change
throughout the intervention was analyzed, as well as how patterns
of connectivity predicted TFI. In addition, how some graph
measures of connectivity including modularity and efficiency
changed across the sessions in the intervention was analyzed.

Affective Sound Categorization Task
Functional MRI data collected during the affective sound
categorization task was analyzed using SPM12 software
(Statistical Parametric Mapping, Welcome Trust Center for
Neuroimaging3). Images were preprocessed in a five-step
procedure including slice timing correction, realignment,
coregistration, normalization, and smoothing (Gaussian kernel
of 8 mm× 8 mm× 8 mm).

In the first level analysis, emotionally salient vs. neutral
contrast images were generated for each subject for each session.
Second level analysis analyzed sample-wide within session salient
vs. neutral contrasts and contrasts between each of the session
pairs using a paired t-tests. Cluster-level significance in the
salient vs. neutral contrasts was assessed using a cluster-defining
height threshold of p < 1e-5 and family-wise error (FWE)-
corrected (p < 0.05) cluster extent defined by the SPM12 software
through random field theory. Results found by reducing the
height threshold to a more liberal p < 1e-4 are additionally
cautiously presented.

Resting State Functional Connectivity
Functional MRI data collected during the resting state task was
also analyzed using SPM12 software. Images were preprocessed
using the same five-step procedure described above, but
with some additional denoising steps implemented with the
Functional Connectivity Toolbox (Conn)4 (RRID:SCR_009550)
for MATLAB. These denoising steps included filtering the fMRI
data with a 0.008–0.08 kHz bandpass filter and regressing
out the signal from the white matter and cerebrospinal fluid
segmentations from SPM12.

After denoising, seed-to-voxel connectivity analysis was
conducted across several seeds of interest. Certain seed locations
representing the default mode network (DMN) and the dorsal
attention network (DAN) were the same as those used in earlier
studies in our lab for comparison (Schmidt et al., 2013). In
similar fashion to the study conducted by Schmidt et al. (2013)
the DAN was split into two separate networks. The DMN used
8-mm spherical seeds corresponding to the medial prefrontal
cortex and posterior cingulate cortex. The DAN_1 network
used 8-mm spherical seeds corresponding to the left and right
posterior intraparietal sulci. The DAN_2 network used 8-mm
spherical seeds corresponding to the left and right frontal eye
fields. Additionally, a seed representing the bilateral amygdalae
was used given the evidence for its role in tinnitus (Carpenter-
Thompson et al., 2015; Zimmerman et al., 2018). This seed
was generated using the left and right amygdala parcellations in
the atlas provided within the Conn toolbox, from the Harvard-
Oxford subcortical atlas. For each of these regions, the seeds were
combined prior to the connectivity analysis.

3https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
4www.nitrc.org/projects/conn
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In addition to these networks, some network connectivity was
investigated in an attempt to replicate and expand on results
reported by Roland et al. (2015), which investigated changes in
functional connectivity in the fronto-parietal (FPN) and cingulo-
opercular networks (CON). As analyzed by Roland et al. (2015),
seeds for these networks were separated by hemisphere. Seeds
representing the left and right FPN in the left and right prefrontal
cortex and representing left and right CON in the left and right
anterior insulae were taken from the canonical network atlas
provided in the Conn toolbox. The seeds and their coordinates in
MNI space for each connectivity analysis are provided in Table 2.

Cluster-level significance in seed-to-voxel connectivity was
assessed using a height threshold of p < 1e-5, and FWE-corrected
cluster extent defined by the SPM12 software through random
field theory. Results found by reducing the height threshold to a
more liberal p < 1e-4 are additionally cautiously presented.

Relationship With TFI
Generalized estimating equations (GEE) were used to estimate
the extent to which TFI predicted brain function across
the intervention. For both the affective sound categorization
task and the resting state functional connectivity, TFI was
used as a predictor at each voxel to predict the results
from the first-level, within-subject contrasts in a multi-scale
adaptive generalized estimating equations (MAGEE) model
developed by Li et al. (2013).

MAGEE integrates the GEE approach with adaptive
smoothing methods to make robust estimates of betas for each
voxel. GEE models account for the within-subject correlation
among the longitudinal measures through the specification of a
correlation structure to estimate parameters, avoiding violations
of the sphericity assumptions in analysis of variance (ANOVA)
and violations of the assumption of equal observations per time
point in multivariate ANOVA. GEE can thus use incomplete
data under less stringent assumptions while accommodating
time-varying covariates without assumptions about the structure
of the covariance, improving the power of the analysis for
longitudinal data (Diggle et al., 2002).

TABLE 2 | Seeds for seed-voxel connectivity analysis.

Seed Region MNI Coordinate

DMN Medial prefrontal cortex 8, 59, 19

Posterior cingulate cortex −2, −50, 25

DAN_1 Left posterior intraparietal sulcus −23, −70, 46

Right posterior intraparietal sulcus 26, −62, 53

DAN_2 Left frontal eye field −25, −11, 54

Right frontal eye field 27, −11, 54

AMGY Left amygdala Harvard-Oxford
atlas parcellation

Right amygdala Harvard-Oxford
atlas parcellation

L_FPN Left prefrontal cortex −43, 33, 28

R_FPN Right prefrontal cortex 41, 38, 30

L_CON Left anterior insula −44, 13, 1

R_CON Right anterior insula 47, 14, 0

The multi-scale adaptive smoothing smooths over the beta
estimates across a user set number of iterations (in this case 5),
allowing for a balance between cluster size and peak intensities.
The beta for the TFI predictor was tested against the null
hypothesis that beta = 0. The MAGEE analysis outputs a map
of the Wald statistic for that parameter estimate, which is
compared against a chi-squared distribution with 1-degree of
freedom. Cluster-level analysis was completed using the peak_nii
toolbox5. Because of the increased power afforded by GEE,
cluster-level significance was defined using a height threshold
of p < 1e-5 and a cluster extent of 100. This height threshold
and cluster extent were chosen cautiously to in order to restrict
our analysis to relatively large and extended effects. However,
results found by reducing the height threshold to a more liberal
p < 1e-4 are additionally cautiously discussed. All statistical maps
are presented after surface-mapping volumetric results using
Connectome Workbench6 (Marcus et al., 2011).

Graph Analysis
To obtain a whole-brain functional network from the resting
state fMRI data, first, the mean region of interest (ROI) time
series were obtained by averaging the fMRI time series over
all voxels within an ROI. For this purpose, 90 cortical and
subcortical ROIs (excluding the ones from the cerebellum and
vermis regions) defined in the Automated Anatomical Labeling
(AAL) atlas (Tzourio-Mazoyer et al., 2002) were chosen. Then a
90 × 90 pairwise correlation matrix was obtained using the time
series from these 90 regions. The pairwise correlation matrix was
thresholded at various target connection densities to convert it
to an undirected and unweighted (binary) connection matrix.
In each case, correlations whose absolute values were higher
than the threshold were converted to 1 s and the remaining
correlations were converted to 0 s. At low graph connection
densities, only the strongest correlations are present in the
graph as connections, and as the graph density increases, weaker
correlations also get added to the graph. As is standard in the
literature, there is no a priori preference for a target connection
density and so graph properties at a number of such connection
densities were investigated.

Static network analysis
First, a single static network for each subject was created using
the resting state time series data from the whole imaging
session. With these static networks, the subjects’ brain networks
at pre, post, and follow-up sessions were compared both at
the whole network level as well as at ROI level. Since data
at all three sessions were available for only eight subjects, the
remaining subjects’ data were excluded from this analysis. The
subjects’ brain networks at pre, post and follow-up sessions were
analyzed in terms of three commonly employed global graph
summary measures, modularity, global network efficiency, and
global clustering coefficient, and also tested for association of
changes in these measures with changes in TFI scores between
consecutive sessions.

5http://www.nitrc.org/projects/peak_nii
6https://www.humanconnectome.org
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Modularity is a quality function that measures how much
the networks are modular, i.e., segregated into communities or
modules as opposed to what one might expect from a random
network with similar node degree patterns. The Newman–
Girvan modularity is computed using the Louvain algorithm
for community detection (Blondel et al., 2008). The global
network efficiency is defined as the average of the inverse
shortest paths between pairs of vertices in the entire network
(Rubinov and Sporns, 2010). The smaller the shortest paths
are between pairs of vertices in the network, the higher the
global efficiency. Intuitively, shorter paths between pairs of
vertices allow information to pass throughout the network
more efficiently. More locally, the nodal network efficiency
of node i is defined as the average of the inverse shortest
paths of all nodes in the network from the node i. Finally,
the local clustering coefficient for a vertex measures the ratio
of pairs of neighbors of the vertex i that are themselves
connected (thus forming a closed triplet or triangle), to the
number of such possible connections. The global clustering
coefficient is defined as the average of the local clustering
coefficient across the vertices of the network. The clustering
coefficient is a measure of network segregation (Rubinov and
Sporns, 2010), and a large clustering coefficient indicates that
an otherwise sparse network is locally clustered and dense.
For the purpose of statistical testing, due to the small sample
size, non-parametric tests were employed along with parametric
tests. All graph analyses were carried out in the statistical
analysis software R.

Beyond global summary measures, the subjects’ brain
network community structures between pre and post sessions
were also compared by fitting the Random Effects Stochastic
Block Model (Paul and Chen, 2018) with the Co-regularized
Orthogonal Symmetric Non-negative Matrix Tri-Factorization
(Co-OSNTF) method (Paul and Chen, 2018). The number of
communities to be used with the Co-OSNTF method was
obtained by taking the median of the number of communities
detected in the subject networks separately using the Louvain
method for community detection. The Co-OSNTF method
was used to statistically test for differences in the global
community structure as well as identify ROIs that have
significantly different community placements between the two
time sessions. Further, subjects’ brain networks were compared
at each ROI in terms of nodal efficiency and local clustering
coefficient in an effort to identify the ROIs which exhibit
differential properties.

Dynamic network analysis
Time varying networks from the ROI time series data for each
subject at each session were constructed using a sliding window
approach (Hutchison et al., 2013). A window size of 20 TRs
(40 s) was moved by 1 TR to obtain 280 time windows. For
each window, a correlation matrix is estimated from the data
within that window. The absolute correlation was thresholded
to obtain a sparse connection matrix with connection density
of 0.10. The subjects’ networks were then compared at pre and
post intervention in terms of dynamic fluctuations of network
efficiency, modularity and clustering coefficient.

RESULTS

Paired t-tests showed that TFI scores were significantly lower
at the post-intervention compared to pre-intervention sessions
[t(9) = 4.97, p < 0.001] and significantly lower at the follow-up
session compared to the pre-intervention session [t(7) = 4.67,
p = 0.002]. However, there was no significant difference between
the post-intervention and follow-up sessions [t(7) = 0.45,
p = 0.66]. Table 3 shows the mean and standard deviations of TFI
scores at each session as well as the hours of logged weekly MBCT
practice for each session.

There was a large variance in hours of practice of the 8-
week period of intervention and the 8-week period following
the treatment. Despite a numerical decline in mean practice
hours, there was not a statistically significant difference
between the amount of mindfulness practice logged during the
MBCT and during the 8-week period after the MBCT ended
[t(7) = 2.05, p = 0.08].

Affective Sound Categorization Task
There was little evidence for changes in functional activation
during the affective sound categorization task across the three
sessions of the study (Supplementary Figure 1). There were no
statistically significant changes between sessions for the salient vs.
neutral contrasts.

Additionally, there was no evidence for the activation
differences between salient and neutral conditions predicting TFI
in the participants (Supplementary Figure 2).

However, results from the analysis at more liberal thresholds
were also reported as possible points of follow-up for future
studies, although these results should be interpreted with caution.
Peak MNI coordinates and the direction of the relationship for
each test are included in Table 4. There was only some suggestive
evidence, after reducing the statistical threshold, for a change in
functional activation to the salient vs. neutral contrast between
the post-intervention and follow-up sessions, where a decreased
activation in clusters peaking in the left inferior frontal gyrus and
the right insula were observed. Patterns of functional activation
to the affective sound categorization task were not significantly
predicted by TFI, even after reducing the statistical threshold.

Resting State Functional Connectivity
For the resting state analysis, we assessed how the seed-to-
voxel whole brain connectivity changed across the MBCT
intervention. We analyzed pre-determined seeds, meant to reflect

TABLE 3 | Tinnitus Function Index and mindfulness practice.

TFI Mean SD

Pre-intervention 50.92 15.57

Post-intervention 35.40 15.80

Follow-up 35.38 21.07

Minutes of practice Mean SD

During MBCT 960.60 510.20

After MBCT 605.50 210.11

Frontiers in Neuroscience | www.frontiersin.org 6 July 2019 | Volume 13 | Article 74775

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


fnins-13-00747 July 22, 2019 Time: 17:18 # 7

Zimmerman et al. Brain Changes in Tinnitus Mindfulness Therapy

TABLE 4 | Results from the analysis of the affective sound categorization fMRI.

Region Peak MNI
coordinates

Beta direction

Post vs. Pre

None

Follow-up vs. Pre

None

Follow-up vs. Post

L. inferior frontal gyrus, pars opercularis∗ −52, 16, 18 –

L. insula∗ −42, 14, 6 –

Prediction of TFI

None

∗p < 1e-4 height threshold.

the connectivity with the DMN, DAN_1 and DAN_2, AMYG,
left and right FPN, and left and right CON. Significant results
are reported in the main text, but for all of the networks, the full
connectivity maps for each session, the full statistical maps of all
non-significant between session changes, and the non-significant
statistical maps of the connectivity associated with TFI are all
presented in supplement (Supplementary Figures 3–14).

Default Mode Network
The between-session comparisons revealed a pattern of decreased
connectivity between the DMN and the right thalamus and
occipital regions from pre-intervention to the follow-up session
(Figure 1A). In contrast, there were connectivity increases
between the DMN and clusters with peaks in the right angular
gyrus and left superior temporal gyrus from the post-intervention
session to the follow-up session (Figure 1B). There was some
evidence that connectivity between the right middle frontal gyrus
and the DMN and between the right putamen and the DMN
was positively related with TFI, but there was no indication that
connectivity with the DMN and these areas changed across the
intervention (Table 5).

TABLE 5 | Results from the analysis of the DMN.

Region Peak MNI coordinates Beta direction

Post vs. Pre

L. middle temporal gyrus∗ −60, −42, −4 –

Follow-up vs. Pre

L. calcarine sulcus∗∗ 2, −92, 6 –

R. thalamus∗∗ 2, −14, 8 –

Follow-up vs. Post

R. angular gyrus∗∗ 40, −70, 38 +

L. middle temporal gyrus∗ −70, −36, 4 +

Prediction of TFI

R. middle frontal gyrus∗ 36, 6, 62 +

R. putamen∗ 32, −4, −2 +

∗∗p < 1e-5 height threshold, ∗p < 1e-4 height threshold.

Amygdala
There was a significant decrease in connectivity between a cluster
overlapping the left inferior parietal lobule and the amygdala
from the pre-intervention session to the post-intervention
session (Figure 2). There was also evidence for the connectivity
between the amygdala and multiple areas in the brain, mostly in
frontal and parietal areas, relating positively to TFI (Figure 3A).
The combined observations of the amygdala connectivity with
parietal areas is intriguing. On one hand, the connectivity
between these two regions significantly and positively predicts
tinnitus severity. On the other hand, the connectivity between
these regions significantly decreases over the intervention,
suggesting that the decreasing connectivity may reflect some of
the benefits of the MBCT. Table 6 completely summarizes the
statistical tests for changes in each session and for connectivity
associated with TFI.

Dorsal Attention Network
There were no changes in connectivity with either of our DAN
divisions in any of the pairwise session comparisons at the

FIGURE 1 | DMN connectivity changes between time points of the mindfulness intervention. (A) Connectivity between the DMN and clusters in the right thalamus
and left calcarine sulcus significantly decreases from the pre-intervention session to the follow-up session. (B) Connectivity between the DMN and a cluster in the
right angular gyrus significantly increases from the post-intervention session to the follow-up session.
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FIGURE 2 | Connectivity with the amygdala from the pre-intervention session
to the post-intervention session decreases in a cluster overlapping the left
inferior parietal lobule.

established threshold for significance. Even after reducing the
voxel height threshold to be more liberal, no clusters emerged.
Despite the lack of change in connectivity over the intervention,
there were several clusters where the connectivity with DAN_1
significantly correlated with TFI (Figure 3B), primarily in the
medial temporal lobe and cerebellum (Table 7).

In contrast with DAN_1, no connectivity with DAN_2
significantly predicted TFI. However, by reducing the height
threshold, two suggestive clusters appeared within inferior frontal
and superior occipital regions (Table 7).

Fronto-Parietal Network
There were no changes in connectivity with the left FPN in any
of the pairwise session comparisons at the established threshold

for significance, although there was some evidence for decreased
connectivity between the right FPN and left caudate nucleus
from pre- to post-intervention when reducing height threshold.
Despite the lack of change in connectivity over the intervention,
there were several clusters where the connectivity with the
FPN significantly correlated with TFI (Table 8). These included
lobule IX of the cerebellar hemisphere, the bilateral insulae,
right hippocampus, right middle temporal gyrus, and the right
inferior frontal gyrus (Figures 3C,D). In contrast, connectivity
between the left FPN and the left calcarine sulcus was significantly
negatively correlated with TFI (Figure 3C).

Cingulo-Opercular Network
The between-session comparisons revealed a pattern of decreased
connectivity between the left CON and the left superior frontal
gyrus from the post-intervention to the follow-up session
(Figure 4). However, there was no indication that connectivity
with the CON changed across the intervention (from the pre-
intervention to the post-intervention sessions) or was predicted
by TFI (Table 9).

Global Graph Properties
Figures 5A–C present the median modularity, global efficiency,
and global clustering coefficient respectively, at pre-intervention,
post-intervention and follow-up (weeks 0, 8, and 16), at various
graph density thresholds or costs. From Figure 5A it appears that
the modularity of the brain networks decreases post-intervention
as compared to pre-intervention, but returns closer to the
previous level at the follow-up session. There are similar trends
in global efficiency and global clustering coefficient. While global
efficiency increases at the post-intervention session compared
to pre-intervention, the measure returns close to the previous
level at the follow-up session (Figure 5B). This phenomenon is
even more pronounced with global clustering coefficient, which
is substantially lower at the post-intervention compared to pre-
intervention, but almost entirely returns to the previous levels
at the follow-up session (Figure 5C). These observations largely

FIGURE 3 | Seed-voxel connectivity that significantly predicts TFI with the (A) AMYG, (B) DAN_1, (C) left FPN, and (D) right FPN. For each section, the left panel
shows the Wald statistic, while the right panel indicates the beta value and the direction of the relationship.
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TABLE 6 | Results from the analysis of the AMYG.

Region Peak MNI
coordinates

Beta direction

Post vs. Pre

Left inferior parietal lobule∗∗ −42, −58, 54 –

Follow-up vs. Pre

None

Follow-up vs. Post

None

Prediction of TFI

L. precuneus∗∗ −4, −78, 47 +

L. inferior frontal gyrus – pars triangularis∗∗ −48, 40, 12 +

L. inferior frontal gyrus – pars triangularis∗∗ −48, 36, 20 +

L. inferior frontal gyrus – pars triangularis∗ −32, 36, 12 +

Undefined∗ −26, −48, 14 −

Undefined ∗ −18, −42, 16 −

L. middle frontal gyrus∗ −50, 22, 36 +

L. precentral gyrus∗ −50, 10, 42 +

L. precentral gyrus∗ −44, 12, 34 +

L. middle frontal gyrus∗ −38, 20, 54 +

L. middle frontal gyrus∗ −36, 30, 48 +

Undefined∗ 6, 0, 14 –

Undefined∗ 0, 6, 4 –

L. superior parietal lobule∗ −32, −64, 46 +

∗∗p < 1e-5 height threshold, ∗p < 1e-4 height threshold.

hold across different brain network density or cost. Hence, at the
post-intervention session, the subject networks tend to be less
functionally segregated (Rubinov and Sporns, 2010) as evident
with lower modularity and clustering coefficient, and more
functionally integrated (Rubinov and Sporns, 2010) as evident
by higher global efficiency. However, both these changes to the
brain networks tend to return to pre-intervention levels by the
follow-up session.

Remarkably, the distribution of TFI scores show a similar
phenomenon, where the scores drop substantially at the
post-intervention compared to pre-intervention, but remain
stationary at the post-intervention level when measured again
during the follow-up session (Figure 5D). The distribution of
TFI scores was calculated over all subjects for whom data were
available at the respective stage of data collection. Based on these
observations we hypothesized that the changes in TFI scores
might be related to the changes in the brain network global
summary measures.

As reported in Table 10, the difference in TFI scores was
found to be positively correlated with changes in both the
measures of functional segregation (modularity and clustering
coefficient) with the correlation being statistically significant
[0.05 family-wise error rate (FWER), corrected for multiple
comparisons] at lower graph densities of 0.05 and 0.10
(significant in all but one graph density without correction
for multiple comparisons). Notably, the correlations between
the change in functional segregation measures and change
in TFI scores are stronger at lower graph densities. The
association between the difference in TFI scores and global
network efficiency was not significant at any graph density.

TABLE 7 | Results from the analysis of the DAN.

Region Peak MNI
coordinates

Beta direction

DAN_1

Post vs. Pre

None

Follow-up vs. Pre

None

Follow-up vs. Post

None

Prediction of TFI

Undefined∗∗ 16, −14, −28 +

R. parahippocampal gyrus∗∗ 22, −10, −24 +

R. parahippocampal gyrus∗∗ 26, −4, −32 +

L. lobule IV/V of cerebellar hemisphere∗∗ −30, −36, −30 +

Undefined∗∗ −14, −32, −34 +

L. parahippocampal gyrus∗∗ −24, −6, −28 +

L. hippocampus∗∗ −22, −20, −16 +

Undefined∗ 12, −34, −30 +

L. parahippocampal gyrus∗ −20, 8, −28 +

L. inferior temporal gyrus∗ −34, 8, −38 +

R. superior temporal gyrus∗ 46, −28, 12 +

Undefined∗ 34, −32, 12 +

Undefined∗ 22, −38, 0 +

R. hippocampus∗ 20, −30, −6 +

DAN_2

Post vs. Pre

None

Follow-up vs. Pre

None

Follow-up vs. Post

None

Prediction of TFI

L. superior occipital gyrus∗ −14, −74, 22 +

R. inferior frontal gyrus, pars orbitalis∗ 41, 29, −5 +

∗∗p < 1e-5 height threshold, ∗p < 1e-4 height threshold.

Additional analysis of the global graph properties are provided
in supplement, including normalizing measures of inter-session
changes (Supplementary Table 3), analyzing a regression
model of changes in TFI using global graph measures as
predictors (Supplementary Table 4) and analyzing multiple
density thresholds (Supplementary Table 5 and Supplementary
Figure 15). Furthermore, dynamic changes in efficiency,
modularity and clustering are provided (Supplementary
Figure 17), as well as their distribution smoothed by a kernel
density estimator (Supplementary Figure 18).

Local Graph Properties
The subjects’ networks at pre- and post-intervention were
compared in terms of nodal efficiency and local clustering
coefficient at each of the 90 ROIs using two-sample t-tests. At
a connection density of 0.10, two ROIs, the right middle frontal
gyrus, orbital part (Frontal_Mid_Orb_R), and the right angular
gyrus (Angular_R) were found to exhibit significantly different
nodal efficiency with a false discovery rate (FDR) correction of 5%
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TABLE 8 | Results from the analysis of the left and right FPN.

Region Peak MNI
Coordinates

Beta direction

Left FPN

Post vs. Pre

None

Follow-up vs. Pre

None

Follow-up vs. Post

None

Prediction of TFI

L. calcarine sulcus∗∗ 0, −84, 0 −

Undefined∗∗ −14, −86, 2 +

R. lobule IX of cerebellar hemisphere∗∗ 12, −50, −46 +

L. insula∗∗ −29, 19, −17 +

R. hippocampus∗∗ 29, −35, 0 +

R. lobule VIII of cerebellar hemisphere∗ 18, −64, −38 +

L. medial frontal gyrus∗ −6, 62, 4 +

R. anterior cingulate gyrus∗ 8, 46, 8 +

L. anterior cingulate gyrus∗ −8, 36, 2 +

R. anterior cingulate gyrus∗ 2, 37, −1 +

L. medial frontal gyrus∗ −8, 48, 6 +

Right FPN

Post vs. Pre

L. caudate nucleus∗ −10, 12, −4 –

Follow-up vs. Pre

None

Follow-up vs. Post

None

Prediction of TFI

Undefined∗∗ 0, −2, −10 +

Undefined∗∗ 15, −25, −37 -

R. middle temporal gyrus∗∗ 56, −6, −18 +

R. middle temporal gyrus∗∗ 52, −18, −12 +

R. insula∗∗ 33, 16, −12 +

R. inferior frontal gyrus – pars orbitalis∗∗ 34, 22, −22 +

Undefined∗ 26, −16, −6 +

R. lobule IX of cerebellar hemisphere∗ 10, −52, −40 +

L. lobule IX of cerebellar hemisphere∗ −6, −52, −40 +

R. calcarine sulcus∗ 28, −64, 12 –

R. calcarine sulcus∗ 14, −80, 8 +

L. calcarine sulcus∗ −8, −96, 0 +

L. calcarine sulcus∗ −2, −88, 0 +

R. superior temporal pole∗ 46, 18, −22 +

R. medial frontal gyrus∗ 6, 56, 8 +

R. anterior cingulate gyrus∗ 6, 42, 4 +

∗∗p < 1e-5 height threshold, ∗p < 1e-4 height threshold.

(the ROI Frontal_Mid_Orb_R was also significant at 5% FWER).
One ROI, the right calcarine fissure (Calcarine_R), was found to
exhibit a significantly different local clustering coefficient with an
FDR correction of 5% (also significant at 5% FWER).

At a connection density of 0.20, no ROIs were found
to exhibit any significantly different nodal efficiency with an
FDR correction of 5%. However, two ROIs, the right medial
superior frontal gyrus (Frontal_Sup_Medial_R), and the right

FIGURE 4 | Connectivity between the left CON and the left superior frontal
gyrus decreases from the post-intervention to the follow-up session.

TABLE 9 | Results from the analysis of the left and right CON.

Region Peak MNI
coordinates

Beta direction

Left CON

Post vs. Pre

None

Follow-up vs. Pre

None

Follow-up vs. Post

L. superior frontal gyrus∗∗ −32, 62, −2 −

R. lobule VI of cerebellar hemisphere∗ 34, −38, −38 +

Prediction of TFI

None

Right CON

Post vs. Pre

None

Follow-up vs. Pre

None

Follow-up vs. Post

R. calcarine sulcus∗ 18, −52, 8 +

Prediction of TFI

None

∗∗p < 1e-5 height threshold, ∗p < 1e-4 height threshold.

middle occipital gyrus (Occipital_Mid_R), exhibited significantly
different local clustering coefficients with an FDR correction of
5%. At pre-intervention, some ROIs were found to exhibit very
low nodal efficiency, indicating a disconnect of those ROIs with
the rest of the network. However, those ROIs exhibited nodal
efficiency at par with other ROIs post intervention.

Next, random effects stochastic block models (RESBM) were
fitted using the Co-OSNTF method (Paul and Chen, 2018)
to pre- and post-intervention subject networks at 0.20
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FIGURE 5 | Comparison of pre-intervention (week 0), post intervention (week 8) and follow up (week 16) session brain networks in terms of (A) Median modularity,
(B) Median global efficiency, and (C) Median global clustering coefficient as a function of increasing network density, along with the (D) distribution of the TFI scores
measured for subjects at those sessions.

connection densities. The median number of communities
at pre-intervention brain networks was 5 and at post-
intervention was 4.9 and hence 5 was selected to be the
number of communities to be used with Co-OSNTF. The
putative group module structures obtained from this method
represent the module structures of all the 10 subjects at pre- and
post-sessions and are presented in Supplementary Figure 16.
The group module structures were found to be significantly
different between pre- and post-intervention at the whole
network level with p = 0.0086. However, no nodes were found to
have significantly altered module membership at 5% FDR.

RESBM was also fitted to the pre and post-networks at 0.10
connection density with the number of communities as 6. The
group module structures were found to be significantly altered
between pre- and post-intervention with p = 0.0033. In addition,
two ROIs, the left middle occipital gyrus (Occipital_Mid_L)
and right inferior occipital gyrus (Occipital_Inf_R), were found
to exhibit significantly altered module memberships in post-
intervention as compared to pre-intervention with a 5%
FDR correction (both ROIs were also significant with 5%
FWER correction).

DISCUSSION

In this study, our focus was on explaining declines in tinnitus
severity due to MBCT using task-based and resting-state fMRI.

For the task-based fMRI, when the participants were processing
affective sounds, we did not observe changes in the response
of any of the brain regions at post-intervention or at follow-
up. However, there were changes across the intervention in the
resting state connectivity of a diverse set of regions, as well as
evidence for certain patterns of functional connectivity relating
to tinnitus handicap. Because we observed some overlap between
changes across the intervention and a relationship to TFI,
connectivity between the amygdala and parietal regions showed
particular promise as an area involved in the improved tinnitus
severity outcomes across the MBCT intervention. In contrast,
connectivity with other ROIs that we investigated showed varying
degrees of evidence for sensitivity to the intervention or as
relating to TFI but lacked any overlap. This overlap is critical to
interpreting the role of brain regions or connectivity benefiting
from the intervention, since MBCT may induce functional brain
changes that have no bearing on predicting tinnitus severity, and
similarly, there may be functional patterns of brain activation that
are predictive of tinnitus severity but are not influenced by the
specific MBCT intervention.

Despite the sparse evidence for the resting connectivity with
particular ROIs relating to the beneficial effects of the MBCT
intervention (besides connectivity with the amygdala), global
measures of connectivity from graph analysis did seem to
have some correspondence to the decrease in tinnitus severity
over the course of the intervention. Particularly, measures
of functional segregation, modularity, and cross-correlation
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coefficient, which decreased over the MBCT intervention
predicted the decreases in TFI.

Changes in RSFC During MBCT
We found evidence for changes in seed-to-voxel connectivity
across the MBCT intervention in the DMN, AMYG, and left
CON, but did not see evidence in the DAN or left or right FPN.

Interestingly, in both the DMN and the CON, the strongest
contrasts in connectivity appeared to involve the follow-up
session. In the DMN, we observed significant decreases in
connectivity with the left calcarine sulcus and right thalamus
from pre-intervention to the follow-up session. We also observed
increased connectivity with the right angular gyrus from the
post-intervention session to the follow-up. There was weaker
evidence for a decrease in connectivity with the left middle
temporal gyrus over the intervention, but then an increase in
connectivity in the same area from the post-intervention session
to the follow-up, after the intervention had ended. It is notable
that the most significant changes in connectivity with the DMN
occurred in contrasts with the follow-up session, suggesting that
the brain may continue adapting even after the intervention. Our
data suggested that there is substantial variance in practice both
during and after the treatment and that our participants as a
group continued their practice even after the MBCT ended.

Our work replicates other studies of mindfulness that have
found decreases in connectivity between the DMN and regions
involved in visual processing (Kilpatrick et al., 2011). However,
we did not see any evidence of increased connectivity across
the intervention with the dorsolateral prefrontal cortex, which
has been identified in other studies (Brewer et al., 2011; King
et al., 2016a) and has been implicated in improvement with
other conditions (e.g., post-traumatic stress disorder, King et al.,
2016a). It should also be noted that although researchers have
observed connectivity increases within the DMN (e.g., Jang et al.,
2011), we chose to combine seeds in the posterior cingulate cortex
and medial prefrontal cortex, which limits our ability to study any
within network effects.

In the CON (sometimes called the salience network), we
did not observe any changes across the intervention, but
did observe a decrease in connectivity between the left CON
and the left dorsolateral frontal gyrus between the post-
intervention and follow-up sessions. The CON has been
implicated in mindfulness-based treatments primarily in its
increased connectivity with self-referential regions, such as
the dorsomedial prefrontal cortex, and decreased connectivity

TABLE 10 | Correlation of TFI score differences with the differences in modularity
and clustering coefficient.

Graph density Modularity (p-value) Clustering coefficient (p-value)

0.05 0.6851 (0.0034∗∗) 0.6597 (0.0054∗∗)

0.10 0.6377 (0.0078∗∗) 0.6688 (0.0046∗∗)

0.15 0.4915 (0.0531) 0.4518 (0.0789)

0.20 0.5316 (0.0340∗) 0.5355 (0.0325∗)

0.25 0.5271 (0.0358∗) 0.5073 (0.0448∗)

∗∗p < 0.01 levels (p < 0.05, FWER level), ∗p < 0.05.

with visual regions (Kilpatrick et al., 2011; Doll et al., 2015).
Doll et al. (2015) found some trending evidence for increased
connectivity between the salience network and what they refer
to as the left central executive network, which included the left
dorsolateral frontal gyrus, after 2 weeks of daily 20-min attention
to breath training. Based on this, it seems more probable that the
decrease in connectivity between post-intervention and follow-
up sessions represents a return to baseline levels of connectivity
after the intervention, rather than continued adaptation from
the intervention. However, interpretation of any of the contrasts
with the follow-up session, without significant effects at other
contrasts, is very difficult, and highlights the importance of
continuing this work with larger studies.

In the amygdala, we observed decreased connectivity with the
left inferior parietal lobule from pre- to the post-intervention
sessions. Changes in amygdala connectivity from mindfulness-
based training treatments have been observed but seem to vary
depending on the sample. For example, connectivity between
the amygdala and anterior cingulate cortex decreased after a 3-
day intensive mindfulness meditation intervention in a sample
of stressed, unemployed adults (Taren et al., 2015). In a study
on generalized anxiety disorder, Hölzel et al. (2013) found an
increase in connectivity between the amygdala and prefrontal
cortex over the course of an 8-week mindfulness-based stress
reduction intervention, which correlated with the change in
anxiety. King et al. (2016b) also found increased effective
connectivity during an angry-faces viewing task between the left
amygdala and medial frontal gyrus, dorsal anterior cingulate
cortex, and lingual gyrus after a mindfulness-based exposure
therapy on a sample of combat veterans with post-traumatic
stress disorder. However, that study did not find significant
correlations between changes in amygdala connectivity and
symptom improvement.

Further research is required to determine whether
connectivity changes with the amygdala are altered in a
similar way across mindfulness interventions in accordance to a
consistent framework or if instead changes in connectivity are
highly dependent on the condition of the sample. For example,
it may be possible to interpret connectivity changes across a
mindfulness intervention in terms of increased cognitive control
over emotional or default-mode processing, consistent across
many forms of emotional dysregulation. Both research on
post-traumatic stress disorder and existing research on tinnitus
hypothesize that increased cognitive control over self-referential
processing leads to improved outcomes (Malinowski, 2013;
Husain, 2016; Schmidt et al., 2017).

Alternatively, there may be large condition specific effects.
For example, in tinnitus, perhaps the emotional interpretation of
primary sensory information is a critical aspect of the condition
and is highlighted through changes in amygdala connectivity
with the inferior parietal lobule. Conditions where the emotional
interpretation of one’s social position is more critical may instead
be highlighted through changes in amygdala connectivity with
the cingulate cortex or prefrontal cortex.

A broader review of the neural bases of both MBCT and
the related mindfulness-based stress reduction (Gotink et al.,
2016) revealed increased activity and gray matter volume in
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the prefrontal cortex, the cingular cortex, the insula and the
hippocampus in both individuals with stress or anxiety and
healthy participants. In contrast, the amygdala showed decreased
response. A more recent systematic review of fMRI studies of
mindfulness-based interventions (Young et al., 2018) did not
find compelling evidence of increased response in the prefrontal
cortex; rather, the authors found significant increased insular
cortex activity correlated with the longitudinal interventions.
Again, the authors noted the variety of findings with respect to
neural bases of mindfulness-based interventions dependent on
the populations and tasks.

Predicting Changes in TFI Using RSFC
One of the most striking results from this pilot study is
the difference between functional connectivity that changes
over a mindfulness intervention on one hand and functional
connectivity that is predictive of tinnitus severity on the other.
Connectivity between the FPN and broad regions of the brain
predicted TFI, despite not showing any significant changes due to
the intervention. Likewise, the DAN connectivity with a variety
of regions, particularly limbic structures, predicted TFI, despite
having no change due to MBCT. In contrast, connectivity to the
DMN only weakly predicted TFI, and connectivity to the CON
did not predict TFI.

We focused our analysis on resting state connectivity
changes with regions that were implicated in both tinnitus and
mindfulness-based treatments. Studies conducted on differences
in functional connectivity in tinnitus compared to normal
controls have identified changes in connectivity primarily in
the DMN and networks involved in attention (Schmidt et al.,
2013, 2017; Husain and Schmidt, 2014). While the results of
this study largely replicate the importance of these networks in
tinnitus, there were some key differences. Primarily, differences
in DMN connectivity that predicted tinnitus have focused on
the decreased connectivity between DMN and the precuneus
(Schmidt et al., 2013, 2017), whereas this study only found weak
evidence for increases in connectivity between the DMN and the
right middle frontal gyrus and putamen as predictive of TFI.
In addition, while the results here replicate past results (e.g.,
Schmidt et al., 2013) showing increased connectivity between the
attention networks and limbic regions, our study additionally
implicates increased connectivity between attention networks
and the cerebellum, inferior frontal areas, and occipital areas in
predicting TFI. Although connectivity with the DAN and FPN
have similar patterns in predicting tinnitus, connectivity between
the FPN and the right middle temporal gyrus additionally
predicted TFI, which was an absent effect in the DAN.
Connectivity with the amygdala also predicted TFI, but the effects
were focused primarily to increased connectivity with frontal and
parietal regions.

It should also be noted that the study here investigates
how a measure of tinnitus severity, TFI, within a sample of
individuals with tinnitus, predicts functional connectivity. This
contrasts with most of the previous research, which focuses on
differences between individuals with tinnitus vs. normal-hearing
controls. It may be the case that changes in DMN connectivity
strongly differentiate tinnitus patients from controls, but are far

less important in predicting severity, whereas connectivity with
regions involved in attention and emotion plays a far greater role
in predicting severity.

Functional Correlates of Successful
MBCT
Thus far, we discussed the mostly disparate results between
changes in connectivity across the intervention and connectivity
that predicts tinnitus severity. However, for the purpose of
understanding any benefits of the intervention in terms of
functional connectivity, we would like to observe changes in
connectivity that also predicted TFI. This key overlap was
evident in connectivity between the amygdala and parietal
regions and in some of the global graph theoretical metrics
of connectivity.

The cluster of amygdala connectivity with the parietal areas
that changed over the intervention peaked in the left inferior
parietal lobule, whereas amygdala connectivity with parietal
areas that predicted TFI peaked in the left precuneus and left
superior parietal lobule. Future research will be required to
determine if these patterns of connectivity represent the same
mechanism of some broad connectivity between the amygdala
and the parietal lobe or if they represent two distinct patterns of
connectivity. Interpreting the connectivity with parietal areas is
further complicated by the complex functions of the parietal lobe.
In fact, even within the precuneus, functions, and connections
may vary widely between dorsal and ventral regions (Cavanna
and Trimble, 2006; Zhang and Li, 2012). Despite these difficulties,
the observation is a promising lead for future research. A large
region of decreased connectivity between the amygdala and
the parietal lobe appears to overlap with regions where that
change predicts tinnitus severity. This overlap represents the
critical result from the functional connectivity analysis, since
every other measure of functional connectivity that changes over
the intervention did not show any relation to tinnitus severity.
With such a small sample, this may simply be due to being
underpowered, but it is intriguing to speculate about the specific
role of amygdala-parietal connectivity in tinnitus. On the one
hand, the connectivity could be interpreted in terms of emotional
regulation through the control functions of the parietal lobe.
However, previous research has shown increased connectivity
between the amygdala and cognitive control networks in
response to cognitive behavioral therapy (Shou et al., 2017)
and in mindfulness practice (Doll et al., 2016). Therefore, we
would predict that if it was an attentional effect, the change in
connectivity and the relation to tinnitus severity would be in the
opposite direction from what we observed. It is possible that the
reduction in connectivity observed here instead reflects a reduced
need to process self-referential information related to stress.
Increased connectivity between amygdala and the precuneus has
been seen in response to psychosocial stress (Veer et al., 2011).
In addition, Aghajani et al. (2014) observed increased amygdala-
precuneus connectivity related to neuroticism and speculated
that aberrant self-referential information processing reflected in
this connectivity difference, may increase the propensity toward
negative emotions. Despite the decreasing overall connectivity
between the amygdala and parietal areas, we did observe
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increasing local nodal efficiency over the intervention in frontal
and parietal areas as well, which may represent increased
efficiency of areas involved in cognitive control. More research
is clearly needed to elucidate the meaning of these findings and
more finely define the spatial effects.

Besides these ROI based results, there were also global
measures of connectivity that predicted the change in TFI.
Specifically, decreases in measures of functional segregation
(modularity and clustering coefficient) predicted decreases in
TFI. Previous works have suggested meditation or mindfulness
training to be associated with a decreased functional segregation
and increased function integration in the brain networks (Gard
et al., 2014; van Lutterveld et al., 2017). Our observations in this
study are in line with those findings. While we found mindfulness
training to be associated with both decreased segregation and
increased integration, only the changes in the measures of
segregation were found to be correlated with changes in TFI
scores. Again, it is important to point out that this change in
functional segregation speaks to a functional change within a
sample of individuals with tinnitus and without a control it is
impossible to relate to a non-tinnitus group. The relationship
is particularly intriguing, since research on intervention-related
plasticity typically has found modularity to positively predict
behavioral outcomes across a variety of interventions (see Gallen
and D’Esposito, 2019 for a review). It is possible that in the
context of tinnitus or other conditions of disordered emotional
processing modularity represents a different mechanism or
pattern of brain function. This intriguing possibility further
emphasizes the need for future research with a non-tinnitus
comparison group.

Prior to this study, only one study has investigated the
effects of a mindfulness-based intervention on the resting-state
connectivity in tinnitus patients (Roland et al., 2015). Unlike
that study, we did not observe changes to the connections
between the attention networks and other regions but did
note differences between DMN seeds and other regions.
Interestingly, we did not see evidence that either of these
patterns of connectivity overlapped with regions predicting
tinnitus severity over the course of the intervention. In their
study, they did not explicitly examine changes in connectivity
that were predicted by tinnitus severity. The difference in
the intervention effects may have been due to the difference
in protocols (MBCT vs. mindfulness-based stress reduction).
However, it is also probable that the small sample sizes in both
studies yielded less reliable results or were underpowered to
observe the effects.

Limitations and Future Directions
Despite the promise of the analysis of the study in informing
future directions in research on tinnitus interventions, this pilot-
study has some great limitations. First, this was an open-label
study, with the participants aware of the treatment they were
receiving and no control group. The lack of a control group is
somewhat offset by the longitudinal nature of the study; with the
baseline longitudinal data on their self-report tinnitus measures,
each participant served as their own control in some regards.
However, it is difficult to definitively attribute the effects to the

MBCT, and the results may be due to other factors not considered
here, including placebo effects.

A further major shortcoming of this study is the small sample
size, further exacerbated by a high dropout rate. A small sample
size is sometimes an unfortunate aspect of studies of medical
conditions due to challenges in recruitment and retention. The
current study did not include data from any participants that
missed more than two classes, which may be too restrictive of
a criterion for future research, especially if adherence to home
practice is maintained. A second limitation of the small sample
is the inability to model heterogenous aspects of the sample,
including age. We have attempted to mitigate the small sample
size by using statistical techniques that allow unequal sample sizes
and focus on population-level effects (rather than within-subject
effects) to improve the power of the fMRI analyses as much as
possible. We also attempted to report the results in such a way
that makes all of the results accessible rather than limiting the
scope of the results to a single set criterion. However, due to the
limited sample size, the results presented here should be taken as
suggestive rather than definitive.

We plan to use findings from this pilot study to guide
future research and theory building for tinnitus interventions.
Mindfulness-based interventions appear to be a promising
therapy for tinnitus and understanding why may open ways
to enhance or substitute these effects. Randomized controlled
clinical studies with larger sample sizes and control groups
with and without tinnitus will help determine the answer to
some of the questions that the research here brings up. First,
increased power will help to make a stronger case for whether
mindfulness-based therapies improve many conditions through
a similar mechanism (e.g., improved attentional control over
emotional processing) or whether there are unique, condition-
specific effects that need to be considered while developing future
interventions. Secondly, a non-tinnitus control group would be
beneficial in further elucidating patterns of brain function that
predict the condition of tinnitus itself and patterns of brain
function that predict severity within the condition.

CONCLUSION

In this feasibility study, we measured fMRI at three time
points: before, after, and at follow-up of an 8-week long
MBCT intervention. In an affective sound categorization task,
no significant functional activation differences were observed
between sessions, nor was the activation to emotionally
salient compared to neutral stimuli significantly predictive of
TFI. However, we found significant changes in resting state
connectivity with the DMN, cingulo-opercular network and
amygdala after the intervention, and patterns of resting state
connectivity with amygdala, DAN and frontoparietal network
significantly predicted tinnitus-related handicap. Critically, the
overlap of decreased amygdala connectivity with parietal
areas and the negative correlation between amygdala-parietal
connectivity and TFI is suggestive of a brain imaging marker
of successful treatment of tinnitus-distress. Additionally, we
found an intriguing pattern of decreased functional segregation
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predictive of decreased TFI over the course of the MBCT
intervention. Our findings support the use of brain imaging,
specifically resting state functional connectivity analyses,
to provide clinicians and researchers with supplementary
information to better evaluate the efficacy of interventions and to
design more focused experiments in future.
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This study aimed to identify the mechanism behind idiopathic sudden sensorineural
hearing loss (ISSNHL) in patients with tinnitus by investigating aberrant activity in areas
of the brain and functional connectivity. High-density electroencephalography (EEG) was
used to investigate central nervous changes in 25 ISSNHL subjects and 27 healthy
controls. ISSNHL subjects had significantly reduced activity in the left frontal lobe at the
alpha 2 frequency band compared with controls. Linear lagged connectivity and lagged
coherence analysis showed significantly reduced functional connectivity between the
temporal gyrus and supramarginal gyrus at the gamma 2 frequency band in the ISSNHL
group. Additionally, a significantly reduced functional connectivity was found between
the central cingulate gyrus and frontal lobe under lagged phase synchronization analysis.
These results strongly indicate inhibition of brain area activity and change in functional
connectivity in ISSNHL with tinnitus patients.

Keywords: tinnitus, ISSNHL, EEG, source localization, functional connectivity

INTRODUCTION

Sudden sensorineural hearing loss (SSNHL) defines rapid onset hearing loss with reduction in
hearing of no less than 30 dB in at least three consecutive audiometric frequencies within 3 days
(Stachler et al., 2012). SSNHL is typically accompanied by sudden onset of tinnitus, vertigo and
ear fullness (Koç and Sanisoğlu, 2003). The incidence of SSNHL ranges from 3.9 to 27.5 people
per 100,000/year (Nosrati-Zarenoe et al., 2010). The etiology of more than two thirds of SSNHL
is unclear and considered idiopathic (Chau et al., 2010). Clinicians employ multiple treatment
options to cure idiopathic SSNHL (ISSNHL), including oral and transtympanic steroid therapy
(Kuhn et al., 2011). However, the therapeutic effectiveness between ISSNHL patients is highly
variable. Unfortunately, some ISSNHL subjects do not improve even with high quality treatment,
and indeed there may be some adverse effects (Kuhn et al., 2011). The therapeutic effectiveness
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of ISSNHL treatments may be improved were a better
understanding of the mechanism behind ISSNHL available.

Tinnitus, a common and troublesome symptom of ISSNHL, is
the perception of sound that lacks any external or internal sound
source (Kang et al., 2017). The incidence of tinnitus in ISSNHL
patients is between 80 and 95% (Rah et al., 2015; Nogueira-
Neto et al., 2016). Tinnitus brings a series of adverse effects
to ISSNHL patients, including insomnia and depression (Chen
et al., 2013). Additionally, tinnitus symptoms often continue in
ISSNHL patients with tinnitus even after treatment, indicating
that these patients may have aberrant changes in the brain.
Therefore, it is advisable that clinicians pay more attention to the
treatment of tinnitus when acting to cure ISSNHL patients.

To treat ISSNHL and tinnitus subjects effectively requires
an in-depth investigation into the underlying mechanism of
ISSNHL. Current research shows abnormal brain area activity
and network connectivity in ISSNHL patients. For example,
Micarelli et al. (2017) showed that ISSNHL subjects had
hypermetabolism in the right superior and medial frontal
gyrus, and a relative reduction in fluorodeoxyglucose uptake
in the right middle temporal, precentral and postcentral gyrus,
left posterior cingulate cortex, left lingual, superior, middle
temporal and middle frontal gyrus and left insula. A study
by Xu et al. (2016) showed that SSNHL subjects had some
increased activities between auditory and non-auditory networks,
including the default mode network (DMN) and limbic system.
Other studies have explored the intrinsic mechanism of chronic
tinnitus with hearing impairment. It is generally believed
that the generation and development of tinnitus is not only
related to peripheral hearing impairment, but also correlated
with abnormal neural activity (Chen et al., 2014, 2015a, 2016,
2017). A functional imaging study by Lanting et al. (2009)
suggested that tinnitus patients had hyperactivity in the auditory
system. Tinnitus subjects also show some aberrant neural activity
in non-auditory regions, including the frontal gyrus, limbic
system, cerebellum and insula (Chen et al., 2017). A number
of studies have identified abnormal brain networks in tinnitus
including the auditory network (Leaver et al., 2016), DMN
(Leaver et al., 2016), dorsal attention network (Schmidt et al.,
2013), ventral attention network (Burton et al., 2012) and
visual system (Chen et al., 2015b). However, there are few
studies exploring the difference of brain area and network
connectivity between ISSNHL patients and healthy subjects.
Therefore, our research aimed to investigate the underlying
mechanism of ISSNHL and tinnitus based on resting-state
electroencephalography (EEG).

Approximately 85% of tinnitus patients have an uninterrupted
perception of tinnitus sound (Schecklmann et al., 2014). Resting
state brain function measurement is therefore suitable for
exploring the neural mechanism of tinnitus and ISSNHL.
EEG investigates instantaneous electric activity of the brain
by recording electrical potentials with electrodes placed on
the scalp. It is a technique that is non-invasive and has high
temporal resolution (Ingber and Nunez, 2011). At present, a
number of methods can be used to extract useful information
from multichannel EEG signals, including spectrum analysis,
source localization and neural network function analysis. These

analytical methods are useful to explore topological property
alterations of the brain.

It is still unknown as to whether neural activity changes occur
in ISSNHL patients with tinnitus. Thus, our study aim was to
gain brain region activity and functional connectivity of central
networks in ISSNHL and tinnitus patients based on resting-
state EEG. Moreover, we explored the change in balance between
excitation and inhibition of the whole brain in these patients.

MATERIALS AND METHODS

Participants
ISSNHL patients with tinnitus were recruited from the Ear, Nose
and Throat clinic, Sun Yat-sen Memorial hospital, Guangzhou,
China. Selection criteria for ISSNHL subjects with tinnitus were
as follows:

(a) Patients had no less than 30 dB sensorineural hearing
impairment associated with tinnitus in more than
three consecutive audiometric frequencies that had
onset within 3 days.

(b) Patients had sought clinical help due to hearing
impairment and tinnitus.

(c) Subjects with middle ear surgery, pulsatile tinnitus,
Ménière’s disease, autoimmune hearing loss, acoustic
neurinoma, central nervous system disorders, head
trauma, depression or insomnia were excluded.

Data was collected before patients received any therapeutic
intervention within 30 days. In this study, 25 ISSNHL subjects
with tinnitus (9 males and 16 females; age mean = 46.16 years,
SD = 13.15 years) and 27 healthy subjects (10 males and 17
females; age mean = 41.48 years, SD = 13.53 years) were included.
All participants were told about the background and purpose of
the study. A written consent form was signed by all subjects. This
research was approved by the Institution Review Board of the Sun
Yat-sen Memorial Hospital at Sun Yat-sen University of China.

Audiological Examinations
All participants underwent otoscopy and pure tone audiometry.
Subjects were asked to sit in an acoustically shielded room for
the pure tone audiometry test. Hearing thresholds of the subjects
were then measured. Air conduction thresholds at 0.125, 0.25,
0.5, 1, 2, 4, and 8 kHz were measured on both ears. Bone
conduction thresholds at 0.25, 0.5, 1, 2, and 4 kHz were also
determined. Mean hearing threshold was calculated from hearing
thresholds at 0.5, 1, 2, and 4 kHz (British Society of Audiology
Recommendation, 1988; Dispenza et al., 2011; Bing et al., 2018).

Tinnitus Specific Assessments
Information about the duration and laterality of tinnitus was
collected. A tinnitus pitch matching test was then performed
(Teismann et al., 2011). An approximate pitch match was
determined using the frequencies 0.125, 0.25, 0.5, 1, 2, 3, 4, 6, and
8 kHz. Patients were asked to compare the matching pitch and
perceived tinnitus pitch; the matching pitch was adjusted based
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on the feedback from the subject. A more accurate matching
pitch was obtained by adjusting the frequency in half-octave
steps. Narrow band noise was used if a matching pure tone
could not be found. After finding the best matching pitch, the
initial level was set to 5 dB above the audiometric threshold to
find an approximation of the tinnitus loudness. Loudness was
adjusted in 1 dB steps until the patient expressed a loudness
match. Tinnitus loudness was computed by subtracting the
presented sound intensity level with the auditory threshold at
that frequency. Finally, tinnitus severity was evaluated using a
Tinnitus Handicap Inventory (THI). The THI used an increasing
handicap scale from 0 to 100 to assess the level of handicap
(Newman et al., 1996). Patients were asked to fill in the THI
before the experiment commenced.

Data Collection
Electroencephalography signals were gained using a standard
procedure. EEG signals were recorded using an EGI 128 channel
system. Before the experiment, participants were informed of
the aim of this study to ensure they were in a relaxed state.
Participants sat in an acoustic and electrically shielded room.
Their eyes were open and they were asked to view a computer
screen, to blink as little as possible, not to move their head
and to keep awake. A mesh electrode cap was positioned with
a careful positioning of the center electrode Vref. Impedances
of all electrodes were kept at no more than 50 k�. The
recording system synchronized the EEG data, and the recording
lasted for 7 min.

Preprocessing of EEG Data
Recordings were analyzed in MATLAB for R2013a using
EEGLAB for v13.0.0. The whole process was a seven-step
instruction as follows. (1) The sampling rate was reduced to
500 Hz. (2) ERPLAB filter was used for sag filtering to remove
50 Hz power frequency interference and the data was band-pass
filtered (0.01 Hz high-pass and 100 Hz low-pass). (3) The average
reference of all electrodes was used. (4) EEG data was removed
with a wide range of drift periods. If the electrode signal was
unstable, linear interpolation was performed on the electrode. (5)
Independent component analysis algorithm (ICA) was applied
to remove independent components related to artifacts. (6) The
EEG data was segmented (divided into 2 s). If the amplitude of a
segment at any one electrode exceeded 75 µV, then the segment
would be removed. (7) Average Fourier cross-spectral matrices
were computed for frequency bands, including delta (0.5–3.5 Hz),
theta (4–7.5 Hz), alpha 1 (8–10 Hz), alpha 2 (10–12 Hz), beta 1
(13–18 Hz), beta 2 (18.5–21 Hz), beta 3 (21.5–30 Hz), gamma 1
(30.5–44 Hz), and gamma 2 (55–100 Hz).

Data Analysis
Source Localization
Standardized low-resolution brain electromagnetic tomography
(sLORETA) was applied to analyze the activation of brain regions
in each group and understand the activation distribution of
central brain regions in ISSNHL patients with tinnitus in the
nine frequency bands mentioned above. After performing a
common mean reference transformation (Pascual-Marqui, 2002),

the sLORETA algorithm was applied. Electrical neuronal activity
was calculated by sLORETA as current density (A.m−2). The
LORETA-Key software was used to analyze the solution space
applied in the research and correlated lead field matrix. The
software revisited realistic electrode coordinates (Jurcak et al.,
2007) and the lead field (Fuchs et al., 2002) applying the
boundary element on the MMI-152 (Montreal Neurological
Institute, Canada). According to probabilities returned by the
Demon Atlas, the neocortical MNI-152 volume in 6239 voxels
was divided and labeled by the sLORETA-Key anatomical
template (Lancaster et al., 2000). The co-registration used the
correct translation from the MNI-152 space into the Talairach
and Tournoux space.

Functional Connectivity Analysis
Cross-talking between areas contributing to the source activity
can be used to interpret the lagged phase coherence between
two brain areas (Congedo et al., 2010). When two brain areas
oscillate coherently with a phase lag, cross-talk can be interpreted
as information sharing by axonal transmission. Precisely, the data
were decomposed in a limited number of cosine and sine waves at
the Fourier frequencies by using the discrete Fourier transform.
The work of Pascual-Marqui (2007a,b) showed the significant
threshold for a given lagged phase coherence value based on
asymptotic results. We used sLORETA to extract current density
for regions of interest with time series. Power in all 6,239
voxels was normalized to a power of 1 and log transformed
at each time point. Therefore, region of interest values reflect
the log transformed fraction of total power across all voxels for
specific frequencies. As shown in Table 1, regions of interest were
determined according to previous studies and the result of source
localization (Raichle, 2011).

TABLE 1 | The regions of interest.

Brain region X Y Z

Posterior cingulate 0 −52 27

Medial prefrontal −1 54 27

Left lateral parietal −46 −66 30

Right lateral parietal 49 −63 33

Left inferior temporal −61 −24 −9

Right inferior temporal 0 −12 9

Medial dorsal thalamus −25 −81 −33

Right posterior cerebellum 25 −81 −33

Left frontal eye field −29 −9 54

Right frontal eye field 29 −9 54

Left posterior intraparietal sulcus −26 −66 48

Right posterior intraparietal sulcus 26 −66 48

Left anterior intraparietal sulcus −44 −39 45

Right anterior intraparietal sulcus 41 −39 45

Left middle temporal −50 −66 −6

Right middle temporal 53 −63 −6

Left Visual system −7 83 2

Right Visual system 7 83 2

Left Auditory system −62 −30 12

Right Auditory system 59 −27 15
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Statistical Analysis
To identify potential differences in resting-state ongoing cortical
oscillatory activity between ISSNHL subjects and normal
controls, non-parametric statistical analysis of LORETA-KEY
images (statistical non-parametric mapping; SnPM) were applied
to every contrast using LORETA-KEY’s built-in voxel-wise
randomization tests (5000 permutations). We employed at
statistic for independent groups with a threshold of P < 0.01
(corrected for multiple comparison). A relatively strict threshold
for statistical significance was applied as the number of subjects
was relatively small. A correction for multiple comparisons in
SnPM using 5000 random permutations has been shown to yield
similar results with those acquired from a statistical parametric
mapping approach using a general linear model with multiple
comparisons corrections.

We compared lagged connectivity differences between two
groups and used the t-statistics for independent groups with
a threshold of P < 0.05. Additionally, LORETA-KEY’s built-in

voxel-wise randomization tests were used to correct for multiple
comparisons for all the voxels included in the region of interest
for connectivity analysis (5000 permutations).

RESULTS

Source Localization
As shown in Figure 1, compared with healthy controls, ISSNHL
subjects demonstrated significantly reduced electric activity in
the left frontal lobe (BA6; P < 0.05) alpha 2 frequency band.
In other frequency bands, no significant difference was found
between the two groups. Moreover, there was no significant
difference in other brain areas.

Functional Connectivity
Functional connectivity analysis suggested significant differences
between ISSNHL subjects and controls in the gamma 2 frequency

FIGURE 1 | Standardized low-resolution brain electromagnetic tomography. Compared with the healthy group, the ISSNHL group had significantly decreased
activity in the left frontal lobe for the alpha 2 frequency band. Labels L, R, A and P represent left, right, anterior and posterior, respectively. Labels S and I represent
superior and inferior.
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band. There was significantly decreased functional connectivity
between the temporal gyrus (BA20) and supramarginal gyrus
(BA40) in the gamma 2 frequency band in the linear
lagged connectivity and lagged coherence analysis (Figure 2).
Additionally, there was a significantly reduced functional
connectivity between the central cingulate gyrus (BA23) and right
frontal lobe (BA10) for the gamma 2 frequency band under lagged
phase analysis (Figure 3). With other frequency bands there was
no significant difference between the two groups.

DISCUSSION

This study explored changes in central nervous activities in
ISSNHL with tinnitus patients when compared with healthy
subjects. Overall, in the alpha 2 frequency band, the neural
activity of ISSNHL patients with tinnitus was abnormally
decreased in the left frontal lobe (BA6). Connections between
the temporal gyrus (BA20) and supramarginal gyrus (BA40) as
well as between central cingulate gyrus (BA23) and right frontal

FIGURE 2 | Decreased functional connectivity between temporal gyrus and supramarginal gyrus for the gamma 2 frequency band in the linear lagged connectivity
and lagged coherence analysis for ISSNHL patients with tinnitus. Labels L, R, A and P represent the left, right, anterior and posterior, respectively.

FIGURE 3 | Decreased functional connectivity between central cingulate gyrus and right frontal lobe for gamma 2 frequency band in the lagged phase analysis for
ISSNHL patients with tinnitus. Labels L, R, A and P represent the left, right, anterior and posterior, respectively.
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lobe (BA10) were weakened in the gamma 2 frequency band. This
suggests that ISSNHL patients with tinnitus had aberrant brain
area activity and functional connectivity.

Source localization analysis found that ISSNHL patients had
decreased activity in the left frontal lobe (BA6) in the alpha
2 frequency band, showing similarity to the study by Micarelli
et al. (2017), where ISSNHL subjects had a significant decrease of
glucose metabolism in the middle frontal gyrus. It is known that
the frontal lobe is one of the key areas of the DMN. Under normal
circumstances, the regions of the DMN have a raised level of
neuronal activity at rest (van den Heuvel and Hulshoff Pol, 2010).
Activity and connectivity of the DMN are associated with the
core processes of cognition, such as the integration of cognition
and processing of emotion (Greicius et al., 2003), monitoring
the environment (Gusnard et al., 2001) and mind-wandering
(Mason et al., 2007). A study by Zhang et al. (2016) showed that
long-term unilateral ISSNHL contributed to alterations of DMN,
and that these alterations might influence cognitive abilities in
these subjects. In addition, tinnitus as a symptom involving a
perceived phantom sound, might lead to dysfunction of DMN
(Chen et al., 2017). Our finding of decreased activation of the
left frontal lobe might suppose that the DMN was suppressed
in resting state, which consequently may activate other brain
networks. It might be the reason for patients with attention
and emotion issues.

Linear lagged connectivity and lagged coherence showed a
weakened connection between the temporal gyrus (BA20) and
supramarginal gyrus (BA40) in the gamma 2 frequency band.
Previous studies by Fan et al. (2015) showed that unilateral
ISSNHL patients had a significant decrease in contralateral
auditory gyrus gray matter. A study by Micarelli et al. (2017)
suggested a hypometabolism in the contralateral auditory gyrus
in ISSNHL patients. The damage to the hair cells in ISSNHL
patients causes a lack of auditory signal in the auditory network
(van der Loo et al., 2009). These current results are consistent
with our previous EEG microstate study (Cai et al., 2019)
where there was a reduction of transition from microstate D
to A in ISSNHL subjects with tinnitus that correlated with
tinnitus scores. Microstate A is related to activation in the
bilateral superior and middle temporal gyrus regions that are
correlated with phonological processing. The supramarginal
gyrus is a part of a dorsal attention network which relates to
microstate D. These results indicated that generation of tinnitus
in ISSNHL patients may be due to disruption of auditory and
non-auditory networks.

Lagged phase synchronization showed that the connection
between the central cingulate gyrus (BA23) and right frontal
lobe (BA10) was decreased. Both areas are part of the DMN.
The DMN is suggested to be particularly active at rest, when
no tasks are performed (Mantini et al., 2007). The posterior
cingulate node seems to be particularly vital, because it appears
to be directly correlated with other nodes of the network and
putatively acting as a mediator of intrinsic connectivity across
these areas (Rosazza and Minati, 2011). This is likely because
it is one of the most intensively interconnected areas in the
whole brain (Cavanna and Trimble, 2006). In a task-based
scenario, the network deactivated (Raichle and Snyder, 2007).

Conversely, a significant increase in fluorodeoxyglucose uptake
was seen in the right superior and medial frontal gyrus
in ISSNHL patients (Micarelli et al., 2017). This might be
a result of heterogeneity between studies. Therefore, more
research is needed to understand this difference. In addition,
some functional magnetic resonance imaging (fMRI) studies on
tinnitus patients found aberrant functional connectivity within
the DMN (Burton et al., 2012; Schmidt et al., 2013). The
suppression of tinnitus would lead to a differential response
pattern among the network nodes. This might result in the
inhibiting effect of DMN.

In summary, the findings of our study identify specific
inhibition of brain areas and functional connectivity in ISSNHL
with tinnitus subjects. The inhibition of the DMN implies
that ISSNHL patients have suppressed activity at resting state
and are more active in involving attention or emotional
behavior when compared with healthy controls. The reduced
connection between the auditory system and dorsal attention
network suggests decreased attention to auditory information.
The brain activity is in a state of inhibition for ISSNHL
patients with tinnitus.

Some limitations in this study need to be realized. ISSNHL
is a heterogeneous disease. ISSNHL subjects had differences
in hearing loss, laterality or accompanying symptoms (van
der Loo et al., 2009). So, it was difficult to eliminate the
heterogeneous factors completely even using strict inclusion
and exclusion criteria. Without specific subgroups of ISSNHL
with tinnitus patients, the results of our study need to
be read with caution. In addition, the small sample size
in the present study is unable to rule out heterogeneous
factors. Therefore, we need to explain the results carefully.
A further study with larger sample sizes and more subgroup
comparisons is needed to investigate the underlying mechanisms
in ISSNHL with tinnitus.

CONCLUSION

In this study, it was found that the central system of ISSNHL
with tinnitus patients had been changed when compared with
healthy controls. By using resting-state EEG and analyzing
source localization and functional connectivity, we found that
ISSNHL and tinnitus patients were abnormally weakened in
the left frontal lobe (BA6) in the alpha 2 frequency band.
The connection between the temporal gyrus (BA20) and
supramarginal gyrus (BA40) is weakened in the Gamma 2
frequency band as well as the connection between the central
cingulate gyrus (BA 23) and right frontal lobe (BA 10). These
findings could help to make sense of the central pathogenesis in
ISSNHL patients.
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Purpose: The present study combined fractional amplitude of low-frequency
fluctuations (fALFF), regional homogeneity (ReHo), and functional connectivity (FC) to
explore brain functional abnormalities in acute tinnitus patients (AT) with hearing loss.

Methods: We recruited twenty-eight AT patients and 31 healthy controls (HCs) and ran
resting-state functional magnetic resonance imaging (fMRI) scans. fALFF, ReHo, and FC
were conducted and compared between AT patients and HCs. After that, we calculated
correlation analyses among abnormal fALFF, ReHo, FC, and clinical data in AT patients.

Results: Compared with HCs, AT showed increased fALFF values in the right inferior
temporal gyrus (ITG). In contrast, significantly decreased ReHo values were observed
in the cerebellar vermis, the right calcarine cortex, the right precuneus, the right
supramarginal gyrus (SMG), and the right middle frontal gyrus (MFG). Based on the
differences in the fALFF and ReHo maps, the latter of which we defined as region-of-
interest (ROI) for FC analysis, the right ITG exhibited increased connectivity with the right
precentral gyrus. In addition, the right MFG demonstrated decreased connectivity with
both the bilateral anterior cingulate cortex (ACC) and the left precentral gyrus.

Conclusion: By combining ReHo, fALFF, and FC analyses, our work indicated that AT
with hearing loss had abnormal intraregional neural activity and disrupted connectivity in
several brain regions which mainly involving the non-auditory area, and these regions are
major components of default mode network (DMN), attention network, visual network,
and executive control network. These findings will help us enhance the understanding
of the neuroimaging mechanism in tinnitus populations. Moreover, these abnormalities
remind us that we should focus on the early stages of this hearing disease.

Keywords: tinnitus, fMRI, fALFF, ReHo, FC, DMN

INTRODUCTION

Tinnitus, a common hearing disorder, is often described as a ringing, buzzing, or hissing sensation
without any corresponding external auditory source (Jastreboff, 1990; Moller, 2007). It affects
approximately 10–15% of the population, especially adults over the age of 65 (Eggermont and
Roberts, 2004). Tinnitus can be divided into objective and subjective tinnitus. In rare cases, an
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objective source can be identified that is susceptible to treatment.
However, in many of cases, tinnitus is subjective which is a
kind of feeling that cannot be perceived by others. Moreover,
tinnitus is related to hearing loss in the majority of cases, as
both symptoms often occur together (Mühlnickel et al., 1998).
People with tinnitus often suffer from sleep disorders, depression,
and anxiety, conditions that reduce the quality of life (Reynolds
et al., 2004; Baguley et al., 2013). The tinnitus symptoms can
be acute or chronic. In clinical practice, we noticed that acute
tinnitus patients (AT) are much more eager to seek for clinical
help than chronic tinnitus patients. However, the underlying
pathophysiology of tinnitus is still poorly understood.

According to previous studies, the central nervous
system (CNS) is believed to play an important role in the
pathophysiology of tinnitus (Lockwood et al., 2002; Eggermont,
2005; Bartels et al., 2007). Based on electrophysiological and
neuroimaging studies (Lockwood et al., 1998; Kaltenbach et al.,
2005), aberrant neural activity in the central auditory pathway
may generate tinnitus by a range of mechanisms, such as altered
neural synchrony, dysfunctional noise canceling, increased
central noise, tonotopic map reorganization, upregulation of
spontaneous firing rates, and aberrant neural connectivity
between auditory and non-auditory structures. Specifically,
the central auditory pathway appears to increase its gain to
compensate for the reduced sensorineural input from the
cochlea, which results in hyperactivity in the auditory pathway
(Eggermont and Roberts, 2004). The neural synchrony increased
after a noise-induced hearing loss, particularly for neurons
representing the affected part of the tonotopic array, which
tends to be spatially coincident with changes in the frequency
tuning properties of the same affected neurons (Soleymani et al.,
2011). A proposed model suggests that the tinnitus sensation
might reach conscious awareness only when aberrant neuronal
activity in the primary sensory cortex is connected to a broader
cortical network involving frontal, parietal, and limbic regions
(De Ridder et al., 2011a). Generally, the noise signal of tinnitus is
identified by the limbic system and eliminated from perception
(“tuned out”) by feeding it back to the (inhibitory) thalamic
reticular nucleus, which subtracts it from the afferent auditory
signal. When the limbic regions become dysfunctional, noise-
cancelation breaks down and the tinnitus signal permeates to
the auditory cortex (Rauschecker et al., 2010). Additionally,
the thalamic dysrhythmia, a disruption in the normal relay
mechanism of the thalamus to the auditory cortex, also
contributes the generation of the tinnitus percept (De Ridder
et al., 2011b). As subjective tinnitus is an endogenous ongoing
process, the neural network has been proven changing over time
(Vanneste et al., 2011). Therefore, a better characterization of
altered central neural processes in acute tinnitus can offer a better
understanding of its physiopathology and may contribute to the
development of therapeutic intervention procedures.

Since subjective tinnitus is characterized by highly subjective,
intrinsic, and persistent sound hallucinations (Schecklmann
et al., 2014), resting-state functional magnetic resonance imaging
(rs-fMRI) has proven to be a powerful and non-invasive
technique in vivo which reflected in the low-frequency (0.01–
0.1 Hz) fluctuations in blood-oxygenation-level dependent

(BOLD) signals (Mantini et al., 2007; Husain and Schmidt,
2014). Amplitude of low-frequency fluctuation (ALFF) reflects
the intensity of regional neuronal activity by measuring intrinsic
brain responses at the baseline state (Biswal et al., 1995). It
has been proven as an effective method in assessing the altered
neural activity of various neurological or psychiatric disorders
(Hoptman et al., 2010; Zhang et al., 2010; Wang et al., 2011;
Chen et al., 2012a). The pulsatile tinnitus patients have been
reported significantly increased ALFF in bilateral precuneus
and inferior frontal gyrus and decreased ALFF in multiple
occipital area (Han et al., 2014). Another fMRI study using ALFF
method reported significantly increased ALFF values within
several selected regions which were correlated positively with
tinnitus distress and duration (Chen et al., 2014). Compared with
ALFF, fractional ALFF (fALFF) shows much more sensitive and
specific in detecting regional spontaneous neural activity during
the resting state by suppressing the physiological noise (Zou
et al., 2008). Therefore, fALFF may be a useful index to reflect
the abnormal neural activity in specific brain regions of tinnitus
patients. Regional homogeneity (ReHo) is a robust algorithm that
quantifies the local synchronization within neighboring voxels
during resting state (Zang et al., 2004), which can be used to
detect abnormal local neural activity coherence across the whole
brain. Altered ReHo values may reflect the disequilibrium of
spontaneous neural activity within and between corresponding
brain regions. Indeed, aberrant ReHo values, indicative of
disrupted local functionality, have been linked to several
neurological impairments (Liu et al., 2006; He et al., 2007; Wu
et al., 2009; Chen et al., 2012b). Therefore, ReHo measurement
is a potentially powerful tool to detect aberrant resting-state
brain activity. Based on the main brain regions involved in
tinnitus, the ROI-based FC analysis is appropriate, which could
accurately explore the characteristics of FC changes in brain
regions directly related to tinnitus, and reflects the characteristics
of brain network alterations. In previous studies, the auditory
network, visual network, attention network, control network and
default mode network (DMN) have been reported involving in
tinnitus using ROI-based FC (Burton et al., 2012; Husain and
Schmidt, 2014; Leaver et al., 2016; Chen et al., 2017a,b, 2018a).
These studies have confirmed that FC is an effective method for
studying the synchronization of functional activities in different
brain regions of tinnitus, which could better reflect the abnormal
FC changes in tinnitus brain regions. These three techniques can
directly measure the intensity and consistency of neural activity
and FC changes between brain regions and have high test-retest
reliability. Thus, the combination of these three methods may
detect more comprehensively local and regional neural functional
changes than either method alone.

As we described above, chronic tinnitus patients showed
altered resting-state brain networks including auditory network,
visual network, attention network, control network, and DMN.
However, the alterations of brain network in AT patients were
poorly understood. To achieve this goal, we combined fALFF,
ReHo, and FC to explore brain functional abnormalities in AT
patients with hearing loss. The study focused on two main
hypotheses: (1) altered fALFF, ReHo and FC would be observed
between tinnitus patients and a healthy control group; (2)
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the abnormal resting-state networks would be correlated with
specific tinnitus characteristics.

MATERIALS AND METHODS

Subjects
This study included AT and a healthy control (HC) group with
59 right-handed subjects with at least 8 years of education.
Patients were recruited at the Affiliated Jiangning Hospital,
Nanjing Medical University from February 2018 to March 2019,
including inpatients and outpatients. The selected patients had
constant, unilateral tinnitus with sensorineural hearing loss
(SHL) in one ear, duration <1 month. The healthy adults were
recruited through community health screenings or newspaper
advertisements and were matched with tinnitus patients with
respect to age, sex, and education. The AT group had 28
(14 male) patients. Among them, 12 patients have tinnitus in
the right ear and 16 patients with left ear tinnitus. The HC
group consisted of 31 (19 male) subjects. Pure-tone audiometry
(PTA) was performed to measure the hearing level at the
frequencies of 125, 250, 500, 1000, 2000, 4000, and 8000 Hz.
All patients were included if the mean PTA hearing threshold
at the frequencies from 0.125 to 8 kHz was greater than 30 dB
in one ear. All healthy control group subjects had normal
hearing (defined as hearing loss of no more than 25 dB at any
of the 7 frequencies). Additionally, individuals were excluded
from the study if they had any of these situations, namely,
Meniere’s disease, pulsatile tinnitus, hyperacusis, a past history
of severe alcoholism, smoking, head injury, stroke, Alzheimer’s
disease, Parkinson’s disease, epilepsy, major depression or other
neurological or psychiatric illness, major medical illness (e.g.,
cancer, anemia, and thyroid dysfunction), MRI contraindications
or severe visual loss (Chen et al., 2018b). All the subjects provided
written informed consent before their participation in the study
protocol, which was approved by the Research Ethics Committee
of the Nanjing Medical University.

All patients were required to accomplish the tinnitus handicap
inventory (THI) questionnaire to assess the severity of their
tinnitus (Newman et al., 1996). Higher total scores (from a range
of 0 to 100) represent a higher impact of tinnitus on daily life.
None of the participants had depression and anxiety according
to the self-rating depression scale (SDS) and self-rating anxiety
scale (SAS) (overall scores <50 for each). The detailed clinical
characteristics and demographics of all participants were listed
in Table 1.

MRI Data Acquisition
All patients were scanned before any drug treatment. The
imaging data were acquired on a 3.0 T MRI scanner (Ingenia,
Philips Medical Systems, Netherlands) with an 8-channel receiver
array head coil. Head motion and scanner noise were reduced
using foam padding and earplugs. All participants were asked to
rest quietly with their eyes closed but to remain awake and were
instructed not to focus their thoughts on anything in particular
during the MR acquisition. First, a three-dimensional turbo
fast echo (3D-TFE) T1 WI sequence with high resolution was

performed to acquire structural images as follows: repetition time
(TR)/echo time (TE) = 8.1/3.7 ms; slices = 170; thickness = 1 mm;
gap = 0 mm; flip angle (FA) = 8◦; acquisition matrix = 256 × 256;
and field of view (FOV) = 256 mm × 256 mm. The structural
sequence took 5 min and 29 s. Based on the anatomical
images, functional images were obtained with a gradient
echo-planar imaging sequence as follows: TR = 2000 ms;
TE = 30 ms; slices = 36; thickness = 4 mm; gap = 0 mm;
FOV = 240 mm × 240 mm; acquisition matrix = 64 × 64; and
FA = 90◦. The fMRI sequence took 8 min and 8 s. Finally, the
conventional axial T2WI (TR = 4000 ms; TE = 107 ms; slices = 18;
thickness = 5 mm; gap = 1.5 mm; FOV = 230 mm × 230 mm;
acquisition matrix = 384 × 384; and FA = 90◦) and sagittal
T2WI FLAIR (TR = 10000 ms; TE = 120 ms; slices = 18;
thickness = 5 mm; gap = 1.5 mm; FOV = 220 mm × 220 mm;
acquisition matrix = 336 × 189) sequences are performed for
excluding intracranial organic lesions.

MRI Data Analyses
Data Preprocessing
Data analyses were performed using the toolbox for Data
Processing & Analysis for Brain Imaging (DPABI V3.11) (Yan
et al., 2016), which is based on Statistical Parametric Mapping
(SPM82). After removing the first 10 volumes, slice-timing,
realignment for head motion correction, and nuisance covariate
regression were performed. Afterward, the images were spatially
normalized to the Montreal Neurological Institute template
(resampling voxel size = 3 mm3

× 3 mm3
× 3 mm3). Any subjects

with a head motion of >2.0 mm translation or 2.0◦ rotation in
any direction were excluded.

fALFF Analysis
After smoothing (FWHM = 4 mm), detrending and filtering
(0.01–0.08 Hz), time courses were converted to the frequency

1http://rfmri.org/dpabi
2http://www.fil.ion.ucl.ac.uk/spm

TABLE 1 | Demographic and clinical characteristics of participants.

ATs (n = 28) HCs (n = 31) P value

Age (years) 41.2 ± 11.61 45.4 ± 14.32 0.22

Genger (male/female) 14/14 12/19 0.40

Education (years) 13.6 ± 7.34 13.3 ± 3.31 0.81

Handedness (right/left) 28/0 32/0 1.00

Tinnitus laterality (right/left) 12/16 – –

Duration (days) 7.79 ± 6.56 – –

PTA of right ear (dB) 60.24 ± 13.56 14.2 ± 2.54 <0.001∗

PTA of left ear (dB) 58.52 ± 14.21 14.6 ± 2.62 <0.001∗

THI score 30.43 ± 11.89 – –

SAS score 29.29 ± 4.67 27.32 ± 4.56 0.26

SDS score 27.71 ± 4.98 26.21 ± 4.63 0.33

Data are presented as mean ± SD. PTA, pure-tone audiometry; THI, tinnitus
handicap inventory; SAS, self-rating anxiety scale; SDS, self-rating depression
scale. ∗P < 0.001 (independent-sample t-test, two-tailed), showed statistical
difference in hearing threshold between ATs and HCs.
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domain using fast Fourier transform. Then, ALFF was computed
by taking the square root of the power spectrum, then averaging
and squaring across 0.01–0.08 Hz at each voxel. At last, fALFF
was calculated as the ALFF divided by the value of the entire
detectable frequency band. Two-sample t-tests were performed
by using DPABI software (within a group mask) to calculate
the fALFF difference between groups, with age, sex, education
level, and gray matter (GM) volume as covariates. The result
was determined by AlphaSim correction (P < 0.001 at the voxel
level and P < 0.01 at the cluster level). Previous rs-fMRI study
provided considerable evidences for abnormal intrinsic brain
activity between patients with left-sided hearing impairment and
those with right-sided hearing impairment (Xie et al., 2019),
which makes this seem like a worthwhile question to explore.
Thus, we presented unthresholded t-stat fALFF image for left
and right-sided groups (uncorrected, P < 0.05, cluster size >20
voxels; Age, sex, education level, and GM volume were included
as nuisance covariates).

ReHo Analysis
After bandpass filtering (0.01–0.08 Hz), Kendall’s coefficient
of concordance was performed to calculate the local
synchronization of a given voxel with its 26 nearest neighbors
(Zang et al., 2004). Then we standardized the ReHo value of each
voxel by partitioning the primal value using the global mean
ReHo value. After that, the normalized data were smoothed
with a 4 mm full-width at half maximum (FWHM) Gaussian
kernel for further statistical analysis. To explore between-group
differences, a two-sample t-tests were performed under DPABI
software. Age, sex, education level, and GM volume were
included as nuisance covariates, to control for the possible
influences of these factors on the results. A threshold was used by
AlphaSim correction (P < 0.001 at the voxel level and P < 0.001
at the cluster level). As we described in fALFF analysis, the
unthresholded t-stat ReHo image was also performed for left
and right-sided groups (uncorrected, P < 0.05, cluster size >20
voxels; Age, sex, education level, and GM volume were included
as nuisance covariates).

FC Analyses
Resting-state FC was also conducted under DPABI software.
Based on the fALFF and ReHo findings in the brain regions
between groups, we defined six ROIs including the right ITG,
the vermis_8, the right calcarine cortex, the right precuneus, the
right supramarginal gyrus (SMG), and the right middle frontal
gyrus (MFG). The mean time series of each ROI was obtained for
the reference time course. Then, Pearson’s correlation coefficients
were calculated between the mean signal change of each ROI and
the time series of each voxel. Finally, a Fisher’s z-transform was
applied to improve the normality of the correlation coefficients
(Lowe et al., 1998). Six head motion parameters and mean time
series of global, white matter, and cerebrospinal fluid signals were
included in the regression analysis to eliminate possible effects of
such factors on the results. Two-sample t-tests were performed
to explore the differences of the FC of each ROI between tinnitus
patients and controls. Age, sex, education level, and GM volume
were included as covariates. AlphaSim correction was used for the

multiple comparisons (P < 0.001 at the voxel level and P < 0.01
at the cluster level).

Statistical Analysis
Independent two-sample t tests and Chi-square tests were
performed using SPSS 22.0 software to compare general data
and scale scores (P < 0.05 were considered to be significant).
To explore the abnormalities of the fALFF, ReHo and FC maps
between AT and HC group, two-sample t tests were analyzed
by using DPABI software (within a Group mask). Additionally,
we regressed out the impact of age, sex, education level, and
GM volume. AlphaSim was used for the multiple comparisons
(ReHo analysis: P < 0.001 at the voxel level and P < 0.001 at
the cluster level; fALFF and FC analysis: P < 0.001 at the voxel
level and P < 0.01 at the cluster level). The differences between
left and right-sided group were conducted under two-sample
t tests in DPABI software (within a Group mask), which was
uncorrected (P < 0.05, cluster size >20 voxels). In addition, age,
sex, education level, and GM volume were included as covariates.
Pearson correlation analyses and Partial correlation analyses were
then conducted between altered fALFF values, ReHo values, FC
z-values and AT characteristics in the AT group using SPSS
software. The Bonferroni correction for multiple comparisons
was applied (P < 0.05 were considered statistically significant).

RESULTS

fMRI Data Analyses
Compared to the HCs, AT had significantly increased fALFF
values in the right ITG (Figure 1 and Table 2). We did not find
any decreased regions between ATs and HCs in the fALFF map.
At the same time, AT patients had lower ReHo values in the
cerebellar vermis, the right calcarine cortex, the right precuneus,
the right SMG, and the right MFG (Figure 2 and Table 2).
Moreover, no increased ReHo values were observed in the study.
We also did not find any abnormal fALFF and ReHo values in
auditory regions.

Compared with the right-sided acute tinnitus group, the left-
sided group showed significantly higher fALFF values in the
right cerebellar, bilateral middle temporal gyrus (MTG), left ITG,
left triangular part inferior frontal gyrus, left superior frontal

FIGURE 1 | Increased fALFF values between tinnitus patients and healthy
controls (HCs). The threshold was determined by AlphaSim correction
(P < 0.001 at the voxel and P < 0.01 at the cluster level). R, right; ITG, inferior
temporal gyrus. Red to yellow means Increased fALFF values.
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TABLE 2 | fALFF and ReHo differences between tinnitus and healthy controls.

Brain region Hemisphere Peak MNI coordinates T score Cluster size (voxels)

(x,y,z)

fALFF Inferior temporal gyrus R 60, −42, −24 4.8772 77

ReHo Vermis_8 – 3, −69, −39 −6.089 27

Calcarine cortex R 27, −51, 6 −6.5194 22

Precuneus R 0,−57, 21 −5.2884 30

Supramarginal gyrus R 42, −42, 42 −5.2124 40

Middle frontal gyrus R 48, 12, 54 −5.7163 31

fALFF analysis: The threshold was determined by AlphaSim correction (P < 0.001 at the voxel and P < 0.01 at the cluster level); ReHo analysis: The threshold was
determined by AlphaSim correction (P < 0.001 at the voxel and P < 0.01 at the cluster level). L, left; R, right; MNI, montreal neurological institute.

FIGURE 2 | Decreased ReHo values between tinnitus patients and HCs. The threshold was determined by AlphaSim correction (P < 0.001 at the voxel and
P < 0.01 at the cluster level). R, right; SMG, supramarginal gyrus; MFG, middle frontal gyrus. Blue means decreased ReHo values.

gyrus (SFG), and left precentral gyrus; moreover, the left-sided
acute tinnitus group showed significantly lower fALFF values
in the left postcentral gyrus (Supplementary Figure S1 and
Supplementary Table S1). Compared with the right-sided acute
tinnitus group, the left-sided group showed significantly higher
ReHo values in the bilateral cerebellar, left fusiform gyrus, left
MTG, left MFG, left medial superior frontal gyrus, right SMG,
and right SFG; moreover, the left-sided acute tinnitus group
showed significantly lower ReHo values in the left postcentral
gyrus (Supplementary Figure S2 and Supplementary Table S1).
Unfortunately, there were no clusters survived under multiple
comparison correction.

Based on the increased fALFF and decreased ReHo values
in the tinnitus patients, six ROIs were defined for our

connectivity analysis: the right ITG of the fALFF map,
and the vermis_8, the right calcarine cortex, left precuneus,
right SMG, and right MFG of the ReHo map. When we
set the seed region in the vermis_8, the right calcarine
cortex, the left precuneus, and the right SMG, and there
were no significantly altered connectivity found after multiple
comparisons correction by using AlphaSim. Compared to the
control group, tinnitus patients showed significantly enhanced
connectivity between the seed region in the right ITG
and the right precentral gyrus (Table 3 and Figure 3).
Additionally, the seed region in the right MFG exhibited
decreased connectivity with the bilateral anterior cingulate
cortex (ACC) and the left precentral gyrus in AT patients
(Table 3 and Figure 4).
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TABLE 3 | Regions showing seed-based FC differences between tinnitus patients and normal controls.

Seed region Brain region Hemisphere Peak MNI coordinates T score Cluster size (voxels)

(x,y,z)

R.MFG Anterior cingulate cortex B 9, 21, −6 −4.2742 118

Precentral gyrus L −12, −27, 75 −4.5977 148

R.ITG Precentral gyrus R 51, −6, 7 4.7588 62

The threshold was determined by AlphaSim correction (P < 0.001 at the voxel and P < 0.01 at the cluster level). MNI, montreal neurological institute; L, left; R, right;
B, bilateral; MFG, middle frontal gyrus; ITG, inferior temporal gyrus.

FIGURE 3 | Comparing to HCs, patients showed enhanced connectivity
between the seed region in the right ITG and the right precentral gyrus. The
threshold was determined by AlphaSim correction (P < 0.001 at the voxel and
P < 0.01 at the cluster level). R, right; ITG, inferior temporal gyrus. Red to
yellow means increased connectivity.

FIGURE 4 | Comparing to HCs, patients showed reduced connectivity
between the seed region in the right MFG, and the bilateral ACC, left
precentral gyrus. The threshold was determined by AlphaSim correction
(P < 0.001 at the voxel and P < 0.01 at the cluster level). R, right; L, left;
MFG, middle frontal gyrus; ACC anterior cingulate cortex. Blue means
decreased connectivity.

Correlation Analyses
Surprisingly, in tinnitus patients, we did not find any significant
correlations between fALFF values, ReHo values, FC, and
tinnitus characteristics (including duration, THI, SAS, and
SDS) neither controlled for age, sex, education, GM volume,
average hearing thresholds nor the non-adjusted correlation
analyses (Table 4 and Supplementary Table S2). Even so,
we found that the increased fALFF values in right ITG was
almost negatively correlated with SDS scores (r = −0.392,
p = 0.052, Table 4).

DISCUSSION

The present study focused on the early stage of tinnitus. The brain
function abnormalities in patients with unilateral acute tinnitus
and hearing loss were detected through fALFF, ReHo, and FC
analysis. The results demonstrated abnormal spontaneous brain
activity in certain brain regions, for instance, the right ITG,
the vermis, the right calcarine cortex, the bilateral precuneus,
the right SMG and the right MFG. Additionally, based on the
different brain regions in fALFF and ReHo, FC analysis showed
enhanced connectivity between the right ITG (seed region)
and the right precentral gyri, along with reduced connectivity
between the right MFG (seed region) and the bilateral ACC, left
precentral gyrus. Thus, our work clearly exhibited intra- and
interregional changes in the neural function of patients with
unilateral acute tinnitus and hearing loss.

The middle frontal gyrus, an important part of the prefrontal
cortex, is believed to principally participates in the neural
mechanisms of inhibiting long-term disturbance (Konishi et al.,
2005). A 18F-fluoro-deoxyglucose positron emission tomography
(FDG-PET) study indicated that tinnitus patients had enhanced
FDG metabolism in the left MFG (Geven et al., 2014). Golm et al.
(2013) demonstrated that the high neural activation in the left
MFG was associated with tinnitus severity in chronic tinnitus
patients based on a fMRI study. Structurally, Aldhafeeri et al.
(2012) also found altered cortical thickness in the bilateral MFGs
in patients with severe tinnitus. Therefore, it is believed that the
neural activity in MFG in tinnitus may reflect the severity of
the condition. Contrary to a previous study, our research found
reduced ReHo values in the right MFG of AT. We speculated
that it is probably related to the short duration of the tinnitus,
as most of the tinnitus participants presented lower scores in the
THI test. On the other hand, the various neuroimaging methods
employed to study tinnitus (PET vs. fMRI) and the tinnitus
patients’ heterogeneity (with or without hearing loss) may lead to
inconsistent results. Based on the FC analysis, we detected that
tinnitus patients had decreased connectivity between the seed
region in the right MFG and the bilateral ACC. The MFG and
ACC are primary parts of the DMN. The DMN is usually active
when people are in the resting state and is suppressed when the
subject enters a task-based state (Raichle et al., 2001). We detected
that tinnitus patients had decreased connectivity between the
seed region in the right MFG and the bilateral ACC. The DMN is
involved in episodic memory, self-evaluation, social functioning,
foresight, and intrinsic expression (Andrews-Hanna, 2012). Chen
et al. (2015b) and Zhang et al. (2015) found tinnitus patients
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TABLE 4 | Correlation coefficients between altered fALFF, ReHo, FC values, and different tinnitus characteristics.

Brain region Duration THI SDS SAS

fALFF R.ITG 0.074/0.726 −0.175/0.404 −0.392/0.052 −0.056/0.792

ReHo Vermis_8 −0.239/0.250 0.056/0.789 −0.121/0.566 −0.114/0.587

R.Calcarine cortex −0.142/0.499 0.177/0.397 0.003/0.989 −0.336/0.101

R.Precuneus −0.086/0.681 −0.152/0.468 −0.168/0.423 −0.257/0.216

R.SMG 0.354/0.082 0.226/0.278 0.191/0.361 −0.142/0.497

R.MFG 0.087/0.681 −0.168/0.422 −0.309/0.133 −0.206/0.322

FC R.MFG-B.ACC 0.262/0.206 −0.018/0.933 0.196/0.348 −0.102/0.628

R.MFG-L.Precentral gyrus −0.004/0.984 0.352/0.084 0.137/0.512 0.091/0.664

R.ITG-R.Precentral gyrus −0.004/0.984 0.095/0.652 −0.271/0.190 −0.365/0.073

Partial correlations were controlled for age, sex, education level, GM volume, and mean hearing thresholds (data are represented as r/p). P < 0.05 was considered
significant. L, left; R, right; B, bilateral; MFG, middle frontal gyrus; ITG, inferior temporal gyrus; ACC, anterior cingulate cortex.

had altered spontaneous neural activity or disrupted functional
connection within the DMN which was associated with the
severity of the tinnitus. Therefore, the auditory hallucinations
discovered in tinnitus may be correlated with abnormalities of the
DMN, and the abnormal or incoherent brain activity in this study
may reflect this abnormal network. Additionally, we noticed that
the right MFG had decreased connectivity with the left precentral
gyrus, which was reported to be associated with the executive
control network in tinnitus (Chen et al., 2017b).

The enhanced activity of the ITG observed in our study
suggests that non-auditory pathways involved in tinnitus might
reflect abnormal sensory integration and memory consolidation
processes. Indeed, the ITG is involved in memory consolidation,
visual processing and multimodal sensory integration (Mesulam,
1998). Many studies in EEG and PET have shown that tinnitus
patients have hyperexcitability of the bilateral ITG compared to
normal controls (Weiler et al., 2000; Ashton et al., 2007; Pawlak-
Osinska et al., 2013; Adamchic et al., 2014; Song et al., 2015). This
abnormal activation, confirmed by our results, might be related
to a mechanism of maladaptive memory consolidation and/or
abnormal sensory integration (Song et al., 2012). Additionally,
the right ITG showed enhanced connectivity with the right
precentral gyrus.

Traditionally, the cerebellum was considered to be restricted
to motor control and coordination, but previous studies have
indicated that it also showed an important role in the detection
of auditory afferents and processing (Parsons et al., 2009; Salmi
et al., 2009). Our present study found that AT patients had
decreased ReHo values in the cerebellar vermis, and it is reported
that the cerebellum is involved in receiving and processing
information input from auditory-related cortices (Petacchi et al.,
2005). We thus presume that the cerebellum may be related
to the processing of tinnitus-related auditory hallucinations.
Furthermore, an fMRI study found disrupted connectivity
between the auditory cortex and the cerebellum (Maudoux et al.,
2012a), which was in consistent with a salicylate tinnitus rat
model study (Chen et al., 2015a). According to previous studies,
we presumed that the cerebellum may participate in contrasting
and integrating afferent signals from the cochlea and output
signals from the auditory cortex in tinnitus patients, that is, acting
as a selective gating control (Bauer et al., 2013), but further studies
are needed for verification.

The calcarine cortex is also known as an important part of the
primary visual cortex, which is the main site of input of signals
coming from the retina. Our study indicated that AT showed
decreased neural activity consistently in the right calcarine cortex.
Chen et al. (2014) found decreased ALFF values in the visual
area in chronic tinnitus patients. Anatomically, animal studies
demonstrated an connection between auditory and visual regions
(Iurilli et al., 2012), and the auditory cortex directly regulated the
visual cortex (Ibrahim et al., 2016). Maudoux et al. (2012b) found
functional connections between auditory and visual subnetworks
in tinnitus patients. One interpretation of these results is that
as patients attend to their phantom auditory sensation, they
contemporaneously activate visual areas.

The supramarginal gyrus, a region associated with the
attention network (Rushworth et al., 1997; Yamasaki et al., 2002),
was found to have reduced ReHo value in AT patients. Previous
EEG or PET studies also indicated that the SMG may play a role
in tinnitus (Mirz et al., 1999; Weiler et al., 2000). Based on seed-
FC analysis, Schmidt et al. (2013) demonstrated that the dorsal
attention network (DAN) showed a declined relationship with
the right SMG in tinnitus subjects. Hence, the decreased local
neural activity in the SMG may change the connectivity in the
DAN in tinnitus patients. This evidence indicates that the altered
intraregional brain activity in the attention network might lead to
abnormal local synchronization in tinnitus.

In the present study, we also found lower spontaneous
brain activity in the precuneus. Prior studies showed that
the precuneus is related to conscious and internal awareness
(Cavanna and Trimble, 2006; Cavanna, 2007; Vanhaudenhuyse
et al., 2011) and thus may play a role in tinnitus generation
and persistence. Several hypotheses have suggested that conscious
awareness is necessary for tinnitus perception. However, the
percept can be effectively ignored if distractors are provided
(Roberts et al., 2013). Tinnitus habituation may therefore be
linked to networks of awareness, of which the precuneus plays
a key role. Additionally, the precuneus is also an important
structure of the DMN and it suggested that intrinsic alteration
of DMN was involved in acute tinnitus.

Interestingly, almost all the alterations in ReHo, fALFF, and
FC were lateralized to the right hemisphere in patients. A number
of functional and structural studies in tinnitus demonstrated a
lateralized effect (Smits et al., 2007; Schecklmann et al., 2013;
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Chen et al., 2014, 2016, 2018b; Geven et al., 2014), some of
them biased to the left and others to the right. We speculate
that the cause of lateralization may due to the heterogeneity of
tinnitus patients or the different neuroimaging methods used to
investigate tinnitus. Therefore, the observed right-lateralization
effect needs to be studied to determine whether it is related
specifically to tinnitus or other factors.

In the correlation analyses, we failed to observe significant
differences between fALFF values, ReHo values, FC and tinnitus
characteristics. But we found that the increased fALFF values
in right ITG was almost negatively correlated with SDS scores.
We speculate that this might be associated with the short
duration of the tinnitus in the patients. Furthermore, the method
of neuroimaging we used may be insensitive to the early
stages of tinnitus.

The present study has several constraints that must be
acknowledged. First, because of the small sample size of tinnitus
patients, we could not categorize the group into right/left side
tinnitus to verify whether the bias of the tinnitus lead to the
lateralization of functional activity. Although we performed the
differences between left and right-side tinnitus in a exploratory
way, it still needs specific work to verify. Second, due to the
cross-sectional design, we could not study the changes on the
brain impacted by disease and whether the neural tinnitus
network will change over time. Therefore, a longitudinal study
involving a larger number of participants will be needed for
future research. Third, although we used earplugs to minimize
noise effects in present study, the noise of the scanner could not
be completely prevented. Thus, this limitation may reduce the
differences in resting-state networks between tinnitus and control
groups. Furthermore, although the seed-based FC method is
a powerful tool to study the integration of distributed brain
systems, it still raises concerns of double-dipping. Finally, in
addition to functional alterations, more studies are needed to
detect the potentially structural connectivity in acute tinnitus,
in our knowledge, diffusion tensor imaging (DTI) may measure
that more visually.

CONCLUSION

By combining ReHo, fALFF, and FC analyses, our work
indicated that AT with hearing loss had abnormal intraregional
neural activity and disrupted connectivity in several brain
regions which mainly including the non-auditory area, and
these regions are major components of DMN, attention
network, visual network, and executive control network. These
findings will help us enhance the understanding of the
neuroimaging mechanism in tinnitus populations. Moreover,
these abnormalities remind us that we should focus on the early
stages of this hearing disease.
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FIGURE S1 | Brain regions showed fALFF differences between left and right-sided
acute tinnitus group (uncorrected, P < 0.05, cluster size >20 voxels). The regions
with higher fALFF values were right cerebellar, bilateral MTG, left ITG, left triangular
part inferior frontal gyrus, left SFG,and left precentral gyrus. The regions with lower
fALFF values were left postcentral gyrus. MTG, middle temporal gyrus; ITG,
inferior temporal gyrus; SFG, superior frontal gyrus. Yellow color means increased
fALFF values and blue color means decreased fALFF values.

FIGURE S2 | Brain regions showed ReHo differences between left and right-sided
acute tinnitus group (uncorrected, P < 0.05, cluster size >20 voxels). The regions
with higher ReHo values were bilateral cerebellar, left fusiform gyrus, left MTG, left
MFG, left medial superior frontal gyrus, right SMG, and right SFG. The regions
with lower ReHo values were left postcentral gyrus. MTG, middle temporal gyrus;
MFG, middle frontal gyrus; SMG, supramarginal gyrus. Yellow color means
increased ReHo values and blue color means decreased ReHo values.

TABLE S1 | Brain regions showing fALFF and ReHo differences between left and
right-sided tinnitus fALFF and ReHo analysis: P < 0.05 (uncorrected), cluster size
>20 voxels; Age, sex, education level, and grey matter (GM) volume were
included as nuisance covariates. L, left; R, right; B, bilateral. MNI, montreal
neurological institute.

TABLE S2 | Pearson correlation analyses between altered fALFF, ReHo, FC values
and different tinnitus characteristics Pearson correlation analyses were conducted
without controlling for age, sex, education level, GM volume and mean hearing
thresholds (Data are represented as r/p). P < 0.05 was considered significant. L,
left; R, right; B, bilateral; MFG, middle frontal gyrus; ITG, inferior temporal gyrus;
ACC, anterior cingulate cortex.
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Although tinnitus retraining therapy (TRT) based on Jastreboff’s classical
neurophysiological model is efficacious in most patients, its effects on the cortical
activity changes responsible for the improvement of tinnitus are still unclear. In this study,
we compared pre- and post-TRT resting-state quantitative electroencephalography (rs-
qEEG) findings to identify power changes that could explain TRT-induced improvements.
Thirty-seven patients with severe tinnitus were enrolled in the study, and rs-qEEG data
recorded before the initial TRT sessions and 6 months after TRT were compared. In
addition, associations between the changes in qEEG and percentage improvements
in Tinnitus Handicap Inventory (THI) scores and numeric rating scale (NRS) scores
of tinnitus loudness and tinnitus perception were examined. The mean THI score
decreased significantly 6 months after the initial TRT session. Also, significant
improvements were observed 6 months after the initial TRT session compared with
the pre-treatment scores in NRS loudness, distress, and perception. As compared
with the pre-TRT status, post-TRT 6 months status showed significantly decreased
powers in the left primary and secondary auditory cortices for the gamma frequency
band. Changes in the alpha 1 frequency band power in the right insula and orbitofrontal
cortex (OFC) appeared to be positively correlated with the percentage changes in
NRS distress. These results suggested that TRT improved tinnitus-related distress
by reducing the power of the top-down autonomic response modulator or peripheral
physiological responses to emotional experiences. That is, TRT induced habituation
via modulation of functional connections between the auditory system and the limbic
and autonomic nervous systems. Our results confer additional basis for understanding
the neurophysiological model and the newly suggested integrative model of tinnitus by
De Ridder et al. (2014) in the context of the long-term efficacy of TRT.

Keywords: tinnitus retraining therapy, quantitative electroencephalography, neurophysiological model, cortical
power, connectivity
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INTRODUCTION

Subjective tinnitus is a common otological symptom
characterized by the conscious auditory perception in the
absence of an external stimulus, which is often called a “phantom
sound” as there is no corresponding genuine physical source of
the sound (Jastreboff, 1990). Although the precise mechanism
remains unclear, the current consensus is that tinnitus may
be a result of central maladaptive plastic changes reflecting a
complex interplay of auditory and non-auditory brain regions
responsible for tinnitus generation and tinnitus-related distress.
That is, tinnitus is associated with functional changes not only
in the auditory cortex but also in non-auditory regions such as
the limbic, frontal, and parietal areas (De Ridder et al., 2011a;
Adjamian et al., 2014; Lee et al., 2017).

Several management options, such as tinnitus retraining
therapy (TRT), cognitive behavioral therapy, sound therapy,
hearing rehabilitation using hearing aids or cochlear implants,
pharmacotherapy, and brain stimulation, have been suggested
for tinnitus (Langguth et al., 2013; Song et al., 2017). Of these
modalities, TRT is a combination of directive counseling
and sound therapy that seeks to manage tinnitus and
reduce sound tolerance (Jastreboff, 1990). TRT is based on
Jastreboff’s classical neurophysiological model suggesting
that the detection of tinnitus is made by neural network
mechanisms, whereas the perception and evaluation involve
the auditory cortical areas, limbic system, and sympathetic
part of the autonomic nervous system (Jastreboff, 1999,
2007, 2015; Jastreboff and Jastreboff, 2000, 2003, 2006).
TRT aims to suppress tinnitus by extinguishing functional
connections between the auditory, limbic, and autonomic
nervous systems, thus creating habituation to tinnitus-
evoked reactions and ultimately the phantom perception
itself (Jastreboff, 2015).

More than 100 studies have explored the effectiveness
of TRT, and the majority of these studies indicated that
TRT improved tinnitus significantly in approximately 80%
of patients (Jastreboff, 2015). This implication has also been
supported by the Cochrane review suggesting TRT as an effective
treatment for patients with tinnitus, despite the conclusion
based upon a single, low-quality randomized controlled trial
(Phillips and McFerran, 2010). Although most studies have
reported the effectiveness of TRT, changes in the cortical
power responsible for the improvement of tinnitus are still
unclear. A recent study demonstrated the neural substrates
predicting short-term improvement of tinnitus loudness and
distress by correlating resting-state source-localized quantitative
electroencephalography (rs-qEEG) findings and the extent of
tinnitus improvement 3 months after the first TRT session
(Kim et al., 2016). In this study, pre-TRT activities in several
cortical areas related to tinnitus generation, parasympathetic
activity, and the descending noise-canceling system have been
suggested as possible predictors of short-term improvement of
tinnitus after TRT (Kim et al., 2016). However, the possible
role of TRT in modulating abnormal cortical activities and
thereby improving tinnitus remains unclear because there have
been no studies comparing pre- and post-TRT cortical activities

and correlating the cortical power changes with the degree of
symptom improvement.

As a follow-up to our previous work (Kim et al., 2016),
we compared rs-qEEGs measured before TRT and 6 months
after the first TRT session in the present study. In addition,
we correlated the extent of tinnitus improvement with the
changes in rs-qEEG signals to determine the cortical activity
changes responsible for the improvement of tinnitus using source
localization complimented by connectivity analysis.

MATERIALS AND METHODS

Participants
The medical records of patients with subjective tinnitus who
were enrolled in a modified TRT program at Seoul National
University Bundang Hospital from May 2015 to April 2017 were
retrospectively reviewed. Subjects with normal (<25 dB hearing
level) or mild hearing loss (25–40 dB hearing level) calculated
by averaging the pure tone thresholds at 0.5, 1, 2, and 3 kHz
(Bae et al., 2017, 2018, 2019; Sunwoo et al., 2017; Song et al.,
2018; Lee et al., 2019; Shim et al., 2019) on both ears were
included in the present study. Subjects were excluded if they
had the following conditions: (1) pulsatile tinnitus, Ménière’s
disease, otosclerosis, any psychiatric or neurological disorders,
histories of drug or alcohol abuse, and chronic headache; (2)
a history of head injury that caused loss of consciousness; (3)
a history of seizures; and (4) subjects who were lost to follow-
up were excluded from the study. Accordingly, the final study
population consisted of 37 patients with subjective tinnitus.
The study was approved by the Institutional Review Board
of the Clinical Research Institute at Seoul National University
Bundang Hospital, and was conducted in accordance with the
Declaration of Helsinki (IRB-B-1708-412-128). The requirement
for patient consent was waived. At the initial visit, we assessed
the characteristics of tinnitus in a structured manner including
the affected side, the nature of symptoms (pure-tone or narrow-
band noise), and symptom duration. All participants underwent
pure-tone audiometry, psychoacoustic tinnitus tests, such as
tinnitus pitch matching, tinnitus loudness matching, and the
minimum masking level test (Henry and Meikle, 2000), and an
initial pre-TRT rs-qEEG. The perceived tinnitus handicap was
measured by the Tinnitus Handicap Inventory (THI) (Newman
et al., 1996). The THI consists of a total of 25 items, consisting
of a functional subscale (11 items), an emotional subscale (9
items), and a catastrophic subscale (5 items). The total THI
score (0–100 points) is used to determine a measure of the
overall severity of the tinnitus annoyance or general tinnitus-
related distress (Newman et al., 1996). The numeric rating scale
(NRS) scores for tinnitus loudness (answering the question “how
loud is your tinnitus?” on a scale from 0 to 10), tinnitus-
related distress (answering the question “how bothered are you
by your tinnitus?” on a scale from 0 to 10), and the percentage
of the daytime during which the participant perceived tinnitus
(NRS tinnitus perception, 0 to 100%) were used to evaluate
the difficulties associated with tinnitus. All tests were conducted
before and 6 months after the initial TRT session.
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Modified TRT Program
After the initial evaluation, all subjects enrolled in the present
study participated in our modified TRT program, which
was based on the neurophysiological model of Jastreboff
(Jastreboff, 1990, 1999, 2007, 2015; Jastreboff and Jastreboff,
2000, 2003, 2006). “The original TRT includes not only directive
counseling and sound therapy but also stress management and
facultative psychotherapeutic treatment. Meanwhile, the main
point of modified TRT is the counseling, which based on the
neurophysiological model of tinnitus (Mazurek et al., 2006).”
During the initial session for 40 min, the subjects were educated
regarding the background of tinnitus and TRT, such as the
definition and incidence of tinnitus, simplified anatomy of the
ear and auditory pathways, the subconscious processing and
conscious perception of auditory stimuli, selective listening and
the central noise-canceling mechanism (Song et al., 2015a),
the neurophysiological model suggested by Jastreboff, tinnitus
demystification, motivation and reassurance, explanation of
habituation and ignoring tinnitus as the goal of TRT, the roles
played by hearing aids and various sound therapies in treating
tinnitus, and directed education on how to avoid silence and
to add non-noxious sounds to the daily environment (i.e.,
ambient sound stimulation). All subjects were recommended to
be exposed to ambient sound stimulation as much as possible and
to avoid complete silence while they are awake. Hearing aids were
not used in the present study population as only subjects with
normal hearing or mild hearing loss were included to avoid bias
with the cortical changes due to hearing loss and its improvement
after hearing aid use. After the initial TRT session, all subjects
were scheduled for monthly follow-up TRT sessions (30 min
each). At each follow-up session, all subjects were reevaluated by
follow-up THI and NRS score survey and counseled to determine
subjective changes in their symptoms and to review the core
content of the initial counseling session. In this way, a total of
7 TRT sessions were given to each subject.

EEG Recording
Rs-EEGs were obtained before and 6 months after the initial TRT
session in all 37 subjects. Before measurement, the participants
were asked not to drink alcohol for 24 h and to avoid caffeinated
beverages on the day of recording to minimize alcohol-induced
changes in EEG (Korucuoglu et al., 2016) or caffeine-induced
alpha and beta power decreases (Siepmann and Kirch, 2002).
EEGs were recorded with the patient in the sitting position with
the eyes closed for 5 min using a tin-electrode cap (Electro-
Cap, Eaton, OH, United States), a Mitsar amplifier (EEG-201;
Mitsar, St. Petersburg, Russia), and WinEEG software version
2.84.44 (Mitsar) in a fully lit room shielded from sound and
stray electric fields. The EEG was sampled with 19 electrodes
in the standard 10–20 International placement, referenced to
linked ears, and impedances were maintained below 5 k� at
each electrode throughout the EEG measurements. We imported
EEG as epoched data, and the data were collected for 100 2-
second epochs eyes closed. The epochs remained after artifact
removal differed from person to person according to the amount
of removed data. The sampling rate was 1024 Hz, and the

high- and low-pass frequencies used were 0.15 and 200 Hz,
respectively. Initially recorded data were then resampled to
128 Hz and band-pass filtered using a fast Fourier transform
filter and application of a Hanning window at 2–44 Hz. After
importing the data into Eureka! Software (Sherlin and Congedo,
2005), plotting of the EEG stream and manual inspection
for artifacts, such as eye movement, unconscious blinking,
teeth clenching, and any form of body movements that can
affect EEG stream, were performed to remove all episodic
artifacts. As the vigilance level of participants may affect test
results, we carefully monitored abnormal EEG patterns, such as
slowing of the alpha rhythm or the emergence of sleep spindles
(Moazami-Goudarzi et al., 2010). No participants included in the
present study exhibited such abnormal EEG patterns throughout
the measurements.

Source Localization Analysis
Low-resolution brain electromagnetic tomography (LORETA)-
KEY software1 designed for functional localization
of standardized current densities based on certain
electrophysiological and neuroanatomical constraints (Pascual-
Marqui, 2002) was used to localize the cortical sources that
generated the activities recorded from the scalp electrode in
each of the following 8 frequency bands: delta (2–3.5 Hz),
theta (4–7.5 Hz), alpha 1 (8–10 Hz), alpha 2 (10–12 Hz), beta
1 (13–18 Hz), beta 2 (18.5–21 Hz), beta 3 (21.5–30 Hz), and
gamma (30.5–44 Hz) (Kim et al., 2015; Song et al., 2015a,b, 2017;
Han et al., 2018; Vanneste et al., 2018).

Estimation of the position of the current sources from
electrode potentials is known as the inverse problem or the neural
source imaging problem (Grech et al., 2008; Lopez Rincon and
Shimoda, 2016). In other words, the inverse problem involves the
source reconstruction of images from electric neuronal activities
based on extracranial measurements. Among various techniques
available for EEG source localization, LORETA algorithm gives
the best solution in terms of both localization error and ghost
sources (Grech et al., 2008). The software makes assumptions
with regard to orientations and strengths of the neighboring
neuronal sources that are represented by adjacent voxels. This
software implements revisited realistic electrode coordinates
(Jurcak et al., 2007) and the lead field produced by Fuchs et al.
(2002) resulting from standard electrode positions readjusted to
a standard Montreal Neurological Institute (MNI)-152 head in
combination with a boundary element method derived from the
same standard anatomy (Jurcak et al., 2007). The LORETA-KEY
anatomical template divides and labels the neocortical MNI-
152 volume, including the hippocampus and anterior cingulate
cortex, into 6239 voxels with dimensions of 5 × 5 × 5 mm,
based on the Daemon Atlas (Lancaster et al., 2000). Anatomical
labeling of significant clusters was performed automatically using
a toolbox implemented in LORETA-KEY. The locations of
significant clusters were initially investigated using the Anatomy
toolbox (Eickhoff et al., 2005), and reconfirmed using the
Talairach and Tournoux atlas (Talairach and Tournoux, 1988).

1http://www.uzh.ch/keyinst/NewLORETA/Software/Software.htm
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Functional Connectivity Analysis
Phase synchronization over multiple frequency bands has
been proposed to be the most plausible mechanism of
large scale neuronal integration overcoming the distributed
anatomical and functional organization of brain activity to
enable coherent behavior and cognition (Varela et al., 2001).
Therefore, phase synchronization and the amount of coherence
between pre- and post-TRT qEEGs in different regions
of interest (ROIs) were calculated to analyze functional
connectivity by the built-in LORETA-KEY connectivity toolbox.
The toolbox determines coherence and phase synchronization
between multivariate time series; the measures are expressed
as the sums of lagged/instantaneous dependencies. Of various
methods, we analyzed lagged coherence as it excludes non-
lagged parts of coherence that comprises effects of volume
conduction (artificially increasing coherence), and effects of non-
recorded sources that simultaneously drive recorded sources
(Milz et al., 2014).

A total of 28 ROIs defined by Brodmann area were
selected as possible nodes based on the previous literature
on tinnitus: the bilateral primary and secondary auditory
cortices (Rolls, 2004; Kringelbach, 2005; Smits et al., 2007),
the bilateral parahippocampal (Landgrebe et al., 2009), the
bilateral rostral/pregenual/subgenual anterior cingulate cortices
(r/pg/sgACCs) (Vanneste et al., 2010; De Ridder et al., 2011b;
Golm et al., 2013), the bilateral ventral medial prefrontal cortices
(vmPFC) (Leaver et al., 2011, 2012), the bilateral insulae, bilateral
precunei, and bilateral orbitofrontal cortices (OFC) (Vanneste
et al., 2010; De Ridder et al., 2011b; Golm et al., 2016).

Statistical Analysis
Statistical non-parametric mapping (SnPM) was adapted
for permutation tests for source localization and functional
connectivity. SnPM yields results similar to those obtained with
the statistical parametric mapping approach using a general
linear model (GLM) with multiple comparison corrections
derived from random field theory (Nichols and Holmes, 2002).
That is, SnPM corrects for multiple tests performed for all
voxels and all frequency bands. Due to its non-parametric
nature, the validity of SnPM does not rely on any assumption
of Gaussianity. In this regard, SnPM can be used to verify the
validity of less computationally expensive parametric approaches
and is suitable for functional neuroimaging studies involving
multi-subjects or group analyses in small numbers of subjects
(Nichols and Holmes, 2002). SnPM’s permutation for correction
for multiple comparisons (5,000 permutations in the current
study) has previously been proven similar to those obtained
using a standard GLM approach with multiple comparisons
corrections (Holmes et al., 1996; Nichols and Holmes, 2002).

In this way, we compared pre- and post-TRT rs-qEEGs and
correlated the extent of tinnitus improvement with the changes
in rs-qEEG signals with regard to source-localized activity and
functional connectivity. In addition, the paired t-test was used
to evaluate the changes in perceived THI and NRS scores
6 months after TRT using SPSS (version 20.0; SPSS Inc., Chicago,
IL, United States). In all analyses, P < 0.05 was taken to

indicate statistical significance. The t-tests were based on one-
tailed hypotheses.

RESULTS

Demographic and Clinical
Characteristics of the Subjects
The clinical characteristics of the 37 subjects enrolled in this study
are summarized in Table 1. The mean THI score of the subjects
was 56.3 ± 16.8, and the enrolled subjects’ tinnitus handicap
ranged from “moderate” to “severe” as defined by Newman et al.
(1998). The mean age of the subjects was 55.0 ± 11.9 years
(range, 22–76 years), and 20 of the 37 subjects were male. Of
the 37 subjects, 21 complained of unilateral tinnitus (15 with
right tinnitus and 6 with left tinnitus), while the remaining 16
had bilateral tinnitus. Twenty-seven patients presented pure-
tone tinnitus, while the other 10 presented narrow-band noise
tinnitus. The mean symptom duration was 5.0 ± 4.1 years
(range, 1–25 years).

Improvement in Questionnaire Scores
6 Months After the Initial TRT Session
As summarized in Table 2, the mean THI score improved
significantly from 56.3 ± 16.8 to 37.5 ± 24.3 (t = 5.83, P < 0.001,
Cohen’s d = 1.118, paired t test) 6 months after the initial TRT
session. In addition, significant improvements were observed
6 months after the initial TRT session compared with the pre-
treatment scores in NRS loudness (from 6.9 ± 1.8 to 6.0 ± 2.0,
t = 3.525, Cohen’s d = 0.484, P = 0.007, paired t test), distress
(from 7.0 ± 2.0 to 5.1 ± 2.6, t = 3.096, Cohen’s d = 0.916,
P < 0.001, paired t test), and perception (from 85.9 ± 22.2%
to 64.2 ± 29.4%, t = 3.451, Cohen’s d = 0.981, P < 0.001,
paired t test).

TABLE 1 | Demographic and Clinical characteristics.

Parameters Enrolled subjects (n = 37)

Sex

Male 20 (54.1%)

Female 17 (45.9%)

Age (year)

Mean [SD] 55.0 [11.9]

Range 22–76

Tinnitus laterality

Unilateral 21 (56.8%)

Bilateral 16 (43.2%)

Tinnitus characteristics

Pure tone 27 (73.0%)

Narrow band noise 10 (27.0%)

Duration (year)

Mean 5.0 [4.1]

Range 1–25

Hearing level (dB)

Normal 26 (70.2%)

Mild hearing loss 11 (29.8%)
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TABLE 2 | Changes in the perceived tinnitus handicap scores 6 months after TRT.

Parameters Pre-TRT Post-TRT 6 months P-value Cohen’s d

THI (0–100) 56.3 [SD:16.8] 37.5 [SD:24.3] <0.001 1.118

NRS perception (%) 85.9 [SD:22.2] 64.2 [SD:29.4] 0.007 0.484

NRS loudness (0–10) 6.9 [SD:1.8] 6.0 [SD:2.0] <0.001 0.916

NRS distress (0–10) 7.0 [SD:2.0] 5.1 [SD:2.6] <0.001 0.981

TRT, tinnitus retraining therapy; NRS, numeric rating scale.

FIGURE 1 | Source-localized cortical power comparison between pre- and post-TRT conditions using repeatedly measured quantitative electroencephalography
(qEEG) data. Post-TRT qEEG data showed decreased powers in the left primary and secondary auditory cortices (A1 and A2) for the gamma frequency band as
compared with pre-TRT data.

Source-Localized Cortical Power and
Connectivity Comparison Between
Pre- and Post-TRT Conditions
The subjects enrolled in the present study showed significantly
decreased powers in the left primary and secondary auditory
cortices (A1 and A2) for the gamma frequency band 6 months
after TRT in comparison with pre-TRT status (P < 0.01)
(Figure 1). There were no other statistically significant
differences between the pre- and post-TRT rs-qEEGs for
the delta, theta, alpha 1 and 2, and beta 1–3 frequency bands.

No significant differences were found between pre-
and post-TRT rs-qEEG data with regard to connectivity
among the 28 ROIs.

Correlation Analyses Between NRS
Changes and Source-Localized Cortical
Power Changes
Changes in the source-localized cortical power in the right
insula and OFC for the alpha 1 frequency band were
positively correlated with the percentage improvements in
NRS distress (P = 0.04) (Figure 2). Meanwhile, percentage
improvements in NRS loudness or NRS perception showed no

significant correlations with changes in source-localized cortical
power after TRT.

Correlation Analyses Between Changes
in NRS Parameters and Connectivity
Changes
No significant correlations were observed in the percentage
improvements in NRS loudness/distress/perception and
connectivity among the 28 ROIs.

DISCUSSION

This study was performed to explore the role of modified
TRT with regard to the modulation of abnormal cortical
activities in subjects with debilitating tinnitus 6 months
after the initial session by analyzing changes in resting-state
cortical activities. By analyzing repetitively measured rs-
qEEGs, we demonstrated that the cortical power of tinnitus
subject changes after repeated modified TRT sessions
and the improvement in symptoms is correlated with the
changes in resting-state cortical oscillatory activities. To
our knowledge, although the classical neurophysiological
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FIGURE 2 | Source-localized correlation analysis between the percentage improvements in NRS of tinnitus distress and changes in TRT (pre- and post-TRT)
resting-state qEEG data. EEG power changes in the right insula and orbitofrontal cortex (OFC) for the alpha 1 frequency band showed a positive correlation with the
percentage changes in NRS distress (P = 0.04).

model of tinnitus suggested by Jastreboff postulated the
involvement of cortical structures, such as the auditory cortex
and limbic system, this is the first study to elucidate the
cortical changes that may be relevant to the improvement
of tinnitus after successful TRT sessions in subjects with
severe tinnitus.

Sustained Improvement in Questionnaire
Scores 6 Months After the Initial TRT
Session
As a follow-up to our previous report (Kim et al., 2016), the
present study was performed in a population of 37 patients
enrolled in the TRT program of our institute and followed up
for 6 months after the initial TRT session. As summarized in
Table 2, the improvements in mean THI score (from 56.3 ± 16.8
to 37.5 ± 24.3), NRS loudness (from 6.9 ± 1.8 to 6.0 ± 2.0),
distress (from 7.0 ± 2.0 to 5.1 ± 2.6), and perception (from
85.9 ± 22.2% to 64.2 ± 29.4%) indicated significant sustained
improvements 6 months after the initial TRT session compared
with the pre-treatment scores. The results were comparable
to our previous preliminary report (Kim et al., 2016) as well
as to other previous studies (Jastreboff and Jastreboff, 2006;
Jastreboff, 2015).

Abnormal Auditory Cortical Power Is
Suppressed 6 Months After Initial TRT
Session
The perception of tinnitus has previously been suggested to be
linked to increased neural activity in the auditory cortex, and A1
and A2 has been suggested to play important roles in tinnitus
perception (De Ridder et al., 2015), and these areas have recently
been suggested as a part of tinnitus core; i.e., the minimal brain
area required to generate the phantom sound (De Ridder et al.,
2014), along with the parahippocampus (PHC). Indeed, a recent
meta-analysis of PET studies reported increased regional cerebral
blood flow in A1 and A2 in tinnitus patients in comparison
with normal controls, which supports the suggestion that A1
and A2 are important areas for tinnitus perception (Song et al.,
2012). However, the included studies in this meta-analysis did not
control for hearing loss, thereby might have been demonstrating
correlates of hearing loss as well as, or instead of, tinnitus.
Therefore, this awaits further confirmation.

Tinnitus was suggested to be caused by abnormal,
spontaneous, and constant gamma-band activity generated
as a consequence of hyperpolarization of the thalamic nuclei
(Llinás et al., 1999). On the other hand, qEEG (Van Der Loo
et al., 2009; Vanneste and De Ridder, 2012; Meyer et al., 2014)
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and MEG studies (Weisz et al., 2005, 2007) showed that tinnitus
perception and its loudness are correlated with sustained
high-frequency gamma-band activity in the auditory cortices.
These results suggest that increased gamma-band activity
in the auditory cortices is associated with the perception
and loudness of tinnitus. The present study demonstrated
significantly decreased gamma power at the left A1 and A2
at post-TRT 6 months as compared with pre-TRT baseline,
showing decreased cortical power of the core tinnitus generator,
i.e., the auditory cortices, after TRT. However, of note, reports
on auditory cortical gamma power changes in patients with
tinnitus appear to be controversial. For instance, other previous
qEEG or MEG studies have failed to find gamma power
changes between tinnitus- and control groups (Adjamian et al.,
2012; Song et al., 2015b). Moreover, Sedley et al. revealed
the differential patterns of gamma-band oscillations in the
auditory cortex according to residual inhibition or excitation,
suggesting a mutual inhibitory role of gamma oscillations
on tinnitus symptoms (Sedley et al., 2012). These discrepant
findings might be attributable to highly variable gamma-band
frequency across studies (Weisz et al., 2007; Van Der Loo
et al., 2009; Song et al., 2015b) and confounders such as
laterality and hearing loss (Ortmann et al., 2011), and therefore
further studies to elucidate the role of gamma power changes
in the auditory cortex should be performed. Furthermore,
reduced gamma power in the left A1 and A2 6 months after
the initial session of modified TRT might also be biased
by an effect of time, familiarity with EEG, or an indirect
correlate of these such as attention. Future studies in a larger
number of subjects should be performed to reconfirm our
current findings.

Our preliminary study indicated that the percentage changes
in improvement in tinnitus loudness were correlated with the
gamma-band activities of A1 and A2 3 months after TRT (Kim
et al., 2016). In this regard, decreased activities in the A1 and
A2 in patients with tinnitus after TRT may be related to both
short- and long-term TRT-mediated improvements in tinnitus.
In addition, in a recent rs-qEEG study performed by Vanneste
and De Ridder (2016), tinnitus was suggested to be more closely
related to auditory cortical activity in patients with little or
no hearing loss, but not to parahippocampal activity, whereas
tinnitus appears to be related to parahippocampal mechanisms
in those with more severe hearing loss. As the subjects enrolled in
the present study had no or minimal hearing loss with thresholds
better than 40 dB bilaterally, the deactivation of the auditory
cortices in our subjects after TRT were consistent with that
reported by Vanneste and De Ridder (2016).

TRT Attenuated Tinnitus-Related
Distress via Modulation of the
Interaction of the Limbic and Autonomic
Nervous Systems
According to the classical neurophysiological model of tinnitus
(Jastreboff, 1990, 2015), once an abnormal activity that causes
tinnitus is classified as important, it spreads to the limbic
system and autonomic nervous system. That is, tinnitus-related

distress is attributable to changes in the limbic system and
the autonomic nervous system as well as the interaction
between these two systems. In an integrative model of tinnitus
suggesting tinnitus as a unified percept of interacting separable
subnetworks, the OFC has been suggested to be one of the
cortical areas responsible for the emotional component of
tinnitus (De Ridder et al., 2014). In addition, recent studies
demonstrated that tinnitus-related distress is related to alpha
oscillation over the network consisting of the amygdala-
anterior cingulate cortex-insula-PHC (Vanneste et al., 2010;
Golm et al., 2013). Moreover, another study demonstrated a
correlation between tinnitus-related distress and sympathetic
activation, mediated in part via the right anterior insula
(van der Loo et al., 2011).

These previous studies were consistent with the present
findings showing positive correlations between cortical
power changes in the right insula/OFC and the percentage
improvements in NRS distress 6 months after the initial
TRT session. That is, greater normalization of OFC-mediated
emotional components and right insula-mediated sympathetic
activation by TRT showed an association with greater
improvement in tinnitus-related distress. In addition, our
preliminary study revealed a positive correlation between the
pre-TRT activity of the insula and the percentage improvement
in THI score, reflecting the improvement of psychological
distress due to tinnitus, 3 months after the initial TRT session.
Taken together with the results of our preliminary study, the
findings presented here suggest that TRT may be more successful
in subjects with severe distress due to abnormal autonomic
nervous system activation.

Strengths and Limitations of the Current
Study
To our knowledge, this is the first study to evaluate cortical
power changes after TRT and to correlate these changes with
improvements in subjective symptoms of tinnitus. Although this
study not only replicated previous findings but also elucidated
key changes responsible for the improvement of tinnitus and
related distress, there are several potential limitations that
warrant follow-up investigation.

First, we processed qEEG data by resampling to 128 Hz
and band-pass filtering with the standard EEG wave range (2–
44 Hz) in this study. A previous study, however, showed higher
frequency (40–80 Hz) activities in the gamma range over auditory
cortices in patients with intractable tinnitus (Ashton et al., 2007).
The precise interpretation of the changes in gamma oscillation,
which have been suggested to be neural correlates of perception
and consciousness (Weisz et al., 2007), was not possible in
the present study. Therefore, further studies using higher
frequency band recording are required. Second, although we
reported improvements in tinnitus-related symptoms 6 months
after modified TRT, we cannot definitively conclude that these
improvements were solely due to TRT. As tinnitus resolves
spontaneously without any treatment during follow-up in some
patients (Dobie and Snow, 2004) and as it is recommended for the
TRT program to be continued for 18 months (Grewal et al., 2014),
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further studies comparing a TRT group with a “waiting list”
control group with a longer follow-up duration are warranted.
Third, tinnitus patients with relatively high levels of distress
(mean THI score of 57.8) were enrolled in the present study.
To explore the applicability of the present results to patients
with different levels of distress, further studies in subjects with
no or mild distress are required. Fourth, we enrolled tinnitus
patients with normal hearing or only mild hearing loss and did
not take combined hyperacusis into consideration. It has been
reported that tinnitus patients show different cortical activity
patterns according to the degree of hearing loss or combined
hyperacusis (Vanneste and De Ridder, 2016). Therefore, further
studies to explore the cortical power changes that occur after TRT
in groups with different degrees of hearing loss and to evaluate
the role of hyperacusis are required. Fifth, a recent study has
suggested that there were no differences with regard to tinnitus
improvement scores among TRT, partial TRT (counseling with
placebo sound generator), and standard of care groups (Tinnitus
Retraining Therapy Trial Research Group et al., 2019). Further
research is warranted to reveal whether or not the effect of TRT
is in a part of natural habituation. Sixth, our study subjects
were heterogeneous with regard to tinnitus laterality (16 bilateral
tinnitus, 15 right tinnitus, and 6 left tinnitus). In this regard,
the findings in the current study are inconclusive as unilateral-
and bilateral tinnitus subjects show different cortical oscillatory
patterns according to previous literature (Vanneste et al., 2011).
Future studies exploring different effects of TRT both in uni- and
bilateral tinnitus groups should be performed to further explore
the effect of tinnitus laterality.

CONCLUSION

Taken together, the results presented here indicated that TRT
improves tinnitus by reducing the auditory cortical power and
tinnitus-related distress by reducing the power of the top-
down autonomic response modulator or peripheral physiological
responses to emotional experiences. That is, TRT induces
habituation via modulation of the functional connections
between the auditory system and the limbic and autonomic
nervous systems. The present study confers an additional basis
for understanding the neurophysiological model and the newly
suggested integrative model of tinnitus by De Ridder et al. (2014)
in the context of the long-term efficacy of TRT. In addition,
the present study suggested a mechanism by which TRT quiets

tinnitus and relieves tinnitus-related distress in the context of
psychological modulation of cortical power.
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Chronic Tinnitus Exhibits
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Dysconnectivity in Frontostriatal
Circuit
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Xindao Yin2* and Yuanqing Wu1*
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Purpose: The phantom sound of tinnitus is considered to be associated with abnormal
functional coupling between the nucleus accumbens (NAc) and the prefrontal cortex,
which may form a frontostriatal top-down gating system to evaluate and modulate
sensory signals. Resting-state functional magnetic resonance imaging (fMRI) was used
to recognize the aberrant directional connectivity of the NAc in chronic tinnitus and to
ascertain the relationship between this connectivity and tinnitus characteristics.

Methods: Participants included chronic tinnitus patients (n = 50) and healthy controls
(n = 55), matched for age, sex, education, and hearing thresholds. The hearing status
of both groups was comparable. On the basis of the NAc as a seed region, a Granger
causality analysis (GCA) study was conducted to investigate the directional connectivity
and the relationship with tinnitus duration or distress.

Results: Compared with healthy controls, tinnitus patients exhibited abnormal
directional connectivity between the NAc and the prefrontal cortex, principally the
middle frontal gyrus (MFG), orbitofrontal cortex (OFC), and inferior frontal gyrus (IFG).
Additionally, positive correlations between tinnitus handicap questionnaire (THQ) scores
and increased directional connectivity from the right NAc to the left MFG (r = 0.357,
p = 0.015) and from the right MFG to the left NAc (r = 0.626, p < 0.001) were observed.
Furthermore, the enhanced directional connectivity from the right NAc to the right OFC
was positively associated with the duration of tinnitus (r = 0.599, p < 0.001).

Conclusion: In concurrence with expectations, tinnitus distress was correlated with
enhanced directional connectivity between the NAc and the prefrontal cortex. The
current study not only helps illuminate the neural basis of the frontostriatal gating
control of tinnitus sensation but also contributes to deciphering the neuropathological
features of tinnitus.

Keywords: tinnitus, nucleus accumbens, prefrontal cortex, directional connectivity, resting-state fMRI
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INTRODUCTION

Tinnitus is defined as a phantom auditory perception that
may bother many patients to the extent that it changes their
lives (Baguley et al., 2013; Bauer, 2018). Because of the aging
population and unavoidable noise pollution, the incidence of
chronic tinnitus has increased sharply over the past 15 years
(Shargorodsky et al., 2010; Knipper et al., 2013). Currently,
the mechanism of action of chronic and irreversible tinnitus is
unknown. Hence, many investigators have applied themselves to
unraveling the nature of tinnitus (Galazyuk et al., 2012), notably
subjective chronic tinnitus without organic lesions. Abnormal
cochlear function has been considered to be the primary
cause of tinnitus over the years. However, a small number of
studies indicated that many patients failed to experience relief
from tinnitus after the complete recovery of cochlear lesions
(Rauschecker et al., 2010). The central nervous system is integral
when considering the occurrence and development of tinnitus.
A series of anomalies in the auditory center were observed
in tinnitus cases in prior research studies (Leaver et al., 2011,
2016a; Kim et al., 2012; Song et al., 2012, 2015; Vanneste and
De Ridder, 2012; Adjamian et al., 2014; Husain and Schmidt,
2014; Chen et al., 2015, 2016; Hinkley et al., 2015; Gunbey et al.,
2017; Schmidt et al., 2017; Hullfish et al., 2019), simultaneously
covering synaptic remodeling (Eggermont and Roberts, 2004),
neuronal spontaneous hyperactivity or hypoactivity (Chen et al.,
2014), increased neuronal synchronicity (Eggermont, 2007;
Langers et al., 2012), and changes in tonotopic representation
of sound (Langers et al., 2012). Tinnitus activations may also
involve the non-auditory center, in which the limbic system
and the autonomic nervous system are especially important
(Crippaa et al., 2010; Rauschecker et al., 2010; Leaver et al.,
2011, 2016a; Kim et al., 2012; Vanneste and De Ridder,
2012; Carpenter-Thompson et al., 2014; Kreuzer et al., 2015;
Song et al., 2015; Chen et al., 2016; Gunbey et al., 2017;
Schmidt et al., 2017; Hullfish et al., 2019). As a result, an
increasing number of researchers have investigated tinnitus
from the periphery to the central nervous system. Although
many studies have investigated this area over the years, the
neuropathological mechanism underlying tinnitus generation
remains an enigma.

Comprehensively accumulated evidence from functional
neuroimaging studies indicated that the limbic system plays
an intermediary role in evaluating and modulating tinnitus
perception signals, for instance, identifying and eliminating
phantom sounds normally as well as canceling the noise at the
level of the limbic system by providing feedback to the thalamic
reticular nucleus (TRN) (Muhlau et al., 2006; Rauschecker et al.,
2010, 2015; Leaver et al., 2011; Barry et al., 2015; Gunbey
et al., 2017). At the level of the thalamus, the inhibition and
stimulation of the medial geniculate nucleus (MGN) and TRN
are determined by the pathway above (Rauschecker et al., 2010,
2015; Barry et al., 2015). Research has also indicated that one
of the reasons for the generation and maintenance of tinnitus
is the breakdown of auditory circuitry, especially in the thalamic
regions, including the MGN and TRN (Rauschecker et al., 2010;
Barry et al., 2015). Moreover, the functional connectivity between

the nucleus accumbens (NAc) and MGN single neurons as well
as the modulation of auditory neuron activity in the MGN
by the NAc may play a part in the development of tinnitus
(Barry et al., 2015).

Furthermore, the generation of tinnitus may be ascribed
to the reaction of the NAc to dysfunctional sensory gating
control (Barry et al., 2015). The study of Rauschecker et al.
demonstrated that as part of a central gatekeeping system
in tinnitus, the subcallosal area, which is composed of the
ventromedial prefrontal cortex (vmPFC) and the NAc, evaluates
the relevance and emotional value of sensory stimuli, and
controls the flow of information (Rauschecker et al., 2010).
Previous studies have suggested that the NAc and vmPFC
and subgenual anterior cingulate cortex (sgACC) form a
frontostriatal gating circuit in tinnitus patients (Leaver et al.,
2011, 2016b; Rauschecker et al., 2015; Hullfish et al., 2019).
Therefore, functional magnetic resonance imaging (fMRI) was
used to measure the neural activity within frontostriatal
network in tinnitus.

The interconnection within cerebral networks, which is
structurally segregated and functionally specialized, may be
further understood by resting-state low-frequency (0.01–0.1 Hz)
fluctuations of blood oxygenation level-dependent (BOLD) fMRI
(Biswal et al., 1995; Raichle et al., 2000; Barkhof et al., 2014).
Recent MRI studies on tinnitus have raised awareness of altered
structural and functional brain alterations in auditory and limbic
regions (Leaver et al., 2011, 2016a; Vanneste and De Ridder, 2012;
Meyer et al., 2016; Hullfish et al., 2019). The NAc, vmPFC, and
sgACC could be the kernel regions of tinnitus dysfunction. The
highest degree of hyperactivity, specifically to sounds frequency
matched in the NAc area, as well as complementary structural
differences in the vmPFC, has been shown in tinnitus patients
(Leaver et al., 2016a). Increased gray matter (GM) and decreased
white matter (WM) concentrations in the vmPFC within tinnitus
patients have been detected (Middleton and Tzounopoulos,
2012), in which the functional changes in the NAc and auditory
cortex were closely associated with the degree of structural
changes. Moreover, Meyer et al. (2016) demonstrated that the
reduced GM in sgACC was correlated with tinnitus duration in a
large sample of tinnitus patients, suggesting that ongoing tinnitus
may be related to progressive reorganization of the sgACC,
which is consistent with the gating model (Rauschecker et al.,
2015). Likewise, Hinkley et al. (2015) investigated the presence
of increased functional connectivity in the NAc and vmPFC
with the auditory cortex of tinnitus patients. While many studies
have shown that tinnitus involves changes in the functional
connectivity between the whole brain and the NAc as well as
the vmPFC (Leaver et al., 2011; Adjamian et al., 2014; Hullfish
et al., 2019), the directionality or specificity of the dysfunctional
connections in tinnitus remains unknown.

A Granger causality analysis (GCA) study is employed to
identify directionality in altered effective connectivity between
the whole brain and the NAc as well as the vmPFC among
subjects, providing scientific evidence for in-depth research. GCA
has been applied broadly to expose the causal effects among
brain regions in other neurological or psychiatric disorders,
such as Alzheimer’s disease (Zhong et al., 2014), mild cognitive
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impairment (Yu et al., 2017), depression (Guo et al., 2015),
and presbycusis (Chen et al., 2019). In the current study, fMRI
combined with the GCA method was used to collect and process
BOLD data to precisely determine the directionality of altered
resting-state directional connectivity (Jiao et al., 2011; Stephan
and Roebroeck, 2012). Specific seed regions are stipulated in
the NAc considering the potential role of the NAc within
the frontostriatal gating circuit in tinnitus. It is hypothesized
that disruption of the directional connectivity in the NAc in
patients with chronic tinnitus would be observed by utilizing the
GCA method. Moreover, the disrupted frontostriatal connectivity
would be associated with specific tinnitus characteristics, such
as tinnitus distress and duration. To our knowledge, this is the
first study to use fMRI in combination with the GCA method
to detect the directional connectivity of the NAc in chronic
tinnitus patients.

MATERIALS AND METHODS

Subjects
Fifty chronic tinnitus patients and 55 healthy subjects (all right-
handed, with at least 8 years of education) were recruited through
community health screening or newspaper advertisements. No
subject was excluded from the fMRI analysis due to excessive
head motion during scanning. The patients and controls were
paired into matched groups in terms of age, sex, and education.
There were 18 left-sided and 16 right-sided tinnitus patients as
well as 16 tinnitus patients who experienced bilateral tinnitus
or tinnitus originating within the head. The Iowa version of
the Tinnitus Handicap Questionnaires (THQ) (Kuk et al., 1990)
and a pure tone audiometry (PTA) examination were used to
assess the tinnitus severity, tinnitus distress, and the hearing
threshold. All participants had clinically normal hearing (hearing
thresholds < 25 dB) at the frequencies of 0.25, 0.5, 1, 2, 4,
and 8 kHz. There were no statistically significant differences in
auditory thresholds between the tinnitus group and the control
group (see Figure 1 for average hearing thresholds). According
to the self-rating depression scale (SDS) and the self-rating
anxiety scale (SAS) (overall scores < 50, respectively), none of
the participants had depression or anxiety (Zung, 1971, 1986).

FIGURE 1 | Mean hearing thresholds of the chronic tinnitus and control
groups. Data are presented as mean ± SD.

In accordance with a previous study (Khalfa et al., 2002), the
Hyperacusis Questionnaire was applied to exclude participants
with hyperacusis in the current study. Moreover, consistent with
the previous diagnostic criteria (Lopez-Escamez et al., 2015),
patients with Meniere’s disease were also excluded from the study.
Other exclusion criteria for the study included the following:
(1) pulsatile tinnitus, hyperacusis, or Meniere’s diseases; (2)
a past history of severe alcoholism, smoking, or head injury;
(3) stroke, Alzheimer’s disease, Parkinson’s disease, epilepsy,
major depression, or other neurological or psychiatric illness;
(4) major medical illness (e.g., cancer, anemia, and thyroid
dysfunction); (5) severe visual loss; and (6) any contraindications
for MRI scanning. The characteristics of the chronic tinnitus
patients and healthy subjects are summarized in Table 1.
The study was approved by the Ethics Committee of Nanjing
Medical University, and informed consent was obtained from
each participant.

MRI Scanning
A 3.0-T MRI scanner (Ingenia, Philips Medical Systems,
Netherlands) with an eight-channel receiver array head coil was
used to generate magnetic resonance images. Foam padding and
earplugs were used to reduce the head motion and scanner noise.
From the manufacturer’s data, approximately 32 dB of scanner
noise may be attenuated by the earplugs (Hearos Ultimate
Softness Series, United States). All participants were instructed to
remain awake, keep their eyes closed, and stay motionless without
thinking of anything in particular during scanning. Structural
T1-weighted images were acquired in a high-resolution three-
dimensional turbo fast echo (3D-TFE) scan with the following
parameters: repetition time (TR)/echo time (TE) = 8.1/3.7 ms;
slices = 170; thickness = 1 mm; gap = 0 mm; flip angle
(FA) = 8◦; acquisition matrix = 256 × 256; and field of view
(FOV) = 256 mm × 256 mm. A total of 5 min 29 s was spent
in scanning the structural sequence. Functional images were
collected axially using a gradient-recalled echo-planar imaging
sequence as follows: TR = 2,000 ms; TE = 30 ms; slices = 36;
thickness = 4 mm; gap = 0 mm; FOV = 240 mm × 240 mm;

TABLE 1 | Demographic and clinical characteristics of chronic tinnitus patients
and healthy controls.

Tinnitus
patients
(n = 50)

Healthy
controls
(n = 55)

p-value

Age (year) 50.20 ± 11.19 46.82 ± 11.99 0.139

Gender (male: female) 18:32 21:34 0.817

Education levels (years) 12.50 ± 2.93 12.674 ± 3.04 0.768

Tinnitus duration (months) 37.71 ± 34.58 – –

THQ score 52.22 ± 15.08 – –

Hearing thresholds (left) 16.79 ± 2.76 16.87 ± 2.55 0.890

Hearing thresholds (right) 16.60 ± 3.37 16.95 ± 2.35 0.569

Hearing thresholds (average) 16.69 ± 2.68 16.91 ± 1.62 0.642

Data are represented as mean ± SD. The PTA from both ears was averaged. PTA,
pure tone audiometry; THQ, tinnitus handicap questionnaires.
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acquisition matrix = 64 × 64; and FA = 90◦. A total of 8 min 8 s
was spent on the fMRI sequence.

Data Preprocessing
Data Processing & Analysis for Resting-State Brain Imaging
(DPABI_V2.3_170105) with the following stages was applied
for data analysis (Yan et al., 2016). The first 10 volumes
were discarded to reduce deviation, and the remaining 230
consecutive volumes were used for data analysis. Slice timing
and realignment for head motion correction were performed.
Subjects were excluded if they exhibited a head motion with
>2.0-mm translation or a 2.0◦ rotation in any direction. The
Montreal Neurological Institute (MNI) template (resampling
voxel size = 3 mm × 3 mm × 3 mm) and an isotropic
Gaussian kernel [full width at half maximum (FWHM) = 6 mm]
were employed to spatially normalize, detrend, and filter (0.01–
0.08 Hz) the data.

With the WFU_PickAtlas software1, the bilateral NAc were set
as seed regions. Moreover, REST-GCA in the REST toolbox was
applied to analyze the effective connectivity (Zang et al., 2012).
The current study established the seed time series x by the time
series of the bilateral NAc and the time series y by the time series
of all voxels in the brain. The linear direct influence of x on y
(Fx→y) and of y on x (Fy→x) was calculated on the basis of the
voxel across the brain. Thus, two Granger causality maps were
generated according to the influence measures for each subject.
The residual-based F was normalized (F’) and standardized to the
Z score for each voxel (Zx→y and Zy→x, subtracting the global
mean F’ values, divided by the standard deviation).

Structural Analysis
Structural images were processed using the VBM8 toolbox
software in SPM82. Imaging preprocessing was performed
in accordance with the optimized VBM protocol previously
described by Good et al. (2001) including spatial normalization,
segmentation, modulation, and smoothing. In SPM8, the image is
rearranged to the front and back joint axis. After rearrangement,
the images were divided into GM, WM, and cerebrospinal fluid
using the full-automatic algorithm in VBM8. The segmented
images were used to create a custom DARTEL template, which
was then normalized to the MNI space. The resulting GM and
WM images were smoothed using a 10-mm FWHM Gaussian
kernel. GM and WM volumes were calculated by estimating
these segments. Brain parenchyma volume was calculated as
the sum of GM and WM volumes. The voxel-wise GM volume
was used in the following statistical analysis as covariates for
GCA calculations.

Statistical Analysis
The mean values of the Zx→y and Zy→x maps were computed
several times to analyze the effective connectivity of the bilateral
NAc between groups. On the basis of the above results, four
Granger causality maps, including two for each direction and
two for each group (the left NAc with Zx→y and Zy→x and

1http://www.ansir.wfubmc.edu
2http://www.fil.ion.ucl.ac.uk/spm

the right NAc with Zx→y and Zy→x for both the patients
and healthy controls), were acquired. Thus, to determine the
differences between tinnitus patients and healthy controls, in
which the covariates were age, sex, and education, these Granger
causality maps were entered into a voxel-wise two-sample t-test.
To exclude potential effects of GM volume differences, the
voxel-wise GM volume maps were also obtained as covariates.
The voxel-wise results for group differences were corrected for
multiple comparisons using 3dClustSim3 determined by Monte
Carlo simulation. A combined threshold of p < 0.001 and a
minimum cluster size of 40 voxels were set, yielding a corrected
threshold of p < 0.01.

Demographic data were compared by using between-group
t-tests and χ2 tests (statistical significance set at p < 0.05). The
clusters of the significant differences in the effective connectivity
of the bilateral NAc between groups were extracted to investigate
the association between the clinical characteristics and the
fMRI data. Partial correlations in SPSS software (version 19.0;
SPSS, Chicago, IL, United States) were used to correlate the
mean z values within these clusters with the characteristics of
each tinnitus patient. After correction for age, sex, education,
and hearing thresholds, p < 0.05 was considered statistically
significant. Bonferroni correction for multiple comparisons was
applied in the correlation analysis.

RESULTS

Structural Data
After VBM analysis, there were no significant differences in the
comparisons of the whole-brain volumes (GM volume, WM
volume, and brain parenchyma volume) between chronic tinnitus
patients and healthy controls (p > 0.05). After Monte Carlo
simulation correction, no suprathreshold voxel-wise difference in
the GM and WM volume between the chronic tinnitus patients
and healthy controls was observed.

Directional Connectivity From the NAc
In contrast to healthy controls, patients with chronic tinnitus
demonstrated significantly increased directional connectivity
from the left NAc to the left inferior frontal gyrus (IFG).
Interestingly, decreased directional connectivity was detected in
the left cuneus. In addition, significantly enhanced directional
connectivity from the right NAc to the left middle frontal gyrus
(MFG) and right orbitofrontal cortex (OFC) was also observed
in chronic tinnitus patients. In contrast, reduced directional
connectivity was observed in the right cuneus in chronic tinnitus
patients (Figures 2A,B and Table 2).

Directional Connectivity to the NAc
Compared with the controls, chronic tinnitus patients showed
enhanced directional connection from the left middle temporal
gyrus (MTG) and right MFG to the left NAc. In addition,
in patients with tinnitus, the right MTG and the right IFG
showed increased directional connectivity to the right NAc

3https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html
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FIGURE 2 | Directional functional connectivity of the bilateral NAc in chronic tinnitus patients compared with healthy controls (p < 0.01 corrected by 3dClustSim).
(A) Reduced directional connectivity from the left NAc to the left IFG and left cuneus. (B) Decreased directional connectivity from the right NAc to the left MFG, right
OFC, and right cuneus. (C) Reduced directional connectivity from the right MFG and right MTG to the left NAc. (D) Decreased directional connectivity from the right
IFG and right MTG to the right NAc.

TABLE 2 | Abnormal directional connectivity from the NAc to the other brain
regions in tinnitus patients.

Brain region BA MNI coordinates T score Cluster size

x, y, z (mm)

Seed: Left NAc

L inferior frontal gyrus 45 −54, 12, 24 2.8621 44

L cuneus 17 −9, −96, 0 −2.6429 41

Seed: Right NAc

L middle frontal gyrus 10 −30, 60, 15 4.1236 59

R orbitofrontal cortex 11 42, 60,−12 3.3899 75

R cuneus 17 31,−87, 3 −3.0587 45

Thresholds were set at a corrected p < 0.01, determined by Monte Carlo
simulation. BA, Brodmann’s area; MNI, Montreal neurological institute; NAc,
nucleus accumbens; cluster size is in cubic millimeters.

when compared with that in healthy controls (Figures 2C,D
and Table 3). No reduction in directional connectivity with the
NAc was observed.

Correlation Analysis
Pearson’s correlation analyses revealed that THQ scores were
positively correlated with the increased directional connectivity

TABLE 3 | Abnormal directional connectivity from the other brain regions to the
NAc in tinnitus patients.

Brain region BA MNI coordinates T score Cluster size

x, y, z (mm)

Seed: Left NAc

R middle frontal gyrus 10 32, 46, 25 3.9302 65

R middle temporal gyrus 21 59, −53, 3 3.3662 75

Seed: Right NAc

R inferior frontal gyrus 45 55, 21, 22 3.0863 51

R middle temporal gyrus 21 48, −60, 15 3.3322 93

Thresholds were set at a corrected p < 0.01, determined by Monte Carlo
simulation. BA, Brodmann’s area; MNI: Montreal neurological institute; NAc,
nucleus accumbens; cluster size is in cubic millimeters.

from the right NAc to the left MFG (r = 0.357, p = 0.015) and
from the right MFG to the left NAc (r = 0.626, p < 0.001).
In addition, Figure 3 shows a positive association between the
enhanced directional connectivity from the right NAc to the
right OFC and the tinnitus duration (r = 0.599, p < 0.001).
These correlations were corrected for age, sex, education, and
hearing thresholds. Other measures of increased or decreased
directional connectivity were independent of tinnitus duration or
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FIGURE 3 | The directional functional connectivity networks of the bilateral NAc. The red line represents the directional functional connectivity from the bilateral NAc
to the other brain regions; the blue line represents the directional functional connectivity from the other brain regions to the bilateral NAc. (A) Positive correlation
between the increased directional connectivity from the right NAc to left MFG and the THQ score (r = 0.357, p = 0.015). (B) Positive correlation between the
increased directional connectivity from the right NAc to right OFC and the tinnitus duration (r = 0.599, p < 0.001). (C) Positive correlation between the enhanced
directional connectivity from the right MFG to left NAc and the THQ score (r = 0.626, p < 0.001).

THQ scores. None of the disrupted directional connectivity was
correlated with SAS or SDS score (Table 4).

DISCUSSION

In this study, resting-state fMRI combined with GCA was used
to investigate the directional connectivity between the NAc and
all brain regions in chronic tinnitus patients compared with
healthy controls. NAc was selected as the seed region of the
brain networks, as it plays an important role in establishing
the significant directional connectivity patterns in the study of
tinnitus. Hullfish et al. (2019) studied whether the NAc and the
extended frontal striatum network participate in the pathological
process of tinnitus by using resting-state fMRI. Moreover, NAc
is also implicated in the pathologies of several other disorders,
namely, reward deficiency syndromes, including addiction,
attention deficit hyperactivity disorder, and schizophrenia (Blum
et al., 2000). However, no study has observed the altered
directional functional connectivity from this core region in the
frontostriatal network. We note that our approach of GCA is
not a conceptual innovation but is an effective solution for
investigating altered directional connectivity. Our fMRI study is
the first to refer to this method and settle on the NAc as the
seed region of tinnitus. To provide evidence for NAc-related

neural network intercorrelations and particularly emphasize the
core role of the NAc and the vmPFC in tinnitus neural circuits,
specifically interactions in the frontostriatal gating system, we will
discuss our results combined with those of the current literature
(Rauschecker et al., 2015).

Reductions in GM volumes in the NAc, vmPFC, superior
frontal gyrus, superior temporal gyrus, cingulate cortex,
hippocampus, and occipital lobe in tinnitus patients have been
reported by previous studies (Muhlau et al., 2006; Schneider et al.,
2009; Leaver et al., 2011, 2012; Boyen et al., 2013; Adjamian et al.,
2014). However, we did not detect any significant differences
of GM volume between our tinnitus patients and controls. It
is possible that the absence of any hearing loss in our tinnitus
population may be one reason for the different results. In
addition, the magnetic resonance (MR) technique and analytical
method should also be taken into account.

Prior studies found that the NAc receives excitatory input
from the neocortex, which ends on GABAergic spiny projection
neurons directly and via inhibitory interneurons (Tepper et al.,
2004). Moreover, a direct GABAergic projection from the basal
ganglia back to the frontal cortex can be also detected (Saunders
et al., 2015). In addition, the NAc receives modulatory input from
dopaminergic structures. Dopaminergic activity has been linked
to valuation, motivation, and learning in the NAc (Salamone and
Correa, 2012; Guitart-Masip et al., 2014). It has therefore been
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TABLE 4 | Correlation coefficients and significance between the abnormal
directional connectivity and tinnitus characteristics in tinnitus patients.

Brain region Tinnitus duration THQ SAS SDS

L-NAc to L-IFG r = 0.108 r = 0.112 r = −0.149 r = 0.051

p = 0.477 p = 0.401 p = 0.323 p = 0.736

L-NAc to L-cuneus r = 0.180 r = 0.068 r = −0.276 r = −0.115

p = 0.232 p = 0.652 p = 0.063 p = 0.446

R-NAc to L-MFG r = 0.080 r = 0.357 r = 0.132 r = −0.051

p = 0.597 p = 0.015∗ p = 0.384 p = 0.712

R-NAc to R-OFC r = 0.599 r = 0.118 r = −0.025 r = 0.007

p < 0.001∗ p = 0.435 p = 0.867 p = 0.963

R-MFG to L-NAc r = 0.099 r = 0.626 r = −0.032 r = −0.051

p = 0.514 p < 0.001∗ p = 0.834 p = 0.735

R-MTG to L-NAc r = 0.245 r = −0.030 r = −0.026 r = −0.184

p = 0.119 p = 0.841 p = 0.862 p = 0.221

R-MFG to R-NAc r = 0.225 r = −0.013 r = 0.029 r = −0.158

p = 0.128 p = 0.932 p = 0.851 p = 0.293

R-MTG to R-NAc r = 0.205 r = −0.138 r = 0.064 r = −0.134

p = 0.171 p = 0.360 p = 0.672 p = 0.375

∗p < 0.05. THQ, tinnitus handicap questionnaires; SAS, self-rating anxiety scale;
SDS, self-rating depression scale; NAc, nucleus accumbens; IFG, inferior frontal
gyrus; MFG, middle frontal gyrus; OFC, orbitofrontal cortex; MTG, middle temporal
gyrus; L, left; R, right.

claimed that dopamine and the NAc particularly relate to the
valuation of tinnitus, which may influence the development of
tinnitus into a chronic condition. We hypothesize that enhanced
directional connectivity of NAc may increase the dopamine
activity that will maintain the tinnitus perception.

Previous studies on tinnitus have provided evidence for
decreased functional connectivity in the default mode network
(DMN) (Husain and Schmidt, 2014; Chen et al., 2015, 2018a;
Hinkley et al., 2015; Schmidt et al., 2017). In addition, in
patients with chronic tinnitus, abnormal functional connectivity
in limbic–auditory circuits plays a pivotal role in pathogenesis
(Rauschecker et al., 2010; Leaver et al., 2011; Gunbey et al.,
2017). More specifically, the subcallosal area in the limbic system
is composed of the NAc and extends anteriorly toward the
vmPFC (Rauschecker et al., 2010; Leaver et al., 2011; Middleton
and Tzounopoulos, 2012; Adjamian et al., 2014; Carpenter-
Thompson et al., 2014; De Ridder et al., 2014; Hinkley et al.,
2015; Meyer et al., 2016; Hullfish et al., 2019). Therefore,
Rauschecker et al. (2010) proposed a model in which the NAc
and vmPFC participated in the elimination of the tinnitus
signal at the level of the thalamus. Our results regarding NAc
bidirectional functional connectivity were consistent with the
outcomes above. The hyperactivity in the NAc and altered
auditory–limbic networks may be responsible for the increased
interactions between the NAc and auditory regions (Leaver et al.,
2011; Adjamian et al., 2014; Rauschecker et al., 2015). Schmidt
et al. (2017) found decreased DMN–precuneus connectivity
and proposed correlations between interrupted connectivity
and chronic tinnitus as well as tinnitus severity, which is in
accordance with our result that there was decreased effective
connectivity from the NAc to the bilateral cuneus. In addition,
it was found that tinnitus distress was positively correlated with

the increased effect of the NAc on the bilateral connection with
the MFG and that the effective connection between the NAc and
the OFC and MFG was enhanced. The overlapping regions of the
MFG and OFC all include Brodmann’s area 10, which specifically
refers to the vmPFC, reflecting an interwoven relationship with
the NAc in the brain network of tinnitus patients.

It is noteworthy that there were strong interactions between
the NAc and vmPFC regions in tinnitus. Previous studies noted
that a dysfunctional frontostriatal system can be attributed to
the anomalous structure and function of the NAc and vmPFC in
tinnitus patients (Rauschecker et al., 2015; Leaver et al., 2016a;
Sedley et al., 2016; Hullfish et al., 2019; Tzounopoulos et al.,
2019). Moreover, GM volume reduction was also detected in the
subcallosal area of the vmPFC in tinnitus patients (Muhlau et al.,
2006; Leaver et al., 2011; Rauschecker et al., 2015). In addition,
several studies demonstrated that limbic brain regions in tinnitus
are affected by functional plasticity (Lockwood et al., 1998; Mirz
et al., 2000; Plewnia et al., 2007). Complementing these findings,
an event-related fMRI study was the first to reveal the stimulus-
evoked hyperactivity of the NAc in tinnitus patients (Leaver
et al., 2011). The sgACC/vmPFC region of highly distressed
tinnitus patients showed specific functional connectivity that was
related to tinnitus loudness (Vanneste et al., 2014). The latest
resting-state fMRI study on tinnitus utilizing NAc as a seed
region revealed that NAc-related connectivity was significantly
reduced, while frontostriatal connections, such as NAc–vmPFC,
were most likely negatively correlated with age and mean hearing
loss (Hullfish et al., 2019). Accordingly, the significantly altered
effective connectivity of NAc was observed, providing effective
support for the previous hypothesis of NAc–vmPFC interactions.

Beyond the discussions mentioned above, converging
evidence has shown that tinnitus, as a relatively circumscribed
condition, may facilitate a better understanding of the common
mechanisms in limbic dysregulations of many similar disorders
(Leaver et al., 2011). An analogous study was conducted, since
tinnitus and chronic pain have a high degree of similarity not
only in terms of sensory perception disorder and the influence
of behavior but also in their pathophysiological dysfunction
mechanism in the neural hierarchy (Apkarian et al., 2011;
Rauschecker et al., 2015). fMRI studies on chronic pain also
showed structural and functional abnormities (May, 2011; Wasan
et al., 2011; Howard et al., 2012; Liu et al., 2013; Smallwood et al.,
2013; Cauda et al., 2014). In addition, Rauschecker et al. (2010,
2015) concluded that chronic pain showed obvious similarity in
part of the top-down modulation of sensory signals, as well as
the evaluation process, and therefore proposed that the vmPFC
and the NAc are crucial in the frontostriatal gating mechanism
in both sensory modalities, which is consistent with our result
showing bilateral altered directional connections. The intrinsic
NAc–vmPFC–TRN noise cancelation system was considered
the formation mechanism of tinnitus (Rauschecker et al., 2010;
Sedley et al., 2016). The inhibitory signal from the NAc–vmPFC
system to the TRN decreases when it becomes abnormal. Once
the noise-canceling system becomes inefficient or invalid,
the extra noise will stop (Rauschecker et al., 2010). Increased
directional connectivity from the NAc to the IFG and MFG
was observed in our study. Aberrant intrinsic connections seem
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to exist in frontostriatal thalamic circuits, although there is no
evidence in our results indicating direct decreased connectivity
to the TRN in the thalamus. Moreover, increased connectivity
instead of decreased connectivity has been found in regard to
the altered directional connectivity to the NAc. Based on our
results and the noise-canceling mechanism, we hypothesize that
with a reduced inhibitory signal, the MGN-TRN not only fails
to cancel the phantom sound but also feeds back more signal to
the NAc through the amygdala, which may explain the increased
directional connectivity from the NAc.

Several limitations must be acknowledged in this study.
First, our ability to detect the relationship between abnormal
directional connectivity and tinnitus characteristics may be
reduced because of our small sample size. Additional longitudinal
studies involving more subjects are required in the future.
Furthermore, only the NAc was selected as the seed region to
investigate the directional connectivity in tinnitus. For initial
consideration, this study just would like to explore more deeply
about the NAc-related connectivity in tinnitus and see whether
any directional NAc-related connectivity has correlation with
tinnitus-related distress, based on the study of Hullfish et al.
(2019). Therefore, other critical seed regions were not included in
our directional connectivity analysis. We admit that the selection
of the seed region is not data driven, which will result in a biased
conclusion. Other data-driven methods, such as independent
component analysis (ICA) and principal component analysis
(PCA), will be used for generating the seed regions in our
future study. The current GCA approach can be extended to
other regions within the frontostriatal gating circuit, such as
the sgACC. Previous structural MRI and fMRI studies have
suggested the critical role of the sgACC in tinnitus patients
(Rauschecker et al., 2015; Meyer et al., 2016; Hullfish et al., 2019).
Disruption of the descending projection from sgACC to the
TRN might prevent the suppression of irrelevant sensory signals,
such as those that result in a phantom percept, which might
raise the intensity of such percepts (Rauschecker et al., 2015).
Our prior study has also identified the relationship between
tinnitus distress and abnormal functional connectivity in the
ACC, especially the dorsal and ventral ACC (Chen et al., 2018b).
However, the role of sgACC has not been demonstrated in
this study. In addition, the NAc–sgACC interaction involved in
the frontostriatal gating circuit has not been confirmed in the
study of Hullfish et al. (2019). Therefore, the exact role of the
sgACC on the neuropathological mechanism underlying chronic
tinnitus will require exploration in further studies. Moreover,
the subjects in the current study showed no obvious hearing
loss or hyperacusis, which is not representative of all tinnitus
patients. Finally, the auditory pathway is likely to be activated by
scanner noise, which is nearly impossible to completely eliminate

even with earplugs or active noise reduction (Rondinoni et al.,
2013). This uncertainty should be taken into consideration when
interpreting the resting-state fMRI data in future research.

CONCLUSION

To our knowledge, this is the first fMRI study to apply the
GCA method to explore the directional connectivity of the
NAc in chronic tinnitus patients. The current study showed
that tinnitus distress correlates with bidirectionally enhanced
effective connectivity between the NAc and the prefrontal cortex.
Taken together, these results help elucidate the neural basis of
frontostriatal gating control of tinnitus sensation, which may play
a pivotal role in the neuropathological features of tinnitus.
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Objective: An abnormal state of the central auditory system (CAS) likely plays a large
role in the occurrence of phantom sound of tinnitus. Various tinnitus studies using
resting-state functional MRI (RS-fMRI) have reported aberrant spontaneous brain activity
in the non-auditory system and altered functional connectivity between the CAS and
non-auditory system. This study aimed to investigate abnormal functional connections
between the aberrant spontaneous activity in the CAS and the whole brain in tinnitus
patients, compared to healthy controls (HC) using RS-fMRI.

Materials and Methods: RS-fMRI from 16 right-ear tinnitus patients with normal
hearing (TNHs) and 15 HC individuals was collected, and the time series were
extracted from different clusters of a CAS template, supplied by the Anatomy Toolbox
of the Statistical Parametric Mapping software. These data were used to derive the
smoothed mean amplitude of low-frequency fluctuation (smALFF) values and calculate
the relationship between such values and the corresponding clinical data. In addition,
clusters in the CAS identified by the smALFF maps were set as seed regions for
calculating and comparing the brain-wide connectivity between TNH and HC.

Results: We identified the different clusters located in the left higher auditory cortex
(HAC) and the right inferior colliculus (IC) from the smALFF maps that contained
increased (HAC) and decreased (IC) activity when the TNH group was compared to the
HC group, respectively. The value of increased smALFF cluster in the HAC was positively
correlated with the tinnitus score, but the decreased smALFF cluster in the IC was not
correlated with any clinical characters of tinnitus. The TNH group displayed increased
connectivity, compared to the HC group, in brain regions that encompassed the left IC,
bilateral Heschl gyrus, bilateral supplementary motor area, right insula, bilateral superior
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temporal gyrus, right middle temporal gyrus, left hippocampus, left amygdala, and right
supramarginal gyrus.

Conclusion: Tinnitus may be linked to abnormal spontaneous activity in the HAC, which
can arise from the neural plasticity induced from the increased functional connectivity
between the auditory network, cerebellum, and limbic system.

Keywords: tinnitus, resting-state functional magnetic resonance imaging, amplitude of low-frequency fluctuation,
auditory cortex, auditory pathway, spontaneous neural synchrony

INTRODUCTION

Tinnitus is commonly defined as the perception of sound in
the absence of an external auditory source and has a prevalence
ranging from 10 to 15% in the adult population (Xu et al.,
2011; Heller, 2003). Many patients with tinnitus have reported
symptoms that can significantly impair patients’ quality of life
(Langguth, 2011), such as frustration, annoyance, irritability,
anxiety, depression, hearing difficulties, hyperacusis, insomnia,
and concentration difficulties.

Most tinnitus accompanies obvious hearing loss, but some
patients without hearing loss can also experience severe tinnitus
(Savastano, 2008; Martines et al., 2010). Evidence from studies
using animal models of tinnitus indicates that long-term
exposure to non-traumatic noise can (Munguia et al., 2013; Lau
et al., 2015; Takacs et al., 2017) induce dysfunctional brainstem
projections from the cochlea that can trigger the development of
abnormal neuronal baseline activity in the several levels of central
auditory system (CAS).

NeuroImage techniques applying to tinnitus human studies
include testing abnormally elevated spontaneous activity,
investigations of brain structure, and exploring corresponding
changes in non-auditory system (NAS) following tinnitus
perception (Landgrebe et al., 2009; Chen et al., 2014; Geven et al.,
2014; Seydell-Greenwald et al., 2014). Tinnitus is the perception
of phantom sound in the absence of physical signal and is no
task-based modulation of the tinnitus signal. For these reasons,
tinnitus may be uniquely suited to studies using resting-state
functional MRI (RS-fMRI).

Functional brain regions such as motor cortices (Biswal
et al., 1995), visual cortices (Kiviniemi et al., 2004), auditory
cortices (Cordes et al., 2001), and default mode network (Fox
et al., 2005) that have been identified using stimulus- or task-
evoked paradigms can also be identified in the resting state by
examining low-frequency (0.01–0.08 Hz) fluctuations (LFFs) of
the resting-state blood oxygen level dependent (BOLD) signal.
These results imply that the LFFs infer neuronal activation
indirectly through neurovascular coupling (Lu et al., 2007;
Mantini et al., 2007; Shmuel and Leopold, 2008; Rusiniak
et al., 2015; Shtark et al., 2015). These networks generally show
reliable and consistent patterns of functional connectivity (FC)
(Zhang et al., 2008), which is defined as the quantification of
the operational interactions of multiple spatially distinct brain
regions that are highly synchronous (Rogers et al., 2007). The
effects of tinnitus on resting-state FC have recently been reported
by using RS-fMRI and have variable results for experimental

and analytical methods, partly due to heterogeneity of tinnitus
subjects (Burton et al., 2012; Kim et al., 2012; Maudoux et al.,
2012a,b; Wineland et al., 2012; Davies et al., 2014). These studies
obtained the modulated correlation between the auditory resting-
state network and the following networks: default mode, limbic,
dorsal attention, and visual networks to explain the mechanism
of tinnitus accompany symptoms.

The amplitude of LFFs (ALFFs), an alternative index to
LFF, has been suggested as a measure of regional spontaneous
neuronal activity and has been validated using a comparison
between ALFF and PET imaging (Zang et al., 2007; Yuan
et al., 2018). The ALFF metric has previously been used to
measure intrinsic regional neural activity at the baseline state
of neurological or psychiatric disorder such as attention deficit
hyperactivity disorder, Parkinson disease, and depression (Rogers
et al., 2007; Zang et al., 2007; Zhang et al., 2008; Skidmore et al.,
2013; Huang et al., 2017; Lei et al., 2017; Li et al., 2017). In a
recent tinnitus study, the ALFF has been used to reveal abnormal
spontaneous neural activity in tinnitus patients (Chen et al., 2014;
Lv et al., 2016) and found that aberrant ALFF brain regions (right
middle temporal gyrus) in the NAS are associated with clinical
tinnitus characteristics (Chen et al., 2014). However, changes in
the regional spontaneous neural activity of the CAS are thought
to be the first stage of sound perception in tinnitus. In fact, these
changes may be the driving factor for aberrant global FC, which
can induce the various disease symptoms except for phantom
sound. Therefore, the mechanism of altered FC of tinnitus needs
to be explored further to understand the relationship between the
abnormal neural activity within the CAS and the NAS regions.

Previous RS-fMRI studies have explored aberrant FC between
the CAS and the NAS to interpret various clinical dysfunctions
such as anxiety and depression, which often accompany tinnitus
(Burton et al., 2012; Maudoux et al., 2012a,b; Wineland et al.,
2012; Davies et al., 2014). The CAS in some of these studies was
isolated from the rest of the brain using independent component
analyses to explore the relationship between the whole CAS and
NAS (Kim et al., 2012; Maudoux et al., 2012b; Davies et al., 2014).
Other studies identified the auditory cortex based on a human
brain atlas and used such regions as seeds to assess abnormal FC
across the whole brain (Burton et al., 2012; Wineland et al., 2012).
These methods selected the whole CAS or primary auditory
cortex (PAC) regardless of its active vs. inactive regions caused by
tinnitus perception. While proven to be useful, the assumptions
of these techniques in the processing pipeline might lead to
some inaccuracies in the resulting connectivity measures and the
subsequent clinical implications.
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Base on prior work and theoretical consideration, we try to
improve the consistency of tinnitus subjects including several
factors such as unilateral tinnitus ear, the possible causes of
tinnitus, and handedness to make the differences prominent
between groups. The present study attempted to assess abnormal
activity of the tinnitus brain and the functional connections
thereof using active clusters within the CAS that were identified
through a data-driven approach utilizing the ALFF metric. We
hypothesized that tinnitus patients exhibit abnormal FC between
various clusters of the CAS and the remainder of the brain.

MATERIALS AND METHODS

Subject Demographics
This study utilized data from two groups of subjects, tinnitus
patients with normal hearing (TNHs) and healthy controls
(HCs), who were recruited from various sources. The TNH
group was composed of subjects recruited from outpatient clinics
at The Otorhinolaryngology Department of Guangzhou Panyu
Central Hospital, The First Affiliated Hospital of Jinan University,
and The Third Affiliated Hospital, Sun Yat-sen University,
Guangzhou, Guangdong, China, from March 2015 to May 2018.
The HC group was matched in age, sex, and education to
the TNH group. The TNH group comprised 16 right-handed
patients between the ages of 18 and 55 years with self-reported
right-ear tinnitus lasting >6 months. All tinnitus patients have
occupational noise exposure or have experienced environmental
noise exposure. The HC group contained 15 subjects who were
recruited from the staff of Jinan University. All individuals
provided written informed consent before participation in
this study. This study was approved by the Research Ethics
Committee of Guangzhou Panyu Central Hospital and the First
Affiliated Hospital of Jinan University, Guangzhou.

Pure-tone audiometry was performed with a clinical
audiometer using eight octave frequencies (0.125, 0.25, 0.5, 1, 2,
3, 4, and 8 kHz) in both the TNH and HC groups to determine
audio thresholds. The audio thresholds of the TNH patients
and HC are shown in Figure 1 and Table 1. The severity of
tinnitus was assessed by a Chinese translation of the Tinnitus
Handicap Inventory (THI), a self-reported tinnitus handicap
questionnaire (Meng et al., 2012). All subjects were confirmed
to have a Self-Rating Depression Scale (SDS) score of <50 and a
Self-Rating Anxiety Scale score of <50 (Zung, 1971, 1986).

We excluded subjects who exhibited any of the following
criteria: Mènière disease; conductive deafness; alternative hearing
level; cognitive or mental disorders; serious systemic diseases,
such as heart failure or diabetes; epilepsy; alcoholism or use of
psychiatric drugs; pregnancy; acoustic neuroma, brain stem, or
inferior colliculi diseases; hyperacousia; smoking; and history of
stroke, brain injury, Alzheimer’s disease, or Parkinson’s disease.
Table 2 summarizes the characteristics of the TNH and HC
subjects in this study.

MRI Data Acquisition
Resting-state BOLD fMRI data were acquired with a 3.0 T
MR scanner (MR750, GE Health Care System, United States)

in the Imaging Center of the First Affiliated Hospital of
Jinan University. Before the MRI, all subjects laid in the
supine position on the examination bed with noise-cancelling
headphones and earplugs (Mack’s noise reduction ear plugs,
United States) to reduce the noise level by 32 dB. To reduce
head motion, a foam pad was fixed around the subjects’ head
for the duration of the scan. All subjects were asked to remain
relaxed with their eyes closed and to avoid serious thought
for approximately 20 min. In order to avoid the influence of
acoustic noise produced during the MRI procedure on brain
activity, the BOLD images were acquired using an echo planar-
imaging sequence with the following parameters: repetition time
(TR) = 2000 ms, echo time (TE) = 30 ms, slice thickness = 3 mm,
flip angle = 90◦, field of view = 200 × 200 mm, acquisition
matrix = 64 × 64 mm, and the number of time points
(volumes) = 160. Anatomical images were acquired using a
3D-fast spoiled gradient echo sequence with the following
parameters: TR = 7.63 ms, TE = 3.74 ms, slice thickness = 1 mm,
flip angle = 8◦, field of view = 256 × 256 mm, and
acquisition matrix = 256 × 256 mm. The MRI images included
the whole brain.

Data Processing
All fMRI data were processed using the DPAESF (Data Processing
Assistant for Resting-state fMRI) toolbox (Chao-Gan and Yu-
Feng, 2010), which is embedded in the DPABI (Data Processing
and Analysis for Brain Imaging) V4.3 toolbox (Yan et al., 2016),
and based on Statistical Parametric Mapping SPM1. First, the
initial 10 volumes were discarded, and slice-timing correction
was performed, with all volume slices being corrected for
different signal acquisition time by shifting the signal measured
in each slice relative to the acquisition of the slice at the mid-
point of each TR. Then, the time series of images for each
subject were realigned using a six-parameter (rigid body) linear
transformation with a two-pass procedure (registered to the
first image and then registered to the mean of the images
after the first re-alignment). After realignment, individual T1-
weighted map were co-registered to the mean functional image
using a 6 degree-of-freedom linear transformation without re-
sampling and then segmented into gray matter, white matter,
and cerebrospinal fluid (Ashburner and Friston, 2005). Finally,
the transformations from individual native space to Montreal
Neurological Institute (MNI) space were computed with the
Diffeomorphic Anatomical Registration Through Exponentiated
Lie algebra (DARTEL) tool (Ashburner, 2007). To control for
head motion confounds, we utilized the Friston 24-parameter
model (Friston et al., 1996) to regress out head motion effects.
The Friston 24-parameter model (i.e., 6 head motion parameters,
6 head motion parameters one time point before, and the 12
corresponding squared items) was chosen based on prior work
that higher-order models remove head motion effects better
(Yan et al., 2013). In addition, mean FD was used to address
the residual effects of motion in group analyses. Mean FD is
derived from Jenkinson’s relative root mean square algorithm.
We used the threshold (mean FD Jenkinson, <0.2 mm) to

1http://www.fil.ion.ucl.ac.uk/spm
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FIGURE 1 | Characteristic hearing levels of the groups. (A) TNH group hearing threshold (n = 16). (B) HC group hearing threshold (n = 15). X, left ear air conduction;
O, right ear air conduction; TNH, tinnitus patients with normal hearing; HC, healthy controls. Red, hearing threshold audiogram of TNH; Blue, hearing threshold
audiogram of HC.

exclude the subjects, which followed the research about the
impact of head motion on RS-fMRI (Jenkinson et al., 2002).
The mean FD_Jenkinson values of subjects in this study were
max = 0.13, min = 0.03, and mean = 0.05 SD. None of the
subjects were excluded. Global signal regression and sources of
spurious variance (white matter and cerebrospinal fluid signals)
were also removed from the data through linear regression
to reduce respiratory and cardiac effects. In addition, linear
trends were included as a regressor to account for drifts in the

BOLD signal. We performed temporal filtering (0.01–0.1 Hz)
on all time series except for ALFF. The ALFF results were
then standardized by global mean to generate mALFF maps.
Then, mALFF maps were smoothed with a Gaussian kernel
[FWHM = (8 × 8 × 8) mm] to generate smoothed mean
amplitude of low-frequency fluctuation (smALFF) maps. A larger
smoothing kernel (8 mm) was used in this work as it has been
shown to improve the reproducibility of results and more likely
reflects the true effect for group comparison (Mikl et al., 2008).
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TABLE 1 | Characteristic hearing levels of the participants.

125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 3 kHz 4 kHz 8 kHz

TNH (right ear, n = 16) 15.00 ± 5.477 13.75 ± 5.916 13.44 ± 5.692 11.25 ± 3.416 10.31 ± 4.270 12.50 ± 4.082 13.44 ± 4.732 14.06 ± 5.836

HC (right ear, n = 15) 15.00 ± 5.669 14.00 ± 6.036 13.33 ± 5.876 12.00 ± 3.519 10.33 ± 4.419 12.67 ± 4.169 13.67 ± 4.806 14.33 ± 5.300

P-value (df = 29) 1.000 0.908 0.960 0.947 0.989 0.911 0.895 0.894

TNH (left ear, n = 16) 10.63 ± 5.737 11.25 ± 6.191 11.56 ± 5.876 10.63 ± 5.123 10.31 ± 4.990 11.94 ± 4.090 12.19 ± 4.820 11.88 ± 5.737

HC (left ear, n = 15) 10.33 ± 5.815 11.33 ± 6.399 12.00 ± 7.270 11.00 ± 5.071 10.67 ± 4.952 12.07 ± 4.200 12.33 ± 4.952 12.00 ± 5.278

± P-value (df = 29) 0.889 0.971 0.868 0.839 0.844 0.931 0.934 0.950

TNH, tinnitus patients with normal hearing; HC, healthy controls. The auditory threshold data of TNH and HC are represented as mean ± SD.

CAS Template Setting
In order to identify the different CAS active clusters between the
TNH and HC groups, the SPM anatomy toolbox v1.82 was used
to create a template composed of the PAC and the combination
of areas Te 1.0, Te1.1 (Brodmann area 41), Te1.2 (Brodmann
area 42) the higher auditory cortex (HAC), and area Te3.0
(part of Brodmann area 22 and Brodmann area 42) (Morosan
et al., 2001, 2005). The auditory pathway template was based
on regions of interest (ROIs) reported by Muhlau et al. (2006).
The ROIs are shown in Figure 2 and were defined as the dorsal
cochlear nuclei (sphere radius: 5 mm; MNI coordinates, ± 10,
−38, −45), superior olivary complex (sphere radius: 5 mm;
MNI coordinates, ±13, −35, −41), inferior colliculus (IC; sphere
radius: 5 mm; MNI coordinates, ±6, −33, −11), and medial
geniculate nucleus (sphere radius: 8 mm; MNI coordinates, ±17,
−24, −2) (Muhlau et al., 2006). The SPM Marsbar toolbox
was employed for ROI analysis of the HAC, PAC, and auditory
pathway using the CAS template (Brett et al., 2002; Figure 2).

Statistical Analysis
The statistical analysis tool embedded within DPABI was used to
calculate the difference between the THN and HC groups using
two-sample t-tests. A permutation test was used to correct for
multiple comparisons (Winkler et al., 2016), which offered the
optimal balance between the family-wise error rate and test-retest
reliability (Chen et al., 2018). The permutation test was two-tailed

2www.fz-juelich.de/inm/inm-1/DE/Forschung/_docs/SPMAnatomy-
Toolbox/SPMAnatomyToolbox_node.htm

TABLE 2 | Clinical characteristics of study subjects.

TNH HC P-value

Gender (male/female) 6/10 5/10 0.689

Age (years) 35.33 ± 10.70 35.00 ± 10.10 0.720

Education (years) 13.50 ± 1.57 13.25 ± 1.75 0.698

SDS score 34.67 ± 7.30 35.25 ± 6.33 0.274

SAS score 35.67 ± 9.37 37.65 ± 7.23 0.240

THI score 55.33 ± 11.03 \ \

Tinnitus duration (months) 36.58 ± 18.03 \ \

Frequency range of tinnitus 5–8 kHz \ \

SDS, Self-Rating Depression Scale; SAS, Self-Rating Anxiety Scale; THI, Tinnitus
Handicap Inventory.

and performed with a threshold controlling family-wise error rate
at p < 0.05 level, 5000 permutations, and no acceleration.

Comparing the smALLF maps of the TNH with HC groups
within the CAS template was performed using two-sample
t-tests, and the gray matter images of the TNH and HC
groups were added as a covariate. To investigate the relationship
between the neural activity and the clinical data of tinnitus
patients, we extracted smALFF values from different clusters
in smALFF maps of the TNH group and computed the
Pearson’s correlation coefficient with each clinical characteristic
available (Table 2).

The different clusters of smALFF were defined as seeds to
explore the different FC patterns (comparing TNH and HC); the
time series of the seed voxels were used to calculate the Person
correlation coefficient across the whole brain, which was defined
by Whole-Brain-template of SPM8, and Whole-brain-template
covers the CAS template. The FC maps using different smALLF
clusters as seed regions were compared between the TNH and HC
groups using two-sample t-tests.

In order to analyze the asymmetries of tinnitus brain in CAS,
smALFF values of the left/right PAC and HAC were extracted
from smALFF maps of all subjects to compare differences
between the left and right auditory cortex in group and calculated
the left/right smALFF ratio to compare difference between
groups. An independent samples t-test examines the statistic
differences in group and between groups. Statistical analysis was
carried out using SPSS 18.0 package for Windows.

RESULTS

Comparison of smALFF in the CAS
Between Groups
Analyses using two-sample t-tests revealed clusters with
significantly different smALFF values between the TNH and
HC groups. A significantly increased smALFF cluster was found
in the left HAC, and a significantly decreased smALFF cluster
was found in the right IC (Figure 3). The cluster in the HAC
was 142 voxels large, and had a peak intensity of t score = 7.55
and an MNI location of peak intensity of (−57, −6, −9). The
peak intensity of the active cluster was located in the left middle
temporal gyrus (Automated Anatomical Labeling atlas) or
Brodmann area 22.

In the TNH group, the average smALFF value of the different
cluster of left HAC cluster was correlated with various clinical
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FIGURE 2 | Template of the central auditory system in the coronal (left), axial (middle), and sagittal (right) planes. 1 = primary auditory cortex, 2 = higher auditory
cortex, 3 = medial geniculate nucleus, 4 = inferior colliculus, 5 = superior olivary complex, 6 = cochlear nuclei.

FIGURE 3 | Significant smoothed mean amplitude of low-frequency fluctuation (smALFF) differences in tinnitus patients without hearing loss, compared to healthy
controls. (A) The differences maps at slices Z = –2, X = –64, Y = –3,0 and a 3D rendering of the left-lateral view of the brain. The permutation test was two-tailed
and performed with a threshold controlling family-wise error rate at p < 0.05 level, 5000 permutations, and no acceleration. Blue indicates that TNH subjects had
decreased smALFF compared to the HC, and the yellow indicates the opposite. Number 1 indicates that the cluster of increased smALFF value located in the left
higher auditory cortex (HAC; T value’s peak score: 7.55; MNI: –57, –6, –9; cluster size: 142 voxels), and number 2 indicates the cluster of decreased smALFF value
located in the right inferior colliculus (T value’s peak score: –6.19; MNI: 9, –30, –15; cluster size: 16 voxels). (B) The smoothed mean and SD of standardized ALFF at
the peak voxels.

metrics, including the Duration of Tinnitus-Months (DTM)
(P < 0.01), THI (P < 0.01), and SDS (P < 0.01) (Figure 4).

Brain-Wide Functional Connectivity With
the CAS
When using the left HAC active cluster as the seed region for
investigating brain-wide FC, we found differences in this global

connectome between the TNH with HC groups (Figure 5). The
TNH group revealed significantly increased FC between the HAC
and the bilateral supplementary motor area, bilateral insula,
bilateral superior temporal gyrus (STG), bilateral Heschl, left
hippocampus, left amygdala, left IC, left rolandic operculum,
left cerebellum (lobule 8), and right cerebellum (lobules 4, 5)
(see Figure 5 and Table 3). We found no regions that displayed
a significant decrease in FC in the TNH group compared to
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FIGURE 4 | Pearson correlations between clinical parameters [Duration of Tinnitus-Months (DTM), Tinnitus Handicap Inventory (THI) score, Self-Rating Depression
Scale (SDS) score, and Self-Rating Anxiety Scale (SAS) score] and the smALFF values of the active cluster in the left HAC. (A) DTM-smALFF: r = 0.778, p = 0.000.
(B) THI-smALFF: r = 0.682, p = 0.004. (C) SDS-smALFF: r = 0.694, p = 0.003.

the HC group. When using the right IC cluster as the seed,
no active clusters survived the FC comparison between the
TNH and HC groups.

Asymmetric Analysis of Auditory Cortex
With smALFF in Group and Between
Groups
Table 4 shows the characters of value smALFF extraction from
bilaterality PAC and HAC, respectively. An independent samples
t-test examines the statistic differences in group and between
groups. Statistical analysis was carried out using SPSS 18.0
package for Windows. The asymmetric analysis results were as
follows: (1) the HC group shows a higher smALFF value on
the left PAC (P = 0.048) and right HAC (P = 0.001); (2) the
TNH group shows no significant difference between the bilateral
auditory cortex; and (3) when the asymmetry ratio (left/right
auditory cortex’s smALFF value) between TNH and HC was
compared, there is no significant difference between TNH and
HC: P (HAC) = 0.059 and P (PAC) = 0.993.

DISCUSSION

In the present study, we hypothesized that tinnitus may be the
result of alterations in the spontaneous activity of the brain, and
that changes in resting state CAS activity cause aberrant brain-
wide FC that leads to the stress of tinnitus through plastic changes
of neural behavior.

To improve the consistency of tinnitus group for making
different activity in brain prominent between groups, it have
been concerned several influenced factors including unilateral
tinnitus, hearing level of tinnitus ear, right handedness, and
the cause of tinnitus for the following reasons. (1) right ear
tinnitus might have a different THI score when compared with
left ear tinnitus, with the right ear having an advantage for
speech sounds, and peripheral and cognitive interaction (Tai
and Husain, 2018); (2) unilateral tinnitus and right handedness
might help in increasing a significant difference in spontaneous
activity in the tinnitus brains for the possible link between

tinnitus and hemisphere dominance (Reiss and Reiss, 2001); (3)
the unified cause of tinnitus may have similar mechanism. The
non-traumatic noise-induced tinnitus has been found regional
spontaneous neural activity in the auditory cortex and pathway
(Schaette and McAlpine, 2011; Munguia et al., 2013).

In CAS, we found that smALFF maps of TNH showed
hyperactivity in the left HAC (BA22) and reduced activity in the
right IC (Figure 3) when compared with HC.

It is not sure if the increasing smALFF cluster of HAC
might reflect the abnormal asymmetry or regional spontaneous
neural activity of the auditory cortex caused by tinnitus.
We analyzed the asymmetry of every subject with smALFF
value extracted from the PAC and HAC. We found that the
asymmetric feature is present in HC but not in TNH, and
there is no significantly different asymmetric ratio between
TNH and HC (Table 4). Geven et al. have a similar finding
on asymmetric feature in the tinnitus and control groups
(Geven et al., 2014). In previous tinnitus studies on baseline
activity measurements using PET, Arnold et al. (1996) found
that the left PAC had significantly more asymmetric activity
in tinnitus patients and the control group also showed the
same asymmetric character, which was similar to our HC
group. However, the prevalence of hearing loss among the
tinnitus patients in the studies makes it unclear whether the
asymmetry in the left PAC reflects the abnormally spontaneous
neural activity of the PAC. In a further PET study, Langguth
et al. suggested that the asymmetry auditory cortical activity
of tinnitus may not imply cortical hyperactivity and also
have no correlation with tinnitus severity (Langguth et al.,
2006). In our study, the mALFF values of the active cluster
in the left HAC was found to be significantly correlated
with clinical characteristics of tinnitus such as DTM, THI,
and SDS (Figure 4). These results suggest that the activity
cluster in the left HAC (BA22) might be involved in the
changing baseline neural activity following tinnitus. Remarkably,
the increased smALFF cluster was located in the left MTG
(BA22) of TNH, the brain region links to the recognition of
language and the selective attention to sound in human beings
(Rinne et al., 2008).
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FIGURE 5 | Clusters displaying a significant difference in functional connectivity (FC) (smoothed-Z-transfer maps) between the TNH and HC groups. Results are
presented as slices (A) and a 3D rendering (B). The HAC cluster from Figure 3 was used as the seed region to explore the functional connectivity across the whole
brain. The permutation test was two-tailed and performed with a threshold controlling family-wise error rate at p < 0.05 level, 5000 permutations, and no
acceleration. Blue indicates that TNH subjects had decreased smoothed-Z-transfer FC compared to the HC, and the yellow indicates the opposite. (C) The
smoothed-Z transformed standardized functional connectivity at the peak voxels. Numbers (1–14) indicate the different clusters; see Table 3 for the corresponding
brain areas and the cluster characteristics.

Clinical therapy experience of tinnitus also had some pieces
of evidence to support that the neural activity of HAC has
a correlation with tinnitus severity. De Ridder et al. (2011)
suggested that transcranial magnetic stimulation and extradural
electrodes implanted over the HAC can help in tinnitus
suppression. Plewnia et al. (2007) used PET to show attenuation
of neural activity in the auditory cortical association area after
transcranial magnetic stimulation in effectively treated patients.
Emmert et al. (2017) found that tinnitus patients, who were
performed neurofeedback treatment show weakened activity in
the secondary auditory cortex, appeared lower relaxation index
scores than pre-treatment, while no significant alteration in
tinnitus loudness.

In similar RS-ALFF tinnitus research, Chen et al. found that
increased spontaneous activity (measured with ALFF) in the right
MTG (BA22), an auditory associated region, was correlated with

tinnitus clinical characteristics, such as tinnitus duration and
handicap score (Chen et al., 2014). The cause of the difference
may be the tinnitus mechanism and the effect of the tinnitus
side. From the study participants, all patients selected in our
study had right ear tinnitus, and possible exposure factors
were persistent non-invasive noise damage. As described in the
previous literature, right-sided tinnitus caused by non-trauma
noise exposure has a greater impact on speech recognition than
left ear tinnitus and affects the severity of tinnitus symptoms (Tai
and Husain, 2018). The location of abnormal activation in this
study is just in the BA22 area on the left hemisphere, which have
the function of recognition of language and the selective attention
to sound in human beings (Rinne et al., 2008).

In animal studies, the mechanism of tinnitus following long-
term exposure to non-traumatic noise might be the result of
the cortical tonotopic map distortion in the PAC, which present
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TABLE 3 | Characteristics of clusters displaying significantly different functional connectivity between the TNH and HC groups.

Number order of
the clusters

Brain regions (AAL) Peak intensity
(T-score) (L/R)

Peak MNI coordinate Number of
voxels

Function of brain region

10, 11 Heschl (L/R) 4.56/5.23 −38, −19, 5/45, −13, 5 14/19 Auditory network

8, 13 Superior temporal gyrus (L/R) 7.50/4.51 −51, −9, −6/51, −37, 12 130/34 Auditory network

14 Middle temporal gyrus (R) 5.13 51, −51 6 28 Auditory network

4 Inferior colliculus (R) 4.16 3, −27, −15 11 Auditory network

3 Cerebellum 4,5 (L) 4.75 15, −57, −18 24 Motor planning and control

5 Cerebellum 8 (L) 6.48 −18, −63, −60 20 Motor planning and control

7 Hippocampus (L) 5.47 −30, −42, 3 55 Mood, memory, spatial navigation

6 Amygdala (L) 5.50 −30, 0, −18 27 Emotions; fear or anxiety

13 Supramarginal gyrus (R) 4.54 55, −21, 26 14 Dorsal attention network

9 Insula (R) 5.73 45, −9, 3 148 Executive control of attention

1, 2 Supplementary motor area (L/R) 6.10/8.02 −15, −6, 75 /9, −3, 75 18/53 Motor control

AAL, Automated Anatomical Labeling atlas; MNI, Montreal Neurological Institute; R, right; L, left.

decreased neural activity within the exposure frequency range
and increased outside the exposure range. We did not find any
difference in the PAC between TNH and HC, as we expected.
Langguth et al. (2006) did not find a difference in the auditory
cortices between subjects with tinnitus and controls using steady-
state metabolism of PET evaluation. Chen et al. (2014) did not
find different clusters in the PAC using the ALFF index. Only
Shulman et al. (1995) presented hyperactivity (SPECT Tc99) in
the PAC of tinnitus patients without hearing evaluation (Shulman
et al., 1995). In our study, the null result of the PAC might be
ascribed to the fact that the tonotopic mapping area of the PAC
is too small to detect the difference for limitation of low spatial
resolution RS-fMRI and small size of sample in our study.

In our study, decreased smALFF values are presented in the
right IC. Various research studies with noise-induced tinnitus
present increases in excitation and decreases in inhibition of
the CAS, which be thought to stabilize the mean activity of
neurons on long time scales (Schaette and McAlpine, 2011). Most
of the tinnitus subjects in our study have environmental noise
exposure and low activity of the right IC, which might be induced
by adaptive homeostatic plasticity to environmental noise with
wideband. Smits et al. (2007) reported a similar result showing

TABLE 4 | Asymmetric analysis of the auditory cortex in group and between
groups (analysis with smALFF).

P-value
Items Side TNH (n = 16) HC (n = 15) (TNH/NC)

PAC Left 1.136 ± 0.267 1.041 ± 0.073

PAC Right 1.079 ± 0.161 0.990 ± 0.061

P-value (L/R) 0.472 0.048

HAC Left 0.844 ± 0.120 0.707 ± 0.046

HAC Right 0.952 ± 0.214 0.871 ± 0.044

P-value (L/R) 0.093 0.001

HAC ratio (L/R) 0.926 ± 0.214 0.813 ± 0.066 0.059

PAC ratio (L/R) 1.053 ± 0.170 1.053 ± 0.069 0.993

smALFF, smoothed mean amplitude of low-frequency fluctuation; PAC, primary
auditory cortex; HAC, higher auditory cortex.

that right ear tinnitus showed sound-evoked fMRI activation in
the IC and lateralized toward the right IC. Landgrebe et al. (2009)
also showed increased gray matter in the right IC of tinnitus,
which means that that IC has more active neurons and increased
neural activity. These are not consisted with our results. There
is no correlation between the clinical characteristics of tinnitus
and smALFF of the right IC. The IC activity might therefore be
related to maintain sound perception (Schaette and McAlpine,
2011) rather than the clinical features associated with tinnitus.

In the present study, seed voxels were used to explore
differences in brain-wide FC between the TNH and HC groups.
When using a left HAC seed, we found increased FC with
various brain regions including the bilateral supplementary
motor area, bilateral STG, bilateral Heschl gyrus, bilateral insula,
left amygdala, left hippocampus, right supramarginal gyrus, right
cerebellum, and right inferior (Figure 5 and Table 3). When
using the right IC seed, we did not find any difference in brain-
wide FC. Interestingly, we also found that the smALFF values of
the left HAC, but not the right IC, were significantly correlated
with the clinical characteristics.

Although only the HAC in the central auditory nervous system
shows an increased neural baseline activity and is related to
clinical indicators of tinnitus, this change is not isolated to CAS.
The activity cluster in HAC has stronger FC to auditory network-
related brain regions (Mantini et al., 2007) include Heschl gyri
(PAC) and bilateral anterior STG and right IC which means
that the alteration of neural activity in HAC drives the aberrant
functional linkages throughout the auditory network. Associative
auditory cortices (BA22) have close relationship with Heschl
gyri (PAC), which may cause the phantom sounds (Chen et al.,
2014). The results suggest that the modulation of the resting-state
auditory network neural activity in HAC affects the whole CAS,
and previous studies found increased FC between the ipsilateral
auditory cortex and the contralateral auditory cortex and STG
(Burton et al., 2012; Kim et al., 2012; Maudoux et al., 2012a).
The STG is thought to play a role not only in the perception
of sound but also in cognition through a pathway consisting
of the amygdala and prefrontal cortex (Bigler et al., 2007; Wild
et al., 2012). The IC is a necessary relay in the ascending
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auditory pathway, a point at which virtually all lemniscal and
extra-lemniscal ascending inputs converge (Aitkin and Phillips,
1984). In the sodium salicylate-induced tinnitus animal model,
the secondary auditory cortex exhibited an increased firing
rate (Eggermont and Kenmochi, 1998) as well as increased FC
between the auditory cortex and the IC (Rinne et al., 2008;
Chen et al., 2015). In our study, the HAC exhibited FC with
the IC (Figures 3, 5), implying that the HAC is a major hub of
tinnitus without hearing loss between the auditory network and
various subnetworks. We hypothesize that the right IC receives a
large descending projection from the HAC (BA22) and, in effect,
modulates selective auditory attention to the tinnitus phantom
sound perception.

The cerebellum is mainly thought to be associated with motor
control and planning (Kelly and Strick, 2003; Konoike et al.,
2012; Stoodley et al., 2012), and parts of this structure, such as
supplementary motor area, lobule 4, the parafloccular lobe, and
the vermis, have been found to contain links to the auditory
system during tinnitus in animal models (Maess et al., 2001;
Brozoski et al., 2007; Bauer et al., 2013). In particular, Chen et al.
have suggested that the cerebellum (lobule 4) and parafloccular
lobe form a gain control mechanism that compares the afferent
input from the cochlea with descending signals from the auditory
network (Chen et al., 2015). Consistent with this view, our
results revealed abnormal activity in the HAC of tinnitus patients
and an increase in the FC between this region and cerebellum
lobules 4, 5, and 8.

The amygdala and hippocampus, which play roles in
emotional responses and memory (fear, anxiety, and aggression),
are members of the limbic system (Blair et al., 2001; Amunts et al.,
2005). The extended object-attribute model study proposed that
emotional aural events involve the auditory pathways (including
the auditory cortex, IC, and thalamus) as well as the limbic system
(Datta et al., 2005; McLachlan and Wilson, 2010). Interestingly,
the increased FC between the HAC and IC, cerebellum lobules,
amygdala, and hippocampus in the TNH group illustrates the
network of the extended object-attribute model (Phelps, 2004).
The neurophysiological model of tinnitus proposed by Jastreboff
(1990) suggests an interplay between the auditory and limbic
systems, which has been supported by various RS-fMRI studies
that have also found evidence for this linkage in tinnitus patients
(Kim et al., 2012; Maudoux et al., 2012a). Altogether, the results
of our study provide further evidence that there exists an
increased FC between the auditory cortex and the amygdala in
tinnitus patients.

Some limitations of the current study should be considered
when interpreting these findings. First, the study sample size
is small and may be an issue when considering that small
differences cannot always survive after multiple comparison
statistical corrections and may induce erroneously active clusters.
Therefore, we tried to maximize the differences between groups
while remaining consistent across our patient populations
by ensuring that they all had right ear tinnitus, a history
of non-traumatic noise exposure, and no hearing loss. We
also matched the patient groups according to age, sex, and
education level, and excluded patients with various underlying
diseases, such as metabolic diseases, long-term oral drug use,

or emotional disorders. We attempted to select a stringent
multiple comparison correction methods, the permutation test,
which has been proved reliable (Rondinoni et al., 2013), to
minimize the probability of statistical error. In the future, we
will enlarge the sample size and patient groups to cases with
right ear, left ear, and binaural tinnitus, as well as TNH and
tinnitus with hearing loss, to further explore the mechanism of
tinnitus. In addition, we cannot eliminate the substantial acoustic
noise produced during the fMRI procedure, which might affect
baseline neural activity (Amunts et al., 2005). We tried to reduce
such interference by providing the patients with ear plugs and
MRI noise-cancelling headphones, and by adjusting the pulse
sequence before structural scanning (Paul et al., 2009). Finally,
the abnormal FC between networks in the real world effects not
only the resting-state brain but also the network dynamics (Di
and Biswal, 2019). It is insufficient to observe the influence of
tinnitus on the FC of the brain using only RS-fMRI and the
LFF feature. How tinnitus impacts working efficiency, cognitive
ability, memory, etc., needs to be further researched to determine
an encompassing characterization of the disease.

CONCLUSION

Tinnitus induced by no-trauma noise might be the result
of abnormal spontaneous activity in the HAC and auditory
pathway, which may subsequently cause plastic changes involving
the increase in FC between the auditory network, cerebellum,
and limbic system.
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Auditory Neural Pathway in Sudden
Sensorineural Hearing Loss Using
Diffusion Spectrum Imaging:
Different Findings From Tinnitus
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Sudden sensorineural hearing loss (SSNHL) is a complex and challenging emergency
which requires evidence regarding its pathophysiological changes to guide the
treatment. The aim of this study was to evaluate the white matter integrity of the auditory
neural pathway in patients with unilateral SSNHL in acute stage by using diffusion
spectrum imaging tractography. In the present study, 60 individuals with acute SSNHL
(29 males, 50.7 ± 11.8 years) and 25 healthy controls (13 males, 45.2 ± 13.2 years)
underwent diffusion spectrum imaging tractography and high resolution T1 structural
examinations using a 3T magnetic resonance imaging system. The areas of the auditory
neural pathway were defined as regions of interest (ROIs). The quantitative anisotropy
(QA) and the generalized fractional anisotropy (GFA) were compared between the
patients with unilateral SSNHL and controls in these ROIs. We further evaluated the
correlation between the parameter values and hearing loss level. The mean pure tone
audiometry of patients at the onset presentation was 63.2 ± 26.2 dB. The right-sided
SSNHL was involved in 25 (41.7%) cases and the left-sided in 35 (58.3%) cases.
The QA values in the contralateral medial geniculate body, the bilateral anterior corona
radiata and the anterior limb of internal capsule were significantly reduced in SSNHL
patients compared to controls. In addition, the decrease QA value of the contralateral
medial geniculate body was related to the increase severity of disease, even after
controlling potential confounding factors. The present study demonstrated that patients
with SSNHL exhibited altered integrity of white matter in the auditory neural pathway.
Furthermore, the decreased QA values in the contralateral medial geniculate body might
predict the severity of this disease. In the present study, tinnitus has not been found to
effect in brain area obviously.

Keywords: diffusion spectrum imaging, tractography, sudden sensorineural hearing loss, demyelination, white
matter
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INTRODUCTION

Sudden sensorineural hearing loss (SSNHL) is an emergency
of otology. It is defined as hearing loss of at least 20 dB in
two contiguous frequencies within 72 h (Editorial Committee of
Chinese Journal of Otorhinolaryngology Head and Neck Surgery,
and Chinese Academy of Otorhinolaryngology Head and Neck
Surgery Branch, 2015). SSNHL is no longer a rare disease. Some
studies have reported an annual incidence of 160 cases per
100,000 (Klemm et al., 2009). So far, the pathogenesis of the
disease is unclear, and some theories have been put forward to
explain this clinical problem, including the causes of infection,
vascular occlusion, immune-mediated mechanisms, coagulation
disorders, and breaks of labyrinthine membranes (Lin et al.,
2015; Ajduk et al., 2017). The unknown etiologies lead to many
empirical treatment options. Therefore, the pathophysiology of
sudden hearing loss is of great significance for early targeted
treatment of patients (Atay et al., 2016). However, the cause
of SSNHL can be identified by conventional MR only in
the presence of severe interruption of the interaxial auditory
pathway, such as tumors and infarcts. In the absence of such
lesions, it is difficult to determine the cause of SSNHL in
conventional MR.

Conventional diffusion tensor imaging (DTI) is a sensitive
and non-invasive method to evaluate white matter fiber. It
can reconstruct fiber pathways to assessing the abnormalities
in the central nervous system. In the past, some researches
have already used DTI to study the neural changes in patients
with sensorineural hearing loss (Lin et al., 2008; Wu et al.,
2009; Huang et al., 2015; Tarabichi et al., 2017). But DTI
cannot resolve the beginning and end point of nerve fiber or
the fiber crossings in the white matter, resulting in artifacts
and wrong tracts (Fernandez-Miranda et al., 2012). Diffusion
spectrum imaging (DSI) (Wedeen et al., 2005; Hagmann et al.,
2007; Schmahmann et al., 2007) is a modeless technique. It
uses ODF (orientation distribution function) to consider the
diffusion patterns in each voxel, which has been shown to
better resolve the ambiguity of fiber crossing encountered in
tractography. In DSI, diffusion weighted images are organized in
the q-space (integral points of a cubic lattice) in the sphere and
can be obtained in different directions. It proposes the probability
density function (PDF) to describe the diffusion in each voxel,
which specifies the three-dimensional distribution of microscopic
displacements of water molecules (Wedeen et al., 2005). Through
GQI (generalized q-sampling imaging) reconstruction, we can
obtain the parameter of ODF, including quantitative anisotropy
(QA) and generalized factional anisotropy (GFA). QA is defined
as the number of anisotropic spins diffused along the fiber
direction which can identify the fault structure well of cross fiber
(Yeh et al., 2010). GFA reflecting the integrity of the neural fiber
bundles and higher value indicates that more consistent diffusion
direction of water molecules along fiber bundle (Tuch, 2004; Lo
et al., 2011). Recently DSI is more and more used to study the
brain nerve structure (Lin et al., 2014; Panesar et al., 2017; Yue
et al., 2017). The aim of this study was to investigate the changes
in the auditory neural pathway in patients with acute SSNHL by
DSI tractography and measuring these DSI parameters.

MATERIALS AND METHODS

Patients
This prospective, clinical trial involved 25 healthy controls
(13 males, 45.2 ± 13.2 years) and 60 patients (29 males,
50.7 ± 11.8 years) diagnosed with unilateral idiopathic SSNHL
of Beijing Chaoyang Hospital, between November 2016 and
July 2009. The criteria of SSNHL were the presence of a
sensorineural hearing loss greater than or equal to 20 dB or
exceed at least two adjacent audiometric frequencies, which
developed within a few hours but no more than 2 weeks.
The uniform radiological method was magnetic resonance
imaging, but temporal computed tomography had also been
obtained from some patients. Based on radiologic diagnosis
combined with clinical information, all patients were diagnosed
by clinicians. Exclusion criteria were as follows: (1) patients
with abnormal anatomy, (2) otitis media, cholesteatoma and
other middle ear diseases, or severe cerebral infarction and
other neuromuscular or systemic diseases, (3) otological surgery
history, (4) ototoxic medication history. The study was approved
by the ethics committee of Beijing Chaoyang Hospital, Capital
Medical University. Informed consent for the participation to the
study was received from all patients.

Clinical Characteristics
The demographic data, smoking status, associated symptoms
and comorbidities were recorded. The pure tone audiometry
(interlacoustics; amplifon) was used to evaluate the hearing level
in the sound insulation room. Hearing loss is defined as pure tone
average (PTA), which follows the standards of the World Health
Organization (WHO-1997).

Image Acquisition and Reconstruction
DSI data were acquired on 3T Prisma (Siemens) using a 64-
channel coil. This involved a 15 min, 257-direction scan using
a twice-refocused spin-echo EPI sequence and multiple q values
(Wedeen et al., 2005) [echo time (TE) = 79 ms, repetition
time (TR) = 7200 ms, voxel size = 2.2 × 2.2 × 2.2 mm,
field of view = 220 × 220 mm, bmax = 3000 s/mm2]. We
also used high-resolution anatomical imaging as an anatomical
comparison, using a 9-min T1-weighted magnetization-prepared
rapid gradient echo (TE = 2.27 ms, TR = 2300 ms, 208
slices, flip angle = 8, field of view = 256 × 256 mm2, voxel
size = 1.0 × 1.0 × 1.0 mm3). A generalized Q-sampling imaging
approach (Yeh et al., 2010) were used to reconstructed DSI data.
The orientation distribution functions were reconstructed to 362
discrete sampling directions with an average diffusion distance
of 1.2 mm. CSF calibration uses spatial normalization to identify
the position of CSF and use it as a free water diffusion to unify the
amount of diffusion relative to it.

Fiber Tracking and Analysis
DSI Studio (an open-source diffusion MRI analysis tool available
for free download at http://dsi-studio.labsolver.org) was used for
fiber tracking. A whole brain seeding approach using multiple
region of interest (ROI) masks was performed. In voxels with
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multiple fiber orientations, fiber tracking was initiated separately
for each orientation, and fiber progression continued with a step
size of 1.0 mm, minimum fiber length of 20 mm and turning
angle threshold of 60. If multiple fiber orientations existed in
the current progression location, the fiber orientation that was
nearest to the incoming direction and formed a turning angle
smaller than 60 was selected to determine the next moving
direction (Fernandez-Miranda et al., 2012). To smooth each
track, the next moving directional estimate of each voxel was
weighted by 20% of the previous incoming direction and 80%
of the nearest fiber orientation. This progression was repeated
until the quantitative anisotropy of the fiber orientation dropped
below a preset threshold (0.13–0.17 depending on the subject)
or there was no fiber selected within the 60 angular range in
the progression (Yeh et al., 2013). The ROI selected in the
auditory neural pathway was shown in Table 1. The T1 and DSI
images were spatially normalized into MNI. Then, an optical fiber
tracking algorithm based on streamline is implemented by using
DSI studio software, and the QA and GFA parameters of each
ROI were obtained.

Statistical Analysis
Continuous variables were summarized as means (± standard
deviation). For categorical variables, the percentages of patients
in each category were calculated.

TABLE 1 | The selected ROI and how they were defined.

ROI Template MNI
coordinates

(x, y, z)

Volume
(bilateral,

cm3)

Superior olivary
nucleus

– ±13, −35, −41 5

Inferior colliculus – ±6, −33, −11 5

Medial geniculate
bodies

– ±17, −24, −2 8

Heschl AAL – –

Superior temporal
gyrus

AAL – –

Meddle temporal
gyrus

AAL – –

Inferior tempotal
gyrus

AAL – –

Anterior limb of
internal capsule

JHU-WhiteMatter-
Labels

– –

Posterior limb of
internal capsule

JHU-WhiteMatter-
Labels

– –

Anterior corona
radiata

JHU-WhiteMatter-
Labels

– –

Posterior corona
radiata

JHU-WhiteMatter-
Labels

– –

Lateral lemniscus HCP842-
tractography

– –

Acoustic radiation HCP842-
tractography

– –

Brodmann 41 Brodmann – –

Brodmann 42 Brodmann – –

Comparison of DSI parameters between patients and control
group, with the usage of Student’s t-test, as appropriate was to
make the comparisons between subgroups of left-sided and right-
sided. Results were corrected for multiple comparisons using the
Bonferroni correction with a significance level of p < 0.05/N,
where N was the number of ROIs.

Bivariate correlation and partial correlation analyses were
used to identify the relationship between the DSI parameters of
ROIs that exhibited significant differences and clinical severity
assessment. A P < 0.05 was considered statistically significant.
All data were analyzed by SPSS software version 19.0 of Windows
(SPSS Inc. Chicago, United States).

RESULTS

Table 2 showed the patients’ demographic details, clinical
conditions and hearing test results at admission. In total,
there were 60 patients included 29 males and 31 females,
with a mean age of 50.7 ± 11.8 years. The right-sided

TABLE 2 | Characteristics of patients with unilateral sudden sensorineural
hearing loss.

Clinical characteristic Total Left Right

Age, Years

Mean (SD)† 50.7 ± 11.8 50.1 ± 11.3 51.5 ± 12.7

Male sex, No. (%) 29 (48.3) 15 (42.9) 14 (56.0)

Side, NO. (%)

Right 25 (41.7) — —

Left 35 (58.3) — —

Ever smoking, No. (%) 13 (21.7) 4 (11.4) 9 (36.0)

Length of hospital admission

Mean (SD) 8.8 ± 4.3 8.9 ± 4.2 8.6 ± 4.5

Accompanying symptom, NO. (%)

Tinnitus 52 (86.7) 30 (85.7) 22 (88.0)

Dizzy 21 (35.0) 16 (45.7) 5 (20.0)

Comorbidities, NO. (%)

Cerebral ischemia 28 (47.5) 18 (51.4) 10 (41.7)

Hypertension 21 (35.0) 11 (31.4) 10 (40.0)

Type 1 or 2 diabetes 10 (16.7) 8 (22.9) 2 (8.0)

Hyperlipidemia 16 (26.7) 12 (34.3) 4 (16.0)

Severity assessment, NO. (%)

Mild 16 (26.7) 8 (22.9) 8 (32.0)

Moderate 7 (11.7) 4 (11.4) 3 (12.0)

Moderate-severe 8 (13.3) 5 (14.3) 3 (12.0)

Severe 17 (28.3) 9 (25.7) 8 (32.0)

Extremely severe 12 (20.0) 9 (25.7) 3 (12.0)

Type

Low-frequency hearing loss 10 (16.7) 7 (20.0) 3 (12.0)

High-frequency hearing loss 16 (26.7) 9 (25.7) 7 (28.0)

All-frequency hearing loss 33 (55.0) 19 (54.3) 14 (56.0)

Initial pta Score‡

Mean (SD) 63.2 ± 26.2 66.1 ± 26.6 59.1 ± 25.7

Relapse, No. (%) 6 (10.0) 5 (14.3) 1 (4.0)

†Plus–minus values are means ± SD, ‡PTA means pure tone audiometry.
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TABLE 3 | The QA† values obtained from the left and right sides of the subjects with SSNHL‡ and of the normal group.

Variable Normal n = 25 Left-sided SSNHL n = 35 P§ Right-sided SSNHL n = 25 P§

Superior olivary nucleus

Left 0.6726 ± 0.0784 0.5857 ± 0.1228 0.003 0.6597 ± 0.0889 0.589

Right 0.6584 ± 0.0910 0.5957 ± 0.1142 0.027 0.6209 ± 0.1027 0.178

Inferior colliculus

Left 0.6531 ± 0.0800 0.6127 ± 0.1 0.100 0.6374 ± 0.0942 0.527

Right 0.6463 ± 0.0828 0.5897 ± 0.0994 0.024 0.6210 ± 0.0966 0.325

Medial geniculate bodies

Left 0.6324 ± 0.0815 0.5721 ± 0.1042 0.019 0.5497 ± 0.0984 0.002*

Right 0.6328 ± 0.0924 0.5487 ± 0.0873 0.001* 0.5679 ± 0.1090 0.028

Lateral lemniscus

Left 0.6531 ± 0.0816 0.6159 ± 0.0985 0.127 0.6103 ± 0.0888 0.082

Right 0.6486 ± 0.0688 0.5733 ± 0.1131 0.002* 0.6019 ± 0.0881 0.042

Anterior limb of internal capsule

Left 0.5718 ± 0.0755 0.4957 ± 0.0741 P < 0.001* 0.4762 ± 0.0969 P < 0.001*

Right 0.5872 ± 0.0687 0.5101 ± 0.076 P < 0.001* 0.4934 ± 0.0941 P < 0.001*

Posterior limb of internal capsule

Left 0.6947 ± 0.0635 0.6546 ± 0.1225 0.105 0.6501 ± 0.1007 0.067

Right 0.6907 ± 0.0551 0.6619 ± 0.1147 0.202 0.6580 ± 0.1175 0.213

Heschl

Left 0.6055 ± 0.0917 0.5472 ± 0.1012 0.026 0.5492 ± 0.0822 0.027

Right 0.5793 ± 0.0764 0.4771 ± 0.1037 P < 0.001* 0.4813 ± 0.1449 0.004

Superior temporal gyrus

Left 0.5975 ± 0.0762 0.5408 ± 0.0876 0.012 0.5337 ± 0.0851 0.008

Right 0.5942 ± 0.0732 0.5457 ± 0.087 0.027 0.5299 ± 0.0753 0.004

Meddle temporal gyrus

Left 0.6021 ± 0.0752 0.5575 ± 0.0769 0.029 0.5421 ± 0.0764 0.007

Right 0.6065 ± 0.0721 0.5509 ± 0.0815 0.008 0.5504 ± 0.0794 0.012

Inferior temporal gyrus

Left 0.5595 ± 0.0661 0.5104 ± 0.069 0.008 0.4937 ± 0.0778 0.002*

Right 0.5732 ± 0.0687 0.4997 ± 0.1027 0.003 0.5070 ± 0.0749 0.002*

Anterior corona radiata

Left 0.5869 ± 0.0718 0.5218 ± 0.0743 0.001* 0.4967 ± 0.1073 0.001*

Right 0.5712 ± 0.0638 0.5154 ± 0.0661 0.002* 0.5069 ± 0.0633 0.001*

Posterior corona radiata

Left 0.7173 ± 0.0815 0.6794 ± 0.11 0.150 0.6706 ± 0.1078 0.090

Right 0.7081 ± 0.0785 0.6668 ± 0.103 0.084 0.6660 ± 0.1086 0.124

Acoustic radiation

Left 0.6728 ± 0.0784 0.6226 ± 0.0928 0.032 0.6156 ± 0.0916 0.022

Right 0.6617 ± 0.0827 0.6093 ± 0.0909 0.026 0.5945 ± 0.0942 0.010

Brodman 41 area 0.6350 ± 0.0790 0.5662 ± 0.1208 0.016 0.5720 ± 0.0766 0.006

Brodman 42 area 0.5483 ± 0.0793 0.4885 ± 0.0748 0.004 0.4877 ± 0.0782 0.009

†QA means quantitative anisotropy. ‡SSNHL means sudden sensorineural hearing loss. §The left and right side of SSNHL patients was compared with normal group
separately. *The asterisk denotes a significant effect under the conservative Bonferroni correction controlling the family-wise error rate among all the morphology effects
hypothesis tests at 5% (adjusted threshold p = 0.05/28∼0.002.

SSNHL was involved in 25 (41.7%) cases and the left-sided
in 35 (58.3%) cases. And 52 (86.7%) exhibited tinnitus, 21
(35.0%) exhibited dizzy as accompanying symptoms. Of total,
28 (47.5%) patients had cerebral ischemia and 21 (35.0%)
had hypertension, which is the most common Comorbidities.
Mean pure tone audiometry at the onset presentation was
63.2 ± 26.2 dB, of which 26.7% was mild, 11.7% was
moderate, 13.3% was moderate-severe, 28.3% was severe and

20.0% was extremely severe. The audiogram type was low-
frequency in 16.7%, high-frequency in 26.7%, and all-frequency
in 55.0% cases.

DSI tractography measures of QA and GFA for each
ROI of patients with SSNHL and controls were shown in
Tables 3, 4. Compared with healthy group, the QA values
of the contralateral (i.e., opposite to the lesion side) medial
geniculate body, the bilateral anterior corona radiata and anterior
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TABLE 4 | The GFA† values obtained from the left and right sides of the subjects with SSNHL‡ and of the normal group.

Variable Normal n = 25 Left-sided SSNHL n = 35 P§ Right-sided SSNHL n = 25 P§

Superior olivary nucleus

Left 0.0916 ± 0.0068 0.0876 ± 0.0157 0.187 0.0986 ± 0.0085 0.002*

Right 0.0906 ± 0.0077 0.0885 ± 0.0171 0.581 0.0943 ± 0.0072 0.085

Inferior colliculus

Left 0.0941 ± 0.0055 0.0936 ± 0.0121 0.835 0.0982 ± 0.0046 0.007

Right 0.0941 ± 0.0054 0.0942 ± 0.0067 0.928 0.0966 ± 0.0060 0.132

Medial geniculate bodies

Left 0.1002 ± 0.0096 0.0995 ± 0.0112 0.802 0.0944 ± 0.0109 0.048

Right 0.0976 ± 0.0080 0.0950 ± 0.0098 0.296 0.0950 ± 0.0111 0.355

Lateral lemniscus

Left 0.0936 ± 0.0084 0.0945 ± 0.0067 0.653 0.0949 ± 0.0106 0.649

Right 0.0917 ± 0.0062 0.0906 ± 0.0090 0.589 0.0939 ± 0.0155 0.522

Anterior limb of internal capsule

Left 0.0860 ± 0.0054 0.0825 ± 0.0071 0.046 0.0796 ± 0.0073 0.001*

Right 0.0883 ± 0.0042 0.0841 ± 0.0061 0.004 0.0826 ± 0.0069 0.001*

Posterior limb of internal capsule

Left 0.1050 ± 0.0043 0.0996 ± 0.0068 P < 0.001* 0.1013 ± 0.0043 0.004

Right 0.1048 ± 0.0039 0.1006 ± 0.0054 0.001* 0.1015 ± 0.0075 0.062

Heschl

Left 0.0898 ± 0.0103 0.0891 ± 0.0125 0.805 0.0895 ± 0.0079 0.898

Right 0.0829 ± 0.0147 0.0788 ± 0.0148 0.295 0.0804 ± 0.0221 0.637

Superior temporal gyrus

Left 0.0938 ± 0.0045 0.0903 ± 0.0076 0.030 0.0899 ± 0.0085 0.050

Right 0.0929 ± 0.0069 0.0899 ± 0.0084 0.152 0.0888 ± 0.0063 0.032

Meddle temporal gyrus

Left 0.0947 ± 0.0045 0.0935 ± 0.0061 0.412 0.0924 ± 0.0052 0.098

Right 0.0941 ± 0.0049 0.0907 ± 0.0068 0.039 0.0917 ± 0.0050 0.098

Inferior temporal gyrus

Left 0.0864 ± 0.0094 0.0859 ± 0.0065 0.785 0.0857 ± 0.0080 0.779

Right 0.0890 ± 0.0070 0.0856 ± 0.0066 0.067 0.0859 ± 0.0093 0.199

Anterior corona radiata

Left 0.0955 ± 0.0060 0.0908 ± 0.0076 0.012 0.0892 ± 0.0076 0.002*

Right 0.0940 ± 0.0048 0.0895 ± 0.0068 0.006 0.0886 ± 0.0064 0.001*

Posterior corona radiata

Left 0.1127 ± 0.0095 0.1094 ± 0.0081 0.155 0.1106 ± 0.0098 0.456

Right 0.1120 ± 0.0104 0.1079 ± 0.0085 0.102 0.1090 ± 0.0113 0.348

Acoustic radiation

Left 0.1033 ± 0.0071 0.1019 ± 0.0080 0.483 0.1011 ± 0.0092 0.345

Right 0.1017 ± 0.0077 0.0996 ± 0.0089 0.329 0.0995 ± 0.0095 0.363

Brodman 41 area 0.0969 ± 0.0040 0.0959 ± 0.0070 0.543 0.0958 ± 0.0070 0.534

Brodman 42 area 0.0845 ± 0.0088 0.0813 ± 0.0080 0.151 0.0811 ± 0.0078 0.153

†GFA means generalized fractional anisotropy. ‡SSNHL means sudden sensorineural hearing loss. §The left and right side of SSNHL patients was compared with normal
group separately. *The asterisk denotes a significant effect under the conservative Bonferroni correction controlling the family-wise error rate among all the morphology
effects hypothesis tests at 5% (adjusted threshold p = 0.05/28˜0.002.

limb of internal capsule were obviously reduced (P < 0.002)
both for the left-sided and the right-sided SSNHL group
(Figure 1). However, the GFA values of the bilateral anterior
corona radiata and anterior limb of internal capsule decreased
significantly only in the right-sided group (P < 0.002). No
significant differences were identified between the left-sided
SSNHL and controls. The QA and GFA values were compared
between patients with or without tinnitus and dizziness by
independent sample t-test, and found there was no difference

in these areas (p > 0.05), as shown in the Supplementary
Table S1.

We also further evaluated the correlation between QA
values of these three brain regions and clinical severity
assessment. Table 5 showed the results of bivariate correlation
analysis and partial correlation analysis. We found that the
QA value of the contralateral medial geniculate body and the
bilateral anterior limb of internal capsule were negatively
correlated with the severity of hearing loss (P < 0.05).
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FIGURE 1 | Fiber tractography from diffusion spectrum imaging: (A) medial geniculate body; (B) anterior limb of internal capsule; (C) anterior corona radiata. ROI on
QA map: (D) medial geniculate body; (E) anterior limb of internal capsule; (F) anterior corona radiata.

TABLE 5 | Results of correlation analysis between QA† values of selected brain areas and severity assessment of patients with sudden sensorineural hearing loss.

Variable Left-sided SSNHL‡ Right-sided SSNHL

Bivariate correlation
analysis

P Partial correlation
analysis*

P Bivariate correlation
analysis

P Partial correlation
analysis*

P

Medial geniculate bodies

Left – – – – −0.685 0 −0.675 0.002

Right −0.447 0.007 −0.416 0.028 – – – –

Anterior limb of internal capsule

Left −0.358 0.035 −0.135 0.494 −0.411 0.041 −0.380 0.120

Right −0.350 0.039 −0.138 0.485 −0.345 0.092 −0.249 0.319

Anterior corona radiata

Left −0.290 0.090 −0.077 0.699 −0.250 0.228 −0.329 0.183

Right −0.304 0.076 −0.088 0.656 −0.274 0.184 −0.243 0.332

†QA means quantitative anisotropy. ‡SSNHL means sudden sensorineural hearing loss. *Partial correlation analysis controls age, gender, smoking, cerebral ischemia,
hypertension, diabetes and hyperlipidemia.

The partial correlation analysis, with controlling including
age, gender, smoking, cerebral ischemia, hypertension,
diabetes and hyperlipidemia, showed these relationships
persisted in the contralateral medial geniculate body
(r = −0.416, P = 0.028 for the left-sided group; r = −0.675,
P = 0.002 for the right-sided group). The results of partial
correlation analysis eliminated the influence of these
possible risk factors.

DISCUSSION

To the best of our knowledge, the current study firstly applied
a high angular resolution diffusion tractography technique of
DSI to examine the changes of nerve fibers in the auditory
neural pathway in patients with SSNHL. A major finding of
this study was that compared with healthy controls, the QA
values of the contralateral medial geniculate body, the bilateral
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anterior corona radiata and anterior limb of internal capsule in
patients with sudden deafness were obviously reduced, notably
in the contralateral medial geniculate body. In addition, the
decrease of QA value of medial geniculate body was significantly
related to the increase of disease severity, even after controlling
other potential confounding factors. At present, tinnitus and
dizziness have not been found to affect these areas on the
auditory neural pathway.

The central auditory pathway starts from the cochlear
branch of the eighth brain nerve. These synapses firstly enter
the brain at the junction of pons and medulla oblongata,
and transmit the encoded auditory nerve information to the
cochlear nucleus of medulla oblongata. Most of the fibers
project to the superior olivary nucleus on the opposite side,
and a few of them project to the ipsilateral side. Then the
fibers continue to go up through the lateral lemniscus. The
efferent fibers project from the inferior colliculus to the medial
geniculate body. Finally, the acoustic radiation from the medial
geniculate body transmits the auditory information to the
temporal cortex through the inner capsule (Wakana et al., 2004;
Hernández-Zamora and Poblano, 2014).

The decrease of QA suggests the presence of a demyelinating
process in the early stages of disease, and provides imaging
verification for the pathophysiological process of the disease. It
is worth noting that changes in medial geniculate body is more
related to the severity of disease than that of anterior corona
radiata and anterior limb of internal capsule. The more serious
the disease is, the more damage of the medial geniculate body.
This may be because of that the medial geniculate body is the
converging site of multiple inputs from the lower auditory nuclei,
which may be more sensitive to injury. Medial geniculate body
has also been associated with tinnitus by inhibiting the afferent
from the inferior colliculus and thalamic reticular nucleus. Thus,
medial geniculate body has been used as the main target in
some pharmacological experiments that enhance tonic inhibition
in the treatment of auditory diseases (Richardson et al., 2012).
Our finding may provide a marker for the treatment of SSNHL,
which can be monitored during the treatment. On the other
hand, the decrease of QA was only found in the contralateral
medial geniculate body but not in the ipsilateral side. Previous
studies have reported that the contralateral pathway is more
important than the ipsilateral pathway in the processing of
auditory stimulation (Khosla et al., 2003; Langers et al., 2005),
of which 70–80% from the contralateral side and 20–30% comes
from the ipsilateral side. Furthermore, the anterior limb of
the internal capsule is believed to be involved in cognitive
function, such as decision-making, attention, memory and so
on (Nanda et al., 2017). For example, the change of QA value
in this area may be related to the psychological problems such
as anxiety and depression which often occur in patients with
sudden hearing loss (Arslan et al., 2018). Furthermore, Husain
et al. (2011) and Boyen et al. (2013) have also found similar
changes of the frontal lobe which is associated with memory
and higher cognitive processes in patients with hearing impaired.
Consistently, the current finding of damage in the anterior limb
of the internal capsule may imply the cognitive impairment
in this disease.

Some previous studies have also supported the current
findings. Huang et al. (2015) have found decreased FA values in
regions along the auditory neural pathway using DTI in SSNHL
patients, which suggests the presence of a demyelinating process
in the underlying microstructures along the auditory pathway. In
addition, Husain et al. (2011) also found the changes of thalamic
anterior radiation, and corona radiata in patients with hearing
loss, which is mainly manifested in the decrease of FA values
of nerve fibers in the inner capsule. However, unlike Chang
et al. (2004), Lin et al. (2008), and Wu et al. (2009) found
in patients with long term sensorineural hearing loss, we did
not found changes in the pathway of lateral lemniscus, olivary
nucleus or subcortical inferior colliculus. This inconsistency
may be due to their object of study was patients with long-
term sensorineural hearing loss. Long-term hearing loss or
compensatory mechanisms may lead to more extensive fiber
damage (axon loss or demyelination). Other fiber expansion
to the region may also lead to more disorder of white matter
fiber. Consistent with Kim et al. (2009), patients in present
study were in the acute stage of this disease, in which it may
not occur such extensive injury or compensation in a short
time. The current finding indicates that the course of disease
may be related to the extent of brain nerve damage. With the
prolongation of the course of disease, the range and degree of the
injury will continue to progress. It suggests that early treatment
may effectively control brain nerve damage and improve the
prognosis of patients.

Tinnitus is the main complication of SNNHL. Previous
studies have shown that the central auditory system is related
to the production and maintenance of tinnitus (Noreña and
Eggermont, 2003; Lanting et al., 2008), and tinnitus may also
lead to changes in white matter and gray matter (Landgrebe
et al., 2009; Benson et al., 2014). When compared to hearing
loss patients without tinnitus, Boyen et al. (2013) have found
increased gray matter volume in the primary auditory cortex
in patients with tinnitus. The primary auditory cortex deals
with simple auditory stimuli, such as pure tone and noise (Mirz
et al., 1999). The increase of gray matter volume in primary
auditory cortex may be related to continuous internal sound
stimulation. In addition, Boyen et al. (2014) have further found
the functional connection was significantly reduced between
the inferior colliculus and the auditory cortex in patients with
sensorineural hearing loss with tinnitus compared to patients
without tinnitus, which suggests the thalamic dysfunction
that affects the transmission of auditory information from
hypothalamus to auditory cortex. However, other studies of
sensorineural hearing loss have not found difference in functional
connection between patients with and without tinnitus (Luan
et al., 2019). Compared with normal people, Husain et al. (2011)
have also found changes both in gray matter and white matter
in the adjacent region of auditory cortex only in hearing loss
patients with hearing loss alone and found no changes in patients
with hearing loss and tinnitus, which suggests hearing loss has
the greatest influence on neural tissue rather than tinnitus.
Accordingly, in the present study, it was postulated that the brain
area was less likely differentially affected between the two groups
due to the short-term stage of patients with tinnitus that may not
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have a profound effect on brain regions like long-term tinnitus.
Meanwhile, a small number of patients without tinnitus which
limited the further clarification between the two groups in the
present study. The relationship between hearing loss and tinnitus
may be complex rather than simple superposition effect, which
would be investigated in the further study.

Furthermore, Yeh et al. (2013) have compared FA, GFA, and
QA, and found that QA is less sensitive to the partial volume
effects of crossing fibers, free water, and non-diffusive materials.
QA also has less noise, and the QA assisted traction imaging has
better spatial resolution than the FA assisted and GFA assisted
traction imaging. In this study, we also found the QA value
showed significant difference between the SSNHL group and the
control group, but the difference of GFA was not obvious, which
supports that QA has advantage in reflecting the changes of white
matter fibers. This also suggests that the demyelination of nerve
fibers may be the main pathological change, while the nerve fibers
are relatively intact.

There are several limitations to our study. First, our patients’
data were obtained from one hospital, which may limit a
generalized application of these findings. Secondly, the current
study is a cross-sectional study involved in patients at acute stage.
A longitudinal study is further required to clarify the white matter
alteration along the course of this disease. Thirdly, the effects of
concomitant symptom such as tinnitus, dizzy and psychological
problems on brain structure and function needs further study.

CONCLUSION

In conclusion, the present study demonstrated that the
microstructural damages in the auditory neural pathway,
especially in the contralateral medial geniculate body that was
related to the severity of the disease, exhibited in the acute
stage of patients with SSNHL, This study provided imaging
evidence for the brain changes and helped us understand the
pathophysiological changes of diseases better. The QA value
may be a potential biomarker of this disease, which can be

used to quantitatively analyze the progress of the disease and
medicinal efficacy.
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Although hearing aids (HAs) are sometimes efficacious in abating tinnitus, the precise
mechanism underlying their effect is unclear and predictors of symptom improvement
have not been determined. Here, we examined the correlation between the amount of
tinnitus improvement and pre-HA quantitative electroencephalography (qEEG) findings
to investigate cortical predictors of improvement after wearing HAs. QEEG data of
thirty-three patients with debilitating tinnitus were retrospectively correlated with the
percentage improvements in tinnitus handicap inventory and the numerical rating scale
scores of tinnitus. Activation of brain areas involved in the default mode network (DMN;
inferior parietal lobule, parahippocampus, and posterior cingulate cortex) were found to
be a negative predictor of improvement in tinnitus-related distress after wearing HAs.
In addition, higher pre-HA cortical power at the medial auditory processing system or
higher functional connectivity of the lateral/medial auditory pathway to the DMN was
found to serve as a positive prognostic indicator with regard to improvement of tinnitus-
related distress. In addition, insufficient activity of the pre-treatment noise canceling
system tended to be a negative predictor of tinnitus perception improvement after
wearing HAs. The current study may serve as a milestone toward a pre-HAs prediction
strategy for tinnitus improvements in subjects with hearing loss and severe tinnitus.

Keywords: tinnitus, hearing aids, hearing loss, treatment, electroencephalography, neural plasticity

INTRODUCTION

Tinnitus is an auditory symptom characterized by the perception of sound or noise in the absence
of an external sound source. The overall prevalence of tinnitus in the general population is 10–
15% (Henry et al., 2005; Bhatt et al., 2016) with about 7.2% of affected individuals reporting their
symptom as a major problem and about half having discussed their symptom with a physician
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(Bhatt et al., 2016). Various treatment modalities, such as
medication, sound therapy, cognitive behavioral therapy,
tinnitus retraining therapy, cochlear implants, non-invasive
brain stimulation, and hearing aids (HAs), have been suggested
for the management of tinnitus (Langguth et al., 2013; Bae
et al., 2020), yet no treatment exists that benefits all patients
(Langguth et al., 2013).

Since Saltzman and Ersner first reported effectiveness of HAs
for controlling tinnitus about 70 years ago (Saltzman and Ersner,
1947), many studies have supported the use of HAs as a treatment
option for tinnitus (Kiessling, 1980; Brooks and Bulmer, 1981;
Surr et al., 1985; Surr et al., 1999). Even though at a meta-
analytic level there is no support for the use of HAs with or
without maskers (Sereda et al., 2018), still approximately half of
patients using HAs experience an improvement of tinnitus (Surr
et al., 1999; Shekhawat et al., 2013). In addition, a recent review
indicated that 17 of 18 original research studies showed positive
evidence suggesting that using HAs for tinnitus management is
beneficial (Shekhawat et al., 2013). Therefore, HAs have been
recommended as a useful treatment option for tinnitus patients
with hearing loss (Tunkel et al., 2014).

Several hypotheses have been proposed to explain the
possible mechanism of tinnitus improvement associated
with the use of HAs (Del Bo and Ambrosetti, 2007). For
example, HAs have been suggested to be beneficial for tinnitus
patients by helping the brain to distinguish between true
sounds and tinnitus, decreasing annoyance by partial masking
of tinnitus using augmented environmental sounds, and
enhancing the ability to cope with tinnitus by reducing
communication stress (Del Bo and Ambrosetti, 2007;
Shekhawat et al., 2013). In addition, the neurophysiological
rationale of HAs usage suggested that sound amplification
by HAs may restore the activity of auditory neurons and
cortical activity (Gabriel et al., 2006; Norena and Eggermont,
2006), and therefore may lead to neuroplastic changes of
the auditory pathway and neural correlates related to the
generation of tinnitus.

Previous researchers have suggested several mechanisms of
tinnitus generation in subjects with reduced peripheral auditory
input. That is, auditory deprivation may result in a compensation
mechanism called “homeostatic plasticity,” a phenomenon
affecting the neuronal activity of the auditory system at several
levels along the ascending auditory pathway to compensate for
the reduced peripheral input (Norena, 2011; Langguth et al.,
2013). At the cortical level, peripheral deafferentation-induced
changes such as reduced lateral inhibition in the deafferented
cortical areas have been reported (Yang et al., 2011). Also,
other researchers have suggested stochastic resonance serves to
increase signals above the increased neuronal thresholds after
peripheral hearing loss, thereby partly compensating for the
hearing loss and possibly leading to the development of tinnitus
(Krauss et al., 2016, 2018). Considering that all these models
are based on the assumption that the ascending auditory system
from the cochlea to the cerebral cortex attempts to maintain
a neuronal network similar to the one before the peripheral
auditory deprivation occurred, HA-assisted partial restoration of
the cochlear input may abate tinnitus if these mechanisms are

not totally irreversible. In other words, homeostatic plasticity
along with reduced lateral inhibition or the stochastic resonance
resulting in phantom auditory perception would become less
active because less compensatory mechanisms are needed due to
increased peripheral input assisted by HAs.

Hearing aid have long been proposed as one of the most
useful treatment options for tinnitus, and most previous studies
have reported positive effects of HAs on tinnitus. However, the
mechanism underlying tinnitus improvement associated with
HA usage remains unclear. In particular, despite previously
suggested theories of tinnitus improvement by HAs implying
the possible involvement of cortical neuroplastic changes, the
neural substrates associated with the improvement of tinnitus by
HAs have not been investigated. Based on previous studies of
ours showing that pre-treatment cortical activities in the auditory
cortex, posterior cingulate cortex, and the parahippocampus
are important predictors of tinnitus improvement after hearing
restoration by cochlear implantation (Song et al., 2013), and also
showing that tinnitus in patients with hearing loss may be related
to the parahippocampal mechanism (Vanneste and De Ridder,
2016), we surmised that similar areas might also be important
in predicting tinnitus improvement associated with HA usage.
The present study was performed to identify pre-treatment
neural substrates associated with tinnitus improvement after
using HAs in subjects with tinnitus. We also compared the
cortical oscillatory activities of patients who showed marked
improvement of tinnitus after wearing HAs with those who
experienced slight improvement of tinnitus using source
localization, complemented by connectivity analysis.

MATERIALS AND METHODS

Participants
A total of 33 non-pulsatile subjective tinnitus subjects with
hearing loss who had used HAs for more than 6 months were
enrolled in this study. The mean age of the participants was
64.6 ± 14.6 years (range: 26–88 years), and 14 (42.4%) were male.
During the initial visit, we obtained a structured medical history
regarding the characteristics of tinnitus, such as the affected side,
the psychoacoustic nature (pure-tone, narrow-band noise, or
warble-tone), matched tinnitus frequency and loudness, and the
duration of tinnitus perception. Out of the total of 33 subjects, 14
(42.4%) complained of unilateral tinnitus, while the remaining
19 had bilateral tinnitus. More than half of the participants (19
of 33, 57.6%) reported pure-tone tinnitus, while 11 (33.3%) had
narrow-band noise, and one (3.0%) had warble-tone tinnitus.
The most frequently matched frequency of tinnitus was 8 kHz
(12 subjects, 36.4%), and the others showed variable tinnitus
frequencies (4 kHz, five subjects; 3 kHz, one subject; 2 kHz,
four subjects, 1 kHz, one subject; 500 Hz, four subjects; 250 Hz,
two subjects). The mean duration of tinnitus perception was
8.4 ± 9.8 years (range: 3 months – 40 years). This retrospective
study was approved by the Seoul National University Bundang
Hospital Institutional Review Board (IRB) and the requirement
for informed consent from the subjects was waived (IRB- B-
1702/383-104) and the IRB waived the need for informed consent
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for this study. All methods were performed in accordance with
the relevant guidelines and regulations.

The perceived tinnitus handicap was measured using the
tinnitus handicap inventory (THI), a self-reported tinnitus
handicap measure consisting of 25 items evaluating the extent
of tinnitus-related distress (Newman et al., 1996). We evaluated
tinnitus loudness (response to the question “How loud is
your tinnitus?” on a scale from 0 to 10), tinnitus-related
distress (response to the question “How bothered are you
by your tinnitus?” on a scale from 0 to 10), and tinnitus
perception (response to the question “What is the percentage
of the daytime during which you are aware of the tinnitus?”
from 0 to 100%) based on numerical rating scale (NRS)
scores. The questionnaires were evaluated both before and after
6 months of using HAs. We excluded subjects with Ménière’s
disease, pulsatile tinnitus, histories of drug or alcohol abuse,
psychiatric/neurological disorders, and chronic headache; those
using current psychotropic or central nervous system-active
medications; those with a history of seizures; and those with any
history of head injury resulting in loss of consciousness.

We used the median split method (Schlee et al., 2012; Song
et al., 2013), a data-driven post hoc stratification approach, to
compare the resting-state oscillatory brain activities between
the subjects who showed marked improvement (MI group) and
slight improvement (SI group) after tinnitus treatment with HAs.
The MI and SI groups were assigned according to percentage
improvement of NRS tinnitus distress scores. All subjects in
the MI group showed >44.4% improvement of NRS tinnitus
distress intensity, while all subjects in the SI group showed
improvement <37.5%.

Hearing Aids Fitting and Usage
At the initial visit, the hearing level of all participants
was evaluated with pure tone audiometry (PTA) and speech
audiometry, and all subjects were shown to have mild to
severe hearing loss. The average hearing threshold (calculated by
averaging the PTA thresholds at 500, 1000, 2000, and 4000 Hz)
(Lee et al., 2017; Sunwoo et al., 2017; Song et al., 2018; Bae et al.,
2019; Han et al., 2019; Huh et al., 2019; Lee et al., 2019b; Shim
et al., 2019) of participants was 53.4±15.0 dB (range: 15.0 – 105.0)
and the average speech discrimination score was 62.7 ± 25.7%
(range: 12–100%). The selection of HAs was based on patients’
preferences and needs among all products available at our
institute (Oticon, Resound, Siemens, Starkey, and Widex). The
choice of HAs was also determined based on individual needs and
choice from entry to advanced level. Therefore, the implemented
technology and types of HAs were relatively variable. Fitting
of HAs was performed by routine procedures according to
each manufacturer’s guidelines and programmed via NOAH
or NOAH-Link R© equipment using the algorithm provided by
each manufacturer’s software. The presence of tinnitus and
its matched frequency were not considered during the fitting
process, and additional functions for tinnitus management, such
as sound generation implemented in HAs, were not applied
in this study so as to evaluate pure contribution of HAs to
the improvement of tinnitus. HAs were fitted according to the
individual’s configuration of hearing loss as well as to participant’s

comfort and preference. The participants were counseled to
increase the usage time of HAs gradually, up to full-time usage.
Follow-up and re-fitting were performed 2 – 3 times a month
until the patients were satisfied with the amplification of sound
and alleviation of discomfort from HAs. After using HAs for
over 6 months with proper fitting and full-time usage, aided
threshold levels at frequencies of 250, 500, 1000, 2000, 3000,
and 4000 Hz were evaluated. The average follow-up duration
was 5.3 ± 0.9 months (range, 3 – 7 months). In addition,
questionnaires on THI and NRS scores were obtained after
6 months of HA usage.

EEG Recording
To identify the neural correlates related with tinnitus
improvement after wearing HAs, we performed EEG recording
before applying the HAs. Data acquisition and pre-processing
procedures were performed according to the methods described
previously (Song et al., 2017; Han et al., 2018; Vanneste et al.,
2018; Lee et al., 2019a). Resting-state EEGs were recorded for
about 5 min without any sound stimuli at 19 scalp sites using
a tin electrode cap (ElectroCap, Eaton, OH, United States)
connected to a Mitsar amplifier (Mitsar EEG-201; Mitsar, Saint
Petersburg, Russia) in a fully lit room shielded from sound and
stray electric fields. The participants sat upright on a comfortable
chair during EEG recording. The EEG data were saved using
WinEEG software (ver. 2.84.44; Mitsar)1. The impedances at all
electrodes were maintained below 5 k�. Data were obtained at
a sampling rate of 1024 Hz and then filtered using a high-pass
filter with a cutoff of 0.15 Hz and a low-pass filter with a cutoff
of 200 Hz. After initial data acquisition, the raw data were
processed with resampling to 128 Hz and then with band-pass
filtering using a fast Fourier transform filter and application of
a Hanning window at 2 – 44 Hz. The data were then imported
into Eureka! Software (Sherlin and Congedo, 2005). All episodic
artifacts related to eye blinks, eye movements, teeth clenching, or
body movements were inspected manually and removed from
the EEG stream with Eureka! software. Further artifact removal
was conducted by performing independent component analysis
using ICoN software2 (Koprivova et al., 2011; White et al., 2012).

Caffeinated and alcoholic beverages were prohibited for 24 h
prior to EEG recording to avoid caffeine-induced alpha and beta
power decreases (Siepmann and Kirch, 2002) or alcohol-induced
changes in the EEG stream (Volkow et al., 2000). Participants’
vigilance was monitored to prevent abnormal EEG signals, such
as slowing of the alpha rhythm or enhancement of theta power
(Moazami-Goudarzi et al., 2010). The participants included in the
present study did not show drowsiness-related EEG changes.

Source Localization Analysis
The localization of the intracerebral sources from the recorded
EEG streams was performed using low-resolution brain
electromagnetic tomography (LORETA)-KEY software3, a
toolbox for the functional localization of standardized current

1http://www.mitsar-medical.com
2http://sites.google.com/site/marcocongedo/software/nica
3http://www.uzh.ch/keyinst/NewLORETA/Software/Software.htm
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densities based on electrophysiological and neuroanatomical
constraints (Pascual-Marqui, 2002). Source localization was
performed based on each of the following eight frequency
bands: delta (2 – 3.5 Hz), theta (4 – 7.5 Hz), alpha1 (8 – 10 Hz),
alpha2 (10 – 12 Hz), beta 1 (13 – 18 Hz), beta 2 (18.5 – 21 Hz),
beta 3 (21.5 – 30 Hz), and gamma (30.5 – 44 Hz) bands (Kim
et al., 2016; Song et al., 2017; Han et al., 2018; Vanneste et al.,
2018). The electrical activity was computed as current density
(µA/mm2) without assuming a predefined number of active
sources. The LORETA-KEY software divides the Montreal
Neurological Institute (MNI)-152 volume (Fuchs et al., 2002),
including the hippocampus and anterior cingulate cortex, into
6239 voxels with dimensions of 5 mm × 5 mm × 5 mm.
Scalp electrode coordinates on the MNI brain are derived from
the international 5% system (Jurcak et al., 2007). Performing
5000 random permutations, correction for multiple testing
(i.e., for tests performed for all electrodes and/or voxels, and
for all time samples and/or different frequencies) was carried
out and, thus, no further correction for multiple comparison
was needed. LORETA-KEY assumes related orientations and
strengths of neighboring neuronal sources and, thus, the inverse
problem, which is derived from source reconstruction from
electric neuronal activity based on extracranial measurements,
is solved by the algorithm. Anatomical labeling of significant
clusters was performed automatically by an embedded toolbox
within LORETA-KEY, and these labels were reconfirmed by
matching the centroids of significant clusters with the Talairach
and Tournoux atlas (Talairach and Tornoux, 1988).

Functional Connectivity Analysis
Phase synchronization and the extent of coherence between the
MI group and SI group corresponding to different regions of
interest (ROIs) were calculated to evaluate the difference of
functional connectivity between two groups using the LORETA-
KEY connectivity toolbox. This toolbox defines measures of
linear and non-linear dependence (i.e., coherence and phase
synchronization) between multivariate time series; the measures
are expressed as the sums of lagged/instantaneous dependencies.
For functional connectivity analysis, a total of 16 ROIs defined
by the Brodmann area (BA), known to be related to tinnitus
according to the literature, were selected as possible nodes:
the bilateral primary auditory cortices (A1, BAs 41 and 42)
(Rolls, 2004; Kringelbach, 2005; Smits et al., 2007), the bilateral
parahippocampus (PHC, BA 27) (Landgrebe et al., 2009), the
bilateral dorsal/pregenual/subgenual anterior cingulate cortices
(dACC, BA 24; pgACC, BA 32; sgACC, BA 25) (Damasio, 1996;
Vanneste et al., 2010; De Ridder et al., 2011b), the bilateral
orbitofrontal cortices (OFC, BA 10) (Song et al., 2015), and the
bilateral inferior parietal lobule (IPL, BA 40) (Houdayer et al.,
2015; Chen et al., 2018).

Region of Interest (ROI) Analysis
For ROIs that showed a significant correlation with the
percentage improvements in NRS tinnitus-related distress
or perception, log-transformed electric current density was
averaged. Each ROI was defined by a single voxel that was
closest to the center of the area where a significant difference was

found in the source localization analysis. Then, the correlation
between the log-transformed electric current density in each
ROI and the percentage improvements in NRS tinnitus-related
distress or perception was evaluated by calculating the Pearson
correlation coefficient.

Statistical Analysis
To identify the resting-state cortical oscillatory activities related
to tinnitus improvement, the LORETA-KEY images were
analyzed by the statistical non-parametric mapping (SnPM)
method for each contrast using LORETA-KEY’s built-in voxel-
wise randomization tests (5000 permutations). In this way,
we correlated pre-HAs source-localized activities among whole-
brain areas and a connectivity of 16 ROIs with the percentage
improvement in the THI score, NRS loudness, NRS distress,
and NRS perception. Also, to test the reliability of our results,
we have split the enrolled subjects into 2 groups according
to the order of enrollment (an odd-numbered subject group
and an even-numbered subject group) and performed the same
analyses to see if the correlations are maintained in these two
subgroups. Moreover, we employed a t statistic between MI and
SI groups with a threshold of P < 0.05. Correction for multiple
comparisons in SnPM using random permutations has been
shown to yield similar results to those obtained from a statistical
parametric mapping approach using a general linear model with
multiple comparison corrections (Nichols and Holmes, 2002).
For lagged linear connectivity differences, we compared the
differences between the MI and SI groups for each contrast using
the paired t statistic with a threshold of P < 0.05. We also
corrected for multiple comparisons using LORETA-KEY’s built-
in voxel-wise randomization tests on all of the voxels included
in the 16 ROIs for connectivity analysis (5000 permutations). All
other descriptive statistical analyses were performed using SPSS
software (version 20.0, SPSS, Inc., Chicago, IL, United States). In
all analyses, P < 0.05 was taken to indicate statistical significance.

RESULTS

Functional Gain and Tinnitus
Improvement
For 33 tinnitus participants included, the average aided hearing
thresholds with HAs were significantly better than unaided air
conduction thresholds at all frequencies [250 Hz, 27.0 ± 10.6
vs. 33.9 ± 19.0; 500 Hz, 31.2 ± 11.9 vs. 38.6 ± 17.5; 1 kHz
(32.0 ± 12.3 vs. 50.6 ± 18.7; 2 kHz, 37.7 ± 13.1 vs. 56.1 ± 19.2;
3 kHz, 44.7 ± 13.9 vs. 63.3 ± 18.4; 4 kHz, 50.2 ± 13.7 vs.
68.3 ± 19.4; P< 0.01 for all frequencies)] (Supplementary Figure
S1). The average functional gains of HAs were 7.0 ± 14.7 dB
at 250 Hz, 7.4 ± 12.6 dB at 500 Hz, 18.6 ± 12.2 dB at 1 kHz,
18.3 ± 14.1 dB at 2 kHz, 18.6 ± 12.8 dB at 3 kHz, and
18.2 ± 12.7 dB at 4 kHz.

All questionnaire scores pertaining to tinnitus severity
improved significantly after using HAs (Table 1). The mean THI
scores after using HAs were significantly lower than pre-HA THI
scores (27.9 ± 18.0 vs. 56.8 ± 24.0, respectively, P < 0.01).
In addition, NRS tinnitus loudness (4.8 ± 2.1 vs. 7.0 ± 2.1,
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TABLE 1 | Changes in tinnitus handicap inventory and numeric rating scale scores
6 months after using hearing aids.

Pre-HAs Post-HAs P-value

THI score 56.8 ± 24.0 27.9 ± 18.0 <0.01

NRS loudness 7.0 ± 2.1 4.8 ± 2.1 <0.01

NRS distress 6.7 ± 3.0 4.3 ± 2.6 <0.01

NRS perception (%) 79.1 ± 27.5 59.7 ± 36.4 <0.01

THI, tinnitus handicap inventory; NRS, numeric rating scale; HAs, hearing aids.

respectively, P < 0.01), tinnitus distress (4.3 ± 2.6 vs. 6.7 ± 3.0,
respectively, P < 0.01), and tinnitus perception (59.7 ± 36.4
vs. 79.1 ± 27.5, respectively, P < 0.01) improved significantly
after 6 months of wearing HAs. To evaluate the relationship
between the degree of tinnitus improvement and the functional
gain with HAs, we performed simple correlation analysis between
the functional gains and the tinnitus questionnaire scores.
The percentage improvements in the THI scores were not
significantly correlated with the average functional gain with use
of HAs (r = 0.02, P = 0.92). The percentage changes of NRS
loudness (r = −0.13, P = 0.48), distress (r = 0.049, P = 0.78),
and perception (r = −0.01, P = 0.94) were also not significantly
correlated with the functional gain in use of HAs.

Source-Localized Correlation Analysis
Between Pre-HAs qEEG and Post-HAs
Tinnitus Improvement
The percentage improvements in NRS tinnitus-related distress
were negatively correlated with the pre-HA source-localized
activities at the right IPL (BA 40), right PHC (BA 27), and right
posterior cingulate cortex (PCC, BA 23) for the gamma frequency
band (P < 0.01) (Figure 1). The correlation analysis between the
log-transformed mean current density for the gamma frequency
band at BA 40 and the percentage improvements in NRS
tinnitus-related distress showed a significant negative correlation
(r = −0.39, P = 0.03). In subgroup analysis, we have confirmed
negative correlations between the percentage improvements in
NRS tinnitus-related distress and the right IPL, PHC, and PCC
in each subgroup (Supplementary Figure S2), in accordance
with the results for all subjects (Figure 1). For the other seven
frequency bands, there were no significant correlations between
the percentage improvements of NRS distress and the pre-HA
source-localized activities.

The activities of the bilateral sgACC (BA 25) exhibited
negative correlations of marginal significance with the percentage
improvements in NRS tinnitus perception for the beta 3
frequency band (P = 0.08) (Figure 2). The log-transformed mean
current density for the beta 3 frequency band at the right BA 25
showed a tendency of negative correlation with the percentage
improvements in NRS tinnitus-related perception (P = 0.10). In
subgroup analysis, the tendency of negative correlation between
the percentage improvements in NRS tinnitus-related perception
and the bilateral sgACC for beta 3 frequency band was also
confirmed in each subgroup (Supplementary Figure S3), in
accordance with the results for all subjects (Figure 2). No
significant correlations were evident between the percentage

improvements of NRS perception and the pre-HA source-
localized activities for the other seven frequency bands.

Meanwhile, the percentage improvement of NRS
tinnitus loudness did not show significant correlations
with pre-HA source-localized activities at any of the eight
frequency bands examined.

With regard to the percentage improvement of NRS tinnitus
distress, in comparison to the SI group, the MI group showed
significantly higher cortical powers in the bilateral dorsolateral
prefrontal cortices (DLPFC, BA 9), bilateral dACC (BA 24), and
bilateral sgACC (BA 32) for the alpha 1 frequency band (P< 0.01)
(Figure 3). There were no significant differences between the two
groups for the other seven frequency bands (delta, theta, alpha 2,
beta 1, 2, and 3).

Connectivity Analyses
On correlation analysis between lagged linear functional
connectivity of the 16 ROIs and questionnaire scores (THI and
NRS scores), no significant correlations were found. However,
on lagged linear functional connectivity analysis with regard
to tinnitus-related distress, the MI group showed significantly
increased functional connectivities in comparison to the SI group
between the left A1 and left IPL for the delta frequency band
(Figure 4A), between the left A1 and right PHC for the theta
frequency band (Figure 4B), between the left OFC and left IPL for
the alpha 1 frequency band (Figure 4C), and between the bilateral
dACC and right IPL for the alpha 2 frequency band (Figure 4D)
(P < 0.05). For the other four frequency bands (beta 1, 2,
3, and gamma), no significant differences were found between
the MI and SI groups with regard to functional connectivity
among the 16 ROIs.

DISCUSSION

In the current study, we sought to evaluate the treatment effect
of HAs in subjects with debilitating tinnitus and to gain a
better understanding of the underlying neural predictors of a
beneficial effect related to HAs. We observed significant tinnitus
improvement 6 months after wearing HAs and found several
positive- and negative pre-treatment cortical indicators that
may be important for predicting the amount of improvement
with regard to tinnitus-related distress and tinnitus perception
during the daytime. In addition to previous observational studies
showing improvement of tinnitus after wearing HAs in subjects
with tinnitus, the current study is the first to demonstrate
treatment outcome may be predictable based on the status of the
brain before HAs are applied.

Activation of the Default Mode Network
as a Negative Predictor of
Tinnitus-Related Distress Improvements
Even After Partial Peripheral
Reafferentation by HAs
As described above, the percentage improvements in NRS
tinnitus-related distress showed statistically significant negative
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FIGURE 1 | Source-localized correlation analysis between the percentage improvements in the numerical rating scale (NRS) of tinnitus distress and the resting-state
quantitative electroencephalography data before wearing hearing aids (HAs). The percentage improvements in NRS tinnitus-related distress correlated negatively with
the pre-HA source-localized activities at the right inferior parietal lobule, right parahippocampus, and right posterior cingulate cortex for the gamma frequency band.

FIGURE 2 | Source-localized correlation analysis between the percentage improvements in the numerical rating scale (NRS) of tinnitus perception and the
resting-state quantitative electroencephalography data before wearing hearing aids (HAs). The activities of the bilateral subgenual anterior cingulate cortex exhibited
negative correlations of marginal significance with the percentage improvements in NRS tinnitus perception for the beta 3 frequency band (P = 0.08).

FIGURE 3 | Median-split source-localized comparison between the marked improvement (MI) group and the slight improvement (SI) group with regard to
tinnitus-related distress. The MI group showed significantly higher cortical powers in the bilateral dorsolateral prefrontal cortices, bilateral dorsal anterior cingulate
cortices, and bilateral subgenual anterior cingulate cortices for the alpha 1 frequency band in comparison with the SI group.
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FIGURE 4 | Median-split lagged linear functional connectivity analysis with regard to tinnitus-related distress. The marked improvement (MI) group showed
significantly increased functional connectivities in comparison with the slight improvement (SI) group between the left primary auditory cortices and left inferior parietal
lobule for the delta frequency band (A), between the left primary auditory cortex and right parahippocampus for the theta frequency band (B), between the left
orbitofrontal cortex and left inferior parietal lobule for the alpha 1 frequency band (C), and between the bilateral dorsal anterior cingulate cortex and right inferior
parietal lobule for the alpha 2 frequency band (D).

correlations with the pre-HAs source-localized activities at the
right IPL, right PHC, and right PCC for the gamma frequency
band (Figure 1). These three areas have been regarded as the
components of the brain’s default mode network (DMN) (Raichle
et al., 2001; Raichle and Snyder, 2007; Raichle, 2015), a specific
group of brain regions activated when people are occupied with
internally focused tasks.

Previous studies have suggested that tinnitus generators may
become integrated in the DMN in subjects with tinnitus (De
Ridder et al., 2011a; Vanneste and De Ridder, 2012). In this
regard, an abnormally increased activity in tinnitus patients
with hearing loss may be an ominous sign with regard to
symptom improvement after wearing HAs. That is, even after
partial reafferentation by HAs, tinnitus-related distress may not
be successfully improved because tinnitus itself may already have
become a norm due to activation of the components of the
DMN. This is also consistent with a previous report showing
relatively unsatisfactory improvement of tinnitus after cochlear
implantation in single-sided deafness subjects who showed
relatively high preoperative cortical power at the components of
the DMN (Song et al., 2013).

Tinnitus Subjects With Higher Medial
Auditory Processing System Activity May
Respond More to HA-Assisted Increased
Auditory Input
On median split analysis with regard to tinnitus-related
distress, the MI group showed significantly higher cortical powers
in the bilateral DLPFC, bilateral dACC, and bilateral sgACC
for the alpha 1 frequency band in comparison with the SI
group (Figure 3). Analogous to the medial pain system (Price,
2000; Kulkarni et al., 2005), a medial auditory processing system
in charge of affective components of sound processing has
recently been proposed (Leaver et al., 2011; De Ridder et al.,
2014). As the DLPFC, dACC, and sgACC are components of
the medial auditory processing system, we posit that tinnitus
subjects with higher medial auditory processing system activity
may respond better to HA-assisted increased auditory input.
That is, partial peripheral reafferentation by HAs may abate
the affective component of tinnitus to a greater extent in
subjects with abnormally increased activity in the affective sound
processing system.
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This is also consistent with a previous electrical stimulation
study indicating activation of the DLPFC and the dACC in
patients with limb and back pain undergoing burst stimulation
of the spinal cord (De Ridder et al., 2013). As the DLPFC and
the dACC are also components of the medial pain pathway
(De Ridder et al., 2013), the results of the present study
showing higher cortical powers in the DLPFC and dACC in
the MI group reconfirm previous reports suggesting analogies
between chronic pain and tinnitus (Tonndorf, 1987; De Ridder
et al., 2011a; Rauschecker et al., 2015). That is, in addition
to previously suggested analogies, such as central phantom
perception after peripheral injury or hypersensitivity to sensory
stimulation, both chronic pain and tinnitus may respond well
to peripheral stimulation when the medial pain or auditory
pathway is activated.

Functional Connection of the
Lateral/Medial Auditory Pathway to the
IPL and PHC May Ameliorate the
Negative Influence of the DMN With
Regard to the Improvement of
Tinnitus-Related Distress
Functional connectivity contrast analysis between the MI and SI
groups revealed significantly increased functional connectivities
between the left A1 and the left IPL in the MI group compared to
those in the SI group for the delta frequency band (Figure 4A),
and between the left A1 and right PHC for the theta frequency
band (Figure 4B). Together with the findings of source-localized
correlation analysis showing higher pre-HA cortical powers
at the IPL and the PHC as negative prognostic factors with
regard to improvement of tinnitus-related distress after wearing
HAs, the median split connectivity analysis results may indicate
that tinnitus distress would be abated more if the IPL and
PHC, the components of DMN, are functionally connected
to A1. That is, if the lateral auditory pathway is activated
by HA-assisted partial peripheral reafferentation and if A1
is functionally connected to the IPL or the PHC, this may
offset the negative influence of the IPL and the PHC with
regard to improvement of tinnitus-related distress after wearing
HAs. In this regard, increased functional connectivity between
the bilateral dACCs and right IPL for the alpha 2 frequency
band in the MI group, as compared to the SI group, could
also be interpreted in the same way. That is, if a tinnitus
subject’s functional connection between the medial auditory
pathway and the DMN is relatively increased before wearing
HAs, there is a relatively greater chance of tinnitus-related
distress improvement after wearing HAs because abnormally
increased activity in the DMN may be mitigated by increased
activity of the medial auditory pathway after wearing HAs.
This is in agreement with direct modulation of the dACC
and auditory cortex by implants. If a patient has increased
functional connectivity between the auditory cortex and the
parahippocampus, the patient is more likely to respond to the
implant on the auditory cortex (De Ridder and Vanneste, 2014).
Similarly, if a patient has increased functional connectivity from

the dACC, an implant is more likely to be effective in improving
tinnitus (De Ridder et al., 2016).

Pre-treatment Noise-Canceling System
Activity May Determine the Improvement
of Tinnitus Perception After Wearing
Hearing Aids
The percentage improvements in NRS tinnitus-related
perception showed a trend toward a negative correlation
(P = 0.08) with the pre-HA source-localized activities at the
bilateral sgACC (Figure 2). Although not statistically significant,
these results were consistent with our previous report positing
the sgACC as one of the core components of the descending
noise-canceling mechanism that counteracts peripheral auditory
deafferentation-based phantom sound (i.e., tinnitus) generation
(Lee et al., 2019a). That is, our results suggest that if the
pre-treatment cortical oscillatory power of the noise canceling
system consisting of the rostral ACC as well as the sgACC is not
sufficient, the perception of tinnitus may not be improved even
after partial restoration of the auditory input by HAs. This is
another analogy with chronic pain. That is, when performing
spinal cord stimulation, the amount of improvement depends on
the activation of the pgACC (Moens et al., 2012), which is part of
the descending pain inhibitory pathway (Fields, 2004; Kong et al.,
2010), the somatosensory analog of the noise canceling system.

The sgACC itself extends into the ventromedial prefrontal
cortex (vmPFC), which was suggested in previous functional
MRI studies to form part of the core of tinnitus perception
(Leaver et al., 2011, 2012). Other groups have proposed that
the vmPFC and the nucleus accumbens are part of a central
“gatekeeping” system that evaluates the relevance of sensory
stimuli and modulates information flow via descending pathways
(Rauschecker et al., 2015). In this regard, it was suggested that
tinnitus occurs when the function of the vmPFC is compromised.
Considering the anatomical proximity between the sgACC and
vmPFC, we conjecture that a dysfunctional sgACC (or vmPFC)
may be responsible for the failure of descending noise canceling
and, thus, induction of tinnitus perception. Judging from the
results of the present study showing a trend-level negative
correlation between pre-HA sgACC activities and post-HA
improvements in tinnitus perception (Figure 2), we surmised
that partial reafferentation by HAs may not be effective for
tinnitus subjects with dysfunctional sgACCs with regard to the
reduction of tinnitus perception.

Strengths and Limitations of This Study
To our knowledge, this is the first study to show the possibility
of treatment outcome prediction with regard to the amount of
tinnitus improvement using pre-HA cortical oscillatory features.

However, several limitations of the present study should
be noted. First, as we evaluated the treatment outcomes of
HAs 6 months after the first fitting, the long-term effects of
HAs with regard to improvement of tinnitus should be re-
evaluated in a follow-up study. That is, future studies correlating
pre-treatment rs-qEEG data with long-term outcomes should
be conducted to determine the cortical predictors of the
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final tinnitus treatment outcome after wearing HAs. Second,
information on the post-HA status of the included subjects was
limited because only questionnaires, such as THI and NRS scales,
were used for outcome evaluation of tinnitus improvement.
In this regard, future follow-up studies exploring post-HA
qEEG changes to determine objective cortical oscillatory activity
changes after partial peripheral reafferentation by HAs, and to
correlate changes in cortical oscillatory activities with changes
in subjective tinnitus and tinnitus-related distress, should be
performed. Third, we enrolled tinnitus patients with severe
distress (i.e., mean THI score of 56.8, NRS loudness of 7.0,
and NRS distress of 6.7). That is, only a few subjects had
mild distress in this retrospective cohort. To explore HA-related
tinnitus improvement and relevant cortical activity changes,
and to minimize the effects of improved distress, further
studies are required to explore subjective symptom changes and
objective oscillatory power changes in subjects with tinnitus, with
minimal distress caused by their symptoms. Fourth, dividing
the subjects into groups with- and without meaningful THI
improvements, and comparing pre-HAs qEEGs to see the pre-
treatment differences between good- and poor responders to
HAs would give us further valuable information on the clinical
setting. However, there were only 3 of 33 subjects who showed
clinically an “improvement,” defined as a decrease of more than
20% in the THI score (Khedr et al., 2008), and thus the current
study group precluded the possibility of the group comparison
between good- and poor responders. Future follow-up studies
in a larger number of subjects are warranted to discover pre-
HAs predictors of clinically significant improvements in tinnitus
after wearing HAs.

CONCLUSION

Taken together, we evaluated the effects of HAs in subjects
with severe tinnitus, with reference to pre-treatment cortical
oscillatory patterns measured by rs-qEEG. This study
underscored activation of the DMN as a negative predictor
of tinnitus-related distress improvements even after partial
peripheral reafferentation by HAs. In addition, we found that
higher pre-HA cortical oscillatory power at the medial auditory
processing system or functional connection of the lateral/medial
auditory pathway to the DMN may act as positive prognostic
indicators with regard to improvement of tinnitus-related
distress. Finally, we observed a tendency toward insufficient
activity of the pre-treatment noise canceling system as a negative

predictor of tinnitus perception improvement after wearing HAs.
The present study may facilitate the development of a pre-HA
prediction strategy for tinnitus improvements in subjects with
hearing loss and severe tinnitus.
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Objective: Tinnitus is a prevalent hearing disorder, which could have a devastating
impact on a patient’s life. Functional studies have revealed connectivity pattern changes
in the tinnitus brains that suggested a change of network dynamics as well as topological
organization. However, no studies have yet provided evidence for the topological
network changes in the gray matter. In this research, we aim to use the graph-theoretical
approach to investigate the changes of topology in the tinnitus brain using structural MRI
data, which could provide insights into the underlying anatomical basis for the neural
mechanism in generating phantom sounds.

Methods: We collected 3D MRI images on 46 bilateral tinnitus patients and 46 age
and gender-matched healthy controls. Brain networks were constructed with correlation
matrices of the cortical thickness and subcortical volumes of 80 cortical/subcortical
regions of interests. Global network properties were analyzed using local and global
efficiency, clustering coefficient, and small-world coefficient, and regional network
properties were evaluated using the betweenness coefficient for hub connectivity, and
interregional correlations for edge properties. Between-group differences in cortical
thickness and subcortical volumes were assessed using independent sample t-tests,
and local efficiency, global efficiency, clustering coefficient, sigma, and interregional
correlation were compared using non-parametric permutation tests.

Results: Tinnitus was found to have increased global efficiency, local efficiency,
and cluster coefficient, indicating generally heightened connectivity of the network.
The small-world coefficient remained normal for tinnitus, indicating intact small-
worldness. Betweenness centrality analysis showed that hubs in the amygdala and
parahippocampus were only found for tinnitus but not controls. In contrast, hubs in
the auditory cortex, insula, and thalamus were only found for controls but not tinnitus.
Interregional correlation analysis further found in tinnitus enhanced connectivity between
the auditory cortex and prefrontal lobe, and decreased connectivity of the insula with
anterior cingulate gyrus and parahippocampus.
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Conclusion: These findings provided the first morphological evidence of altered
topological organization of the brain networks in tinnitus. These alterations suggest that
heightened efficiency of the brain network and altered auditory-limbic connection for
tinnitus, which could be developed in compensation for the auditory deafferentation,
leading to overcompensation and, ultimately, an emotional and cognitive burden.

Keywords: tinnitus, structural analysis, graph theory, centrality, hub, edge

INTRODUCTION

Subjective tinnitus (henceforth referred to as tinnitus), also
known as “ringing in the ears,” refers to the perception of
sound in the absence of corresponding external source. It is a
prevalent condition that affects approximately 10–15% of the
adult population (Jastreboff, 1990; Heller, 2003; Shargorodsky
et al., 2010), among whom an estimated 5–15% of the condition
can become chronic and have a substantial negative impact on
the quality of the patients’ lives (Dobie, 2003; Heller, 2003).

Current theories concerning the etiology of tinnitus mainly
include a bottom-up deafferentation process following a hearing
loss from cochlear damage, and a top–down maladaptive
compensational mechanism (Rauschecker et al., 2010), resulting
in hyperactivity in the auditory pathway (Eggermont and
Roberts, 2004; Soleymani et al., 2011). A proposed model further
suggested that the tinnitus sensation might be perceived only
when aberrant neuronal activity in the primary auditory cortex
is transmitted to a global workplace involving frontal, parietal,
and limbic regions (De Ridder et al., 2011). The limbic system,
with the thalamus, in particular, was proposed to play an
inhibitory role in eliminating the noise signal transmitted to
the global workplace (De Ridder et al., 2011). When the limbic
regions become dysfunctional, noise-cancelation breaks down
and the tinnitus signal pervades to the conscious perception
(Rauschecker et al., 2010; Leaver et al., 2011). This model
has been supported by empirical evidence from functional
and structural imaging studies. For instance, using tract-based
spatial statistics in diffusion tensor imaging data, one study
found that the mean diffusion was significantly higher in the
left superior, middle and inferior temporal white matter for
tinnitus than control, which suggested enhanced connectivity
between Heschl’s gyrus and limbic regions (Ryu et al., 2016).
Furthermore, the compromised auditory representation could
also be compensated with enhanced auditory memory retrieval
through parahippocampal regions, thus sustaining the memory
of the phantom sounds (Yoo et al., 2016b). These regions could
constitute a complex network in maintaining and enhancing the
symptoms, which is involved in not only auditory representation
but also attention, memory, and emotion (Weisz et al., 2007;
Leaver et al., 2011; Auerbach et al., 2014).

In recent years, connectome analysis of the brain has
gained increasing popularity, given its ability in unraveling
the complex network organization, and various network-
based approaches such as graph-theoretical methods have
been developed accordingly (Bullmore and Sporns, 2009; Lv
et al., 2018). They have also been applied in tinnitus, which
indeed helps find topological changes in their neural network

properties (Mohan et al., 2016; Kandeepan et al., 2019). For
instance, one study used a graph-theoretical approach to
investigate the lagged phase functional connectivity in tinnitus
using resting-state EEG and found that the topology of the
patients’ network had increased regularity in low-frequency
carrier oscillations, whereas decreased regularity in the high-
frequency oscillations, which suggested maladaptive top-down
modulation in compensation for the auditory deafferentation
(Mohan et al., 2016). Another study using a graph-theoretical
approach to investigate the relation between tinnitus distress
and functional network activities found that tinnitus distress
was strongly correlated within and between the right executive
control network and the other four resting-state networks
(Kandeepan et al., 2019). However, current topologic analyses
on tinnitus neural networks have all been based on functional
data. As far as we know, no studies have yet used topologic
analysis approaches on structural data of tinnitus. Given that
neural adaptation and age could lead to morphometric changes
of the brain (Yoo et al., 2016b), it is likely that the topological
changes seen in the functional neural networks of tinnitus
could be accompanied with structural changes. Indeed, there
has been structural evidence supporting changes in multiple
brain regions in tinnitus (Mühlau et al., 2006; Simonetti and
Oiticica, 2015), such as the Heschl’s gyrus (Schneider et al., 2009),
and limbic regions such as thalamus (Mühlau et al., 2006) and
parahippocampal cortex (Besteher et al., 2019).

In this study, we set out to explore network topology in
tinnitus using structural MRI data with graph-theoretical
techniques. We hypothesize that topologic characteristics
could be seen in the structural networks of tinnitus, which is
likely to involve both global and regional network changes,
mainly auditory and limbic areas. Hence, we used several
graph-theoretical based methods to assess the network
properties of the brain, including global properties such as
global efficiency (Eglob), local efficiency (Eloc), clustering
coefficient (CC) and small-world coefficient (sigma), as well as
regional properties including betweenness-centrality (BC) and
interregional connectivity.

In graph theory, a network is defined as a set of nodes
and the edges connecting them (Rubinov and Sporns, 2010;
Bassett and Bullmore, 2017). Graph-theoretical studies have
assessed structurally defined networks based on features such
as gray matter volume, cortical thickness, surface area, and
white matter connections between gray matter regions (Chen
et al., 2008; Bassett and Bullmore, 2017). In the current study,
a seed-based approach is adopted, where the nodes of a network
correspond to anatomically segmented brain structures [regions
of interest (ROI)], and the edges are defined by the strength of
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correlation between regional volume cortical thickness (Bassett
and Bullmore, 2009; Rubinov and Sporns, 2010). Using these
measurements, we assessed the topology of the brain networks
by many properties, such as its functional segregation (CC and
Eloc), functional integration (Eglob), small-worldness (sigma),
centrality (BC) and edge (interregional connectivity analysis)
(Rubinov and Sporns, 2010; Mijalkov et al., 2017). A more
detailed introduction to these metrics can be found in Chap. 2.4.

MATERIALS AND METHODS

Subjects
Tinnitus patients were recruited from Sun Yat-sen Memorial
Hospital of Sun Yat-sen University in Guangzhou. In this study,
we only recruited bilateral tinnitus patients, to avoid the possible
confounding effect brought upon by laterality of the tinnitus.
Inclusion criteria for the tinnitus group were as follows: (i) age
between 18 and 60 years; (ii) all patients described their tinnitus
as bilateral or originated within the head; (iii) tinnitus duration
of more than 6 months; (iv) normal hearing level or mild hearing
loss. To avoid confounding effects of severe hearing loss to the
brain, hearing thresholds were controlled below 40 dB HL.

Exclusion criteria included objective tinnitus, Ménière’s
disease, otosclerosis, chronic headache, severe alcoholism,
smoking, head injury, stroke, Alzheimer’s disease, Parkinson’s
disease, epilepsy, major depression or other neurological,
psychiatric illness or major physical illnesses (e.g., cancer, anemia,
and thyroid dysfunction). Moreover, we used the Hyperacusis
Questionnaire to exclude participants with hyperacusis in the
current study (Khalfa et al., 2002).

A total of forty-six patients with bilateral subjective tinnitus
were eventually recruited for this study (all right-handed, 31
men and 15 women). Forty-six healthy subjects (all right-
handed, 26 men and 20 women) with normal hearing were also
recruited through a routine community physical examination
and newspaper advertisements. All the subjects provided written
informed consent before they participated in the study protocol,
and the research was approved by The Research Ethics
Committee of the Sun Yat-sen memorial hospital, Sun Yat-
sen University.

Audiological and Behavioral
Assessments
All participants were screened for the extent of hearing loss
using pure tone audiometry by the British Society of Audiology
procedures at frequencies of 0.25, 0.5, 1, 2, 4, and 8 kHz (British
Society of Audiology, 2012). Hearing thresholds were measured
separately for the two ears. The hearing level for each ear was
calculated as the numerical average of hearing thresholds of all
the frequencies. Also, according to the self-rating depression scale
(SDS) and the self-rating anxiety scale (SAS) (overall scores < 60,
respectively), none of the participants had major depression or
anxiety (Zung, 1971).

All tinnitus patients were interviewed to determine their
tinnitus laterality and duration and for qualities of their tinnitus
tone (pure tone-like tinnitus or noise-like tinnitus). Frequency

and loudness of their perceived tinnitus tones were tested using
audiometric tinnitus matching analysis. Depending on whether
a patient perceives a pure tone or narrow-band noise, a pure
tone or a narrow band noise at or around 1 kHz (1/3 of an
octave above and below the center frequency) was presented
contralateral to the (worse) tinnitus ear at 10 dB above their
hearing threshold. The matching analysis was performed on the
(better) tinnitus ear following the procedures recommended by
the American Academy of Audiology (Henry and Meikle, 2000).
The severity of tinnitus and related distress was assessed by
the tinnitus handicap inventory (THI) (Newman et al., 1996)
and visual analog scale (VAS) (Dawes and Haslock, 1982) (see
Supplementary Table 1 for a sample).

Image Acquisition and Preprocessing
We acquired structural T1 weighted MR images of all participants
with a Philips 3-Tesla MR scanner (Achieva, Philips Medical
Systems, Netherlands) with an 8-channel receiver array head
coil. Structural images were acquired with a three-dimensional
turbo fast echo (3D-TFE) T1WI sequence with high resolution
(repetition time (TR) = 8.1 ms, echo time (TE) = 3.7 ms,
slices = 170 (sagittal plane), thickness = 1 mm; gap = 0 mm; flip
angle (FA) = 8◦; acquisition matrix = 256 × 256; field of view
(FOV) = 256 mm × 256 mm; and 1- mm isotropic resolution).

Image preprocessing was performed using the FreeSurfer
software (version 5.3.01) developed at the Martinos Center
for Biomedical Imaging (Massachusetts General Hospital,
Harvard Medical School) on a 64-bit Linux ubuntu 14.0.
Preprocessing steps included removal of non-brain tissue using
a watershed/surface deformation procedure (Ségonne et al.,
2004), automated transformation to Tailarach space, intensity
normalization (Sled et al., 1998), segmentation of subcortical
gray/white matter tissue, tessellation of the gray matter – white
matter boundary, automated correction of topology (Ségonne
et al., 2007) and surface deformation (Fischl and Dale, 2000).

In the current study, we chose two measurements to construct
the neural network: cortical thickness (CT) and subcortical
volume. CT was chosen because it reflects the size, density,
and arrangement of cells (neurons, neuroglia, and nerve fibers),
which was found to show correlation with functional changes in
development and disease (Narr et al., 2005; Chen et al., 2008;
Bethlehem et al., 2017). This technique is known to be more
robust than the widely used volumetry, as it is less sensitive
to position errors and spatial variances (MacDonald et al.,
2000) while also providing more precise measurements (Fischl
and Dale, 2000; Pereira et al., 2012). Furthermore, subcortical
areas could also contain important nodes that contribute to the
generation of tinnitus (Rauschecker et al., 2010; Leaver et al.,
2011), which cannot be captured by CT. Therefore, we used
a combination of subcortical volumes with CT to construct a
complete brain network. This method has been used by previous
studies (Yun et al., 2020; Li et al., 2017). CT is defined as
the Euclidean distance between the vertices of the gray-white
surfaces (Singh et al., 2008), followed by parcelation of the
cerebral cortex into 68 cortical areas (34 for each hemisphere)

1http://surfer.nmr.mgh.harvard.edu
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(Desikan et al., 2006). Subcortical volumetric analyses were
performed using an automated procedure that estimates the
probability of structure-classification based on prior templates
in which those structures were manually identified (Fischl et al.,
2002). We obtained 12 subcortical areas, including the thalamus,
hippocampus, amygdala, caudate, putamen, and pallidum for
each hemisphere. The anatomical labeling of the selected regions
can be found in Supplementary Table 2.

Network Construction and Assessment
Structural networks were constructed using GAT (Graph
Analysis Toolbox) (Hosseini et al., 2012). The 68 cortical ROIs
and 12 subcortical ROIs obtained in the last step were regarded
as nodes in the current study. Regional cortical thickness and
subcortical volume from these 80 ROIs were extracted and
calculated for their correlation coefficients between subjects.
After controlling for confounding effects of age and gender
using linear regression, the residuals were used in the graph
analysis. Possible edges were defined as the correlation of the
cortical thickness and subcortical volumes between every pair of
these nodes. The final structural brain network for each group
contained a total of 80 nodes and 3,160 (80 × 79/2) possible
edges. The definition of a valid edge was calculated with an
above-threshold (absolute) correlation value that was set to 1,
with an invalid edge with subthreshold values (including negative
correlations) set to 0 (Gong and Xu, 2012), and this constituted
an undirected (i.e., symmetric) and unweighted (binary) matrix.

Given that there could be discrepancies in the low-level
correlation threshold between controls and patients’ brain
networks (Yasuda et al., 2015), it is necessary to control the edge
density (percentile of detected connections over the number of all
possible connections). As there has been no established standard
for a valid density, a range of different densities were used in
this study. Specifically, edge density of the brain network was
defined as the ratio of valid edges over total possible edges, i.e.,
3160 edges, and in this study the density was controlled at a fixed
range between 10 and 46%, to exclude disconnected networks and
random network topology (Yasuda et al., 2015).

In this study, we used several methods to assess various
global network properties of the brain, including global efficiency
(Eglob), local efficiency (Eloc), clustering coefficient (CC), and
small-world coefficient (sigma). Eglob and Eloc have been
proposed to be able to reveal the network’s capability of
integrating information effectively (Bullmore and Sporns, 2012).
Eglob was used to assess the ability of a network to rapidly
incorporate information from distinct anatomical regions based
on the length of paths. A shorter length of paths indicated
stronger functional integration, which was defined as the average
of the inverse of the shortest path length between pairs of nodes
(the smallest number of edges of which the path passes through
any two nodes) in the entire network (Latora and Marchiori,
2001). Eloc, on the other hand, characterized the resistance
of a network to failure on a small scale, by quantifying how
well-information is exchanged by its neighbors when a node
is removed. It was calculated from the average of the inverse
characteristic path length among the neighboring nodes of the
node (Bullmore and Sporns, 2012). CC was used to assess the

presence of clustering within a network that indicates potential
functional segregation, by computing the fractions of the nodes’
neighbors that were also neighbors to each other (Watts and
Strogatz, 1998; Rubinov and Sporns, 2010). Finally, the small-
worldness of a network, i.e., the ability of the network to reconcile
the opposing demands of functional segregation and integration,
was assessed with the small-world coefficient, i.e., sigma value,
which was determined by the ratio of the clustering and the
characteristic path length. Specifically, networks were considered
to have small-world architecture if they had much higher
clustering coefficients but an approximately equal characteristic
path length when compared to a population of random networks
with equal edge strength (Humphries and Gurney, 2008).

Regional network properties were assessed using normalized
betweenness centrality (BC) and interregional correlations. The
BC characterized the importance of a specific node, in which a
node with high BC would indicate that it was part of “highly
traveled paths.” In BC, the number of shortest paths that passed
through a specific node was divided by the total number of
short paths in the entire network (Brandes, 2001). In the current
study, we considered a node to be a hub if its BC was at
least 1.5 standard deviation higher than the mean network BC
(Zhang et al., 2015). Interregional correlations were used to
analyze edge properties between each pair of nodes. Previous
studies have found that strong functional connections commonly
exist between regions with no direct structural connection, and
could be reflected a certain extent by the large-scale anatomical
structure of the human cerebral cortex (Honey et al., 2009).
Interregional structural correlations could capture these indirect
structural correlations between two regions facilitated by a third
party, from which diverse factors such as pathologic changes
to the connectivity patterns could be detected (Evans, 2013). In
this study, interregional correlations analysis was performed by
directly comparing all the edge values (correlation coefficients)
between the two groups.

Statistical Analyses
Demographic and clinical data were analyzed using SPSS.
21 (IBM, Corp., Armonk, NY, United States). Demographic
data were compared between the tinnitus and healthy control
groups using independent-sample t-tests for continuous variables
and non-parametric tests for categorical variables. Clinical
data of the tinnitus group were summarized using descriptive
analysis. Correlation between the cortical thickness/subcortical
volume of the tinnitus patients and their clinical characteristics,
such as average hearing threshold, SDS, SAS, the duration of
tinnitus, THI, and VAS, was calculated using Pearson’s bivariate
correlation and hierarchical regression analysis.

For the analyses of structural brain images, we used the
GAT software. We first performed whole-brain comparisons
of cortical thickness and subcortical volumes between the
tinnitus and control groups. Before the comparison, cortical
thickness data were first smoothed in surface-space using a
10 mm2 FWHM Gaussian kernel. Between-group comparisons
(i.e., controls > patients) were then conducted vertex-wise across
the entire cortex using independent sample t-tests, and results
were thresholded at original p< 0.001, FDR corrected at p< 0.05.
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For group-level network analyses, the four network property
metrics (CC, Eglob, Eloc, and sigma) and interregional
correlations were compared between the two groups. Specifically,
metric values were subtracted for tinnitus > control and obtained
a difference score for each metric. Non-parametric permutation
testing was used to calculate the statistical significance of these
difference scores. In each permutation, subject labels were
randomly reassigned to 1 of 2 groups of the same size as the
original groups, and the test statistics were calculated for each
pair of randomized groups and subtracted in the same way as in
the “real” data. The permutation was iterated 1000 times to form
the distribution of difference scores from random data. Final
results were thresholded at p < 0.001, FDR corrected at p < 0.05.

RESULTS

Demographic and Clinical Data
Between the two groups, no difference was found in either
the demographic (age, gender, and education years) or clinical
status (hearing thresholds, SDS and SAS scores) (see Table 1
for more details).

Whole-Brain Structural Difference
Between the Two Groups
No significant difference was found for either CT or subcortical
volumes between the two groups after FDR correction. No
significant correlation was found between clinical data and
CT/subcortical volumes.

Global Network Properties
Figure 1 shows the analysis results of the global network
measures in the two groups. CC, Eloc, and Eglob increased
for both groups with increasing edge density values. At the
same time, Sigma showed a generally similar pattern of small-
worldness between the two groups, with fluctuations in tinnitus
at density values of 0.1 and 0.13 (Figure 1). Group comparisons
showed that tinnitus patients had significantly higher CC at
network densities from 0.22 to 0.31, as well as increased Eloc and
Eglob across most densities (from 0.16 to 0.37). Also, we found

TABLE 1 | Demographic and clinical characteristics of study participants.

Tinnitus Control t/χ2 p-Value

Age (year) 40.9 ± 12.5 42.3 ± 14.2 0.503 0.608a

Gender (M/F) 31/15 26/20 1.153 0.283b

Education (year) 13.6 ± 3.9 14.0 ± 4.3 0.361 0.703a

SDS score 35.9 ± 11.3 31.9 ± 8.9 1.875 0.064a

SAS score 33.6 ± 13.4 29.6 ± 9.3 1.645 0.104a

Hearing threshold (dB HL) 20.02 ± 4.7 18.5 ± 3.0 1.866 0.065a

Tinnitus duration (month) 24.46 ± 12.31 NA NA

THI score 54.59 ± 17.31 NA NA

VAS score 2.97 ± 1.73 NA NA

SDS, self-rating depression scale; SAS, self-rating anxiety scale; THI, Tinnitus
Handicap Inventory; VAS, visual analog scale; NA, not applicable. aTwo-sample
t-tests. bChi-square test.

trends toward elevated small-world coefficients at a few network
densities for the tinnitus group (Figure 1D). While the results of
the small-world measures were rather unstable across densities,
overall sigma values of the two groups were larger than 1, which
indicated that the tinnitus brain maintained normal small-world
characteristics with generally balanced global and local efficiency.

Regional Network Analysis
The hub connectivity of the anatomic network was examined
with BC separately for each group at an edge density of 22%. Eight
hub regions were identified with high BC in the control group
and seven in the tinnitus group (Table 2 and Figure 2). Three
hubs with high BC in the superior temporal gyrus (STG), bilateral
insula, and thalamus were only found for the control group. In
contrast, three hubs in the amygdala and parahippocampus were
only found for the tinnitus group.

Interregional correlation analysis results were shown
in Table 3 and Figure 3. Compared with controls, the
tinnitus group showed generally higher connectivity between
nodes, especially the right transverse temporal gyrus (the
auditory cortex) to the prefrontal lobe (caudal middle
frontal, right pars orbitalis, and left frontal pole) and
the sensorimotor area (right paracentral). Meanwhile, the
connectivity between the orbitofrontal cortex (OFC, including
the right pars orbitalis, bilateral medial orbitofrontal gyrus)
and the somatosensory area (bilateral post-central gyrus
and superior parietal gyrus) increased. However, decreased
connections were found between the right rostral- and caudal-
anterior cingulate gyrus (ACG) with the left insula, pars
opercularis, lateral orbitofrontal (OFC) and posterior cingulate
gyrus (PCG), as well as between the left parahippocampus
and right insula.

DISCUSSION

In this study, we investigated the network topology changes in the
gray matter of tinnitus patients. Multiple interesting results were
found. First, the network topology of tinnitus exhibited increased
CC, Eloc and Eglob, but maintained roughly similar small-
worldness. Second, a different hub connection pattern was found
for tinnitus that supports the existing theories on an auditory-
limbic interaction. Specifically, compared with healthy controls,
tinnitus patients were found with lower hub connectivity in the
auditory cortex, insula and thalamus, and higher connectivity
in the amygdala and parahippocampus. Finally, significantly
altered interregional connections were found for tinnitus,
including increased connectivity between the auditory cortex and
PFC/sensorimotor region, and decreased connectivity between
ACG and insula/OFC/PCG, as well as between insula and
parahippocampus. To the best of our knowledge, this study is
the first to investigate the topologic changes of structural network
properties in the gray matter of tinnitus, and the results supported
our hypothesis that altered topological morphological changes
were present for tinnitus, which could underlie a maladaptive
auditory-limbic interaction in the generation of their symptoms.
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FIGURE 1 | Between-group comparisons of global network measures. (A) Clustering coefficient, (B) local efficiency, (C) global efficiency, and (D) small-world
property (sigma). (A–C) Increased as the network density increases, and (D) decreases as the network density increases. F Represents significant values. Results
shown were thresholded at p < 0.001, corrected for multiple comparisons using the FDR procedure.

TABLE 2 | Betweenness centrality analysis for tinnitus and control.

Group Region Normalized BC

Control Right-bankssts 5.940

Left-cuneus 4.505

Left-temporal pole 4.501

Right-superior temporal 3.984

Right-posterior cingulate 3.943

Left-insula 3.905

Right-thalamus 2.994

Right-insula 2.926

Tinnitus Left-caudal anterior cingulate 7.086

Left-posterior cingulate 5.091

Left-rostral anterior cingulate 3.336

Left-amygdala 3.264

Right-parahippocampal 3.263

Right-precuneus 3.210

Right-frontal pole 2.596

Results shown were corrected at p < 0.05, FDR corrected. bankssts, banks of the
superior temporal sulcus.

Abnormal Global Network Properties in
Tinnitus
The increased Eglob, Eloc, and CC found for tinnitus patients
in our study suggest that the neural network of tinnitus has an
abnormally higher network efficiency, with faster information
flow across the brain (reflected by Eglob) and a higher level of
local connectedness (reflected by the CC and Eloc). This could
be a reflection of a compensational mechanism for the hearing
loss (Langguth et al., 2013; Noreña and Farley, 2013). Specifically,
the increased Eglob indicated a more compact global network,
which could involve intensified information exchange from
distributed regions. This could explain the common findings
of increased connectivity between auditory and distress-related
regions such as the amygdala (Rauschecker et al., 2010). On
the other hand, an increased Eloc and CC could indicate an
enhanced neuro-synchronization in localized regions, which has
indeed been found for tinnitus in regions like the auditory
cortex (Eggermont, 2006), and other regions, in particular limbic
regions such as bilateral anterior insula, shown by a resting-state
fMRI study using the regional homogeneity (ReHo) index
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FIGURE 2 | Distribution of hub regions of control (upper panel) and tinnitus (lower panel) based on regional betweenness centrality (mean + 1.5 SD). Large red
spheres represent brain hubs and small yellow spheres represent non-hub brain regions. INS, insula; TPG, temporal pole; CUN, cuneus; STG, superior temporal
gyrus; PCG, posterior cingulate gyrus; BKS, bankssts; THA, thalamus; rACG, rostral anterior cingulate gyrus; cACG, caudal anterior cingulate gyrus; AMYG,
amygdala; PHG, parahippocampus; PCUN, precuneus; FPO, frontal pole; L, left hemisphere; R, right hemisphere.

TABLE 3 | Interregional correlation difference of tinnitus > control.

Num Interregional correlations r(NC) r(tinnitus) z-Score

1 Right transverse temporal – Left caudal middle frontal 0 0.697 4.972a

2 Right transverse temporal – Right paracentral 0 0.414 2.975

3 Right transverse temporal – Right pars orbitalis 0 0.396 2.823

4 Right transverse temporal – Left frontal pole 0 0.326 2.310

5 Right pars orbitalis – Right post-central 0 0.399 2.828

6 Right pars orbitalis – Right superior parietal 0 0.341 2.387

7 Right pars orbitalis – Left superior parietal 0 0.504 3.585

8 Right pars orbitalis – Left post-central 0 0.887 6.228

9 Right medial orbitofrontal – Right paracentral 0.046 0.771 5.204

10 Right superior parietal – Right insula 0 0.544 3.908

11 Left medial orbitofrontal – Right superior parietal 0 0.42 3.300

12 Left medial orbitofrontal – Right paracentral 0 0.489 3.506

13 Left medial orbitofrontal – Left post-central 0 0.343 2.429

14 Right rostral anterior cingulate – Left insula 0.308 0 −2.197b

15 Right rostral anterior cingulate – Left lateral orbitofrontal 0.664 0 −4.784

16 Right rostral anterior cingulate – Left posterior cingulate 0.932 0 −6.643

17 Right rostral anterior cingulate – Left pars opercularis 0.977 0.006 −6.880

18 Right caudal anterior cingulate – Left insula 0.424 0 −2.998

19 Right caudal anterior cingulate – Right precentral 0.985 0.014 −6.797

20 Left transverse temporal – Right middle temporal 0.971 0 −6.907

21 Left parahippocampal – Right insula 0.997 0.013 −6.909

NC, normal controls; r, Pearson correlation coefficient. aPositive values indicate stronger connections for tinnitus than control. bNegative values indicate weaker
connections for tinnitus than control.
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FIGURE 3 | Significant differences of interregional correlations in the tinnitus vs. control comparison. Red lines indicate increased connection (tinnitus > control), and
blue lines indicate the decreased connection (tinnitus < control). Yellow spheres represent non-hub brain regions, and the width of the lines correlate with the
absolute values of the Z scores for the difference between two groups. L: left hemisphere; R: right hemisphere. Results shown were corrected at p < 0.001,
corrected for multiple comparisons using the FDR procedure. The numbering of the lines corresponds to the connections listed in Table 3.

(Chen et al., 2015b). Taken together, these findings indicated
overcompensation in the structural networks of tinnitus, which
could contribute to the development of distress, possibly through
heightened local synchrony in auditory and limbic regions.
On the other hand, no noticeable difference was found in the
small-world property analysis between the two groups except
for the two lowest densities. Both the neural networks in
tinnitus and healthy controls in this study showed a small-world
property (Mohan et al., 2016). This indicated a generally balanced
modulation between integration and segregation was intact for
the whole brain.

Pathologic Changes in Hub Node
Distribution of Tinnitus Patients
Highly interesting differences were found in hub connectivity
measured by BC for tinnitus and the healthy controls,
respectively. First of all, as compared to healthy controls, no
hub was found in the primary auditory cortex in tinnitus
patients. This anomaly is interesting because it has been
proposed that hyperactivity in the auditory cortex could be
a compensatory mechanism in tinnitus for the deafferented
areas (Chen et al., 2015a). However, increased activity does
not equate to increased integrity. Given that in BC, hubs are

defined as nodes with high topological values, which are critical
for efficient interactions, they are consequently associated with
both integrative information processing and adaptive behaviors
(Crossley et al., 2014). It could be that the hyperactivity within
the auditory cortex prohibits this area from communicating with
other regions of the brain, thus reducing the number of its edges
and thus lowered BC, i.e., compromised network integrity.

Another finding is the absence of hubs in the thalamus for
tinnitus. As reflected in the BC analysis for healthy controls, the
thalamus serves as an important hub in the healthy population,
exchanging information with multi-sensory pathways. It has
been found to play an important role in sensory gating, i.e.,
selectively block certain unwanted sensory signals such as
noise (Rauschecker et al., 2010). Based on our results, this
hub characteristic of the thalamus is lost in tinnitus patients.
This finding is strongly supported by several previous models
indicating a dysfunctional auditory-thalamic interaction leading
to a failed noise-canceling system (Rauschecker et al., 2010;
Leaver et al., 2011).

Furthermore, high BCs were found in the insula for both
sides of the brain in healthy controls while not in the
tinnitus patients. The insula is proposed to be responsible for
converging and integrating multi-modality sensory signals and
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assigning subjectivity into these signals, to form feelings and
emotions (Craig, 2009; Menon and Uddin, 2010). In tinnitus
patients, the lack of insula as a hub could be a result of
the hyperactivity in the auditory cortex driving imbalanced
attentional resources in various sensory pathways, i.e., excessive
attention to the unwanted auditory signals, which could disrupt
the regulatory ability of the insula and eventually lead to distress
(Kandeepan et al., 2019).

Finally, the amygdala and parahippocampus were found with
heightened BC in tinnitus, but not in healthy controls. The
amygdala was found to be associated with especially negative
emotions (Derntl et al., 2009; Feinstein et al., 2011), while the
parahippocampal gyrus was found to be highly involved in
memory (van Strien et al., 2009). The abnormally heightened
connectivity of these two areas indicated a significant association
for a negative emotion-memory system in these patients. In
this system, the tinnitus perception could be associated with
distress by primarily the amygdala and reinforced as a persistent
awareness by the memory system through the parahippocampus.

Changes in Interregional Connections in
Tinnitus
Although we didn’t find hubs in the auditory cortex in tinnitus
patients with the BC analysis, in the interregional connectivity
analysis, we found enhanced connectivity of the right transverse
temporal gyrus (Heschl’s gyrus) with especially bilateral frontal
lobes. These frontal areas were primarily located at the lateral
part of the cortex, adjacent to the dorsolateral prefrontal
cortex (DLPFC). DLPFC is a crucial region in the executive
control network that is proposed to be highly involved in
cognitive control (Pessoa, 2014; Lehr et al., 2019), and has
been used as an important target for stimulation in transcranial
magnetic stimulation (TMS) and transcranial direct current
stimulation (tDCS) treatment for tinnitus (Vanneste et al., 2011;
De Ridder et al., 2012). Specifically, an EEG study showed
that the responders to bihemispheric DLPFC tDCS differed
from non-responders according to their resting brain activity
in the right auditory cortex and parahippocampal area and
the functional connectivity between DLPFC and the subgenual
anterior cingulate cortex in particular (Vanneste et al., 2011).
Combining our results and these previous findings, it is possible
that there could be abnormal connections between the DLPFC
and other areas of the brain, that could contribute to the distress
of tinnitus, indicating a possible readaptation for the auditory
loss/distress through cognitive modulation by strengthening
connections with the frontal lobe.

Another interesting finding is the enhanced connectivity
between the auditory cortex and the paracentral lobule in
tinnitus. The paracentral lobule is adjacent to the somatosensory
area (SMA), which was proposed to be involved in sensorimotor
integration (Edwards et al., 2019; Umeda et al., 2019). Previous
studies have found that some patients could modulate their
tinnitus intensity by jaw protrusion (Lanting et al., 2010),
suggesting enhanced auditory-somatosensory integration. Our
finding provided structural evidence that the tinnitus brain
may have an abnormally heightened exchange of auditory and

somatosensory information. However, this assumption needs
further testing with functional data.

Moreover, we found a decreased connectivity between the left
parahippocampus and right insula. In the previous BC analysis,
tinnitus was found with a lack of insula hubs and an additional
hub in the parahippocampus. Combining the BC results with
the current result, it shows a possible dissociation between
these regions. Specifically, there could be generally compromised
connectivity in the insula, resulting in the compromised
modulating ability of multimodal sensory signals (Heydrich and
Blanke, 2013). This change could result in a compensatory
enhancement of the parahippocampal connectivity for the
patients to retrieve auditory information from memory, which
eventually leads to the sustaining of (phantom) auditory signals.

Finally, decreased connectivity between the ACG and left
insula was also seen for the tinnitus patients. These are the two
crucial nodes within the salience network (Menon and Uddin,
2010), which was proposed to assign saliency to various stimuli,
and modulate dynamic interactions between various large-scale
functional networks, such as the default mode network and
executive control network (Uddin et al., 2017). This result
is in slight disagreement with previous findings. In several
previous studies, tinnitus has been proposed to have enhanced
attention to especially tinnitus-related stimuli (Kandeepan et al.,
2019) and was found to have more powerful activations in the
salience network (Golm et al., 2013). One explanation for this
discrepancy is that the enhanced functional activities found in
the salience network might be a result of overcompensation
from a diminished structural connection within the salience
network. However, more research should be performed for
this assumption.

The above findings are not only highly consistent with
previous functional study findings, but they also provided
empirical support for the anatomical basis for current theories
of tinnitus. Current theories concerning the etiology of tinnitus
mainly include a bottom–up deafferentation process following a
hearing loss from cochlear damage, and a top–down maladaptive
compensational mechanism (Rauschecker et al., 2010), resulting
in hyperactivity in the auditory pathway (Eggermont and
Roberts, 2004; Soleymani et al., 2011). A proposed model suggests
that the tinnitus sensation might be perceived only when aberrant
neuronal activity in the primary auditory cortex is transmitted to
a global workplace involving frontal, parietal, and limbic regions
(De Ridder et al., 2011), while the limbic system, in which the
thalamus, in particular, plays an inhibitory role in eliminating the
noise signal transmitted to global workplace. When the limbic
regions become dysfunctional, noise-cancelation breaks down
and the tinnitus signal pervades to the conscious perception
(Rauschecker et al., 2010; Leaver et al., 2011).

Limitation
Several limitations of this study should be addressed. Firstly,
the structural brain networks were constructed based on inter-
regional cortical thickness/subcortical volume correlations across
subjects in groups of bilateral tinnitus patients and healthy
controls. Each group could only form one structural matrix,
and the individual matrix cannot be obtained. Therefore, only
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group-level analyses could be performed and could not provide
individual correlations between brain structures and clinical
data. This limited the power of the interpretations. It is
desirable to obtain individual-level measurements of network
properties using methods such as resting-state functional MRI
and diffusion-weighted imaging data. Secondly, the chain of
events and the causal interactions between brain networks cannot
be inferred directly from structural data. Moreover, although
anatomical covariance holds great promises in revealing the
structural foundation for brain disorders, its exact relation with
the various factors generating the diseases is still unclear (Evans,
2013). Finally, the small sample size is another limitation of
this study. Future studies should be performed on patients with
more diverse symptoms and larger sample sizes. For instance,
in the current analyses, no correlation was found between
any clinical characteristics (such as THI scores or SDS scores)
of tinnitus and their structural parameters. However, previous
studies have shown different results. For instance, it has been
found that the cortical thickness changes related to hearing loss
overlap with those related to normal aging, and tinnitus-related
distress level and subjective loudness were found negatively
correlated to the thalamic volume (Yoo et al., 2016a). Since
tinnitus is also considered highly correlated with hearing loss,
it could be that age and tinnitus severity are also correlated,
which should both show a correlation with cortical thickness.
Combining the above, results in this study should be interpreted
with caution, and future studies investigating causal relations
in the network dynamics are strongly suggested. For instance,
resting-state fMRI could be combined with structural MRI to
investigate the possible topographical changes in the functional
network (Salvador et al., 2005; Achard et al., 2006), building a
weighted network with multi-modality approaches such as fMRI
and DTI (Jiao et al., 2020), or using combined volume-based and
tract-based approaches (Husain et al., 2011) along with graph-
theoretical analyses to investigate the causal relationship between
duration/severity and brain network topology.

CONCLUSION

In summary, by the construction of a brain network using
cortical thickness and subcortical volume data, we have found
alterations in the topology of structural brain networks of
tinnitus. The heightened CC, Eloc and Eglob, indicated a
generally more intensified information flow within both global
and local properties of the tinnitus neural network, possibly
as a compensatory mechanism for the deafferented signals.
Subsequent regional analyses showed that hubs with high
BC in the auditory cortex, insula, and thalamus were only
present in the control group, but not in tinnitus. In contrast,
hubs in the amygdala and parahippocampus were found for

tinnitus but not in the control group. Interregional connectivity
analysis showed enhanced connectivity between primarily the
auditory cortex and prefrontal cortex/somatosensory areas, as
well as reduced connectivity between primarily the insula
and ACG/parahippocampus. Our findings provided the first
anatomical evidence of gray matter network topological changes,
supporting previous models of a dysfunctional auditory-limbic
interaction that could be the underlying mechanism generating
auditory phantom perceptions.
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Reorganization of Brain White Matter
in Persistent Idiopathic Tinnitus
Patients Without Hearing Loss:
Evidence From Baseline Data
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Shusheng Gong2* and Zhenchang Wang1*
1 Department of Radiology, Beijing Friendship Hospital, Capital Medical University, Beijing, China, 2 Department
of Otolaryngology Head and Neck Surgery, Beijing Friendship Hospital, Capital Medical University, Beijing, China

It remains unknown whether tinnitus or tinnitus-related hearing loss (HL) could indirectly
impair or reshape the white matter (WM) of the human brain. We aim to explore the
possible brain WM change in tinnitus patients without HL and further to investigate their
associations with clinical variables. Structural and diffusion tensor imaging (DTI) of 20
idiopathic tinnitus patients without HL and 22 healthy controls (HCs) were obtained.
Voxel-based morphometry (VBM) and tract-based spatial statistics (TBSS) analysis
were conducted to investigate the differences in WM volume and integrity between
patients and HCs, separately. We extracted WM parameters to determine a sensitive
imaging index to differentiate the idiopathic tinnitus patients from the HCs in the early
stage. Correlations between the clinical variables and WM indices were also performed
in patients. Compared with the controls, the tinnitus patients without HL exhibited
significant decreased fractional anisotropy (FA) in the body and genu of corpus callosum
(CC), left cingulum (LC) and right cingulum (RC), and right superior longitudinal fasciculus
(RSLF) and increase in mean diffusivity (MD) in the body of CC in WM. Moreover,
the patients also showed decreases in WM axial diffusivity (AD) in LC, left superior
longitudinal fasciculus (LSLF), and right interior cerebellar peduncle (ICP) and increases
in radial diffusivity (RD) in the body and genu of CC and RSLF (p < 0.05, voxel-level FWE
corrected). Furthermore, the increased RD value of the genu of CC is closely associated
with the tinnitus handicap inventory (THI) subscale scores. No WMV changes were
detected in tinnitus patients. We combined the altered WM integrity index of body and
genu of CC and LC and RSLF as an index to differentiate the two groups and reached a
sensitivity of 100% and a specificity of 77.3%. Our findings suggest that tinnitus without
HL is associated with significant alterations of WM integrity. These changes may be
irrespective of the duration and other clinical performance. The combination of diffusion
indices of body and genu of CC and LC and RSLF might be used as the potential
useful imaging index for the diagnosis of persistent idiopathic tinnitus without HL in the
early stage.

Keywords: tinnitus without hearing loss, brain white matter, reorganization, tract-based spatial statistics, clinical
variables

Abbreviations: AD, axial diffusivity; BDI, Beck Depression Inventory; CC, corpus callosum; CSF, cerebrospinal fluid; FA,
fractional anisotropy; HC, healthy control; HL, hearing loss; ICP, interior cerebellar peduncle; LC, left cingulum; MD, mean
diffusivity; MNI, Montreal Neurological Institute; RC, right cingulum; RD, radial diffusivity; SLF, superior longitudinal
fasciculus; THI, Tinnitus Handicap Inventory; WM, white matter; WMV, white matter volume.
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INTRODUCTION

Tinnitus, as a perception of sound without an external source,
is regarded as a problem of the central nervous system (CNS)
(Eggermont and Roberts, 2004). Previous studies have proved
that tinnitus can cause significant brain functional and structural
changes, which are closely related to the patient’s clinical
performance (Ryu et al., 2016; Schmidt et al., 2018; Han et al.,
2019). Most of this research has focused on the cortical or
resting-state functional alterations (Leaver et al., 2011; Chen
et al., 2015a; Liu et al., 2018; Lv et al., 2018), indicating
cortical functional changes in some auditory-related areas and
altered interactions between multiple auditory-related areas and
limbic-related regions in tinnitus. However, studies on brain
white matter (WM) changes of the tinnitus are relatively small.
Considering the role of the link between the auditory cortex
and the limbic system in the generation and maintenance of
tinnitus, examining the WM connectivity between these systems
may be very important for us to understand the pathophysiology
of the disorder.

Currently, there have been a few non-invasive structural
studies on brain WM change in tinnitus patients with diverse
results (Crippa et al., 2010; Husain et al., 2011; Aldhafeeri
et al., 2012; Benson et al., 2014; Seydell-Greenwald et al.,
2014; Ryu et al., 2016; Schmidt et al., 2018). Lee et al. (2007)
find significantly reduced fractional anisotropy (FA) in superior
longitudinal fasciculus in tinnitus patients. Aldhafeeri et al.
(2012) also report that tinnitus causes decreased FA in some
brain regions or WM fiber bundles, which may be associated
with patients’ cognitive deficits, negative emotional suffering,
or the imbalance between the two hemispheres in terms of
excitation and inhibition. Using tract-based spatial statistics
(TBSS) analysis, the study conducted by Seydell-Greenwald et al.
(2014) indicates tinnitus-related FA and mean diffusivity (MD)
changes in auditory cortical WM, which were correlated with
age and hearing loss. Additionally, Ryu et al. (2016) find that
the tinnitus group also has higher MD and axial diffusivity (AD)
in WM under the auditory cortex and limbic system, and the
changed diffusion indices are correlated with patients’ depression.
All the studies above prove that tinnitus can result in changes in
brain WM integrity, but none of them has made it clear whether
the alterations are due to tinnitus or hearing loss (HL).

To date, several studies have analyzed the effect of tinnitus-
related HL. For example, Husain et al. (2011) assess WM integrity
and find profound changes in the tracts near the auditory cortex
in subjects with HL. More specifically, their analyses reveal
reduced FA in their HL groups in some auditory or limbic
system–related bundles. They speculate these changes could
reflect that HL–related sensory deprivation or compensatory
mechanisms cause damage to WM tracts or even an expansion
of other fibers into these regions. Other research also performs
a comparison between groups of subjects with and without
tinnitus that are purposely matched with respect to HL (Benson
et al., 2014). They also find that the FA elevated in some
important hearing or limbic system related tracts and interpret
this as the consequence of large-scale changes in excitatory and
inhibitory neurotransmission. All of these studies only focus

on FA as a measure of tract integrity although, in fact, the
interpretation may be problematic due to the high likelihood of
crossing fibers and partial-volume effects in the assessed voxels
(Seydell-Greenwald et al., 2014).

On the contrary, some research even fails to find any
WM changes in tinnitus. An early study investigates the WM
connections between the auditory cortex and subcortical nuclei
in tinnitus and finds stronger auditory-limbic connectivity in
patients, but the employed statistical criteria of their study is
lenient as no corrections for multiple comparisons are made
(Crippa et al., 2010). Also, Schmidt et al. (2018) even find that
there are no differences in diffusion indices in patients when
compared with controls, and the severity and duration do not
affect FA values as well. They speculate this may be due to
the differences in imaging parameters, which do not have the
sensitivity to detect the changes.

Based on the above studies, whether tinnitus can cause any
change in brain WM and the possible change is due to tinnitus
or tinnitus-related HL remains unclear. Therefore, in the present
study, we combined used TBSS and VBM to investigate possible
changes in brain WM of tinnitus patients without HL and to
further explore their relationship with clinical variables. It has
been proven that 3–4 years is a kind of turning point in the
efficacy of treatment of tinnitus (De Ridder et al., 2007; Plewnia
et al., 2007; Langguth et al., 2008). Compared with patients
in the early stage of disease (less than 48 months), patients’
brain structure and function with long duration is significantly
changed, and this might be the reason why it is difficult for
them to be successfully treated (Schlee et al., 2009; Vanneste
et al., 2011a,b,c; Liu et al., 2018). Thus, we defined subjects with
duration less than 48 months as in the early stage. As prior
studies only chose one or two diffusion indices of DTI (Seydell-
Greenwald et al., 2014; Ryu et al., 2016; Schmidt et al., 2018), in
order to improve the sensitivity of diffusion tensor imaging (DTI)
parameters, we apply the four diffusion indices (FA, MD, AD, and
radial diffusivity: RD) of DTI to measure the WM integrity of the
tinnitus patients.

MATERIALS AND METHODS

Subjects
A total of 20 patients with untreated persistent idiopathic tinnitus
were enrolled in this study. (We defined the patients who
were diagnosed with idiopathic tinnitus without any treatment
as baseline, and after 6 months of sound therapy, as post-
treatment.) Twenty-two right-handed healthy volunteers were
recruited as healthy controls (HCs). All the patients met the
inclusion criteria: persistent idiopathic tinnitus (≥ 6 months
persistently and ≤ 48 months) without any history of associated
brain diseases confirmed by conventional MRI, no preexisting
mental illness or cognitive disorder affecting the structural
outcome, and no contradictions to MRI. Tinnitus was present
as a single high-/low-pitched sound and two high/low pitched
sounds without any rhythm. Based on audiogram results, all
the subjects were without hearing loss, which was defined as
more than 25 dB hearing loss at frequencies ranging from 250
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to 8 kHz (0.250, 0.500, 1, 2, 3, 4, 6, and 8 kHz) in a pure
tone audiometry (PTA) examination. We excluded patients with
the following criteria: pulsatile tinnitus, hyperacusis on physical
examination, otosclerosis, sudden deafness, Ménière’s disease,
and other neurological diseases. All the patients were asked to fill
in the tinnitus handicap inventory (THI) (Newman et al., 1996)
and visual analog scale (VAS) to assess the severity of disease at
the time of MRI acquisition. A Beck depression inventory (BDI)
was also administered to evaluate the depression at that time. We
also evaluated the hearing condition of healthy controls by the
audiologists using the questionnaire. Other exclusion criteria for
HCs were the same as above.

All the participants were informed of the purpose of the
study and gave written consent. The current study was approved
by the institutional review board (IRB) of Beijing Friendship
Hospital, Capital Medical University (Beijing, China), and was
in accordance with the Declaration of Helsinki. The registration
number of our study on ClinicalTrials.gov is NCT02774122.

Image Acquisition
Images were obtained using a 3.0T MRI system (Prisma,
Siemens, Erlangen, Germany) with a 64-channel phase-array
head coil. The conventional brain axial T2 sequence was
acquired prior to the DTI scan to exclude any abnormality
in the brain. The DTI experiments were performed using
a single-shot, gradient-echo, echo-planar imaging sequence
with the following imaging parameters: TR = 8500 ms,
TE = 63 ms, matrix = 128 × 128, acquisition voxel size
2 mm × 2 mm × 2 mm, FOV = 224 mm × 224 mm, non-
zero b value = 1000 s/mm2, gradient directions = 64, slice
thickness = 2 mm, and bandwidth = 2232 Hz/Px. A total
of 74 contiguous slices parallel to the anterior commissure–
posterior commissure line were acquired. High-resolution
three-dimensional (3-D) structural T1-weighted images were
acquired using a 3-D magnetization-prepared rapid gradient-
echo sequence (MP-RAGE) with the following parameters:
TR = 2530 ms; TE = 2.98 ms; inversion time (TI) = 1100 ms;
FA = 7◦; number of slices = 192; slice thickness = 1 mm,
bandwidth = 240 Hz/Px; FOV = 256 mm × 256 mm; and
matrix = 256 × 256; resulting in an isotropic voxel size of
1 mm× 1 mm× 1 mm.

During the scanning process, tight but comfortable foam
padding minimized head motion, and earplugs reduced imaging
noise. The participants were asked to close their eyes, stay awake,
breathe evenly, and try to avoid specific thoughts.

Image Analysis
Data Processing and Diffusion Tensor Imaging (DTI)
Post-processing was performed using TBSS implemented with
the FSL 5.0.3 software package (Centre for FMRIB, Oxford
University, Oxford, United Kingdom)1 (Smith et al., 2006). The
following post-processing steps were included: All DTI images
were visually checked to eliminate images with apparent artifacts
caused by the following: eddy current corrections were applied,
and motion artifacts were removed using affine alignment. Next,

1https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

the non-brain tissues were removed using the brain extract tool
(BET); this process reduces the computation times of the DTI
fitting and tracking processes and improves the accuracy of the
spatial registration. After that, the diffusion tensor of each voxel
was fitted using a linear least squares algorithm, and the FA,
MD, AD, and RD maps were calculated based on the eigenvalues
of diffusion tensors (Raya et al., 2012). For the TBSS analysis,
the main procedures were as follows: the entire FA data set was
non-linearly coregistered to the Montreal Neurological Institute
(MNI) FA template in the FSL database. Next, a mean FA skeleton
from the mean FA images of all of the subjects was derived
and represented the center of the WM tracts common to the
group. An FA threshold of 0.2 was used to involve only the major
white matter pathways while eliminating peripheral tracts that
are susceptible to misregistration. Finally, each aligned FA map
was then projected back onto the skeleton to generate a subject-
specific FA skeleton. The processes of non-linear warping and
skeleton projection of the FA maps were also applied to MD,
AD, and RD maps.

Structural Data Processing and Whole Brain
Voxel-Based Morphometry Analysis
We did the post-processing of structural data using SPM12.
First, all the structural images were checked to make sure
no apparent artifacts were caused by factors, such as head
motion, susceptibility artifacts, and instrument malfunction.
Then, the images were manually reoriented to place the
anterior commissure at the origin and the anterior-posterior
commissure in the horizontal plane. Next, the structural
images were segmented into GM, WM, and cerebrospinal fluid
(CSF) areas using the unified standard segmentation option in
SPM12. The individual WM and GM components were then
normalized into the standard MNI space using the diffeomorphic
anatomical registration through exponentiated lie algebra
(DARTEL) algorithm (Ashburner, 2007) after segmentation. The
normalized WM component was modulated to generate the
relative white matter volume (WMV) by multiplication by the
non-linear part of the deformation field at the DARTEL step.
The resulting WMV images were then smoothed with a 6-mm
full-width at half maximum Gaussian kernel.

Statistical Analyses
For DTI data, TBSS using a non-parametric permutation test
(5000 permutations) was performed to compare the DTI indices
between the tinnitus patients and the HCs. The permutation test
was performed with a fixed-effect general linear model (GLM)
with age and gender as nuisance covariates. Statistical significance
was set at p < 0.05 and corrected for multiple comparisons using
the threshold-free cluster enhancement (TFCE) method. For T1
MP-RAGE images, using the GLM in SPM12, a voxel-wise two-
sample t test was applied to compare the WMV differences in the
whole brain between the tinnitus patients and the HCs (voxel-
level uncorrected P < 0.001, non-stationary cluster-level FWE
correction with P < 0.05), and age and gender served as nuisance
covariates. Next, the regions that exhibited alterations in the DTI
indices and WMV in tinnitus patients defined as the regions
of interest (ROIs) and the mean values of each ROI of each
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subject were extracted for subsequent analyses. Finally, partial
correlation analysis was performed to explore any potential
associations between the patients’ clinical variables (such as the
duration, THI scores, BDI scores, and VAS scores) and the indices
after removing age and gender effects. Moreover, to test the
laterality of tinnitus, we did a one-way ANOVA and post hoc
analysis among these three different-sided tinnitus groups using
the extracted mean values of each ROI that exhibited significant
alterations in the DTI indices. The last steps were performed
using IBM SPSS Statistics version 23.0 (IBM Inc., Armonk,
NY, United States). All data in this study were assessed by
Kolmogorov–Smirnov test for normality. Data identified as not
normally distributed were analyzed using non-parametric tests.

RESULTS

Demographics and Clinical
Characteristics
Table 1 provides detailed demographic and clinical data of
20 patients with persistent idiopathic tinnitus and 22 healthy
controls. We didn’t find the significant differences of gender and
age between the tinnitus and HC groups (both Ps > 0.01).

Brain WM Changes Between the Tinnitus
Patients and HCs and Among Tinnitus
Subgroups
Compared with the HCs, we found that the tinnitus patients
exhibited significant decreases in white matter FA in the body
and genu of the corpus callosum (CC), left cingulum (LC)
and right cingulum (RC), right superior longitudinal fasciculus
(RSLF), and increase in MD in the body of CC. Moreover,
the patients also showed decreases in WM AD in LC, left
superior longitudinal fasciculus (LSLF), right interior cerebellar
peduncle (ICP), and increases in RD in the body and genu
of CC and RSLF (voxel-level FWE correction with p < 0.05)
(Figure 1 and Table 2). No significant differences in WMV
were found between the tinnitus and HCs. We also found that
there were no significant differences among the three different
sided tinnitus subgroups (Supplementary Material). In addition,
partial correlation analyses revealed that the RD value of the genu
of CC was positively correlated with a subscale of the THI score

FIGURE 1 | Intergroup differences in white matter integrity between the
tinnitus patients and HCs. Patients showed significant decreases of FA in the
body and genu of CC, bilateral cingulum, right SLF, and increase of MD in the
body of CC. Patients also showed decreases of AD in left cingulum, left SLF,
right ICP, and increases of RD in the body and genu of CC and right SLF
(p < 0.05, voxel-level FWE corrected). HC, healthy control; FA, fractional
anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; CC,
corpus callosum; SLF, superior longitudinal fasciculus; ICP, interior cerebellar
peduncle.

(r = −0.481, p = 0.032; uncorrected; Figure 2). No correlations
were found between the brain white matter changes and tinnitus
duration and other clinical variables.

The Combination of Four Diffusion
Parameters of Brain WM Integrity as
Diagnostic Index
Figure 3A and Table 3 show the sensitivity and specificity of
the diffusion indices of the four different white-matter tracts for
the tinnitus group and controls. Using the cutoff value of 0.864,
0.818, 0.627, and 0.768, we differentiated the two groups with
a sensitivity of 100% and specificity of 86.4% using the body of
CC and with a sensitivity of 100% and specificity of 81.8% using
the genu of CC and with a sensitivity of 90% and specificity of
72.7% using the LC and with a sensitivity of 95% and specificity
of 81.8% using the RSLF separately. The area under the curve
(AUC) for the ROC were 0.927 (95% confidence intervals from
0.832 to 1) and 0.943 (95% confidence intervals from 0.871 to
1) and 0.920 (95% confidence intervals from 0.841 to 1) and
0.945 (95% confidence intervals from 0.884 to 1) separately.

TABLE 1 | Demographic and Clinical Data of 20 Patients with persistent Idiopathic Tinnitus and 22 Healthy Controls.

Demographic Tinnitus (n = 20) Control (n = 22) P-value

Age, years 39.7 (±12.53) 43.7 (±10.47) 0.437

gender 8 males 10 males 0.509

Tinnitus Handicap Inventory 50.5 (±24.34) NA NA

Duration, months ≥6 months & ≤48 months NA NA

Type# 13: 3: 3: 1 NA NA

Tinnitus pitch 250 ∼ 8,000 Hz NA NA

Laterality 5 right, 6 left, 9 bilateral NA NA

Normal hearing All All NA

NA, not applicable. #1 single high-pitched sound vs. 1 single low-pitched sound vs. 2 high pitched sounds vs. 2 low pitched sounds.
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TABLE 2 | Regions of significant clusters with changed FA, MD, AD, and RD values in the tinnitus patients compared with the HCs according to the TBSS voxel-based
analysis (FWE voxel p < 0.05).

Cluster Index Location of clusters Volume (mm3) Mean DTI value p value

Tinnitus Control

FA

1 Body of CC 141 4.2906 3.3838 0.002

2 Genu of CC 36 1.4034 1.2008 0.011

3 LC 24 0.6656 0.5560 0.003

4 RC 20 0.4924 0.3463 0.002

5 RSLF 11 0.5047 0.4761 0.01

MD

1 Body of CC 10 0.0024 0.0026 0.022

AD

1 LC 23 0.0028 0.0026 0.026

2 LSLF 8 0.0012 0.0011 0.005

3 RICP 6 0.0012 0.0011 0.004

RD

1 Body of CC 60 0.0016 0.0024 0.019

2 Genu of CC 19 0.00069 0.00089 0.014

3 RSLF 10 0.00050 0.00054 0.001

FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; CC, corpus callosum; LC, left cingulum; RC, right cingulum; RSLF, right superior
longitudinal fasciculus; LSLF, left superior longitudinal fasciculus; RICP, right interior cerebellar peduncle; FWE, family wise error; TBSS = tract-based spatial statistics.

Figure 3B and Table 3 show the sensitivity and specificity of
the combination of four diffusion indices of these white matter
tracts for the tinnitus group and controls. Using this cutoff value,
0.773, we differentiated the two groups by a sensitivity of 100%
and a specificity of 77.3%. The AUC for the ROC was 0.973 (95%
confidence intervals from 0.934 to 1).

DISCUSSION

By performing TBSS analysis, the present study shows significant
increased FA and AD and decreased MD and RD in the
distributed WM of the tinnitus patients’ brain; all of these
WM tracts are closely related to the information transmission
between brain regions or even between hemispheres direct
or indirect, especially the auditory information. Moreover,
we find that the combination of diffusion indices of several
main white-matter tracts could be used to differentiate the
persistent tinnitus from controls in the early stage. For the
patients, all of them were tested as tinnitus without HL in the
classical frequencies in this study. To date, several studies have
analyzed HL–related brain reorganization but with inconsistent
findings (Crippa et al., 2010; Husain et al., 2011, 2015; Seydell-
Greenwald et al., 2014; Schmidt et al., 2018). For example, Husain
et al. (2011) assessed the WM integrity and found profound
changes in the tracts near the auditory cortex in subjects with
HL. More specifically, their analyses revealed reduced FA in
their HL groups in some auditory or limbic system–related
bundles, which may reflect that HL-related sensory deprivation
or compensatory mechanisms caused damage to WM tracts or
even an expansion of other fibers into these regions. Other
research on tinnitus and tinnitus-related HL found that the FA

elevated in some important hearing or limbic system–related
tracts and interpreted this as the consequence of large-scale
changes in excitatory and inhibitory neurotransmission (Benson
et al., 2014). Also, Seydell-Greenwald et al. (2014) found that
tinnitus is associated with changes that might reflect increases
in auditory and auditory-limbic connectivity while hearing loss
is associated with changes in diffusion measures that may
reflect decreases in anatomical connectivity of central auditory
pathways. Moreover, Schmidt et al. (2018) found no changes
in brain white matter between subgroups or compared with
HCs. Thus, to investigate the possible tinnitus-caused brain white
matter changes and eliminate the effect of hearing loss on the
results, all the patients were tinnitus without HL, we believe that
the changes in brain white matter integrity may be caused by
tinnitus (although we can’t eliminate possible hidden or slight
hearing loss in other frequency ranges). Combined with the
previous studies, our findings may advance the understanding of
the neural pathophysiological mechanisms of tinnitus from the
perspective of WM microstructure.

Brain WM Microstructural Abnormality in
Tinnitus Patients
To our knowledge, there are only a few studies that have
investigated the brain WM changes in tinnitus so far (Lee
et al., 2007; Crippa et al., 2010; Husain et al., 2011; Aldhafeeri
et al., 2012; Benson et al., 2014; Seydell-Greenwald et al., 2014;
Ryu et al., 2016; Schmidt et al., 2018). Our present study
demonstrates a significantly decreased FA and increased RD
in the main part (body and genu) of CC WM. For the DTI
indices, FA is considered to be the largest in regions in which
strongly myelinated fiber tracts run in parallel, permitting free
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FIGURE 2 | Correlation between diffusion metrics and clinical scale scores in tinnitus patients. Pearson correlation showed positive association between the RD of
the genu of CC and the catastrophic THI score (r = −0.481, p = 0.032; uncorrected). RD, radial diffusivity; CC, corpus callosum; THI, Tinnitus Handicap Inventory.

FIGURE 3 | (A) Receiver operating characteristic (ROC) curve for uncorrected diffusion metrics in different WM bundles of patients with tinnitus and HCs. An optimal
diffusion metric cutoff value of these four bundles was determined at a sensitivity of 100, 100, 90, and 95% and specificity of 86.4, 81.8, 72.7, and 81.8% separately.
The area under the curve (AUC) for the ROC were 0.927, 0.943, 0.920, and 0.945 separately (95% confidence intervals from 0.832 to 1, 0.871 to 1, 0.841 to 1, and
0.884 to 1 separately). (B) ROC curve for the combination of four diffusion indices in these different WM tracts of patients with tinnitus and HCs. An optimal diffusion
metric cutoff value was determined at a sensitivity of 100% and specificity of 77.3%. The AUC for the ROC was 0.973 (95% confidence intervals from 0.934 to 1).

diffusion along but preventing diffusion perpendicular to the
fibers. Thus, reductions in myelination or in the number of
parallel fibers result in lower FA (Seydell-Greenwald et al., 2014).
In addition, RD and MD may also mainly reflect abnormalities

in myelination (Bledsoe et al., 2018) although RD may also
be affected by axonal loss (Jones et al., 2013) or differences
in axonal packing density or diameter (Alexander et al., 2007)
although MD to some extent is considered to be inversely
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TABLE 3 | Results of receiver operator characteristic (ROC) curve analysis of the combination of four diffusion parameters of brain white matter integrity as a possible
diagnostic index.

Brain white matter integrity AUC Sensitivity Specificity P value Cutoff

Body of CC 0.927 100% 86.4% 0.000 0.864

Genu of CC 0.943 100% 81.8% 0.000 0.818

LC 0.920 90% 72.7% 0.000 0.627

RSLF 0.945 95% 81.8% 0.000 0.768

Body & genu of CC + LC + RSLF 0.973 100% 77.3% 0.000 0.773

ROC, receiver operator characteristic; CC, corpus callosum; LC, left cingulum; RSLF, right superior longitudinal fasciculus; AUC, area under curve.

related to membrane density and sensitive to cellularity, edema,
or necrosis (Alexander et al., 2011). Therefore, we believe that
the FA, MD, and RD changes we observed can be the result
of demyelination or axonal loss or the differences in axonal
packing density caused by tinnitus. More importantly, consistent
with prior studies (Aldhafeeri et al., 2012; Seydell-Greenwald
et al., 2014), we found changes in WM integrity in the CC.
As the largest white matter tract and the major commissure
connecting the two hemispheres, it plays a fundamental role
in integrating information and mediating complex behaviors
(Quigley et al., 2003; van der Knaap and van der Ham, 2011;
Hinkley et al., 2012; Roland et al., 2017). The importance of
it (especially the anterior part of the CC, such as the genu
of it) is embodied in interhemispheric and intrahemispheric
communication and the consequent integration of cognitive,
emotional, and motor functions. Reduced WM integrity of the
CC was reported in some emotional and cognitive disorders
such as bipolar disorder (Wang et al., 2008), ADHD (Cao
et al., 2010), and PTSD (Jackowski et al., 2008). Moreover,
except for the anterior part, the posterior fibers of CC crossing
the posterior midbody, isthmus, and splenium transfer somatic
sensory, auditory, and visual information (Fabri et al., 2014;
Xue et al., 2018), and research even found an enlarged posterior
part (the body and splenium) of CC in tinnitus patients,
the CC area in which the interhemispheric auditory pathways
cross (Diesch, 2012). In addition, Chen et al. (2015b) found
stronger interhemispheric connectivity between auditory cortices
in tinnitus patients; they speculate that this may be caused by
tinnitus and tinnitus-related distress, and the CC played an
important role in this process. All of these suggest that tinnitus
can not only cause brain structural and functional changes, but
also result in changes of brain white matter integrity, and the
changed FA and RD of WM in the CC might be caused by
the demyelination or axonal loss of persistent tinnitus; then it
causes an imbalance between the two hemispheres in terms of
simultaneous excitation and inhibition (Aldhafeeri et al., 2012).
Also, we found the RD value of the genu of CC positively
correlated with the subscale of THI score (catastrophic). A few
studies have explored the correlations between WM changes and
clinical variables but with controversial results. Several studies
found no significant correlations between WM changes and age
and clinical performances in tinnitus patients (Lee et al., 2007;
Aldhafeeri et al., 2012). However, Ryu et al. (2016) reported
that WM integrity in tinnitus patients was associated with
depression symptoms, and this finding indicates the WM change

in the auditory-limbic circuit attributable to tinnitus and the
global influence on WM integrity by tinnitus-related emotional
symptoms. As mentioned above, genu is the main part of the
anterior CC and the role of it embodied in interhemispheric
communication and the consequent integration of cognitive and
emotional functions. Thus, this association may indicate the
involvement of limbic system dysfunction in tinnitus and also
show that the change of white matter may be related to the
severity of tinnitus, for which we need to expand the sample in
the future for further research on this.

Additionally, a significant decrease in FA and increase in
RD was observed in the right superior longitudinal fasciculus
(SLF) and an only decreased AD was observed in the left
SLF. The SLF is considered to be the major association
fiber tract that connects the auditory and frontal cortices,
which is consist with three components (I, II, and III) and
projects from the frontotemporal and frontoparietal regions in
a bidirectional manner, and the inferior longitudinal fasciculus
interconnects occipital with ipsilateral temporal lobes (Catani
et al., 2002; Makris et al., 2005). The main function of SLF is
the integration of information between the speech and auditory
regions in the cortex and the integration of auditory and
visual association areas with the prefrontal cortex. Therefore,
we hypothesized that the changes in SLF may result at least
partially in the destruction of the functional connections
between some regions in the brain, especially the auditory and
prefrontal cortex.

In addition to the three DTI indices (FA, MD, and RD),
AD is an important DTI scalar value to measure the WM
microstructure as well. As a longitudinal diffusion along
axons, AD is indicative of axonal damage and is negatively
correlated with axonal injury and positively correlated with
axonal repair. Also, studies have proved that AD is usually
associated with WM axonal injury in animal models (Song
et al., 2003; Alexander et al., 2011) and humans (Smith
et al., 2006). In the present study, we found decreased
FA and AD in LC and only decreased FA in RC. The
cingulum bundle is a prominent WM tract that interconnects
frontal, parietal, and medial temporal sites while also linking
subcortical nuclei to the cingulate gyrus, which is a major
structure in the limbic system and involved in various cognitive
functions, including memory, attention, learning, motivation,
emotion, and pain perception (Bubb et al., 2018; Jang and
Seo, 2018). In addition, DTI reconstructions often suggest
a corresponding increase in parietal-temporal connections
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within the human parahippocampal cingulum bundle (Bubb
et al., 2018). Moreover, some structural and functional studies
also showed that, as an important aspect of the limbic
system, the cingulum (also known as cingulate, including
the anterior cingulate and posterior cingulate) plays a key
role in several large-scale networks that tinnitus involved in,
that is tinnitus emerges as a function of several large-scale
networks that bind together various aspects of perception,
salience, memory, distress, and audition (De Ridder et al.,
2011; Ridder et al., 2011; Schecklmann et al., 2012; Meyer
et al., 2016). Therefore, the WM integrity changes in the
cingulum suggest that tinnitus is closely related to the limbic
system dysfunction.

Together with some previous research (Schlee et al., 2008;
Landgrebe et al., 2009; Husain et al., 2011; Leaver et al., 2011;
Maudoux et al., 2012; Chen et al., 2015a), all of these findings
support the hypotheses that the limbic system plays an important
role in the generation of tinnitus, and tinnitus can stress and
change neuronal activity and plasticity in the limbic system,
which neesd to be further studied in the future. However, no
WMV changes found in tinnitus patients, we speculated the
reason may be that tinnitus in the early stage may only cause
changes in WM integrity, but not have resulted in changes in
WMV; further research on this is needed in the future.

The Combination of Four Diffusion
Parameters of Brain WM Integrity as a
Diagnostic Index
To date, the pathological changes of WM integrity in the
body and genu of CC, the LC, and the SLF have been
consistently reported in previous studies but in a separate
way (Lee et al., 2007; Aldhafeeri et al., 2012; Benson et al.,
2014; Seydell-Greenwald et al., 2014; Ryu et al., 2016). As
mentioned above, all these fiber bundles are part of or closely
related to the limbic system, and more importantly, they play
a role in the onset and development of tinnitus, such as
transmitting information between the prefrontal cortices and
auditory cortices. Therefore, in the current study, by using the
combination of the altered white matter integrity index of body
and genu of CC and LC and RSLF as a possible diagnostic index,
we could differentiate the two groups at the cutoff value of 0.773
yielding a sensitivity of 100%, specificity of 77.3%, and the AUC
value of 0.973. It was an interesting result that could be used
as valuable imaging indices for the early diagnosis of persistent
idiopathic tinnitus.

Limitations
Several issues should be noticed in the future. First, the
sample size was relatively small, and only right-handed
subjects were recruited. Second, as a cross-sectional study,
we did not conduct this work as a longitudinal study.
Future long-term follow-up studies are necessary to document
the full-time course of WM microstructure reorganization
in tinnitus. Third, as a pilot study, only tinnitus patients
without HL and HCs were recruited in our study. In the
future, we will try to design more strict experiments, including

tinnitus patients with HL, and that’s exactly what we’re doing
recently. Fourth, the definition of tinnitus patients without
hearing loss is that there is no hearing loss in the generally
recognized frequencies from 250 to 8 kHz; further studies
are needed in the future with more accurate instruments to
eliminate some possible hidden or slight hearing loss in other
frequency ranges.

CONCLUSION

In conclusion, we identified that tinnitus without HL can result
in significant alterations in brain white matter microstructure,
and some of the changes were related to the tinnitus severity.
The changes in patients’ WM integrity suggested that there
is a close relationship between tinnitus and the limbic
system. Moreover, the combination of diffusion parameters
of body and genu of CC and LC and RSLF could be
used as a valuable imaging index for the diagnosis of early
persistent idiopathic tinnitus without HL. These findings added
new evidence for the understanding of pathophysiological
mechanism of tinnitus.
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Purpose: The neural bases in acute tinnitus remains largely undetected. The objective
of this study was to identify the alteration of the brain network involved in patients with
acute tinnitus and hearing loss.

Methods: Acute tinnitus patients (n = 24) with hearing loss and age-, sex-,
education-matched healthy controls (n = 21) participated in the current study and
underwent resting-state functional magnetic resonance imaging (fMRI) scanning.
Regional homogeneity and amplitude of low-frequency fluctuation were used to
investigate the local spontaneous neural activity and functional connectivity (FC), and
Granger causality analysis (GCA) was used to analyze the undirected and directed
connectivity of brain regions.

Results: Compared with healthy subjects, acute tinnitus patients had a general
reduction in FC between auditory and non-auditory brain regions. Based on FC analysis,
the superior temporal gyrus (STG) revealed reduced undirected connectivity with non-
auditory brain regions including the amygdala (AMYG), nucleus accumbens (NAc), the
cerebellum, and postcentral gyrus (PoCG). Using the GCA algorithm, increased effective
connectivity from the right AMYG to the right STG, and reduced connectivity from the
right PoCG to the left NAc was observed in acute tinnitus patients with hearing loss. The
pure-tone threshold was positively correlated with FC between the AMYG and STG, and
negatively correlated with FC between the left NAc and the right PoCG. In addition, a
negative association between the GCA value from the right PoCG to the left NAc and
the THI scores was observed.

Conclusion: Acute tinnitus patients have aberrant FC strength and causal connectivity
in both the auditory and non-auditory cortex, especially in the STG, AMYG, and
NAc. The current findings will provide a new perspective for understanding the
neuropathophysiological mechanism in acute tinnitus.

Keywords: acute tinnitus, hearing loss, functional magnetic resonance imaging (fMRI), functional connectivity,
causal connectivity
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INTRODUCTION

Tinnitus is defined as the perception of a phantom sound in the
absence of an internal or external sound source (Chen et al.,
2017c; Cai et al., 2018; Vanneste et al., 2019). The prevalence
of tinnitus reaches about 10–15% of the adult population. Of
these, about 10–20% of patients are affected severely and sought
medical therapy (Cai et al., 2017; Yang et al., 2018). At present,
the clinical treatment for tinnitus includes counseling, sound
therapy, cognitive behavioral therapy, etc., however, no identified
treatments have been effective and unequivocal to all types of
tinnitus (Chen et al., 2017b; Tsai et al., 2018). One of the most
important reasons is that the mechanism of tinnitus remains
unclear. Nowadays, it is widely accepted that tinnitus in not
only caused by peripheral cochlear impairment, but also the
aberrant activity in the central nervous system (Chen et al.,
2017b; Cai et al., 2018). A large number of neuroimaging studies
have reported that abnormality of central activities are involved
in both auditory and non-auditory brain regions for chronic
tinnitus (Chen et al., 2017c; Vanneste et al., 2019).

In auditory cortices, several studies revealed that this brain
region, including the middle temporal gyrus (MTG) and superior
temporal gyrus (STG), predominantly had hyperactivity in
patients with chronic tinnitus (Chen et al., 2017c; Han et al.,
2018). Middle temporal gyrus has been proven to be a key
region of the default mode network (DMN), whose activity
might depend on people’s attention or goal-directed behavior
(Raichle et al., 2001; Mantini et al., 2007). The perception of
a phantom auditory sensation from tinnitus might lead to its
hyperfunction. In addition, the hyperactivity of STG has been
considered to reflect the auditory phantom phenomenon (Smits
et al., 2007). In non-auditory brain regions, especially the limbic
system, altered neural activity has been regarded as neural
decompensation for the tinnitus auditory phantom. Equivalent
to the descending pain inhibitory system, a similar “noise
canceling” system mainly consisting of the nucleus accumbens
(NAc) and the ventromedial prefrontal cortex (vmPFC) has
been evidenced and found in studies using both anatomical
and functional magnetic resonance imaging (fMRI). Rauschecker
et al. (2015) showed disrupted core areas of these regions, which
consequently, might cause the occurrence or/and persistence of
tinnitus (Rauschecker et al., 2015). In addition, Song et al. (2015)
demonstrated that the neural activity of rostral anterior cingulate
cortex (ACC) and the connectivity between primary auditory
cortex and ACC had a significantly negative correlation with
the tinnitus awareness grade. As a result, the authors suggested
that rostral ACC is likely to become another core area of the
noise canceling system in response to the perception of tinnitus
(Song et al., 2015).

Furthermore, many pathophysiological models have also
been developed to explain the mechanism of chronic tinnitus,
including central gain, neural synchrony, frontostriatal gating,
noise canceling deficits, and global workspace (Vanneste et al.,
2011; Hashmi et al., 2013; Elgoyhen et al., 2015; Rauschecker
et al., 2015; Wallhäusser-Franke et al., 2017; Cai et al., 2018;
Zhou et al., 2019). However, few studies have investigated central
neural processing during an acute period, thus, the mechanism

of acute tinnitus remains unclear. It is therefore crucial to clarify
the alteration of the brain network of acute tinnitus to prevent its
development from acute to chronic tinnitus. The abnormalities
in the auditory and non-auditory brain regions found in patients
with chronic tinnitus could provide important clues for further
research of acute tinnitus.

A recent study by Zhou et al. (2019) investigated the
alterations of brain function using resting-state functional
magnetic resonance imaging (rs-fMRI) in 28 patients with
unilateral acute tinnitus and hearing loss. Abnormal neural
activity and altered connectivity in both the auditory and
non-auditory cortex were found. The disrupted cortex regions
included increased activity in the right temporal gyrus and
decreased in the cerebellar vermis, the right calcarine cortex, the
right precuneus, the right supramarginal gyrus (SMG), as well as
the right middle frontal gyrus (MFG) in acute tinnitus, which
associated with the DMN, attention network, visual network,
and executive control network (Zhou et al., 2019). In a recent
electroencephalography (EEG) study, reduced activity in the
left frontal cortex, decreased connectivity between the temporal
gyrus and the SMG, as well as the central cingulate gyrus and
frontal gyrus in a comparison between 25 acute tinnitus subjects
and 27 healthy controls, was shown (Cai et al., 2019). These
studies support the aberrant central changes in brain activity in
tinnitus during the acute period, however, the findings from these
studies are inconsistent and the causal connectivity in neural
networks in acute tinnitus remains largely undetected.

Tinnitus is usually associated with sensorineural hearing loss
(HL). Sensorineural hearing loss has been identified as the
most relevant factor to trigger tinnitus. About 75% of unilateral
tinnitus and over 80% of bilateral tinnitus patients have a HL
in the standard audiogram detection with thresholds exceeding
20 dB (Wallhäusser-Franke et al., 2017). Studies on acute
tinnitus are usually concerned with tinnitus following idiopathic
sudden sensorineural hearing loss (ISSNHL). Idiopathic sudden
sensorineural hearing loss with tinnitus is a good candidate for
the investigation of the pathophysiological mechanism of acute
tinnitus (Mühlmeier et al., 2016; Wallhäusser-Franke et al., 2017).

Resting-state fMRI has been widely used to detect intrinsic
neuro-pathophysiological mechanisms in terms of aberrant
neural activity and brain functional connectivity (FC) changes in
various neurological related disorders, such as chronic tinnitus,
Alzheimer’s disease, and Parkinson (Chen et al., 2018b,c,d).
Resting-state fMRI measurement is based on the low-frequency
(0.01–0.1 Hz) fluctuations in blood-oxygenation-level dependent
(BOLD) signals, and thus regional homogeneity (ReHo) can
be applied to demonstrate abnormal neural coherence across
the whole brain, by quantifying the local synchronization
within adjacent voxels during resting state (Zang et al., 2004).
With regards to this measurement, amplitude of low-frequency
fluctuation (ALFF) is widely regarded as an effective approach
that measures intrinsic neural response at the sing-voxel level
to reflect the intensity of regional neuronal spontaneous activity
(Biswal et al., 1995). Moreover, fractional ALFF (fALFF) is a
better approach to detect the resting-state regional spontaneous
neural activity in comparison to ALFF analysis, due to the
reduction of physiological noise (Zou et al., 2008).
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Functional connectivity is an effective method to explore
the synchronization of functional activities in different brain
regions as well as the correlations between them, while Granger
causality analysis (GCA) is explicitly used to examine the
functional relationship in a directed manner (Friston et al., 2013),
emphasizing the causality between brain regions. The purpose of
this study is therefore, to investigate the aberrant functional and
causal connectivity of central neural regions in patients with acute
tinnitus, by combining FC and GCA analysis. It is hypothesized
that alterations of the central neural network can reveal the
central neural mechanisms associated with the characteristics
of acute tinnitus.

MATERIALS AND METHODS

Participants
In this study, 28 right-handed ISSNHL patients with tinnitus, and
23 age- and gender-matched healthy subjects were recruited from
the Ear, Nose, and Throat clinic, Sun Yat-sen Memorial hospital,
Guangzhou, China, through recruitment advertisements. The
selection criteria for ISSNHL subjects with tinnitus were
as follows:

• Patients had no less than 30 dB sensorineural hearing
impairment associated with tinnitus in more than three
consecutive audiometric frequencies that had onset within
3 days.
• The duration of patients’ relevant symptom was less than

1 month.
• Patients had sought clinical help due to hearing impairment

and tinnitus.
• Subjects with middle ear surgery, pulsatile tinnitus,

Ménière’s disease, autoimmune hearing loss, acoustic
neurinoma, central nervous system disorders, head trauma,
depression, insomnia or magnetic resonance imaging
(MRI) contraindications were excluded.
• Subjects with a head motion greater than 2.0 mm

translation in any plane or a 2.0◦ rotation in any direction
during MRI scanning were excluded.

The hearing thresholds of all participants were determined by
pure tone audiometry (PTA) examination. Subjects were asked to
sit in an acoustically shielded room for the test. Air conduction
thresholds at 0.125, 0.25, 0.5, 1, 2, 4, and 8 kHz were measured on
both ears. Bone conduction thresholds at 0.25, 0.5, 1, 2, and 4 kHz
were also determined. Mean hearing threshold was calculated
from hearing thresholds at 0.5, 1, 2, and 4 kHz (Audiology, 1988;
Cai et al., 2019).

All patients were asked to describe the duration and laterality
of tinnitus. Afterward, a tinnitus pitch matching test was
performed (Teismann et al., 2011), in which the tinnitus pitch
match was determined using the frequencies 0.125, 0.25, 0.5, 1,
2, 3, 4, 6, and 8 kHz. In the process of the test, participants
were asked to contrast the perceptive tinnitus pitch and the
matching pitch, and the matching pitch was adjusted according
to the feedback from the subjects. Ultimately, a more precise
or approximate matching pitch was obtained by adjusting the

frequency in half-octave steps. If no matching pure tone was
gained from subjects, narrow band noise was applied.

Moreover, the tinnitus handicap inventory (THI; Newman
et al., 1996), was used to assess the severity of tinnitus and related
distress after the tinnitus specific assessment. The duration of
education of all subjects were also collected.

Data was collected before patients received any therapeutic
intervention, within 30 days, however, four ISSNHL patients
with tinnitus and two healthy volunteers were excluded because
of excessive head motion during MRI scanning. Therefore, 24
ISSNHL patients with tinnitus (10 males and 14 females; age
mean = 43.57 years, SD = 15.42 years) and 21 healthy subjects (12
males and 9 females; age mean = 44.48 years, SD = 17.05 years)
were finally included for the data analysis. Among the patients,
eight subjects have tinnitus in the right ear, 10 subjects in the
left ear, and six subjects in bilateral ears. All participants were
informed of the background and purpose of the study and they
signed a written consent form. This study was approved by the
Ethics Committee of Sun Yat-sen Memorial Hospital, and written
informed consent was obtained from each participant.

MRI Acquisition
Magnetic resonance imaging was performed on a 3.0 T MRI
scanner (Ingenia, Philips Medical Systems, Netherlands) with an
8-channel receiver array head coil. Head motion and scanner
noise were reduced using foam padding and earplugs. The
subjects were required to lie quietly with their eyes closed but
not to fall asleep, to avoid thinking of anything in particular,
and to avoid head motion during the scan. Functional images
were obtained axially using a gradient echo-planar imaging
sequence as follows: repetition time (TR) = 2000 ms, echo time
(TE) = 30 ms, slices = 33, thickness = 3.5 mm, gap = 0.7 mm,
field of view (FOV) = 224 mm × 224 mm, acquisition
matrix = 64 × 64, and flip angle (FA) = 90◦. The voxel size was
3.5 mm × 3.5 mm × 3.5 mm, and 240 functional volumes were
obtained. High resolution T1-weighted, 3D anatomical images
were collected followed by the resting scan for normalization
with the following parameters: TR/TE = 7/3.2 ms, slices = 192,
thickness = 1 mm, gap = 0 mm, FA = 7◦, acquisition
matrix = 256 × 256, and FOV = 256 mm × 256 mm. The
fMRI sequence lasted 8 min and 8 s, and the structural sequence
lasted 6 min and 20 s. All scans were acquired with parallel
imaging using the sensitivity encoding (SENSE) technique,
SENSE factor = 2.

Data Preprocessing
Resting-State fMRI data were preprocessed using Data Processing
& Analysis for Brain Imaging (DPABI; Yan et al., 2016), which
is based on Statistical Parametric Mapping (SPM12)1 and the
MATLAB R2013a platform. The first 10 volumes were discarded,
and the remaining 230 consecutive volumes were corrected for
the slice time delay. The realignment was performed to evaluate
the degree of head motion and any subjects with a head motion
greater than 2.0 mm translation in any plane, or a 2.0◦ rotation in
any direction were excluded. Four sudden deafness with tinnitus,

1http://www.fil.ion.ucl.ac.uk/spm
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patients and two healthy volunteers were excluded because of
excessive head motion during scanning. The 3D anatomical
image was co-registered to the functional space, and segmented
into white matter, gray matter, and cerebrospinal fluid. According
to the segmental information, the realigned functional images
were normalized to the standard Montreal Neurological Institute
(MNI) template (resampling voxel size = 3 mm× 3 mm× 3 mm).
In the calculations, we also regressed out nuisance covariates,
including head motion profiles (Friston 24-parameter model;
Friston et al., 1995), the linear trend signal, white matter signal,
and the cerebrospinal fluid signal.

Regional Homogeneity Analysis
Temporal bandpass filtering (0.01–0.1 Hz) was performed to
reduce the effect of high-frequency before the ReHo calculation.
For each participant, ReHo map was generated by Kendall’s
coefficient of concordance (KCC), which was used to measure
the local synchronization of a given voxel with its 26 nearest
neighbors. The ReHo value of each voxel was standardized by
partitioning the primal value using the global mean ReHo value.
The normalized data were then smoothed with an isotropic
Gaussian kernel [full width at half maximum (FWHM) = 4 mm]
for further statistical analysis.

Fractional Amplitude of Low-Frequency
Fluctuations Analysis
To increase the signal-to-noise ratio of the preprocessed image,
spatial smoothing (FWHM = 4 mm) was conducted before the
fALFF calculation. The time courses were then converted to the
frequency domain with Fast Fourier Transform and the power
spectrum for each voxel was evaluated. Finally, the fALFF map
was generated by the ratio of the square root of the power
spectrum at the low-frequency band (0.01–0.1 Hz) to the entire
detectable frequency band.

Seed-Based Functional Connectivity
Analysis
Twenty (10 left, 10 right) 5-mm-radius spherical regions of
interest (ROIs), several prominent brain areas identified in the
tinnitus literature, were defined as the seed ROIs for seed-
based FC analysis (De Ridder et al., 2011, 2014a,b; Rauschecker
et al., 2015; Song et al., 2015; Hullfish et al., 2019): the bilateral
auditory cortices, NAc, AMYG, parahippocampal gyrus (PHG),
pregenual anterior cingulate cortices (pACC), subgenual ACC,
and the ventromedial prefrontal cortices (PFC). The specific MNI
coordinates of the seed ROIs are shown in Table 1. For each ROI,
we analyzed FC between the seed region and the whole brain
at the voxel level using Pearson’s correlation analysis, and a FC
map was acquired. The FC map was standardized to a z score
map using Fisher r to z transfer, and a zFC map was obtained
for each subject.

Granger Causality Analysis
The ROI-wise GCA was performed using the REST-GCA in
the REST toolbox2 to detect the effective connectivity between

2http://www.restfmri.net/forum/

TABLE 1 | Seed regions of interest, center coordinates in MNI space.

Regions of interest L/R Center-of mass coordinates

x y z

Auditory cortices

M-TG L −57 −18 −15

R 58 −17 −15

STG L −62 −23 12

R 63 −24 12

L −46 −29 10

R 47 −29 10

L −56 −25 5

R 56 −22 3

Limbic system

NAc L −10 12 −13

R 13 11 −13

AMYG L −24 −6 −18

R 24 −6 −18

PHG L −26 −36 −10

R 26 −36 −10

Pregenual ACC L −4 38 4

R 4 38 4

Subgenual ACC L −4 26 −10

R 4 26 −10

Ventromedial PFC L −3 44 −8

R 3 44 −8

Coordinates are described in MNI coordinates. MNI, Montreal Neurological
Institute; MTG, middle temporal gyrus; STG, superior temporal gyrus; NAc, nucleus
accumbens; AMYG, amygdala; PHG, paraHippocampal gyrus; ACC, anterior
cingulate cortices; PFC, prefrontal cortices; L, left hemisphere; R, right hemisphere.

each pair of brain regions, which presented significant group-
difference in the seed-based FC analysis. For each pair, we
extracted time series of the brain regions (x, y). Signed path
coefficients were then calculated as a GCA value, including x→y
and y→x, according to Zang et al. (2012) the extended vector AR
model for each subject.

Statistical Analysis
Two-sample t-tests were used to test group differences in
demographic and clinical data, such as the age, the PTA, the
duration, and the THI. The χ2-test was used to compare the
between-group difference of gender and education (statistical
significance set at p< 0.05).

For the ReHo map, fALFF map, and seed-based zFC map,
we used two-sample t-tests to detect the difference between the
ISSNHL patients and healthy controls, and threshold-free cluster
enhancement (TFCE) with family-wise error (FWE) correction
(p < 0.05) was used for multiple comparisons (Chen et al.,
2018a). Furthermore, two-sample t-tests were used for the GCA
value to determine the differences between the two groups. The
significance level was set at p< 0.05.

Pearson’s correlation was applied to investigate the association
between the clinical characteristics and the altered FC/GCA in
acute tinnitus subjects (p< 0.05, uncorrected for zFC; p< 0.0063,
Bonferroni correction for GCA).
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RESULTS

Demographic Information
Except for PTA (p < 0.05), there was no significant between-
group differences in demographic and other clinical information
(p > 0.05). The specific information of patients and the healthy
subjects is shown in Table 2.

ReHo Analysis and fALFF Analysis
There was no significant difference in the ReHo value and the
fALFF value between ISSNHL patients and the healthy controls
in any brain region (p> 0.05, TFCE with FWE correction).

Functional Connectivity Analysis
In contrast to the healthy controls, ISSNHL subjects
demonstrated prominent decreased FC between the left STG
and the right CER4_5 and the left precentral gyrus. In addition,
the reduced FC was also observed between the right STG and
the right CERCRU2_R, AMYG, postcentral gyrus (PoCG), the
left CER8, CER6, MOG, ITG, and the PCL (p < 0.05, TFCE
with FWE correction; Table 3 and Figure 1). Moreover, in the
limbic system, we also detected decreased FC between the left
NAc and the right PoCG and the homolateral SFG in ISSNHL
patients with tinnitus compared to the healthy subjects. Instead
of the NAc, the AMYG, and PHG had similar inhibitions of the
FC to other brain regions. Compared with the healthy subjects,
the left AMYG had decreased FC to the right STG. The FC also
decreased between the left PHG and the right SMA (p < 0.05,
TFCE with FWE correction; Table 4 and Figure 2).

Granger Causality Analysis
According to our seed-based FC analysis results, 16 pairs of
brain regions with significant group-differences were selected for
the GCA analysis between each pair. In contrast to the healthy
controls, patients with ISSNHL demonstrated a significantly
increased GCA value from the right AMYG to the right STG
(p < 0.05; Figure 3). In contrast, a reduced GCA value from
the right PoCG to the left NAc was observed in ISSNHL patients
(p< 0.05; Figure 3).

Correlation Analysis
Figure 4 shows that the PTA was positively correlated with
the FC between the right STG and the AMYG (r = 0.436,
p = 0.033). Moreover, the Pearson’s correlation analyses revealed
the negative correlation between the PTA and the FC between
the left NAc and the right PoCG (r = −0.461, p = 0.023). In
addition, a negative association between the GCA value from the
right PoCG to the left NAc and the THI was observed (r =−0.595,
p< 0.002; Figure 3).

DISCUSSION

This is the first study to use both FC and GCA approaches
to explore intrinsic dysfunctional network connectivity related
to acute tinnitus. These results highlight the general hypo-
connectivity between auditory and non-auditory regions. Based

on FC analysis, we found significant decreased connectivity
between the STG and several non-auditory regions, including
the AMYG, NAc, the cerebellum, and the somatosensory
cortex. Using the GCA algorithm, significant increased effective
connectivity from the right AMYG to the right STG, and
reduced connectivity from the right PoCG to the left NAc
was observed in acute tinnitus patients with hearing loss.
Moreover, these abnormalities of connectivity were correlated
to the intensity of hearing loss and tinnitus distress. Our study
clearly demonstrates interregional changes in neural function in
acute tinnitus with hearing loss.

Functional Connectivity and
Spontaneous Brain Activation in the STG
in Acute Tinnitus With Hearing Loss
The present study showed reduced connections between the
STG and associative areas that constitute an emerging feature
of brain architecture. Our finding demonstrates that the STG
is the main cortical hub in the brain network that is affected
by acute tinnitus with hearing loss, which is in line with the
hypothesis that the dysconnectivity pattern of the STG is involved
in tinnitus perception (Chen et al., 2017a; Qu et al., 2019; Berlot
et al., 2020). The STG is regarded as a critical region which
receives the neuronal projection from auditory pathway (Binder,
2017) and has been reported to be associated with cognitive
functions including memory, auditory cognition and semantics
(Jackson et al., 2018). Several neurophysiological models related
to STG have been raised as being involved in the acute stage
of tinnitus and hearing loss (Fan et al., 2015; Micarelli et al.,
2017). In addition, hearing loss may lead to a hypofunction of
the auditory cortex which consequently presents a decreased
FC between the STG and associative regions. However, a recent
study found no significant spontaneous neural activity in the
STG and associative areas in ISSNL subjects, which may be
due to the short duration of the tinnitus. This finding is in
contrast to some previous studies, for example, a PET study
reported the decreased FDG uPTAke in the STG, MTG and MFG
regions in ISSNHL subjects. The various neuroimaging methods
employed, and the tinnitus sample’s heterogeneity may have
contributed to the inconsistent results. These results indicated
that the short duration of tinnitus accompanying hearing loss,
may not necessarily evoke the compensatory enhancement of
spontaneous activity, but disrupted FC occurred before the
altered local neural changes took place.

Our study also found that non-auditory associative regions
reduced connectivity with the STG, which included the
cerebellum, PreCG, and the PoCG. The cerebellum is considered
as an important hub in detecting auditory afferent and sound
processing (Zhou et al., 2019), as well as plays a critical role in
a gating control mechanism (Micarelli et al., 2017). Our finding
is in line with this previous study, which shows a reduction
of cerebellum activity in acute tinnitus. Maudoux et al. also
found disrupted connectivity between the auditory cortex and
the cerebellum (Maudoux et al., 2012). Therefore, the disrupted
connectivity between the cerebellum and STG may induce a
reduced capability of contrasting and integrating afferent signals
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TABLE 2 | Demographic and clinical characteristics of sudden deafness with tinnitus patients and healthy controls.

Patients (n = 24) Controls (n = 21) p value

Age (year) 43.57 ± 15.42 44.48 ± 17.05 0.868a

Gender (male; female) 10:14 12:9 0.300b

Education levels (years) 12.54 ± 3.50 12.61 ± 4.13 0.293a

Tinnitus laterality (right/left/bilateral) 8/10/6 N/A N/A

PTA of right ear 36.96 ± 28.98 15.57 ± 4.52 0.002a

PTA of left ear 38.08 ± 25.99 14.52 ± 4.43 <0.001a

Average PTA 36.27 ± 13.84 15.05 ± 4.20 <0.001a

Duration (days) 9.95 ± 7.08 N/A N/A

THI 36.25 ± 21.75 N/A N/A

Values are represented as Mean ± SD. aTwo-sample t-tests. bχ2-test. PTA, pure tone audiometry; THI, tinnitus handicap inventory; N/A, non-applicable.

TABLE 3 | Regions showing significant differences of auditory-FC between ISSNHL patients and healthy controls.

Seed region Brain regions Peak MNI coordinates x, y, z (mm) Peak T value Voxels

STG.L (-62, −23, 12) CER4_5.R 18, −42, −26 −4.83 82

STG.R (63, −24, 12) CERCRU2.R 3, −78, −39 −4.29 45

CER6.R −15, −57, −25 −4.89 45

STG.L (-56, −25, 5) PreCG.L −18, −18, 69 −5.59 233

STG.R (56, −22, 3) CER8.L −30, −51, −57 −5.15 52

CER6.L −12, −66, −24 −4.64 41

MOG.L −39, −89, −7 −4.18 267

ITG.L −36, 15, −41 −4.27 309

PCL.L −9, −27, 72 −4.74 457

CERCRU2.R 6, −84, −42 −4.36 89

AMYG.R 24, −3, −15 −4.97 160

PoCG.R 60, −21, 45 −5.68 188

MNI, Montreal Neurological Institute; STG, superior temporal gyrus; PoCG, postcentral gyrus; MOG, middle occipital gyrus; ITG, inferior temporal gyrus; PCL, paracentral
lobule; AMYG, amygdala; CERCRU2, cerebellum_Crus2; CER4_5, cerebellum_4_5; CER6, cerebellum_6; CER8, cerebellum_8; L, left hemisphere; R, right hemisphere.
A corrected threshold of p < 0.05 was determined by threshold-free cluster enhancement (TFCE) with family-wise error (FWE) correction.

from the auditory cortex, triggering a phantom sound during
acute hearing loss.

The PreCG is the anatomical location of the primary
motor cortex, which is responsible for controlling voluntary
motor movement of the body and involved in the executive
functioning of response inhibition. This was consistent with a
resting state PET study that patients with SSNHL presented
Glucose uPTAke reduced in PreCG and suggested PreCG as
a vital region in auditory associated events related to word
recognition and phonological processing (Micarelli et al., 2017).
The disconnection between PreCG and STG may lead to auditory
processing functional decline during the acute stage of tinnitus
and hearing loss.

Functional Connectivity and Correlation
Analysis in Limbic System in Acute
Tinnitus With Hearing Loss
Tinnitus is often associated with emotional distress and
anxiety, these complications may be associated with maladaptive
functional connections to the limbic structure, such as the
AMYG, hippocampus and the NAc (Hashmi et al., 2013; Lanting
et al., 2014; Chen et al., 2017a,c). In this study, reduced undirected

connectivity between the AMYG and STG but an increased
connectivity between the GCA from the AMYG to the STG
was found. The AMYG is a vital part of the subcortical limbic
structure, which receives and sends auditory information to
the auditory cortex to relay emotional attributes (Yan, 2003;
Keuroghlian and Knudsen, 2007; Qu et al., 2019; Xu et al.,
2019). Furthermore, the AMYG not only receives information
from auditory cortex, but also receives directed projection from
subcortical areas of the ascending auditory pathway (Pannese
et al., 2016). Therefore, after the acute stage of peripheral auditory
deafferentation, the dysfunctional neural synchrony of inter-
regions would induce declined connectivity between the AMYG
and STG. However, enhanced influence from the AMYG to the
STG reflect a central reorganization in the acute period of tinnitus
and hearing loss. The AMYG is thought to decode the affective
value to the sound perception that is pre-processed, especially in
the auditory cortex (Kumar et al., 2012). This is consistent with
the findings from previous neuroimaging studies showing that
the abnormalities in the AMYG could account for tinnitus and
induce chronic depression in tinnitus patients (Micarelli et al.,
2017). Activation of the AMYG can augment the central neural
plasticity in the auditory cortex (Froemke and Martins, 2011),
which could be interpreted as an attempt in conflict monitoring
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FIGURE 1 | The brain regions with significant difference in the auditory-FC between ISSNHL patients and healthy controls. Left brain diagram shows the seed region
of interesting of auditory system, right brain diagram presents the regions with significant group-difference. FC, functional connectivity; STG, superior temporal gyrus;
PoCG, postcentral gyrus; MOG, middle occipital gyrus; ITG, inferior temporal gyrus; PCL, paracentral lobule; AMYG, amygdala; CERCRU2, cerebellum_Crus2;
CER4_5, cerebellum_4_5; CER6, cerebellum_6; CER8, cerebellum_8; L, left hemisphere; R, right hemisphere. The color bar represents the t-value.

TABLE 4 | Regions showing significant differences of limbic-FC between ISSNHL patients and healthy controls.

Seed region Brain regions Peak MNI coordinates x, y, z (mm) Peak T value Voxels

NAc.L PoCG.R 39, −30, 45 −4.78 53

SFG.R 15, −9, 63 −4.70 28

AMYG.L STG.R 57, −21, 0 −4.57 33

PHG.L SMA.R 6, 0, 48 −4.95 57

MNI, Montreal Neurological Institute; STG, superior temporal gyrus; PoCG, postcentral gyrus; NAc, nucleus accumbens; SFG, superior frontal gyrus; AMYG, amygdala;
PHG, paraHippocampal gyrus; SMA, supplementary motor area; L, left hemisphere; R, right hemisphere. A corrected threshold of p < 0.05 was determined by threshold-
free cluster enhancement (TFCE) with family-wise error (FWE) correction.

and in informative trace integration coming from sensory error
detection, such as those represented by an unexpected auditory
input impairment. This heightened influence from the AMYG
to the STG might be interpreted as a dysfunctional inhibitory

response, directing attention to a phantom sound perception,
which may be the possible reason of induced tinnitus.

An interesting finding is the positive correlation between the
PTA and FC of the AMYG and STG, which highlight the theories
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FIGURE 2 | The brain regions show significant difference of the limbic-FC
between ISSNHL patients and healthy controls. Left brain diagram shows the
seed region of interesting of limbic system, right brain graph presents the
regions with significant group-difference. FC, functional connectivity; STG,
superior temporal gyrus; PoCG, postcentral gyrus; NAc, nucleus accumbens;
SFG, Superior frontal gyrus; AMYG, amygdala; PHG, paraHippocampal gyrus;
SMA, supplementary motor area; L, left hemisphere; R, right hemisphere. The
color bar represents the t-value.

of the compensatory effect of the emotional limbic network.
These theories indicate that more intensive hearing loss may be
concurrent with more emotional flow from the limbic system
to the auditory cortex. However, no significant correlation was
observed between the THI scores and the increased influence
from the AMYG to the STG, which may be due to the fact

that most of the tinnitus subjects presented with lower scores
in the THI tests.

Moreover, reduced FC between the PoCG to the NAc
and effective connectivity from the PoCG to the NAc was
found for ISSNHL with tinnitus. The NAc and associated
paralimbic areas play an important role in long-term habituation
of continuous unpleasant sounds as well as engaging in the
emotional and reward circuit (Hashmi et al., 2013; Lanting
et al., 2014). Furthermore, the PoCG belongs to the vital
part of somatosensory system. The balance of auditory and
somatosensory integration would be altered after loss of auditory
input (Froemke and Martins, 2011), which is in line with
our finding of a reduced FC between the STG and PoCG
in the acute stage of tinnitus and hearing loss. Therefore,
besides peripheral auditory system damage, such somatosensory
dysfunction may be involved in tinnitus (Job et al., 2012).
Previous studies have demonstrated that tinnitus and pain
shared a common neuropathological pattern, which suggests a
role of the autonomous sympathetic system in tinnitus (Job
et al., 2004, 2012). The auditory information was directed
via the somatosensory system to the NAc for evaluation of
the sound’s emotional content. The NAc was also the core
region of the noise canceling system (Song et al., 2015).
This system leads to the filtering out of unwanted sounds,
which then do not reach conscious perception in the auditory
cortex. In addition, the FC between the PoCG and NAc was
negatively correlated with PTA and also had negative correlations
between THI scores and effective connectivity from the PoCG
to NAc, indicating that the disruption of information flow
from the somatosensory system to the NAc may comprise
the noise canceling system after intensive peripheral auditory
deafferentation. Consequently the abnormal sound may be
passed on to the cortex, causing the conscious perception of
tinnitus in ISSNHL patients.

In addition, the NAc is the vital region of brain rewarding
circuitry, which plays an important role in discerning and
reacting to rewarding and aversive stimuli. As a result, it regulates

FIGURE 3 | Increased GCA value from AMYG.R to STG.R (in red) and decreased GCA value from PoCG.R to NAc.L (in blue) were found in the ISSNHL patients. The
correlations between abnormal GCA value and THI in the ISSNHL patients. The red dots represent each ISSNHL patient. FC, functional connectivity; GCA, granger
causality analysis; THI, tinnitus handicap inventory; STG, superior temporal gyrus; AMYG, amygdala; NAc, nucleus accumbens; PoCG, postcentral gyrus; left
hemisphere; R, right hemisphere.

Frontiers in Neuroscience | www.frontiersin.org 8 June 2020 | Volume 14 | Article 592187

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


fnins-14-00592 June 29, 2020 Time: 18:37 # 9

Cai et al. Causal Connectivity in Acute Tinnitus

FIGURE 4 | The correlations between the FC with significant group-difference and PTA in the ISSNHL patients. The red dots represent each ISSNHL patient. FC,
functional connectivity; PTA, pure tone audiometry; STG, superior temporal gyrus; AMYG, amygdala; NAc, nucleus accumbens; PoCG, postcentral gyrus; left
hemisphere; R, right hemisphere.

emotional and cognitive behavior (Russo and Nestler, 2013).
ln the brain reward circuitry, the ventral tegmental area with
dopaminergic neurons projected to the NAc is thought to “gate”
the flow of rewarding information from limbic afferents to basal
ganglia outputs. In numerous studies of depression, the NAc
contributes neural substrate with the inability to experience
pleasure and engage in rewarding activities (Pizzagalli et al.,
2009; Russo and Nestler, 2013). Therefore, in association with the
reduced connectivity between the PoCG and NAc, the current
results indicate that the rewarding pathway dysfunction may
underlie a pathophysiology of tinnitus associated depression.

LIMITATION

It should be noted that this study has several limitations.
This is a cross-sectional study with a limited sample size. In
addition, acute tinnitus patients have high heterogeneity in
terms of laterality, hearing loss, and related symptoms. It is
difficult to eliminate the heterogeneous factors completely even
when using strict inclusion and exclusion criteria. Therefore,
we should interpret the current results with caution. More
extensive and longitudinal investigation with a larger sample
size and more subgroups is needed to explore the changes of
the directed and undirected FC in a follow-up study of patients
with acute tinnitus. Moreover, even though we attempted to
diminish the MRI noise by providing earplugs, the subjects could
not be completely prevented from hearing noise during the
MRI scan, which may influence the neural activity to a certain
degree during resting state measurement. This confounding
factor should be taken into consideration for all resting-
state fMRI studies.

CONCLUSION

In this study, we found an aberrant functional network
within auditory and non-auditory regions revealed by FC and

GCA presented in acute tinnitus with hearing loss. Acute
tinnitus patients showed reduced FC between the STG and
cerebellum, limbic system, and the somatosensory cortex.
Increased effective connectivity from the right AMYG to the
right STG and reduced connectivity from the right PoCG
to the left NAc were observed in a causal connectivity
analysis. A correlation analysis showed functional changes
in multiple neural regions between the auditory and limbic
areas associated with the gradual increase in the degree of
hearing loss during the acute stage of tinnitus. Alteration
in brain functional network architecture will contribute to a
better understanding of the neuropathophysiological mechanism
in acute tinnitus.
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Neuroanatomical Alterations in
Patients With Tinnitus Before and
After Sound Therapy: A Voxel-Based
Morphometry Study
Xuan Wei1, Han Lv1* , Zhaodi Wang2, Chunli Liu2, Pengling Ren1, Peng Zhang1,
Qian Chen1, Yawen Liu1, Pengfei Zhao1, Shusheng Gong2, Zhenghan Yang1 and
Zhenchang Wang1*

1 Department of Radiology, Beijing Friendship Hospital, Capital Medical University, Beijing, China, 2 Department
of Otolaryngology Head and Neck Surgery, Beijing Friendship Hospital, Capital Medical University, Beijing, China

According to previous studies, many neuroanatomical alterations have been detected in
patients with tinnitus. However, few studies have reported on the morphological changes
observed following sound therapy. To explore the brain anatomical alterations in patients
with idiopathic tinnitus using voxel-based morphometry (VBM) analysis before and after
effective 12 weeks sound therapy. The protocol was registered on ClinicalTrials.gov,
ID: NCT02774122. In this study, we collected data from 27 matched healthy control
(HC) individuals and 27 idiopathic tinnitus patients before and after 12 weeks of sound
therapy by using adjusted narrow band sound. 3.0T MRI system and high-resolution 3D
structural images were acquired with a 3D-BRAVO pulse sequence. Structural image
data preprocessing was performed using the VBM8 toolbox. The Tinnitus Handicap
Inventory (THI) score was acquired in the tinnitus group to assess the severity of tinnitus
and tinnitus-related distress. Mann–Whitney U Test, Wilcoxon Signed-Ranks test, and
Pearson’s correlation analysis were used in the statistical analysis. We found significantly
decreased gray matter (GM) volume in the left thalami, right thalami, and cochlear
nucleus among the tinnitus patients before sound therapy (baseline) compared to the
HC group. However, we did not find significant differences in brain regions between the
12-week treatment and HC groups. According to the results of Wilcoxon Signed-Ranks
test, the 12-week sound therapy group demonstrated significant greater brain volume
compared with the baseline group among these brain regions. Decreased THI score
and changed GM volume were not correlated. This is a useful study for observing the
characteristics of neuroanatomical changes in patients with idiopathic tinnitus before
and after sound treatment. The study characterized the effect of sound therapy on brain
volume. It found that sound therapy had a normalizing effect on the bilateral thalami and
cochlear nucleus.

Clinical Trial Registration: www.ClinicalTrials.gov, NCT02774122.
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INTRODUCTION

Tinnitus is a phantom auditory sensation that reduces quality
of life for millions worldwide (Shore et al., 2016), affecting
approximately 4 to 15% of the population (Baguley et al., 2013). It
has been related to listening to loud music (Axelsson and Prasher,
2000), head and neck injuries, sudden sensorineural hearing loss
(Pecorari et al., 2020), ototoxic drug use (Dille et al., 2010), and
other medical conditions that can affect hearing. Chronic tinnitus
can trigger a range of problems, including cognitive problems,
sleep disturbances (Schecklmann et al., 2015), depression (Dobie,
2003), and work disorders (Heller, 2003).

According to previous studies (Han et al., 2015; Lv et al.,
2016a,b, 2018), tinnitus has been proven to be a symptom
characterized by abnormal resting-state functional magnetic
resonance imaging (rs-fMRI) in auditory and non-auditory brain
regions (Vanneste and De Ridder, 2012) such as the posterior
cingulate cortex (Vanneste et al., 2010), insula (van der Loo
et al., 2011), parahippocampal region (Vanneste et al., 2011), and
anterior cingulate cortex (De Ridder et al., 2011).

Structural changes in the brain have also been explored
in tinnitus patients. Voxel-based morphometry (VBM) can
quantitatively detect the volume of brain tissue at the voxel level
and reflect the differences in the components and characteristics
of brain tissue in local brain regions of different groups or
individuals (Ashburner and Friston, 2000). Currently, VBM has
been used to describe subtle changes in brain structure in tinnitus
patients (Husain et al., 2011; Meyer et al., 2016). Studies of
patients with right-sided unilateral pulsatile tinnitus have shown
that compared with normal controls, patients with unilateral
pulsatile tinnitus have a significantly increased gray matter (GM)
volume in the bilateral superior temporal gyrus (STG) and
significantly decreased volumes in the left cerebellar posterior
lobe, left frontal superior orbital lobe (gyrus rectus), right middle
occipital gyrus (MOG), and bilateral putamen (Liu et al., 2018).

Effective treatment for tinnitus requires a basic understanding
of the functional and anatomical changes in the brain. A recent
study in tinnitus patients treated with rTMS demonstrated
the reversibility of structural effects after treatment (Poeppl
et al., 2018). Another study analyzed the treatment effect on
anatomical changes in the brain (Krick et al., 2015). The patients
included were in the early stages of disease, with a disease
duration of 5.1 weeks. The GM of the precuneus, medial
superior frontal areas, and auditory cortex increased in acute
tinnitus patients after the Heidelberg model of music therapy
intervention, accompanied by significantly decreased tinnitus-
related distress. Narrow band noise sound therapy is a commonly
used treatment for tinnitus (Henry et al., 2002). Previous studies
have demonstrated functional changes in the brain (Han et al.,
2019a,b). However, we only found a few related reports on the
morphological changes before and after sound therapy with an
average treatment time of 1 week (Krick et al., 2015, 2017).

In this study, we applied VBM to analyze the anatomical
changes in the brain in patients before and after sound therapy
and to explore the morphological feature alterations after
treatment. Based on previous studies on structural and functional
plasticity, the bilateral thalami are considered to be a critical

brain region that is closely associated with effective treatment
of tinnitus. In this study, we hypothesize that the brain regions
associated with tinnitus, especially the bilateral thalami, may
show volume alterations after sound therapy. This study will
help to gain deeper insight into the changes in the brain after
treatment from a neuroanatomical perspective.

MATERIALS AND METHODS

Standard Protocol Approvals,
Registrations, and Patient Consents
This research involved human participants. All authors have
declared that this research was approved by the Institutional
Review Board (IRB). Written informed consent was obtained
from all subjects enrolled in this study. The protocol was
registered on ClinicalTrials.gov, ID: NCT02774122.

Subjects
All patients and healthy volunteers were recruited in our
institution. In this study, 27 patients with idiopathic tinnitus
were enrolled. The tinnitus sound was described as persistent,
high-pitched sound in both of the ears. The inclusion criteria
were: (1) 18 to 65 years old; (2) right handedness; (3) tinnitus
duration range from 6 to 48 months; (4) no significant hearing
loss (hearing thresholds ≥ 25 dB HL at frequencies of 0.250,
0.500, 1, 2, 3, 4, 6, and 8 kHz determined by pure tone audiometry
[PTA]); (5) willing to receive sound therapy for 12 weeks and
return for reexamination after treatment. The exclusion criteria
included: (1) other kinds of tinnitus (such as pulsatile tinnitus),
Meniere’s disease, sudden deafness, otosclerosis; (2) neurological
signs and/or a history of neurological disease; (3) current chronic
medical illness; (4) a history of head trauma; (5) a cardiovascular,
pulmonary, or systemic disease; (6) claustrophobia experienced
during MRI simulator session. Twenty-seven age-, gender-,
education-, and handedness-matched healthy control (HC)
subjects were enrolled as normal controls. None of the HCs
suffered from tinnitus in the past year. Other exclusion criteria
were the same as previously described. The characteristics of the
subjects are presented in Table 1.

Sound Therapy and Clinical Evaluation
To characterize the tinnitus and prepare for treatment, all of the
enrolled tinnitus patients were examined for tinnitus loudness
matching (L = loudness of tinnitus), pitch matching (Tf = tinnitus
frequency), minimum masking level, and residual inhibition.
Narrow band sound therapy was administered to participants in
the tinnitus group for 12 weeks, three times a day for 20 min
at a time. For each tinnitus patient, the loudness of sound for
treatment was set as L + 5 dB. The frequency was set as a 1 kHz
narrow band when setting the Tf as the middle point of the
delivered sound (Tf± 0.5 kHz; for example, Tf = 4 kHz, low sound
cut = 3.5 kHz, high sound cut = 4.5 kHz). Subjects who could not
pitch-match their tinnitus were not included.

We also asked the patients to fill out the Tinnitus Handicap
Inventory (THI) to assess the severity of tinnitus before and after
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TABLE 1 | Demographic and clinical characteristics of participants.

Characteristics Healthy controls (baseline, n = 27) Tinnitus patients (baseline, n = 27) Tinnitus patients (12th week, n = 27) P value

Age (years,x̄ ± s) 46.6 ± 9.9 46.4 ± 12.0 0.92a

Years of education 11.8 ± 3.0 11.4 ± 2.5 0.63a

Gender (male/female) 12/15 12/15 >0.99b

Center Frequencies NA 4596.2 ± 1492.9 NA NA

Tinnitus duration (months) NA 23.4 ± 10.0 NA

THI score NA 40.0 ± 9.5 19.0 ± 5.2 <0.001c

1THI score NA 21.1 ± 8.3 NA NA

Data are presented as mean ± SD for all variables except gender. THI: Tinnitus Handicap Inventory. 1THI = THIpre–THIpost. NA: not applicable. aTwo-sample t-tests.
bChi-square test. cPaired-samples t-tests.

treatment. The primary outcome of this prospective study was
based on changes in THI score after treatment. A reduction of
at least 16 points in the THI was considered effective treatment
(Zeman et al., 2011). The HC group was not given any kind of
sound during the research.

Data Acquisition
Images were acquired using a 3.0T GE Signa Excite MR
scanner (General Electric Medical Systems, Milwaukee, WI,
United States) equipped with an eight-channel, phased-array
head coil. All imaging studies were performed at the Medical
Imaging Research Center of Beijing Friendship Hospital.
Parallel imaging was employed for data acquisition. High-
resolution 3D structural images were acquired with a 3D-BRAVO
pulse sequence with the following acquisition parameters:
TR (repetition time) = 8.8 milliseconds (ms), TE (echo
time) = 3.5 ms, TI (inversion time) = 450 ms, field of view
(FOV) = 240 × 240 mm, matrix = 256 × 256, and slice
thickness = 1 mm without a gap. In total, 196 slices of images
were obtained from each subject. We acquired the MRI data of
tinnitus patients at baseline and after treatment (week 12). HC
individuals only underwent MRI one time.

Data Preprocessing
Image preprocessing was performed with the VBM8 toolbox
in the SPM8 software package (Statistical Parametric Mapping,
Wellcome Department of Cognitive Neurology, London,
United Kingdom) running in MATLAB (MathWorks, Natick,
MA, United States). The procedures for image preprocessing
have been described in detail in our previous research (Liu
et al., 2018). Briefly, image processing in this work included
spatial normalization using the Montreal Neurological Institute’s
(MNI) 152 template and segmentation of the GM, white matter
(WM), and cerebrospinal fluid (CSF). Only the GM images
were analyzed in this study. Modulation was also applied to
avoid volumetric deformation of the GM due to stretching
and shrinking effects during the normalization procedure.
The modulated GM images were smoothed with a 6 mm
full width at half maximum (FWHM) isotropic Gaussian
kernel. Finally, the smoothed GM images were resampled to a
3 mm × 3 mm × 3 mm voxel size for the statistical analysis.
Subjects with excessive head motion (more than 1.5 mm in
translation or 1.5◦ in rotation) were excluded from the analysis.

Statistical Analysis
Nonparametric test was used in this study. Mann–Whitney U
Test and Wilcoxon Signed-Ranks test were used to extract GM
volumetric changes in this study. A comparison between treated
and untreated patients was performed to examine sound therapy-
induced effects on structural changes. A P value of less than
0.05 was considered statistically significant [false discovery rate
(FDR) corrected].

To prove our hypothesis, Pearson’s correlation analyses
were further conducted to investigate the relationship between
changed GM volume and the clinical characteristics of tinnitus
patients (disease duration at baseline, 1THI score [1THI
score = THIpre–THIpost]). P < 0.05 was set as the threshold to
determine significance. The GM volume results were visualized
with the REST Slice Viewer and BrainNet Viewer1 (Xia et al.,
2013). Pearson’s correlation analysis was performed using
SPSS 17 software (SPSS, Inc., Chicago, IL, United States)
between the THI scores.

RESULTS

Demographics and Behaviors of Study
Participants
In this study, we enrolled 54 subjects, including 27 patients
with idiopathic tinnitus. In this group, we applied VBM to
analyze anatomical changes in the brain before and after sound
therapy. 27 HC individuals were also enrolled. Each group of
subjects was age-, sex-, and education-matched (Table 1). THI
scores were acquired before and after sound therapy. In the data
preprocessing step, none of the subjects were excluded according
to the head motion criteria. Significant longitudinal decreases in
THI scores were observed. The results are summarized in Table 1.

Statistical Analysis Results
Significantly decreased GM volume was found in the left and
right thalami and cochlear nucleus of the tinnitus patients prior
to sound therapy (baseline) compared to participants in the HC
group (Table 2).

As shown in Figure 1 and Table 2, the statistical analysis
demonstrated significant difference in GM volume in the left
thalamus, right thalamus, and cochlear nucleus among the

1http://www.nitrc.org/projects/bnv/
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TABLE 2 | Regions of significant difference with changed GM volumes in the tinnitus patients compared with the HC group according to the voxel-based
morphometry analysis.

Brain Region Number of voxels Peak MNI (X, Y, Z) Nonparametric tests/P Value

G1 vs. G2 G1 vs.G3 G2 vs. G3

L thalamus 44 −22, −20, 8 0.000a 0.001b 0.897b

R thalamus 31 18, −20, 4 0.000a 0.001b 0.622b

Cochlear nucleus 32 −8, −35, −40 0.012a 0.001b 0.095b

(P < 0 05, FDR corrected). G1: Group 1 Tinnitus patients (baseline). G2: Group 2 Tinnitus patients (12th week). G3: Group 3 Healthy control. aWilcoxon Signed-Ranks
Test. bMann–Whitney U Test. Number of voxels: The cluster sizes of the three brain regions, e.g., 44 means this cluster has 44 voxels. MNI: Montreal Neurological Institute.
Peak MNI: The specific positioning of each brain region on MIN template.

FIGURE 1 | The differences in GM volume among the baseline, after 12 weeks of sound treatment and the healthy control groups (Nonparametric tests; P < 0.05,
corrected for false discovery rate simulations; L left, R right). (A) The bilateral thalamus and cochlear nucleus were the brain regions with statistical differences.
Panels (B–D) represent the GM volume changes of each brain region in tinnitus baseline after 12 weeks of sound treatment and HC group. Wilcoxon Signed-Ranks
test was used to compare tinnitus baseline with after 12 weeks treatment; Mann–Whitney U test was used to compare after treatment with normal people, baseline
with normal people. *P < 0.05. The results showed differences in GM volume in the left thalamus, right thalamus, and cochlear nucleus, which are shown in red. L,
left; R, right; the labeled number corresponds to the number in Table 2. The threshold was set as P < 0.05 (corrected). It can be seen that the volume of gray matter
increased after 12 weeks treatment compared to baseline and there was no statistically significant difference between the 12 weeks treatment and HC group.

tinnitus before sound therapy (baseline), tinnitus after sound
therapy (12 weeks), and HC groups.

Compared with the baseline group, the 12-week sound therapy
group demonstrated a significantly higher GM volume in all of
the regions mentioned above.

Compared with the HC group, the 12-week sound
therapy group demonstrated slightly lower GM volume
in the bilateral thalami and slightly higher volume in
the cochlear nucleus, but these differences did not reach
statistical significance.
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Compared with the HC group, the baseline group
demonstrated a lower GM volume in the bilateral thalami
and cochlear nucleus, and there was a significant difference
between the two groups.

The results also showed that in the three brain regions
described above, the GM volume was higher after 12 weeks of
sound therapy than at baseline (Table 3).

Correlation
No correlation results survived the multiple
comparison correction.

DISCUSSION

This is a meaningful longitudinal investigation that specifically
analyzed the changes in GM volume in the bilateral thalami
at baseline and after 12 weeks of sound therapy. Anatomical
changes in the brain were found in patients before and after
sound therapy, mainly in the left thalamus, right thalamus, and
cochlear nucleus. Regarding the morphological and functional
changes associated with tinnitus, most previous studies and our
recent research have focused on functional aspects, including
the use of rest-state and task-state fMRI with 7 Tesla MR
(Berlot et al., 2020), while research on the structural aspects
has been relatively limited, especially for structural changes after
treatment. However, there are structural changes in tinnitus
patients (Schecklmann et al., 2013) and these changes will affect
structure after treatment, so it is necessary to pay more attention
to the structural changes associated with tinnitus patients. Some
previous studies have mentioned additional functional issues but
fewer structural analyses, so the results of this study are important
supplements to original research.

In this study, we found that tinnitus patients had structural
changes after treatment. Although these changes may not be
as significant as functional changes, the results also reflect
the efficacy of sound therapy to a certain extent. One reason
may be that many previous studies have focused more on
functional changes, including local abnormal activities and
abnormal activities of the network, than on structural changes
(Han et al., 2019b). A recent study using two resting-state
functional connectivity (RSFC) approaches to better understand
functional network disturbances associated with tinnitus also
found that there were many changes in brain function level
in tinnitus patients (Leaver et al., 2016). In addition, in recent
research performed before and after 12 weeks of sound therapy
in tinnitus patients, our team also found that there were more
changes in functional connectivity (Lv et al., 2020). A multimodal
neuroimaging meta-analysis investigated the neural substrates
of tinnitus by combining information from whole-brain VBM
studies of GM volume of and ReHo studies of spontaneous
brain activity (Cheng et al., 2020). It reported that increased
volume of GM in the bilateral STG, right middle temporal
gyrus (MTG), and right supramarginal gyrus and decreased
GM volume in the bilateral hypothalamus, left superior frontal
gyrus (SFG), and right occipital lobe were observed in tinnitus
patients (Boyen et al., 2013). Although fewer structural changes

have been found in previous studies, structural changes may
not be as obvious as functional changes but still have important
clinical significance. These brain regions could represent new
neuroanatomical features of patients with tinnitus.

The tinnitus treatment options that have been subjected to
randomized controlled trials (RCTs) include pharmacological
interventions, sound-based interventions, psychological
interventions, magnetic stimulation, electrical stimulation,
manual physical therapy, relaxation therapy, complementary
and alternative medicine (CAM) therapies, and so on (McFerran
et al., 2019). In our study, we applied narrow band noise sound
therapy. After choosing a suitable treatment method, it is
particularly important to pay attention to the duration of the
patient’s illness and the time of treatment. These two factors
have a great impact on the condition of tinnitus and the relief of
the condition. A previous study with the Heidelberg model of
music therapy analyzed comparisons of approximately 1 week
of treatment and found that there were GM volume changes
in the precuneus, medial superior frontal areas, and auditory
cortex (Krick et al., 2015). Husain et al. have investigated
brain structure in tinnitus patients with a minimally modified
version of Mindfulness-Based Cognitive Therapy (MBCT) to
treat symptoms of distress associated with tinnitus, which is
a cognitive behavior therapy. All participants underwent a
complete audiological evaluation during a screening phase and at
subsequent pre-intervention (week 0), post-intervention (week
8), and follow-up (week 16) assessments. VBM analysis revealed
clusters in bilateral SFG that exhibited significant increases
in gray matter volume over the period of intervention and
follow-up. Furthermore, gray matter changes in occipital and
cingulate regions correlated with declines in tinnitus handicap
(Husain et al., 2019). The analysis in our study was performed
after 3 months of treatment with narrow band sound therapy,
with a longer treatment time and a relatively better treatment
effect. Therefore, the morphological changes may be different
from those of previous studies, which is supported by our results,
although a study reported that the overall evidence for structural
abnormalities specifically related to tinnitus is poor at present
(Adjamian et al., 2014). Outcomes are divergent and even
contradictory across these studies, so we should listen to different
opinions, which is conducive to a balanced view of our research.

In this study, it was found that patients with tinnitus had better
treatment outcomes, and the brain regions with morphological
changes were the bilateral thalami and cochlear nucleus. Our
results showed GM volume changes in the bilateral thalami,
which also illustrated the importance of the thalamus in tinnitus
treatment. Previous research by our team has also found that the
thalamus is a very important brain area and it plays a critical role
in the perception of tinnitus (Han et al., 2019b). It is also a brain
relay area that regulates sensory information flow to and from
the auditory cortex (Rauschecker et al., 2010; Leaver et al., 2011).
A study reported that thalamic regional expansion may signify
dysfunctional auditory gating in the thalamus, where inhibition
of tinnitus signals at the level of the thalamus is disrupted due to
abnormal changes in the limbic system, ultimately leading to the
perception of tinnitus (Tae et al., 2018). This is consistent with
the results of this study. In addition to the thalamus, there are also
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TABLE 3 | VBM-derived brain regions that are critical to VBM prediction, ranked by their changed in treatment time.

Brain Region Peck MNI (X, Y, Z) Volume in patients (baseline, n = 27) Volume in patients (12th week, n = 27) Volume in HC (mm3)

L thalamus −22, −20, 8 0.17 (0.08–0.27) 0.39 (0.33–0.51) 0.72 (0.41–0.90)

R thalamus 18, −20, 4 0.10 (0.07–0.13) 0.23 (0.20–0.28) 0.20 (0.12–0.41)

Cochlear nucleus −8, −35, −40 0.51 (0.32–0.70) 0.83 (0.58–0.97) 0.73 (0.48–0.87)

Data are presented as quartile for all variables. The GM volume after 12 weeks treatment increased compared with the baseline GM volume, which was closer to the
normal subjects.

some other important brain regions that affect tinnitus. Although
they did not show morphological changes after treatment, they
have functional changes and have been found in our previous
research. Therefore, the results also show that structure and
function do not necessarily change simultaneously, and changes
between the two should be analyzed objectively.

The cochlear nucleus is referred to as a single entity but is
the first relay station of the brainstem to receive auditory pulses.
The cochlear nucleus is divided into the ventral cochlear nucleus
(VCN) and the dorsal cochlear nucleus (DCN). The cochlear
nerve further divides the ventral nucleus of the cochlea into
an anteroventral cochlear nucleus (AVCN) and posteroventral
cochlear nucleus (PVCN) (Mishra et al., 2018). These direct
synaptic connections from one cochlear nucleus to the other
could play a significant role in non-lateralized tinnitus (Levine
and Oron, 2015). Our results are mostly concentrated on the left
DCN. We will continue to study the role of the cochlear nucleus
in tinnitus in the next experiments.

Limitations
There are several limitations in this study. First, the current
sample size is small. There was no relationship between changes
in GM volume and THI scores in tinnitus patients, which may
be due to the small sample size in this study. Further studies
should include a larger sample size, such as more than a hundred
patients, which would improve the results. Of course, collecting
so many subjects for treatment is also a challenge. Second, this
study did not include a sham treatment group, so there may be
some placebo factors that cannot be completely ruled out. Third,
we only used the baseline data of HC group as control group.
In the next study, we will also follow up the HCs with the same
time point. Fourth, the tinnitus patients included in this study did
not have significant hearing loss, which represents only a portion
of patients with different types of tinnitus. Fifth, subjects who
could not pitch-match their tinnitus were not included. Lastly,
although many studies have used VBM to better understand
tinnitus, the results may be inconsistent. There is a pressing need
to standardize the use of VBM when evaluating tinnitus patients
(Scott-Wittenborn et al., 2017). We should pay further attention
to tinnitus heterogeneity, which could be expressed in terms of
treatment response (Simoes et al., 2019). Research using machine
learning may be helpful.

CONCLUSION

This study analyzed the anatomical changes in tinnitus patients
before and after treatment for 3 months. The effects of sound

therapy includes alterations in brain volume, especially in the
bilateral thalami.
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Tinnitus is the perception of sound without the occurrence of an acoustic event. The
deficit in auditory sensory or echoic memory may be the cause of the perception
of tinnitus. This study considered the mismatch negativity (MMN) to investigate
the potential difference between and within groups of persons with normal hearing
(NH) and tinnitus. Using an auditory multi-feature paradigm to elicit the MMN, this
study considered the MMN peak amplitude at two central frequencies for two MMN
subcomponents. These central frequencies were 1 and 5 kHz, which the latter was
closer to the perceived tinnitus frequency in the group with tinnitus. The deviants were
higher frequency, lower frequency, higher intensity, lower intensity, duration, location
(left), location (right), and gap. The pure tone audiometry (PTA) test and distortion
product otoacoustic emissions (DPOAE) test showed no meaningful difference between
the two groups. For the frontal subcomponent, the mean amplitudes of the MMN peak
for the two groups illustrated less negative meaningful MMN peak amplitudes in the
group of persons with tinnitus. For the supratemporal component at 5 kHz central
frequency, amplitudes were lower for the group of persons with tinnitus, whereas for the
central frequency of 1 kHz, most deviants exhibited meaningful differences. Additionally,
within-group comparisons indicated that mean amplitudes for both groups were more
negative at the central frequency of 1 kHz for the frontal MMN subcomponent. In
comparison, the supratemporal component illustrated a lower peak amplitude at 5 kHz
central frequency in the group of persons with tinnitus and no difference in the NH
group, which is a unique observation of this study. Results of the between-groups
are in accordance with previous studies and within-group comparisons consider the
probability of decreasing the change detection capability of the brain. The results of this
study indicate that increasing the frequency of the stimuli close to the tinnitus perceived
frequencies decreases the prediction error, including the prediction error of the silence.
Such a decrease may cause the prediction error of the spontaneous neural activity in
the auditory pathway to exceed the silence prediction error, and as a result, increases
the probability of occurrence of tinnitus in higher frequencies according to the predictive
coding model.

Keywords: tinnitus, electroencephalogram, mismatch negativity, multi-feature paradigm, change detection,
echoic memory, sensory-memory hypothesis
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INTRODUCTION

Tinnitus and MMN
Tinnitus is the common symptom of “ringing in the ear,” the
scientific definition of which is sound perception without an
acoustic event (Baguley, 2002). Persons with tinnitus generally
report differing sensations, ranging from soft pitch to high
frequencies. This symptom induces sleeplessness and a drastic
lack of concentration. The symptoms affect more than 45 million
people in the United States, and approximately 20% of the world
population (Tinnitus Archive, 2017). Ample evidence suggests
that the mechanism of tinnitus involves maladaptive plasticity
in both classic and non-classic auditory pathway (Eggermont,
2003; Noreña and Eggermont, 2003). The non-classical auditory
pathways are multi-modal sensory inputs to the auditory and
limbic systems, and extralemniscal pathways (Saunders, 2007).
Other studies suggest a deficiency in the paralimbic system,
limbic system, the engagement of attention and memory, or the
output of cochlea may play a role in the generation of tinnitus
(Rauschecker et al., 2010; Husain et al., 2011; Schaette and
McAlpine, 2011; Kraus and Canlon, 2012). These deficiencies
imply the involvement of distress, emotion, attention, memory,
and other networks in the tinnitus occurrence. Among the
theories describing this symptom, are deficiencies in auditory
sensory-memory and pre-attentive central auditory processing
mechanisms (Mahmoudian et al., 2013).

Mismatch negativity (MMN) is an auditory event-related
potential (ERP) component that includes the presence of a
deviant-tone stimulus among frequent standard-tone stimuli.
The brain generates an early negative response waveform
approximately 140–210 ms after a stimulus violates a regularity
in the preceding auditory tones. The way the deviant tone
differs from the standard tone characterizes different domains
of the MMN. As such, the deviant tone must differ in at
least one physical feature compared to the standard tones
(Davalos et al., 2005).

There are two main interpretations of the MMN mechanism.
In the sensory-memory hypothesis, MMN is an index of auditory
sensory or echoic memory, context-dependent information
processing primarily at the level of auditory cortices, and
sound discrimination accuracy (Umbricht and Krljes, 2005;
Kujala et al., 2007; Niznikiewicz et al., 2009). According to
this hypothesis, standard stimuli create a neural representation
and a memory trace. The change detection system elicits the
MMN by finding a different stimulus (Näätänen and Alho, 1995;
Näätänen et al., 2005). Using the sensory-memory hypothesis,
Friston (2005) introduced a hierarchal predictive error model
and suggested that standard inputs may cause a prediction of
lower input in higher levels of the brain model. Accordingly,
this prediction transfers to lower levels through backward
connections and when the prediction is incompatible with
the input of lower levels, a prediction error occurs which
elicits the MMN (Friston, 2005). Many previous studies have
used the sensory-memory hypothesis to interpret the results of
such investigations (Näätänen et al., 2005; May and Tiitinen,
2010; Fishman, 2014). Another interpretation of the MMN
mechanism is the adaptation hypothesis, where a regular stimulus

causes an attenuated response in a specific neural population,
sensitive only to that stimulus. A non-regular (deviant) stimulus
causes a distinct neural population to fire, which, due to less
frequent stimulation, is not subject to attenuation. The neuronal
population produces a stronger response and subtraction of these
responses can thus elicit the MMN (May et al., 1999; May and
Tiitinen, 2010).

Previous studies suggest at least two subcomponents for
the MMN. Nose-referenced mastoid electrodes can detect the
supratemporal component (Näätänen et al., 1978, 2007; Giard
et al., 1990; Fishman, 2014). The supratemporal component
may reflect the sensory memory change detection aspect
of the MMN (Giard et al., 1990; Tse et al., 2013), whereas
the frontal component associates with an involuntary
attention-switching process (Giard et al., 1990; Fishman,
2014). The electroencephalogram (EEG) signal detects the
frontal component in the right hemisphere of the brain,
although some studies point to the involvement of the left
inferior frontal gyrus (IFG) (Giard et al., 1990; Fishman, 2014;
Hofmann-Shen et al., 2020).

Literature Review
In 1996, Jacobson and colleagues compared the selective auditory
attention between the individuals with and without tinnitus
symptoms. The study included 37 participants with tinnitus
who had normal hearing (NH) sensitivity to frequencies under
1500 Hz and 15 NH participants. All participants experienced
four stimuli conditions with 500 and 1000 Hz frequencies. The
MMN latency difference between groups was non-significant,
while the group with tinnitus showed significantly larger MMN
amplitude. The authors observed this effect a posteriori and
suggested that there is more attentional processing of the stimuli
in the group with tinnitus (Jacobson et al., 1996). To test
the Lesion-Edge (LE) hypothesis, Weisz et al. conducted a
study involving 15 participants with tinnitus and high-frequency
hearing loss, alongside a group of 15 persons with NH. The
standard stimulation represented two conditions: (1) an LE
condition in which the frequency of the stimulation was the
lowest frequency before the hearing threshold decreased and
(2) a control condition in which the frequency of the stimuli
was one octave below the LE frequency. The study utilized
deviants of 1, 2, and 4% lower frequencies than the standard
stimulation. Results showed that in the group with tinnitus, as
the distress was intensified, the difference between mismatch-
related sources became more negative. The study reported
significantly higher normalized amplitude of MMN in the LE
condition for the 1% deviants and lower normalized amplitude
for 2% deviants in the group with tinnitus compared to the
NH group, while the results showed no significant difference
in the control condition (Weisz et al., 2004). A later study
utilized the MMN to verify habituation deficits in 25 NH
participants with severe tinnitus compared to 13 participants
with NH as the control group. The standard stimulus was
a single tone sound with a frequency of 1000 Hz and an
intensity of 70 dB sound pressure level (SPL), and the frequency
of the deviant stimulus was 1100 Hz. The study compared
the mean latency and amplitude of the MMN between two
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groups, where mean latencies in both ears were significantly
higher for the control group (Holdefer et al., 2013). A different
study investigated the effects of the acoustic stimulus on the
auditory sensory memory. The study involved 28 participants
with chronic tinnitus and 33 persons in a healthy control
group. A multi-feature paradigm for five deviants inclusive of
frequency, intensity, duration, location, and silent gap extracted
the MMN component and the amplitude, latency, and area
under the curve of the MMN component. Results showed
significantly more negative mean amplitude and higher area
under the curve of the MMN component in frequency, duration,
and silent gap deviants for the control group compared to the
group of persons with tinnitus. In contrast, other parameters
and deviants did not exhibit significant differences between
groups. The results indicated that the silent gap MMN was
most affected by tinnitus and also a possible deficit in auditory
memory mechanisms involved in pre-attentive change detection
in participants with tinnitus (Mahmoudian et al., 2013). To
investigate the effect of transcranial magnetic stimulation (rTMS)
on persons with subjective tinnitus, before and after treatment,
Yang and colleagues extracted MMN and compared groups
of persons with and without tinnitus while examining the
treatment effect on that MMN. Twenty tinnitus patients with
NH or mild hearing loss and 16 NH control group took part
in the experiment. The investigation used a regular pure tone
1000 Hz stimulus for 85% of the trials and a target pure tone
of 1500 Hz stimulus in 15% of the trials to elicit the MMN.
The amplitude of the MMN was significantly lower in the group
with tinnitus before the treatment compared to the control
group and also lower compared to the group with tinnitus after
rTMS treatment, evaluated through the Fz channel. The study
concluded that tinnitus is due to the impairment of an initial
sensory memory mechanism in the temporal lobe (Yang et al.,
2013). The attentional bias in individuals with decompensated
tinnitus was the focus of another study by Li and colleagues.
The study involved seven participants with unilateral chronic
subjective tinnitus and hearing loss in the tinnitus-affected ear
and 14 individuals with NH as the control group. The standard
stimulation was a pure tone 8500 Hz frequency sound, and
the study used two pure tone deviants with 8000 and 9000 Hz
frequencies to elicit the MMN. The study reported that the
9000 Hz frequency induced a significant MMN in the group
with tinnitus, and the amplitude of ERP between 90 and 150 ms
was significantly higher in the group with tinnitus compared
to the control group. The study proposed that persons with
tinnitus may utilize automatic processing of acoustic stimuli
and therefore may allocate more cognitive resources for such
processing (Li et al., 2016).

Problem Specification and Assumptions
As explained in Section “Tinnitus and MMN,” maladaptive
plasticity in the primary and non-primary auditory pathway
may result in tinnitus. Hence, investigating and searching for a
parameter that can extract the maladaptive plasticity will be of
importance. Previous studies suggest that the MMN is an index
of central auditory system plasticity (Näätänen, 2008; Garrido
et al., 2009), and studying the changes of the MMN in tinnitus

patients may provide essential information about the underlying
mechanisms of tinnitus.

Many types of stimulus changes can elicit the MMN, including
pitch, frequency, duration, and intensity. Subtracting the ERP
waveform caused by a standard event from the ERP waveform
of the deviant event usually produces the MMN. The difference
wave reflects the processing of change between the two stimulus
events and depicts a negativity presented over frontotemporal
electrode locations that peaks around 100–200 ms post-stimulus
presentation. More accurately, exact parameters depend on the
nature of the deviance, the task paradigm, the stimuli, and the
population under study (Näätänen, 1995).

Analytical and Statistical Models and
Methods
Mismatch negativity is a component of the auditory ERP.
Thus, investigation of the MMN may utilize extant analytical
approaches employed for the study of ERP components.

Signal Averaging
The amplitude of the ERP components is usually smaller than
the amplitude of the background ongoing EEG (Mouraux and
Iannetti, 2008). Therefore, it is essential to enhance the signal
to elicit the desired ERP. Dividing the signal into epochs and
averaging these epochs time-locked to a specific latency is a
proposed method to improve the ERP components (Burns
et al., 2013). The method requires repeating the event enough
times and assumes that the ERPs are stationary (i.e., the
mean value of the ERPs is constant over epochs). Therefore,
the averaging procedure does not affect the ERP components.
Since background ongoing EEG has zero-mean noise and is
uncorrelated to the ERPs, averaging cancels out most of the
background EEG noise (Mouraux and Iannetti, 2008). The
averaging scheme is,

y1 = ERP1 + η1

y2 = ERP2 + η2

.

.

.

yn = ERPn + ηn

where y is the signal acquired for each epoch and η is
background ongoing EEG, and therefore the averaged signal is,

yaveraged = ERPaveraged

Previous studies generally utilized two common methods of
averaging. The stimulus-locked averaging method locks to the
onset of the stimulus and investigates the sensory and cognitive
aspects of the brain. The response-locked averaging scheme
locks to the motor response in studies that the participants
must respond to the stimuli (Berchicci et al., 2016). The current
study utilizes stimuli and does not require a response from
the participants, and therefore employs the former method of
averaging, namely, the stimulus-locked scheme.

Frontiers in Neuroscience | www.frontiersin.org 3 October 2020 | Volume 14 | Article 543134201

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


fnins-14-543134 October 18, 2020 Time: 12:5 # 4

Asadpour et al. Change-Detection Activity in Chronic Tinnitus

Baseline Correction
It is common to measure the amplitudes of the ERP components,
including the MMN, relative to the mean of the pre-stimulus
baseline (Woodman, 2010). Nevertheless, there may be a
systematic pre-stimulus neural activity that may not affect the
activity after the onset of the stimulus, and using a mean pre-
stimulus baseline will copy this activity into the post-stimulus
data (Urbach and Kutas, 2006; Maess et al., 2016). Also, high-
pass filters may induce artifacts that affect the baseline and peaks
(Acunzo et al., 2012; Tanner et al., 2016). Therefore, a more robust
baseline selection is necessary in order to reduce the effects of
noise and artifacts.

Independent Component Analysis
Independent component analysis (ICA) is a higher order
statistical technique that attempts to recover linearly independent
components of an observed signal source by reducing the
statistical dependence of an observed collection of signals. The
scheme can effectively remove artifacts, such as eye blink and
electrocardiogram (ECG) signal from the EEG data. Marco-
Pallarés et al. implemented the combined ICA-low resolution
brain electromagnetic tomography (LORETA) to extract the
MMN subcomponents. However, the accuracy of the extracted
subcomponents was low due to the limited number of the EEG
channels and low accuracy of the LORETA in general (Marco-
Pallarés et al., 2005). The use of the ICA is highly effective
in performing the blind source separation (BSS) of the EEG
for several reasons. The data recorded by multiple electrodes
are nominally presumed to be a linear mixture of temporally
independent sources arising from spatially fixed areas (Zhou
and Gotman, 2005). Two consecutive studies compared common
techniques of artifact removal and concluded that the ICA-based
methods were effective at separating various types of artifacts
from the EEG, without requiring to mask cortically generated
signals (Jung et al., 2000a,b).

The basic ICA model has n observed random variables, xi,
which is a linear combination of n statistically independent
random sources, si (Hyvarinen et al., 2001):

xi = ai1s1 + ai2s2 + . . . + ainsn i = 1, 2, . . . , n

The matrix notation usually presents the model as noted
below, where Ex represents the vector of observed signals at any
given time, A is the mixing matrix of all mixing coefficients, and Es
is a vector of independent source signals at any given time. Next,
W is defined as the inverse of the non-singular A matrix and
hence Ex and Es vectors are (Krishnaveni et al., 2006).

Ex = AEs

Es = WEx

Most of the previous studies mainly utilized frequency
deviants to compare the MMN characteristics between groups.
These studies neither evaluated nor compared the changes of
the MMN features in persons with tinnitus as the standard

stimulation frequency changed drastically and moved closer
to perceived tinnitus frequency. The current study utilizes a
multi-feature paradigm in two central frequencies in order
to investigate the features of the MMN between participants
with subjective chronic tinnitus and the NH control group
and within each group between two central frequencies. These
features may explain the occurrence of tinnitus symptoms based
on the sensory-memory hypothesis. Section “Materials and
Methods” explains materials and methods for implementing the
experiments inclusive of the selected paradigm, characteristics
of the participants, and the data processing scheme. Section
“Results” presents the results of the proposed protocols followed
by Section “Discussion,” which provides a comprehensive
discussion of the results inclusive of the sensory-memory
hypothesis of the MMN mechanism.

MATERIALS AND METHODS

Experimental Setup
Frequently, studies utilize the MMN through a classic two-
stimulus auditory oddball implementation. The experimental
protocol commonly allows for the random presentation of a
rare auditory deviant within a train of repetitive standards. Such
an approach has several drawbacks. The most notable of these
drawbacks is the allotted time requirements for paradigms, which
bounds the responses to only two different deviant types. In a
more efficient approach, Näätänen et al. (2004) suggested the use
of a multi-feature MMN paradigm, where the MMN from up to
five different deviants can be recorded in a relatively short period
of time (Fisher et al., 2008). The utilized paradigm illustrated
increased sensitivity compared to traditional MMN tasks. These
results indicate that as different MMN deviant types probe diverse
auditory information processing, the use of a multi-feature MMN
paradigm will allow greater accuracy in profiling the deficits
(Thönnessen et al., 2008).

Design
The current study considered a multi-feature paradigm
(Näätänen et al., 2004). In the multi-feature MMN paradigm, the
standard stimuli were tones of 75 ms duration composed of three
sinusoidal partials of 500, 1000, and 1500 Hz as low-frequency
stimuli and three sinusoidal partials of 4500, 5000, and 5500 Hz
as high-frequency stimuli, which are close to the tinnitus
perceived frequency. Here, the intensity of 1000 and 1500 Hz
partials, and 5000 and 5500 Hz partials were lower than that of
the 500 and 4500 Hz by 3 and 6 dB, respectively.

Additionally, the deviant tones differed from the standard
tones in frequency, duration, intensity, perceived location of
sound origin, or contained a gap in the middle of the tone.
All stimuli were presented through two stereo speakers (except
for the intensity deviants) at the SPL of 70 dB with equal
phase intensity for each channel. Half of the frequency deviants
were 10% higher, while the other half were 10% lower than the
standard frequency. Also, half of the intensity deviants were 10%
higher, while the other half were 10% lower than the standard
intensity. The perceived difference between the standard tone and

Frontiers in Neuroscience | www.frontiersin.org 4 October 2020 | Volume 14 | Article 543134202

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


fnins-14-543134 October 18, 2020 Time: 12:5 # 5

Asadpour et al. Change-Detection Activity in Chronic Tinnitus

the location deviant was approximately 90◦, and the chance in
the perceived location of sound origin was obtained by creating
a time difference of 800 µs for half of the location deviants to
the right channel and half of the deviants to the left channel. The
duration deviant was 25 ms, while the gap deviant was created by
removing 7 ms (including 1 ms rise and fall) from the middle of
the standard stimulus.

This case-control and comparative study was conducted on
adults with chronic subjective tinnitus referred to a tertiary
educational referral outpatient center. All participants gave
written informed consent, and the protocol was approved by the
Medical Research Ethics Committee and the Board of clinical
research at ENT and Head and Neck Research Center of Iran
University of Medical Sciences (ENT-IUM), Tehran, Iran, with
reference number IR.IUMS.REC.1393.9011369004. The study
was clearly described to the participants, and the protocols of this
investigation were in line with the Declaration of Helsinki.

Participants
This study utilized 28 participants (22 males and six females,
Mean ± 95% CI: 42 ± 5 years old) experiencing chronic
tinnitus and 11 individuals as NH control group (eight males
and three females, Mean ± 95% CI: 29 ± 8 years old). The
age difference between groups was large according to Cohen’s
criteria (Cohen, 1988) and significant (F1,36 = 9.562; p < 0.01;
η2
p = 0.210; 95% CI [−21.12,−4.38]). Adult persons with a history

of chronic tinnitus who were previously admitted to the tinnitus
clinic of ENT and Head and Neck Research Center in Hazrate
Rasoul Hospital, Iran University of Medical Sciences between
December 2015 and March 2017, were included in this study.
The inclusion criteria were: (1) definite diagnosis of chronic
subjective idiopathic tinnitus (>6 months), confirmed by both an
audiologist and an otorhinolaryngologist; (2) age 18–55 years old;
(3) normal external and middle ear function checked via otoscopy
and tympanometry; (4) Behavioral pure tone audiometry (PTA)
threshold levels ≤ 20 dB hearing level (HL) in octave frequencies
of 250–2000 Hz and not more than 40 dB HL in frequencies of
4000 and 8000 Hz; (5) ability to read, speak, and write in the
Persian language; and (6) agreement to take part in the study and
complete the follow-up. The exclusion criteria were: (1) history of
chronic neurological or auditory diseases; (2) history of exposure
to excessive noise, acoustic trauma, ototoxic agents, head
trauma, and whiplash injury; (3) use of neurological/psychiatric
medications within the past 3 months; (4) pregnancy or
breastfeeding; (5) temporomandibular disorders; (6) receiving
treatment for tinnitus within the past 3 months; (7) alcohol or
drug abuse; (8) head and neck disease or space-occupying lesion;
and (9) tinnitus secondary to a systemic disease.

Subjective measures of loudness, annoyance, and awareness
are captured in widely used scales in the form of a visual
analog rating scale (VAS) (Landgrebe et al., 2012; Theodoroff and
Folmer, 2013). Another method for assessing tinnitus distress
is through the use of questionnaires. A handful of self-report
questionnaires have been validated for use in participants with
tinnitus (Landgrebe et al., 2012). Most established questionnaires,
namely, the Tinnitus Handicap Inventory (THI), the Tinnitus
Handicap Questionnaire (THQ), and the Tinnitus Questionnaire

(TQ) (Heller, 2003; Landgrebe et al., 2012; Theodoroff and
Folmer, 2013) yield highly inter-correlated scores. This study
used THI and TQ as the questionnaires for evaluating
tinnitus distress.

Acquisition Protocols
The protocol of this study has two stages: (1) behavioral and
physiological evaluations and (2) EEG acquisition.

Behavioral and Physiological Evaluations
Psycho-acoustical evaluations
In this study, psycho-acoustical evaluations were performed to
characterize the subjective description of tinnitus. The psycho-
acoustical evaluations included pitch matching of tinnitus
(PMT), loudness matching of tinnitus (LMT), minimal masking
level (MML), and acoustical residual inhibition (RI) procedures.
The procedures which were implemented through the TinnED R©

device were conducted as the criteria to qualify individuals
for the study. The TinnED R© was designed at the ENT-IUM
and met the calibration standards for audiometric equipment
as recommended by the American Standard Specification for
Audiometers, S3.6-2004.

Pitch matching of tinnitus and LMT were evaluated using
external tones which were presented to the contralateral ear
by a headphone (Sennheiser, HDA 280). The TinnED R© device
accomplished the required tasks by recording six channels
to reconstruct the most troublesome tinnitus (MTT) with a
similar frequency and intensity. The device is a computer-based
sound synthesizer with dedicated software that is adapted to
the standards for tinnitus assessments. The device provides an
opportunity to present required tones and noise with variable
frequency and intensity, individually or mixed, in order to
synthesize tinnitus. Thus, the mentioned device may provide
sound characteristics that are most similar to tinnitus.

Pitch and loudness match tests were performed contralateral
to the ear experiencing tinnitus. LMT was obtained at each of
the test tone frequencies regardless of the pitch of the tinnitus.
The sound level was increased in 1 dB steps until the participant
reported that the external tone is just equal to the loudness of
the tinnitus. Thereby, the loudness of tinnitus was established
according to the dB sensation level (dB SL). The test tone was
started below the individual’s hearing threshold in the ascending
series of intensity levels to minimize loudness changes of tinnitus.
For the tinnitus pitch-match test, a two-alternative forced-choice
method was administered. Different pairs of pitch sounds were
generated at 15 frequencies (from 125 Hz to 12 kHz) to match
the loudness of the tinnitus; then, the pitch was decreased or
increased. Next, each participant was asked to identify the tone
that best matched the pitch of the participant’s tinnitus. The
pitch-match test was performed typically in multiples of 1 kHz.
Then, an octave confusion test was administered to improve
tinnitus frequency verification. Finally, the loudness obtained at
PMT was considered as LMT.

The VAS, Persian TQ (P-TQ) (Daneshi et al., 2005), and
Persian THI (P-THI) (Mahmoudian et al., 2011) were obtained
from participants to assess the severity of tinnitus. The
participants with severe chronic tinnitus having scores more than
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44% in P-TQ, 39 in P-THI, LMT of more than 6 dB SL, and scores
more than 6 out of 10 points in VAS were enrolled in the study.

Physiological evaluation
Distortion Product Otoacoustic Emissions (DPOAE) test was
performed (PATH MEDICAL GmbH1) using nine different
frequency combinations of primary tones (0.05, 1, 1.5, 2, 3, 4, 5, 6,
and 8 kHz) to assess cochlear function. The intensity levels were
L1 = 55 and L2 = 65 dB SPL and ratios of f1/f2 = 1.22 and the
evoked responses for 2f1− f2 were assessed.

EEG Acquisition
Participants seated in an acoustically and electrically shielded
room during the EEG recording sessions. Participants were
instructed to completely relax their muscles while minimizing
movements and eye blinking. Instructions also required the
participants to attend, during the data acquisition periods, to
a silent nature-based documentary video with Persian subtitles.
During the data gathering periods, two loudspeakers presented
the auditory stimuli at azimuths of ca. +45◦ and ca. −45◦
from the meridian.

A total of 200 sounds were presented in each block with
four blocks per participant. Three first blocks consisted of 100
deviant tones and 100 standard tones between every two deviants
as high-frequency stimuli. The last block contained 100 deviant
tones and 100 standard tones between every two deviants as
low-frequency stimuli according to the multi-feature paradigm
(Näätänen et al., 2004). Additionally, a 3-min preassessment of
EEG signal was acquired from each participant under conditions
of open eyes, open eyes with hyperventilation, and closed eyes
with 1 Hz flashing strobe. The inter-stimulus interval (ISI) was

1http://www.path-medical.de

825 ms. Figure 1 illustrates the multi-feature MMN paradigm
and stimuli features.

Electrical brain activities were recorded using 64−channel
BRAIN QUICK LTM (Micromed, Italy) referenced to the tip
of the nose. Twenty-nine scalp sites (FP1, FPz, FP2, F7, F3,
Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8,
TP7, CP3, CPz, CP4, TP8, P3, Pz, P4, POz, M1, and M2) were
selected according to the International 10−10 system, to place
Ag/AgCl electrodes. Two channels (M1, M2) were recorded
from individual electrodes placed on the left and right mastoids.
A LO1 electrode was placed on the outer canthus of the left
eye to provide horizontal electrooculogram (EOG) data and the
IO1 electrode on the infraorbital ridge acquired potentials due
to blinks and vertical eye movements. Recordings from both
EOG electrodes were referenced to the tip of the nose in the
unipolar montage. The ground electrode was placed between the
Fz and FPz sites. Inter-electrode impedances were kept below
10 k� and the sampling frequency was 1 kHz. The online
filter was a band-pass filter of 0.4–200 Hz. Neurobehavioral
Systems Presentation software (Albany, CA, United States) was
used to present the auditory stimuli, and each stimulus onset
was automatically recorded by inputting markers within the
presentation file and through inserting a pulse trigger in one of
the EEG channels.

Pre- and Post-processing and Analysis
Electroencephalogram data were imported to MATLAB
2013a, and a 3380th-order zero-phase finite impulse
response (FIR) filter was used for band-pass filtering on
the continuous unsegmented data, with cut-off frequencies
(6 dB point) of 0.5 and 20.5 Hz and a transition band
of 1 Hz. The ICA with 29 components was applied on
the filtered signal to remove eye blinks, ECG and EOG,
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FIGURE 1 | Diagram illustrating multi-feature mismatch negativity (MMN) paradigm and stimuli features.
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using the runica infomax algorithm. The FIR filter and
ICA were created by the EEGLAB toolbox for MATLAB
(Delorme and Makeig, 2004).

After ICA, signals were separated into epochs (950 ms)
inclusive of a 50 ms pre-stimulus interval relative to time pulses.
The epochs whose channel voltage exceeded ±50 µV were
removed. For each participant, standard and deviant evoked
responses were averaged, and then the standard average was
subtracted from each deviant average in order to determine
the MMN wave. The MMN amplitude was the peak negative
amplitude occurring during the period of 110 and 200 ms and
was labeled under the supervision of a neuroscientist.

Baseline Selection
As explained in Section “Baseline Correction,” a robust baseline
selection that is not affected by pre-stimulus neural activities and
other baseline variations is crucial. To achieve this goal, a baseline
was proposed in this study with respect to the labeled MMN
peak. The baseline was defined as the amplitude of one of the two
extremums next to the MMN peak, which had a lower amplitude
difference than the MMN peak. Figure 2 illustrates the baseline
selection for the MMN peak.

Temporal Features
After baseline selection, the amplitude of labeled MMN peaks
was calculated for six channels (F3, Fz, F4, FC3, FCz, and
FC4) where MMN had the highest activity in the region of
interest (ROI) channels extracting the frontal subcomponent
of the MMN (Giard et al., 1990; Li et al., 2016). Also, for

extracting the supratemporal subcomponent of the MMN,
peaks were calculated for two channels, namely, M1 and M2
(Näätänen et al., 1978).

Analytical Methods
Five different independent variables were considered for the
frontal subcomponents, namely, Groups, Central Frequencies of
the stimuli, Deviant Types, Frontality of the EEG channels, and
Laterality of the EEG channels. The MMN peak amplitude was
the dependent variable. Therefore, a 2 (Group: Tinnitus, NH)× 2
(Deviant central frequency: 1 kHz, 5 kHz) × 8 (Deviant type:
Higher Frequency, Lower Frequency, Higher Intensity, Lower
Intensity, Duration, Location (Left), Location (Right), Gap) × 2
(Frontality: F, FC) × 3 Laterality (3, z, 4) mixed analysis of
variance (ANOVA) was used to investigate the main effects
and their interactions in the frontal subcomponent for each
temporal feature. Also, a 2 (Group: Tinnitus, NH) × 2 (Deviant
central frequency: 1 kHz, 5 kHz) × 8 (Deviant type: Higher
Frequency, Lower Frequency, Higher Intensity, Lower Intensity,
Duration, Location (Left), Location (Right), Gap) × 2 Laterality
(1, 2) mixed ANOVA was used to investigate the main effects
and their interactions in the supratemporal subcomponent for
each temporal feature since this subcomponent does not include
Frontality of the EEG channels. Mixed ANOVA with a critical α of
0.05 was used to evaluate the main effects and interactions. Since
the age difference was significant between the groups, the age of
the participants was added as a covariate to investigate any age-
related effects on the results. The ANOVA was performed using
SPSS v. 20 with type IV sum of squares.

-50 0 50 100 150 200 250 300 350 400
Time [ms]

-15

-10

-5

0

5

10

15

Am
pl

itu
de

[u
V]

MMN in Channel Fz

MMN
Deviant
Standard

Suggested MMN Baseline

MMN Peak

Max Before MMN Peak

Max After MMN Peak

FIGURE 2 | Baseline selection for MMN peak.
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Because of noise and artifact contaminations, the database had
missing values for some participants. Therefore, in order to utilize
the data of all the participants for mixed ANOVA, this study
implemented an imputation on the data and replaced the missing
values with imputed values (Jakobsen et al., 2017; Kanemura
et al., 2018). The method of imputation was linear regression with
singularity tolerance of 10−12 using five imputations with 1000
iterations. The default sphericity correction method for repeated-
measures variables in this study was Huynh–Feldt correction,
where ε was higher than 0.75. Otherwise, the Greenhouse–Geisser
method was used to correct the inferential statistics of main
effects and interactions. Also, the effect size of the comparisons
is reported as small, medium, and large according to Cohen’s
criteria (Cohen, 1988).

For further investigation, the results of the univariate ANOVA
were calculated between the group with tinnitus and the NH
control group for 2 (Group: Tinnitus, NH) × 8 (Deviant type:
Higher Frequency, Lower Frequency, Higher Intensity, Lower
Intensity, Duration, Location (Left), Location (Right), Gap) and
within each group for 2 (Deviant central frequency: 1 kHz,
5 kHz) × 8 (Deviant type: Higher Frequency, Lower Frequency,
Higher Intensity, Lower Intensity, Duration, Location (Left),
Location (Right), Gap). Furthermore, when the Levene’s test of
homogeneity of variance was violated, the Kruskal–Wallis H
test was implemented to investigate the significant differences
between and within groups.

RESULTS

This study compares the behavioral and physiological results
as well as the “Peak Amplitude” features, extracted from
the data in the frontal and supratemporal subcomponents.
As an overview, behavioral and physiological results are
depicted in Section “Behavioral and Physiological Results,”
including PTA and DPOAE comparisons. Result of the
comparisons between the group with tinnitus and the NH
group depicts a small and non-significant difference. Section
“MMN Results” presents the inferential statistics of the
main effects and interactions of the mixed ANOVA for the
independent variables affecting MMN peak amplitude. For
between-groups comparisons, the age difference between
groups did not significantly affect the results. Furthermore,
Section “Between Groups Comparisons” shows that the
means of peak amplitudes were less negative for the frontal
subcomponent and less positive for the supratemporal
subcomponent. Large differences were observed in almost
all of the deviants at both central frequencies of 1 and 5 kHz
for the group with tinnitus. For within-group comparisons,
Section “Within Group Comparisons” indicates that the
means of peak amplitudes were less negative for the frontal
subcomponent. Furthermore, the means of peak amplitudes
were less positive for the supratemporal subcomponent with
small to medium differences at the central frequency of 5 kHz
compared to deviants at the central frequency of 1 kHz in
the group with tinnitus. In the NH group, the means of peak
amplitudes for deviants at the central frequency of 5 kHz were

significantly less negative, with small differences only for the
frontal subcomponent.

Behavioral and Physiological Results
Pure tone audiometry measurements showed a normal to a very
slight sloping sensorineural hearing loss above 4 kHz in both
groups. Table 1 shows a composite audiogram of tinnitus and
NH individuals who participated in the current study. However,
the comparison of PTA values showed small and non-significant
differences between the tinnitus (Mean ± 95% CI: 10.2 ± 0.8 dB
HL) and normal control (Mean ± 95% CI: 9.7 ± 0.7 dB HL)
groups (F1,216 = 1.818; p = 0.179; η2

p = 0.008; 95% CI [−0.52,
1.54]). Figure 3 indicates the mean of audiometric thresholds
at 250–8000 Hz octave frequencies and depicts behavioral PTA
threshold levels were ≤20 dB HL in octave frequencies of 250–
2000 Hz and ≤25 dB HL in the 4000–8000 Hz frequency range.

The mean duration of tinnitus was 41 months (95% CI = 18)
in the tinnitus group ranging from 4 months to 15 years. The
results of LMT, PMT, and MML for the group with tinnitus
are (Mean ± 95% CI) 8.1 ± 2.6 dB SL, 6600 ± 1600 Hz, and
43.5± 13.0 dB HL, respectively.

A comparison of the mean amplitudes of DPOAE showed a
non-significant and small difference between two studied groups
of tinnitus and NH control (F1,144 = 0.228; p = 0.633; η2

p = 0.002;
95% CI [−2.45, 1.6]). Figure 4 shows the results of DPOAE
responses of tinnitus and NH groups.

MMN Results
The effect of age was neither significant for the frontal
subcomponent (F1,36 = 32.125; p = 0.691; η2

p = 0.004) and nor
for the supratemporal subcomponent (F1,36 = 0.598; p = 0.444;
η2
p = 0.016). For the frontal subcomponent, all the main effects

except Frontality were significant (for Group: F1,37 = 36.746;
p < 0.001; η2

p = 0.498; 95% CI [3.01, 3.5], for Laterality:
F2,74 = 8.582; p < 0.001; ε = 0.932; η2

p = 0.188; 95% CI (3,z) [0.1,
0.7]; 95% CI (3,4) [−0.07, 0.53]; 95% CI (z,4) [−0.49, 0.15], for
Deviant Central Frequency: F1,37 = 19.094; p < 0.001; η2

p = 0.340;
95% CI [1.26, 1.75], and for Deviant Type: F7,37 = 2.260;
ε = 0.749; p < 0.05; η2

p = 0.066; 95% CI (Higher Frequency,
Lower Frequency) [−0.25, 0.77]; 95% CI (Higher Frequency,
Higher Intensity) [−0.75, 0.13]; 95% CI (Higher Frequency,
Lower Intensity) [−1.1, −0.1]; 95% CI (Higher Frequency,
Duration) [−1.87, −0.91]; 95% CI (Higher Frequency, Location
(Left)) [−0.7, 0.24]; 95% CI (Higher Frequency, Location (Right))
[−0.79, 0.15]; 95% CI (Higher Frequency, Gap) [−1.46, −0.52];
95% CI (Lower Frequency, Higher Intensity) [−1.06, −0.08];
95% CI (Lower Frequency, Lower Intensity) [−1.4, −0.31];
95% CI (Lower Frequency, Duration) [−2.17, −1.12]; 95% CI
(Lower Frequency, Location (Left)) [−1, 0.03]; 95% CI (Lower
Frequency, Location (Right)) [−1.1, −0.06]; 95% CI (Lower
Frequency, Gap) [−1.77, −0.73]; 95% CI (Higher Intensity,
Lower Intensity) [−0.77, 0.2]; 95% CI (Higher Intensity,
Duration) [−1.54, −0.61]; 95% CI (Higher Intensity, Location
(Left)) [−0.37, 0.54]; 95% CI (Higher Intensity, Location (Right))
[−0.46, 0.45]; 95% CI (Higher Intensity, Gap) [−1.13, −0.22];
95% CI (Lower Intensity, Duration) [−1.31, −0.27]; 95% CI
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TABLE 1 | Composite audiogram of participants with tinnitus and NH individuals.

Participants with tinnitus

Frequency 0.5 kHz 1 kHz 2 kHz 4 kHz 6 kHz 8 kHz P-value

Right ear Mean ± 95% CI 6.78 ± 1.30 7.11 ± 1.51 8.56 ± 1.46 12.78 ± 1.52 13.78 ± 1.92 13.56 ± 2.42 0.82

Left ear Mean ± 95% CI 7.00 ± 1.26 7.67 ± 1.53 8.00 ± 2.28 11.89 ± 1.78 12.22 ± 1.72 13.33 ± 3.99

Normal Hearing Group

Frequency 0.5 kHz 1 kHz 2 kHz 4 kHz 6 kHz 8 kHz P-value

Right ear Mean ± 95% CI 7.55 ± 1.50 9.27 ± 1.81 8.00 ± 1.47 11.18 ± 0.94 12.45 ± 1.47 13.27 ± 1.49 0.54

Left ear Mean ± 95% CI 7.09 ± 1.22 2.73 ± 1.54 8.36 ± 2.08 11.27 ± 1.77 12.64 ± 1.73 12.73 ± 2.03

FIGURE 3 | Mean of audiometric thresholds at 250–8000 Hz octave frequencies, recorded in decibels of hearing level (dB HL) in the left and right ear across the
studied groups of participants with tinnitus vs. Normal Hearing. No significant differences between groups were found.
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FIGURE 4 | Results of DPOAE amplitude on participants with tinnitus and Normal Hearing group. As depicted in the graph, no significant differences were observed
between tinnitus and NH control groups.

(Lower Intensity, Location (Left)) [−0.14, 0.88]; 95% CI (Lower
Intensity, Location (Right)) [−0.23, 0.79]; 95% CI (Lower
Intensity, Gap) [−0.9, 0.12]; 95% CI (Duration, Location (Left))
[0.67, 1.65]; 95% CI (Duration, Location (Right)) [0.57, 1.56];
95% CI (Duration, Gap) [−0.1, 0.89]; 95% CI (Location (Left),
Location (Right)) [−0.58, 0.39]; 95% CI (Location (Left), Gap)
[−1.25,−0.28]; 95% CI (Location (Right), Gap) [−1.15,−0.19]).
The interaction of the Frontality and Laterality was significant
only between FC3 and FCz (p < 0.01) and other main effects or
interactions were not significant.

For the supratemporal subcomponent, only Groups and
Central Frequencies demonstrated significant main effect (for
Group: F1,37 = 182.430; p < 0.001; η2

p = 0.409; 95% CI [−1.79,
−1.37], and for Deviant Central Frequency: F1,37 = 28.176;
p < 0.001; η2

p = 0.432; 95% CI [−0.98, −0.58]), and other main
effects or interactions were not significant.

A permutation test with 10,000 permutations on temporal
features of the MMN between groups and within groups showed
that for stimuli and ROI channels altogether, the test rejected the
null hypothesis (p < 0.001). Furthermore, permutation tests with
10,000 permutations on every stimulus, and every ROI channel
between groups and within groups indicated that for all of the
amplitudes with significant differences, the tests rejected the null
hypothesis (p < 0.05).

Between Groups Comparisons
The ANOVA compared Peak Amplitude variable between two
groups for the two central frequencies and different deviant types.

For the frontal subcomponent, the difference of all of the
deviant types in two central frequencies except for the Higher
Frequency deviant in 1 kHz central frequency were large and
significantly less negative in the group with tinnitus (for Higher

Frequency at 5 kHz: F1,201 = 78.442; p < 0.001; η2
p = 0.281; 95%

CI [2.61, 4.11], for Lower Frequency at 5 kHz: F1,210 = 104.136;
p < 0.001; η2

p = 0.332; 95% CI [2.43, 3.6], for Higher Intensity
at 5 kHz: F1,208 = 113.557; p < 0.001; η2

p = 0.353; 95% CI
[2.49, 3.63], for Lower Intensity at 5 kHz: F1,209 = 69.516;
p < 0.001; η2

p = 0.250; 95% CI [2.14, 3.48], for Duration at
5 kHz: F1,203 = 172.700; p < 0.001; η2

p = 0.460; 95% CI [3.29,
4.46], for Location (Left) at 5 kHz: F1,212 = 92.174; p < 0.001;
η2
p = 0.303; 95% CI [2.21, 3.36], for Location (Right) at 5 kHz:

F1,201 = 106.887; p < 0.001; η2
p = 0.347; 95% CI [2.44, 3.6], for

Gap at 5 kHz: F1,204 = 58.714; p< 0.001; η2
p = 0.223; 95% CI [1.73,

2.94], for Lower Frequency at 1 kHz: F1,205 = 35.083; p < 0.001;
η2
p = 0.146; 95% CI [2.77, 5.56], for Higher Intensity at 1 kHz:

F1,212 = 36.383; p < 0.001; η2
p = 0.146; 95% CI [2, 3.95], for

Lower Intensity at 1 kHz: F1,208 = 32.708; p < 0.001; η2
p = 0.136;

95% CI [2.54, 5.22], for Duration at 1 kHz: F1,206 = 113.681;
p < 0.001; η2

p = 0.356; 95% CI [4.23, 6.16], for Location (Left)
at 1 kHz: F1,212 = 13.867; p < 0.001; η2

p = 0.061; 95% CI
[1.09, 3.56], for Location (Right) at 1 kHz: F1,212 = 67.292;
p < 0.001; η2

p = 0.241; 95% CI [3.32, 5.43], and for Gap at
1 kHz: F1,206 = 53.450; p < 0.001; η2

p = 0.206; 95% CI [3.04,
5.3]). Figure 5 shows the estimated Marginal Means of the
MMN Peak Amplitude for the frontal subcomponent with 95%
Confidence Intervals between groups at two central frequencies.
For the supratemporal subcomponent, all of the deviant types
with 5 kHz central frequencies (for Higher Frequency at 5 kHz:
F1,75 = 19.526; p < 0.001; η2

p = 0.207; 95% CI [−1.93, −0.72],
for Lower Frequency at 5 kHz: F1,74 = 28.228; p < 0.001;
η2
p = 0.276; 95% CI [−2.41,−1.09], for Higher Intensity at 5 kHz:

F1,73 = 29.268; p < 0.001; η2
p = 0.286; 95% CI [−2.31,−1.06], for
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FIGURE 5 | Estimated Marginal Means of MMN Peak Amplitude for frontal subcomponent with 95% Confidence Interval between groups at two central frequencies.

Lower Intensity at 5 kHz: F1,75 = 20.280; p < 0.001; η2
p = 0.213;

95% CI [−1.91, −0.73], for Duration at 5 kHz: F1,71 = 43.748;
p < 0.001; η2

p = 0.381; 95% CI [−2.59, −1.38], for Location
(Left) at 5 kHz: F1,76 = 30.032; p < 0.001; η2

p = 0.283; 95% CI
[−2.43, −1.13], for Location (Right) at 5 kHz: F1,76 = 28.268;
p < 0.001; η2

p = 0.271; 95% CI [−2.57, −1.16], and for Gap
at 5 kHz: F1,72 = 51.064; p < 0.001; η2

p = 0.415; 95% CI
[−2.32, −1.3]) and all of the deviant types with 1 kHz central
frequencies, except for the Location (Left) deviant (for Higher
Frequency at 1 kHz: F1,72 = 11,625; p < 0.002; η2

p = 0.139; 95%
CI [−2.21, −0.57], for Lower Frequency at 1 kHz: F1,74 = 7.037;
p < 0.01; η2

p = 0.087; 95% CI [−2.58, −0.36], for Higher
Intensity at 1 kHz: F1,74 = 8.796; p < 0.01; η2

p = 0.106; 95%

CI [−2.3, −0.45], for Lower Intensity at 1 kHz: F1,71 = 10.975;
p < 0.001; η2

p = 0.134; 95% CI [−2.14, −0.53], for Duration
at 1 kHz: F1,72 = 23.410; p < 0.001; η2

p = 0.245; 95% CI
[−2.74, −1.14], for Location (Left) at 1 kHz: F1,73 = 2.599;
p > 0.111; η2

p = 0.034; 95% CI [−2.47, 0.27], for Location
(Right) at 1 kHz: F1,76 = 6.267; p < 0.015; η2

p = 0.076; 95% CI
[−2.41, −0.27], and for Gap at 1 kHz: F1,75 = 19.002; p < 0.001;
η2
p = 0.202; 95% CI [−2.64, −0.98]) had large differences and

the mean MMN peak amplitudes were significantly lower in
the group with tinnitus. Figure 6 shows the estimated Marginal
Means of the MMN Peak Amplitude for the supratemporal
subcomponent with 95% Confidence Intervals between groups at
two central frequencies.
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FIGURE 6 | Estimated Marginal Means of MMN Peak Amplitude for supratemporal subcomponent with 95% Confidence Interval between groups at two central
frequencies.

As an a posteriori observation, the duration deviant with 5 kHz
central frequency in the group with tinnitus elicited an MMN
that had a positive mean value with negative second derivative
(concave down), similar to the Positive Mismatch Response
(PMMR) (Näätänen et al., 2014). The grand averages in Figure 7
show this effect for the duration deviant at FC3, FCz, and FC4.

Within Group Comparisons
The ANOVA used the Peak Amplitude variable to implement the
comparison within the two groups in the two central frequencies
and different deviant types.

For the frontal subcomponent, all of the deviant types except
for the Lower Intensity deviant in the group with tinnitus

had medium differences and significantly less negative peak
amplitudes at 5 kHz central frequency (for Higher Frequency:
F1,281 = 40.527; p < 0.001; η2

p = 0.126; 95% CI [1.75, 3.33],
for Lower Frequency: F1,286 = 6.614; p < 0.012; η2

p = 0.023;
95% CI [0.24, 1.85], for Higher Intensity: F1,292 = 113.557;
p < 0.001; η2

p = 0.091; 95% CI [0.99, 2.14], for Lower Intensity:
F1,287 = 0.133; p > 0.716; η2

p = 0.000; 95% CI [−1.1, 0.75], for
Duration: F1,280 = 33.479; p < 0.001; η2

p = 0.107; 95% CI [1.26,
2.58], for Location (Left): F1,294 = 14.065; p < 0.001; η2

p = 0.046;
95% CI [0.68, 2.19], for Location (Right): F1,292 = 31.541;
p < 0.001; η2

p = 0.097; 95% CI [1.18, 2.48], and for Gap:
F1,283 = 4.683; p < 0.05; η2

p = 0.016; 95% CI [0.07, 1.55]). In
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FIGURE 7 | Grand average of duration deviant in FC3, FCz, and FC4 channels for Group with tinnitus. PMMR is indicated by circles.

the NH group, all of the deviant types except for the Higher
Frequency, Higher Intensity, and Location (Left) deviants were
significantly less negative with small differences at 5 kHz central
frequency (for Higher Frequency: F1,124 = 0.015; p > 0.309;
η2
p = 0.000; 95% CI [−0.72, 0.64], for Lower Frequency:

F1,129 = 10.567; p < 0.002; η2
p = 0.076; 95% CI [0.86, 3.54],

for Higher Intensity: F1,128 = 7.122; p > 0.05; η2
p = 0.053; 95%

CI [0.38, 2.59], for Lower Intensity: F1,130 = 3.940; p < 0.05;
η2
p = 0.029; 95% CI [0, 1.79], for Duration: F1,129 = 54.929;

p < 0.001; η2
p = 0.299; 95% CI [2.37, 4.11], for Location (Left):

F1,130 = 2.900; p > 0.090; η2
p = 0.022; 95% CI [−0.16, 2.11],

for Location (Right): F1,121 = 33.488; p < 0.001; η2
p = 0.217;

95% CI [2.09, 4.28], and for Gap: F1,127 = 28.514; p < 0.05;
η2
p = 0.183; 95% CI [1.66, 3.64]). Figure 8 shows the estimated

Marginal Means of MMN Peak Amplitude for the frontal
subcomponent with 95% Confidence Interval within groups. For
the supratemporal subcomponent, all of the deviant types in

the group with tinnitus were significantly lower with medium
differences at 5 kHz central frequency (for Higher Frequency:
F1,107 = 17.996; p < 0.001; η2

p = 0.144; 95% CI [−1.46, −0.52],
for Lower Frequency: F1,106 = 13.726; p < 0.001; η2

p = 0.115;
95% CI [−1.95, −0.59], for Higher Intensity: F1,107 = 11.211;
p < 0.002; η2

p = 0.095; 95% CI [−1.39, −0.35], for Lower
Intensity: F1,105 = 5.879; p < 0.01; η2

p = 0.059; 95% CI [−1.01,
−0.1], for Duration: F1,101 = 4.830; p < 0.05; η2

p = 0.046;
95% CI [−1.13, −0.05], for Location (Left): F1,109 = 6.122;
p< 0.01; η2

p = 0.053; 95% CI [−1.69,−0.18], for Location (Right):
F1,110 = 6.936; p < 0.01; η2

p = 0.059; 95% CI [−1.36, −0.19], and
for Gap: F1,105 = 11.057; p < 0.01; η2

p = 0.095; 95% CI [−1.28,
−0.32]). ANOVA revealed no significant difference between
central frequencies in the NH group for the supratemporal
subcomponent. Figure 9 shows the estimated Marginal Means
of MMN Peak Amplitude for the supratemporal subcomponent
with 95% Confidence Intervals within groups.
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FIGURE 8 | Estimated Marginal Means of MMN Peak Amplitude for frontal subcomponent with 95% Confidence Interval within groups.

DISCUSSION

This study targeted the comparison of the neural correlates of
the pre-attentive central auditory processing related to specific
frequencies of acoustic stimuli (as indexed by the MMN
responses) in the participants with tinnitus and NH controls.
A multi-feature paradigm with two central frequencies extracted
MMN in tinnitus and NH groups. The results show that the
frontal subcomponent of MMN exhibited a large difference with
lower amplitude of peak negativity in the group of persons
with tinnitus compared to the group of persons with NH. For

the supratemporal subcomponent, the results indicate a large
difference with significantly lower MMN peak amplitude in the
group with tinnitus. These results are in agreement with two
previous studies that reported lower MMN amplitude in the
group with tinnitus compared to the NH group (Mahmoudian
et al., 2013; Yang et al., 2013). One of these studies used only
frequency deviants (Yang et al., 2013), whereas the other utilized
the difference between groups in frequency, duration, and silent
gap deviants (Mahmoudian et al., 2013). However, previous
studies that utilized MMN in participants with tinnitus did
not investigate two different central frequencies and did not
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FIGURE 9 | Estimated Marginal Means of MMN Peak Amplitude for supratemporal subcomponent with 95% Confidence Interval within groups.

evaluate the effect of tinnitus on MMN subcomponents. The
current study shows a deficit in Pre-attentive Mismatch Response
and Involuntary Attention (subconsciousness) according to
less negative peak amplitude of frontal subcomponent in the
group with tinnitus. Also, the lower peak amplitude of the
supratemporal subcomponent may indicate a deficit in the
change detection aspect in the group with tinnitus. Another
interesting result is the higher difference between the mean peak
amplitude in the supratemporal subcomponent at the central

frequency of 5 kHz in the between groups. This difference may
be due to increased MMN change detection deficits in the higher
frequencies closer to the tinnitus perceived frequency.

Despite the statistically large and significant difference in the
age of the subjects in the group with tinnitus compared to the
NH group, based on various studies, this difference could not
have caused a significant change in cortical auditory responses.
Salvi et al. (2018) reported that age-related hearing loss can
affect roughly 35% of people over the age of 70 years old.
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Another study revealed a loss of 30–40% of the Outer Hair
Cell (OHC) population throughout the audiometric frequency
range (0.25–8.0 kHz) in individuals over 60 years old (Wu et al.,
2019). In the current study, the maximum age of any subject
in either group was less than 50 years; thus, the age-related
hidden hearing loss does not seem to significantly affect the
MMN. Additionally, according to previous studies, it is difficult
to determine a quantitative indicator of the age-related changes
of cochlear hair cell survival in humans. In fact, many factors
may underlie the discordant studies relating noise to hidden
hearing loss, including inaccuracies in self-reporting of lifetime
noise exposure, potential confounding effects of age and central
auditory system compensation mechanisms, and the effects of
different underlying mechanisms on physiological and behavioral
measures of the hearing (Salvi et al., 2018; Wu et al., 2019).
Surely, an appropriate conclusion about the effect of age-related
hearing loss in hearing pathways will require careful selection of
comprehensive age groups with detailed evaluations.

A previous study reported the role of hidden hearing loss
using high-frequency PTA and ECochG results between two
groups of normal-hearing participants (PTA 125 Hz to 8 kHz)
with and without tinnitus (Kara et al., 2020). Kujawa and
Liberman (2015) considered cochlea synaptopathy as an origin
for the hidden hearing loss in tinnitus. According to another
study (Schaette and McAlpine, 2011), deafferentation of a
substantial fraction of the auditory nerve fibers, as observed in
the mice, following “temporary” hearing loss due to exposure
to loud noise (Kujawa and Liberman, 2009), could trigger the
development of a neural correlate of tinnitus in the central
auditory structures. To limit the impact of any hidden hearing
loss (cochlear synaptopathy) on the studied groups, the current
study excluded the participants with exposure to loud noise,
history of taking ototoxic medication, low speech discrimination
score, presbycusis, and absence of DPOAE responses. However,
despite the careful controls and the fact that the amount of
impact was quite small, the current investigation could not
entirely exclude the role of any hidden hearing loss and the
subcortical origins of tinnitus on the MMN responses and age-
related subcortical changes.

Some of the previous studies reported that the ability to
discriminate speech in background noise declines with aging even
when there is no significant increase in audiometric thresholds
(Dubno et al., 1984; Rajan and Cainer, 2008). Furthermore,
animal studies revealed that the aging process, in the absence of
significant noise exposure, is associated with the loss of auditory
nerve fibers (Plack et al., 2014). Evidence from psychophysical
and electrophysiological studies suggests that the coding of
the temporal aspects of sounds declines with aging (He et al.,
2008; Hopkins and Moore, 2011; Moore et al., 2012; Clinard
and Tremblay, 2013; Marmel et al., 2013; King et al., 2014).
Moreover, the results of animal experiments indicate that noise
exposure may cause substantial cochlear neuropathy without
affecting the audiogram (Plack et al., 2014). Other pieces of
evidence from human studies revealed that exposure to noise
might be associated with deficits in suprathreshold auditory
discrimination and neural temporal coding, in the absence
of a reduction in hearing sensitivity (Schaette and McAlpine,

2011; Plack et al., 2014). Based on the findings of the above-
mentioned studies, the presence of cochlear synaptopathy or
hidden hearing loss in the studied tinnitus group can lead
to a deficit in neural coding of both temporal fine structure
and temporal envelope in humans. As the MMN responses
evaluate the neural correlates of auditory discrimination and
automated sensory memory, analyzing the MMN component
may elucidate the cerebral processes in tinnitus subjects that
occur during auditory perception and cognition (Mahmoudian
et al., 2013). Results from the present study reveal that individuals
with tinnitus may have defective auditory discrimination and
sensory memory in the central auditory pathways. The existence
of these findings may also suggest that hidden hearing loss in
central auditory pathways may alter auditory sensory memory
and suprathreshold discrimination. In fact, these perceptual
consequences, in particular the coding process of the temporal
aspects of sounds, may, in turn, create a deficit in the MMN
responses among persons with tinnitus. The current study
did not measure the suprathreshold auditory discrimination
in the presence of background noise. Hence, the present
investigation can neither prove nor disprove the role of cochlear
synaptopathy in tinnitus participants concerning the decline of
the MMN results.

This study conducted novel within-group comparisons, for
which the mean of MMN peak amplitude in higher frequencies
demonstrated a decrease in both groups. In contrast, higher
number of deviants in the group with tinnitus were less negative
at 5 kHz central frequency for the frontal subcomponent with
medium differences compared with 1 kHz central frequency.
In fact, the presence of more deviants with less negative peak
amplitudes may indicate the decrease of Pre-attentive Mismatch
Response and Involuntary Attention (subconsciousness) in
higher frequencies. Nevertheless, an important observation is
in the supratemporal subcomponent within groups. The results
showed no meaningful difference between the MMN peak
amplitude at two central frequencies in the NH group while there
was a medium difference and significant decrease in the group
with tinnitus at 5 kHz compared to 1 kHz central frequencies.
On the other hand, the lack of significant differences in the NH
group may demonstrate that change detection in the NH group
is independent of the frequency of the stimuli. In contrast, the
significant decrease of the MMN peak amplitude in the group
with tinnitus may indicate that increasing the frequency of the
stimuli decreases the change detection ability. In view of the novel
analytical results presented in the current study, it is important to
note that previous studies have not reported any comparison of
MMN subcomponents in different central frequencies within the
NH group and the group with tinnitus.

The sensory memory hypothesis may explain another
interesting observation, namely, with regard to the difference
between and within the groups. According to the sensory
memory hypothesis and the results of the current study, the
change detection process, which primarily takes place in the
auditory cortex and frontal cortex (Näätänen et al., 2005), and
pre-attentive memory may have deficits in the group with tinnitus
and may cause lower MMN response. Some of the previous
studies on the MMN response in participants with tinnitus
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have used this interpretation to explain the difference between
tinnitus and NH groups (Mahmoudian et al., 2013; Yang et al.,
2013; Li et al., 2016). As such, within-group comparisons in the
supratemporal subcomponent, indicating the change detection,
show a lower function of pre-attentive memory in the deviants
with higher central frequencies. Importantly, the pre-attentive
function is attenuated in the group with tinnitus while NH
group shows no significant attenuation. The hypothesis is further
related to the predictive coding model, which assumes that
the brain forms a predictive model of the perceived inputs.
Hence, when the brain receives a non-regular input, a prediction
error happens that leads to the MMN response (Friston, 2005;
Fishman, 2014). A study by Sedley et al. (2016) used the predictive
coding model and suggested that tinnitus occurs when sensory
prediction error of spontaneous neural activity in the auditory
pathway rises sufficiently to override the perception of silence.
A lower MMN response may mean lower prediction error for the
deviant stimuli, and the reduction of prediction error for deviant
stimuli may indicate lower prediction error for silence, which
in turn may cause tinnitus. Also, according to within-groups
comparisons in the supratemporal subcomponent, prediction
error in higher central frequencies is lower in the group with
tinnitus. The reduction of the prediction error may decrease
the difference between the predicted backward input and the
actual input, including the difference between the inputs of
silence. Therefore, the prediction error of spontaneous neural
activity may be high enough in higher frequencies to exceed the
error of silence. Hence, higher prediction error of spontaneous
neural activity as compared to the prediction error of silence
may be considered as the cause of tinnitus occurrence in
higher frequencies.

The current study utilized the sensory-memory hypothesis,
predictive error modeling, and memory network to interpret the
generation of tinnitus. The index of this interpretation was the
MMN. In accordance with the present investigation, a recent
study found aberrant functional connectivity in the auditory and
non-auditory cortex, especially in the superior temporal gyrus
(Cai et al., 2020). Other studies suggested different interpretations
of the cause of tinnitus occurrence. One of these studies suggested
that having a lesion of the auditory periphery may be a trigger
for the tinnitus, and lack of an inhibitory feedback loop in
paralimbic regions may cause the tinnitus signal to relay to
the auditory cortex (Rauschecker et al., 2010). Another study
proposed that a feedback pathway from the limbic system
to the auditory system at the subcortical level may suppress
the tinnitus signal (Kraus and Canlon, 2012). A more recent
study used functional magnetic resonance imaging (fMRI) to
investigate the connection between the auditory network and
the limbic system (Cai et al., 2019). Husain et al. (2011)
suggested a relation between the differential engagement of
auditory attention and short-term memory network to the neural
bases of chronic tinnitus with hearing loss compared to hearing
loss alone. However, the study did not investigate the tinnitus
generation in persons without hearing loss. Reduced neural
output from the cochlea due to a hidden hearing loss may
represent another indicator of the tinnitus initiation, causing a
homeostatic response of neurons in the auditory system and a

perception of the tinnitus (Schaette and McAlpine, 2011). These
studies suggest a role for memory, emotion, distress, and other
networks separately for the occurrence of tinnitus. Integrating
these networks and the resulting neural interactions may lead to
a better understanding of the origin of tinnitus as well as better
strategies for neural rehabilitation.

The current study implemented a multi-feature paradigm to
investigate the effect of tinnitus on MMN subcomponents using
the stimuli with two different central frequencies in the group
with tinnitus compared to the NH group. The central frequency
of 5 kHz was closer to perceived tinnitus frequencies. The
present investigation evaluated the effects of five independent
variables, namely, Group, Central Frequencies, Deviant types,
Frontality, and Laterality, on the MMN peak amplitudes. A mixed
ANOVA with a critical α of 0.05 calculated the main effects
and interactions. The statistical results showed a significantly
less negative MMN peak amplitude with large differences in the
group with tinnitus compared to the NH group at the central
frequency of 5 kHz for the frontal MMN subcomponent. Also,
the results illustrated a meaningful lower MMN peak amplitude
with large differences in the central frequency of 5 kHz for the
supratemporal MMN subcomponent in the group with tinnitus.
The results are in accordance with the previous investigations,
although those studies did not investigate the MMN for different
subcomponents. The novel part of the current study is the
within-group comparisons of the central frequencies. The results
indicated that there are meaningful, less negative MMN peaks at
the central frequency of 5 kHz with small to medium differences
for both groups in the frontal subcomponent. Moreover, the
group with tinnitus revealed significantly lower peak amplitude
with medium differences at 5 kHz compared to 1 kHz for
the supratemporal MMN subcomponent while the NH group
did not register any significant difference. Lastly, based on the
predictive coding model, results of the within-groups in the
higher frequencies suggested that for persons with tinnitus the
difference between the amplitude of inputs from the lower levels
of the brain and the predicted input from the higher levels is
reduced. In turn, as the prediction error of silence decrease, the
prediction error of spontaneous neural activity in the auditory
pathway may exceed the silent prediction error, and as a result,
the possibility of occurrence of the tinnitus may increase.
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Just as the human brain works in a Bayesian manner to minimize uncertainty regarding

external stimuli, a deafferented brain due to hearing loss attempts to obtain or “fill in”

the missing auditory information, resulting in auditory phantom percepts (i.e., tinnitus).

Among various types of hearing loss, sudden sensorineural hearing loss (SSNHL)

has been extensively reported to be associated with tinnitus. However, the reason

that tinnitus develops selectively in some patients with SSNHL remains elusive, which

led us to hypothesize that patients with SSNHL with tinnitus (SSNHL-T) and those

without tinnitus (SSNHL-NT) may exhibit different cortical activity patterns. In the

current study, we compared resting-state quantitative electroencephalography findings

between 13 SSNHL-T and 13 SSNHL-NT subjects strictly matched for demographic

characteristics and hearing thresholds. By performing whole-brain source localization

analysis complemented by functional connectivity analysis, we aimed to determine the

as-yet-unidentified cortical oscillatory signatures that may reveal potential prerequisites

for the perception of tinnitus in patients with SSNHL. Compared with the SSNHL-NT

group, the SSNHL-T group showed significantly higher cortical activity in Bayesian

inferential network areas such as the frontopolar cortex, orbitofrontal cortex (OFC), and

pregenual anterior cingulate cortex (pgACC) for the beta 3 and gamma frequency bands.

This suggests that tinnitus develops in a brain with sudden auditory deafferentation only

if the Bayesian inferential network updates the missing auditory information and the

pgACC-based top-down gatekeeper system is actively involved. Additionally, significantly

increased connectivity between the OFC and precuneus for the gamma frequency band

was observed in the SSNHL-T group, further suggesting that tinnitus derived from

Bayesian inference may be linked to the default mode network so that tinnitus is regarded
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as normal. Taken together, our preliminary results suggest a possible mechanism for the

selective development of tinnitus in patients with SSNHL. Also, these areas could serve

as the potential targets of neuromodulatory approaches to preventing the development

or prolonged perception of tinnitus in subjects with SSNHL.

Keywords: tinnitus, sudden sensorineural hearing loss, bayes, cingulate gyrus, electroencephalography

INTRODUCTION

Non-pulsatile tinnitus is a common otologic symptom
characterized by conscious auditory perception in the absence
of an external stimulus. This is often called a “phantom sound”
because there is no corresponding genuine physical source
of the sound (Vanneste et al., 2018b; Lee et al., 2019; Han
et al., 2020). Although the exact mechanism of tinnitus has
yet to be elucidated, peripheral auditory deafferentation has
been suggested as the most important factor in increased
spontaneous neuronal firing in the central auditory system
and cortical maladaptive plasticity between auditory and
non-auditory brain regions, leading to the development of
tinnitus (Eggermont and Roberts, 2012; Elgoyhen et al.,
2015). Hearing loss has been strongly implicated in tinnitus,
as demonstrated by a relationship between tinnitus pitch
and maximum hearing loss frequency, which suggests that
tinnitus is a fill-in phenomenon (Schecklmann et al., 2012).
Recently, growing evidence has shown that the brain works
in a Bayesian manner to minimize perceptual uncertainty
regarding external stimuli. If the brain is deprived of auditory
input, it attempts to “fill in” the missing auditory information
from auditory memory, leading to the perception of auditory
phantoms (i.e., tinnitus) (Friston et al., 2014; Eggermont and
Kral, 2016; Lee et al., 2017, 2020a). Specifically, according to the
theoretical multiphase compensation model, the brain attempts
to overcome missing auditory information input, generating
predictions via increasing topographically restricted tones,
widening receptive fields, rewiring dendrites and axons, and
retrieving auditory memories, resulting in brain reorganization
(De Ridder et al., 2014b).

Sudden sensorineural hearing loss (SSNHL), a complex and
challenging emergency in the otology field, is typically defined
as a sensorineural hearing loss of more than 30 dB across three
consecutive frequencies in a pure-tone audiogram occurring
within a 72-h period. Importantly, tinnitus was reportedly
accompanied by SSNHL in 66–93% of cases (Ding et al.,
2018). Similar to ordinary progressive sensorineural hearing loss,
the Bayesian brain model may explain how sudden auditory
deprivation (i.e., SSNHL) elicits auditory phantom percepts,
namely by increasing the need to compensate for prediction
errors by upregulating neural firing in specific tonotopic regions
and retrieving extant memories from the parahippocampal gyrus
(Lee et al., 2017), depending on the amount of hearing loss
(Vanneste and De Ridder, 2016). However, why not all patients
with SSNHL experience tinnitus remains unexplained. That is,
although tinnitus persists in some patients with SSNHL even after
treatment, other patients do not experience tinnitus, or tinnitus

is perceived temporarily but resolves spontaneously afterward.
This, in turn, led us to hypothesize that tinnitus may develop in
subjects with SSNHL only if the requisite cortical changes occur
secondary to SSNHL.

Zhang et al. demonstrated altered white matter integrity in
the auditory neural pathway of patients with SSNHL, which
may be associated with the severity of tinnitus (Zhang et al.,
2020). Furthermore, a recent study by Cai et al. showed more
specific inhibition of neural activity and functional connectivity
in patients with SSNHL and tinnitus compared with healthy
controls (Cai et al., 2019), shedding further light on the putative
association between SSNHL and tinnitus from the perspective
of brain activity. However, neural substrates for selective
development of tinnitus have thus far not been investigated
among patients with SSNHL.

To test this hypothesis, we investigated neural substrates
accounting for the development of tinnitus exclusively in
patients with SSNHL by comparing resting-state quantitative
electroencephalography (rs-qEEG) findings between SSNHL
patients with and others without tinnitus (SSNHL-T and
SSNHL-NT). Using whole-brain source localization analysis
complemented by functional connectivity analysis, we aimed to
determine the as-yet-unidentified cortical oscillatory signatures
that could reveal the prerequisites for tinnitus development and
to discuss the possible mechanism of the selective development
of tinnitus in patients with SSNHL. Although this study
includes a relatively small number of patients, which may
have weakened the clinical implications of the results and
statistical power, the results presented herein seem a more
significant undertaking than we initially envisioned. Indeed,
there is currently no consensus on the neurobiological markers
for selective development of tinnitus in patients with SSNHL.
Overall, our study stands out in this precision medicine era for
incorporating neuroimaging in a tinnitus study to establish a
future guide for the treatment of tinnitus in patients with SSNHL
that incorporates neuroimaging as the “new normal.”

MATERIALS AND METHODS

Participants
We performed a retrospective review of the medical records
of patients with unilateral idiopathic SSNHL who visited the
outpatient clinic at Seoul National University Bundang Hospital
(SNUBH) between January 2014 and March 2020. For the
SSNHL-NT group, we were able to identify only 18 patients
who met the criteria for unilateral SSNHL with no complaint
of tinnitus. Two of the 18 were excluded due to an insufficient
follow-up period (i.e., <2 months). Of the remaining 16 patients,
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3 were disqualified due to delayed emergence of tinnitus or
significant hearing improvement during the follow-up period of
at least 2months after the onset of SSNHL. Ultimately, 13 patients
were enrolled in the SSNHL-NT group. No patients in this group
were diagnosed with Meniere’s disease, vestibular schwannoma,
or psychiatric/neurological disorders.

As outlined in Table 1, 51 SSNHL-T patients whose Tinnitus
Handicap Index (THI) score was ≤36 (grades 1 or 2), which
was administered to minimize potential bias caused by distress-
induced changes in cortical activity, were initially selected
from the SNUBH database (1,196 rs-qEEG-available subjects).
Subsequently, 13 subjects matched for sex, laterality, and
audiogram (i.e., >70 dB HL in the affected ear and <40 dB
HL in the unaffected ear) with the SSHL-NT subjects but
blinded to rs-qEEG findings were finally enrolled in the SSNHL-
T group. None of the subjects in the SSNHL-T group had
a history of objective tinnitus or etiologies such as Meniere’s
disease, head injuries, brain surgery, or neurological disorders.
The study was approved by the Institutional Review Board of the
Clinical Research Institute at Seoul National University Bundang
Hospital and was conducted in accordance with the Declaration
of Helsinki (IRB-B-2006-621-105).

Audiological and Psychoacoustic
Evaluation
The hearing thresholds for seven different octave frequencies
(0.25, 0.5, 1, 2, 3, 4, and 8 kHz) were evaluated using pure-tone
audiometry in a soundproof booth. The mean hearing threshold
was calculated using the average of the hearing thresholds at 0.5,
1, 2, and 4 kHz (Han et al., 2019; Shim et al., 2019; Bae et al.,
2020; Huh et al., 2020; Lee et al., 2020b; Song et al., 2020). At
each subject’s initial visit, we obtained a structured history of the
characteristics of tinnitus including its presence, laterality, and
psychoacoustic nature (pure-tone or narrow-band noise).

EEG Recording
We performed qEEG data acquisition and pre-processing
procedures according to a previously reported protocol (Kim
et al., 2016; Song et al., 2017; Han et al., 2018; Vanneste
et al., 2018b; Lee et al., 2019). Prior to EEG recording, we
instructed the enrolled patients not to drink alcohol for 24 h and
to avoid caffeine on the day of recording to exclude alcohol-
induced changes in the EEG signal (Korucuoglu et al., 2016) and
caffeine-induced reductions in alpha and beta power (Siepmann
and Kirch, 2002). EEGs were recorded with the patient seated
upright with the eyes closed for 5min using a tin-electrode cap
(ElectroCap, Eaton, OH, USA), a Mitsar amplifier (EEG-201;
Mitsar, St. Petersburg, Russia), and WinEEG software, version
2.84.44 (Mitsar) in a fully lit room insulated from sound and
stray electric fields. The EEG data were obtained using WinEEG
software (ver. 2.84.44; Mitsar) (available at http://www.mitsar-
medical.com). The impedances of all electrodes were maintained
below 5 k�. Data were obtained at a sampling rate of 1,024Hz
and filtered using a high-pass filter with a cutoff of 0.15Hz
and a low-pass filter with a cutoff of 200Hz. After initial
data acquisition, the raw data were resampled at 128Hz and
band-pass filtered using a fast Fourier transform filter with a

TABLE 1 | Demographics and clinical characteristics.

SSNHL-NT group SSNHL-T group P-value

(N = 13) (N = 13)

Age

Median 70 62 0.129

Range 30–81 30–74

Sex

Male 6 6 1.000

Female 7 7

Laterality

Right 8 8 1.000

Left 5 5

Duration (months)a

Median 16 11 0.696

Range 3–84 3–106

Hearing threshold (dB HL)

250Hz 71.15 ± 24.93 60.00 ± 29.86 0.597

500Hz 80.00 ± 22.82 72.31 ± 24.12 0.037

1 kHz 86.15 ± 14.74 77.31 ± 22.04 0.400

2 kHz 85.00 ± 16.20 83.46 ± 26.09 0.024

3 kHz 89.23 ± 15.53 85.38 ± 27.27 0.588

4 kHz 89.62 ± 15.34 90.77 ± 21.30 0.240

8 kHz 90.77 ± 14.56 94.23 ± 18.53 0.101

Average hearing threshold (dB HL)b

Mean (SD) 80.96 ± 20.38 85.19 ± 14.83 0.551

THI scoreb

Mean (SD) NA 26.46 ± 8.37 NA

Range 8–36

SSNHL-NT, sudden sensorineural hearing loss without tinnitus; SSNHL-T, sudden

sensorineural hearing loss with tinnitus; SD, standard deviation; HL, hearing loss; THI,

tinnitus handicap inventory; NA, not available.
aNote that duration refers to the period between SSNHL onset and EEG acquisition.
bNote that the mean hearing threshold was calculated using the average of the hearing

thresholds at 0.5, 1, 2, and 4 kHz.

Hanning window at 2–44Hz. After importing the data into
Eureka! Software (Sherlin and Congedo, 2005), all episodic
artifacts were evaluated manually and removed from the EEG
stream. We eliminated additional artifacts using independent
component analysis with ICoN software (http://sites.google.com/
site/marcocongedo/software/nica) (Koprivova et al., 2011; White
et al., 2012). All subjects’ vigilance levels, including slowing of
alpha rhythm or emergence of sleep spindles, were meticulously
monitored. No patients included in this study exhibited any
abnormal EEG patterns during the measurements.

Source Localization Analysis
Standardized low-resolution brain electromagnetic tomography
(sLORETA) was employed to estimate the scalp-recorded
electrical activity in each of the eight frequency bands (i.e.,
intracerebral sources). The sLORETA software includes a toolbox
for the functional localization of standardized current densities
based on electrophysiological and neuroanatomical constraints
(Pascual-Marqui, 2002). We identified the cortical sources that
generated the activities recorded by the scalp electrodes in
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each of the following eight frequency bands: delta (2–3.5Hz),
theta (4–7.5Hz), alpha 1 (8–10Hz), alpha 2 (10–12Hz), beta 1
(13–18Hz), beta 2 (18.5–21Hz), beta 3 (21.5–30Hz), and gamma
(30.5–44Hz). sLORETA computes neuronal electrical activity as
current density (A/m2) without assuming a predefined number
of active sources. The sLORETA solution space consists of 6,239
voxels (voxel size: 5 × 5 × 5mm) and is restricted to the
cortical gray matter and hippocampus, as defined by the digitized
Montreal Neurological Institute (MNI) 152 template (Fuchs et al.,
2002). Scalp electrode coordinates on the MNI brain are derived
from the International 5% System (Jurcak et al., 2007). A total of
5,000 random permutations, with correction for multiple testing
(i.e., for tests performed for all electrodes and/or voxels and for all
time samples and/or different frequencies) were carried out; thus,
further correction for multiple comparisons was unnecessary.
The locations of significant clusters were confirmed using a
LORETA-KEY toolbox, such as the Anatomy toolbox, and the
Talairach and Tournoux atlas (Talairach and Tornoux, 1988).

Functional Connectivity Analysis
As for the functional connectivity analysis, a total of 16 regions of
interest, defined by their respective Brodmann areas (BAs) and
known to relate to tinnitus according to previously published
literature (Vanneste et al., 2018b), were selected as possible
nodes. These included the bilateral superior parietal lobule
(BA7), the bilateral frontopolar cortices (BA10), the bilateral
orbitofrontal cortices (BA11), the bilateral posterior cingulate
cortices (BA27), the bilateral pregenual cortices (BA32), the
bilateral parahippocampi (BA36), and the bilateral primary
auditory cortices (BA41 and BA42).

Statistical Analyses
Statistical non-parametric mapping (SnPM) was adopted
for permutation tests for source localization and functional
connectivity. To identify between-group differences in resting-
state cortical oscillatory activities, sLORETA built-in voxel-wise
randomization tests (5,000 permutations) were used to perform
nonparametric statistical analyses of functional images with
a threshold P < 0.05. We also employed a between-groups
t-statistic with a threshold of P < 0.05. Correction for multiple
comparisons in SnPM using random permutations has been
shown to yield similar results to those obtained from a statistical
parametric mapping approach using a general linear model
with multiple-comparison corrections (Nichols and Holmes,
2002). For lagged linear connectivity differences, we assessed
between-group differences for each contrast using a paired t-test
with a threshold of P < 0.05. We also corrected for multiple
comparisons using sLORETA’s built-in voxel-wise randomization
tests for all of the voxels included in the 16 regions of interests
for connectivity analysis (5,000 permutations). Although the
between-groups t-statistic was used for source localization
and the paired t-test was used for connectivity analysis, these
are nonparametric analyses based on 5,000 permutations. All
analyses were done and illustrated using the R statistical package
(version 3.3.2, R Foundation for Statistical Computing, Vienna,
Austria). All statistical tests were two-tailed, and P < 0.05 was
considered significant.

RESULTS

Demographics and Clinical
Characteristics: SSNHL-T vs. SSNHL-NT
The demographic and clinical characteristics of the two groups
are summarized in Figure 1. The laterality of the hearing loss
and sex distribution were matched between the SSNHL-NT and
SSNHL-T groups. No significant differences in age at onset of
SSNHL or duration of hearing loss (from the onset of SSNHL to
the timepoint at rs-qEEG measurement) were observed between
the two groups. Furthermore, hearing thresholds across all
frequencies for the affected- and non-affected ears did not differ
between the two groups. The median THI score of the SSNHL-T
group was 12 (range, 4–36).

Source-Localization Analysis: SSNHL-T vs.
SSNHL-NT
Compared with the SSNHL-NT group, the SSNHL-T group
showed significantly increased cortical activity in the frontopolar
cortex (FPC, BA10), the orbitofrontal cortex (OFC, BA11), and
the pregenual anterior cingulate cortex (pgACC, BA32) for the
beta 3 and gamma frequency bands (P < 0.05) (Figure 2). No
significant effects were observed for the delta, theta, alpha 1, alpha
3, beta 1, and beta 2 frequency bands.

Connectivity Analyses: SSNHL-T vs.
SSNHL-T
Compared with the SSNHL-NT group, the SSNHL-T group
showed significantly increased functional connectivity between
the left OFC and the right precuneus (BA7) for the gamma
frequency band (P < 0.05) (Figure 3). For the other seven
frequency bands, there were no significant between-group
differences in functional connectivity among ROIs.

DISCUSSION

This is the first study to explore cortical activity and connectivity
differences between SSNHL subjects with and those without
tinnitus and to attempt to reveal the cortical oscillatory signatures
for selective development of tinnitus among patients with
SSNHL. In this study, the SSNHL-T group had abnormally
increased activity in the FPC, OFC, and pgACC for the beta
3 and gamma frequency bands compared with the SSNHL-
NT group. These findings suggest that auditory phantom
percepts may develop when the brain experiences sudden
decreased peripheral auditory input as the Bayesian inferential
network updates the missing auditory information with the
involvement of the pgACC-based top-down gatekeeper system.
Furthermore, the lagged linear connectivity between the left
OFC and the right precuneus was significantly increased for the
gamma frequency band in the SSNHL-T group compared with
the SSNHL-NT group, indicating that tinnitus deriving from
Bayesian updating seems to involve the default mode network
(DMN); thus, tinnitus seemed to be perceived as normal by the
SSNHL-T group.
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FIGURE 1 | Comparison of hearing thresholds across all frequencies between patients with sudden sensorineural hearing loss with and without tinnitus (SSNHL-T

and SSNHL-NT, respectively). Air conduction pure-tone audiometry (PTA) revealed nearly matched hearing thresholds across all frequencies between the two groups

in both the affected and the non-affected ear.

FIGURE 2 | Source-localized cortical power comparison in sudden sensorineural hearing loss with and without tinnitus (SSNHL-T and SSNHL-NT, respectively)

groups using resting-state quantitative electroencephalography data. The SSNHL-T group showed increased activity in the frontopolar cortex, orbitofrontal cortex,

and pregenual anterior cingulate cortex for the gamma and beta 3 frequency bands compared with the SSNHL-NT group.

The Bayesian Inferential Network Updates
Missing Auditory Information via
Bottom-Up Deafferentation
The Bayesian brain model, an extension of a predictive
brain model, has been suggested as an explanation for the
development of tinnitus. According to this model, tinnitus is

a response to peripheral auditory deafferentation that aims

to reduce perceptual uncertainty (Morcom and Friston, 2012;

De Ridder et al., 2014b). In other words, deafferentation-

induced auditory phantom percepts, namely tinnitus, are

preceded by peripheral auditory input-based memory, and

tinnitus develops when prediction error occurs due to peripheral
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FIGURE 3 | Functional connectivity analysis with regard to selective development of tinnitus in subjects with sudden sensorineural hearing loss (SSNHL). Increased

functional connectivity between the left orbitofrontal cortex and the right precuneus for the gamma frequency band was significant in the SSNHL with tinnitus

(SSNHL-T) compared with the SSNHL without tinnitus (SSNHL-NT) group.

hearing loss (De Ridder et al., 2014a; Lee et al., 2017). In the
same context, we have recently reported that approximately
70% of patients with unilateral SSNHL experience ipsilesional
tinnitus (Lee et al., 2017), indicating that missing auditory
information (i.e., prediction error) may stimulate neural circuit
interactions between lower-order (peripheral auditory input) and
higher-order (prediction-driving process of auditory perception)
auditory systems to reduce uncertainty in a bottom-up fashion
due to sudden hearing deterioration. In this regard, significantly
increased source-localized activity in the OFC and FPC in the
SSNHL-T group in the current study may reflect the role of
active Bayesian inferential prefrontal cortical processes (Donoso
et al., 2014) in tinnitus generation in the context of a sudden
decrease in peripheral auditory input. The prefrontal cortices
are considered to employ probabilistic inferential processes (i.e.,
Bayesian inferences), enabling optimizing behavioral adaptations
in uncertain situations based on available information (Koechlin,
2016; Parr et al., 2018). In particular, polar to lateral prefrontal
cortices such as the OFC and FPC are involved in making
probabilistic inferences and exploring new strategies formed
from long-term memory in uncertain environments (Donoso
et al., 2014). Therefore, increased source-localized activity in the

prefrontal cortices (i.e., OFC and FPC) in the SSNHL-T group
may reflect the Bayesian inferential processes of updating sensory
prediction and thereby adopting new strategies (phantom
auditory perception) based on stored auditory memory in the
context of suddenly decreased peripheral auditory input. Of note,
we have recently revealed significantly increased information
inflow in cortical areas associated with Bayesian inference in
progressive sensorineural hearing loss patients with tinnitus
as compared to those without tinnitus (unpublished data), in
accordance with the current findings.

The OFC has also been suggested as responsible for the
emotional processing of sounds (Blood et al., 1999), and is
connected to other limbic areas involved in emotion processing
(Beauregard, 2007; Vanneste and De Ridder, 2012). In an
integrative model of tinnitus (De Ridder et al., 2014c), once the
aberrant activity that causes tinnitus percepts is deemed salient,
the autonomic nervous system, the limbic system, and their
interaction could be further involved in distributing tinnitus-
related distress signals across the brain. Indeed, the OFC has been
reported to play a pivotal role in the top-down modulation of
autonomic and peripheral physiological responses accompanying
emotional experiences (Ohira et al., 2006), supporting neural
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activity in the OFC might link to biopsychosocial processes
of disease (Hänsel and von Känel, 2008). Furthermore, neural
activity in the OFC extending to the FPC in beta 1 and
beta 2 has shown to differ between sex during emotional
processing and emotional regulation (Vanneste et al., 2012).
Additionally, tinnitus perception and tinnitus-related distress are
closely associated with these brain areas (Schlee et al., 2009),
and correlated with the audiological handicap associated with
unilateral SSNHL.

Additionally, tinnitus loudness and distress are correlated
with the audiological handicap associated with unilateral
SSNHL (Chiossoine-Kerdel et al., 2000). Although we attempted
to minimize distress-related cortical changes by recruiting
SSNHL-T subjects with only mild distress, distress cannot be
completely eliminated in tinnitus. In this regard, the activity
changes in the FPC and OFC may also reflect the emotional
weight attached to aberrant auditory perception (i.e., tinnitus) in
patients with SSNHL.

A Top-Down Gatekeeper System Is
Activated to Cancel Internally Generated
Auditory Phantoms
Recent studies have suggested that auditory phantom percepts
can be associated with bottom-up (ascending) deafferentation
as well as with a dysfunctional top-down (descending) noise-
canceling mechanism (De Ridder et al., 2014b; Song et al.,
2015; Vanneste et al., 2019). This top-down mechanism is
a putative central gatekeeper that functions as an “auditory
gate,” evaluating the relevance and affective meaning of sensory
stimuli andmodulating information transmission via descending
inhibitory pathways to the thalamic reticular nucleus (Hullfish
et al., 2019; Vanneste et al., 2019). In previous pain studies, the
degree of improvement after spinal cord stimulation depended
on activation of the pgACC (Moens et al., 2012), which is a
part of the descending pain inhibitory pathway (Fields, 2004;
Kong et al., 2010), the somatosensory analog of the noise
canceling system. Additionally, Vanneste et al. demonstrated
that altered neural activity of the pgACC likely increases
tinnitus loudness in patients who are Met carriers (i.e., COMT
Val158Met polymorphism), probably due to reduced canceling-
out of irrelevant auditory input. Furthermore, increased activity
in the parahippocampus and the pgACC for the theta and gamma
frequency bands, as well as decreased activity in the auditory
cortex, is found exclusively in tinnitus patients with hearing
loss compared with those who have hearing loss but without
tinnitus (Vanneste et al., 2018a). While the activation of a top-
down noise-canceling mechanism works predominantly in the
alpha frequency band during the resting state, dysfunctional
noise canceling resulting in tinnitus is hypothesized to be linked
to the theta and gamma frequency bands (Vanneste et al., 2019).
These findings are consistent with our data showing increased
source-localized activity in the pgACC for the gamma frequency
band in the SSNHL-T group. That is, the pgACC, which normally
functions as a central gatekeeper, is activated to abate behaviorally
irrelevant phantom auditory signals that stem from Bayesian
updating via bottom-up deafferentation.

Overall, our data suggest that auditory phantom percepts
may develop in a brain with suddenly decreased peripheral
auditory input when the Bayesian inferential network actively
updates the missing auditory information. Furthermore, as an
attempt to minimize this auditory phantom, the pgACC-based
top-down gatekeeper system may be activated in brains with
sudden auditory deafferentation.

Tinnitus Percepts May Be Considered the
Norm When Bayesian Updating-Based
Tinnitus Is Actively Linked to the Default
Mode Network
As shown in Figure 3, a significant increase in connectivity
between the OFC (BA11) and the precuneus (BA7) was observed
in the SSNHL-T group compared with the SSNHL-NT group.
The posterior cingulate cortex and precuneus are considered
critical nodes of the brain’s DMN, a specific group of brain
regions activated when people are occupied with an internally
focused task (i.e., the task-negative mode) (Vanneste and De
Ridder, 2012). Therefore, our data may indicate that patients
with SSNHL perceive tinnitus when Bayesian updating-based
tinnitus is actively linked to the DMN. The DMN may regard
the salient but irrelevant auditory information (i.e., tinnitus)
arising from the Bayesian updating as normal, ultimately leading
to continuous tinnitus perception. We have recently shown
that localized activation of brain areas involved in the DMN
may act as a negative predictor of improvement in tinnitus
after partial auditory reafferentation by the use of hearing aids
or cochlear implants, as tinnitus perception may already seem
normal due to activation of DMN-related brain areas (Song et al.,
2013; Han et al., 2020). Collectively, these findings reinforce the
existing notion that the brain regions involved in generating
tinnitus may become integrated into the DMN in patients with
tinnitus (De Ridder et al., 2011; Vanneste and De Ridder, 2012).
Based on the literature as well as the current findings, our
results justify the evaluation of localized activity and functional
connectivity using functional neuroimaging in patients with
SSNHL. The rationale behind such an effort lies in the
expectation that altered brain activity and connectivity, including
that of the DMN, may predict the prognosis with regard to
the chronification of tinnitus or treatment responses in subjects
with tinnitus.

Limitations and Future Perspectives
Taken together, the results of the present study merit
special attention in that they are grossly in line with the
recently proposed Bayesian brain model for the generation
of tinnitus and offer a key to unraveling the conundrum
of the selective development of tinnitus in patients with
SSNHL. Our study also raises an important issue that
may stimulate further research incorporating customized
neuromodulation approaches based on the status of neural
substrates responsible for the perception of tinnitus in patients
with SSNHL.

Nevertheless, there are some limitations that should be
addressed in future studies. First, the results presented here
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are limited by the relatively small number of subjects in both
groups, mainly due to the difficulty of recruiting SSNHL patients
without tinnitus. Future follow-up studies in a larger number
of subjects should be performed to replicate the current results.
Additionally, the current study was designed as a cross-sectional
evaluation, which, along with the retrospective study design, may
weaken the clinical implications of our results. These limitations
require future prospective and longitudinal follow-up studies
to determine the origination of these differences of cortical
activity and connectivity between SSNHL subjects with and
those without tinnitus. Particularly, recruiting patients showing
immediate tinnitus following sudden auditory deprivation but
improved thereafter, as negative plasticity compensates for itself,
would be important to elicit more significant findings. Second,
confounding related to distress-induced cortical activity changes
was minimized by including SSNHL subjects with tinnitus
who had low THI scores; however, such confounding was
not completely eliminated because tinnitus with no distress
is almost nonexistent. A future prospective study including
SSNHL with “very minimally” distressing tinnitus should be
conducted to confirm the reproducibility of the current findings.
Third, this study did not consider the possibility of combined
hyperacusis in the SSNHL-T group. A recent study using
rs-qEEG showed that increased “circuit-breaker” activity was
associated with hyperacusis-related neural substrates (Han et al.,
2018), which suggests that cortical activity may be biased
if tinnitus subjects with combined hyperacusis are included.
Future studies recruiting a SSNHL-T group without combined
hyperacusis should be performed to address this limitation.

CONCLUSION

Our preliminary study explored cortical activity and connectivity
differences between SSNHL subjects with and without tinnitus,
shedding light on the cortical oscillatory signatures for selective
development of tinnitus among patients with SSNHL. These
areas could serve as potential targets of neuromodulatory
approaches to prevent the development or prolonged perception
of tinnitus in subjects with SSNHL.
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Background and Purpose: Hearing loss is associated with rising risks of emotional

impairments, suggesting emotional processing networks might be involved in the

neural plasticity after hearing loss. This study was conducted to explore how

functional connectivity of the amygdala reconfigures in the auditory deprived brain

and better understand the neural mechanisms underlying hearing loss-related

emotional disturbances.

Methods: In total, 38 chronic sensorineural hearing loss (SNHL) patients and 37

healthy controls were recruited for multimodal magnetic resonance imaging scanning

and neuropsychological assessments. Voxel-wise functional connectivity (FC) maps of

both the left and right amygdala were conducted and compared between the SNHL

patients and healthy controls. The uncinate fasciculus (UF), an association fiber pathway,

was reconstructed in both groups. The track number, mean track length, fractional

anisotropy (FA) and mean diffusion values of the left and right UF were further quantified,

respectively. Besides, Pearson’s correlation analyses were conducted to investigate the

relationship between the functional/structural abnormalities and the negative emotional

states in SNHL patients.

Results: The SNHL patients presented higher depressive and anxious levels compared

to the healthy controls. Decreased FCs were detected between the amygdala and

the auditory cortex, striatum, multimodal processing areas, and frontoparietal control

areas in the SNHL patients. The amygdala was found to be structurally connected with

several FC decreased regions through the UF. Moreover, the hypo-synchronization and

the white matter impairment were both found to be associated with patients’ elevated

anxious status.

Conclusions: These functional and structural findings depicted the reconfiguration of

the amygdala in SNHL, which provided a new perspective toward the functional circuit

mechanisms targeting the emotional impairments related to hearing loss.

Keywords: sensorineural hearing loss, amygdala, orbitofrontal cortex, striatum, emotion, functional connectivity,

uncinate fasciculus
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INTRODUCTION

Hearing loss was reported to be associated with increased
risks of developing emotional disorders, such as depression
and anxiety (Contrera et al., 2017), with profound impacts on
mental health and the quality of life. Higher odds of anxiety
were found in both mild and moderate hearing impairment
patients (Contrera et al., 2017), with odds ratios of 1.32 and
1.59, respectively. In older adults, hearing loss was associated
with greater odds of depression (Lawrence et al., 2019). The
association between hearing loss and emotional dysfunctions
indicated that emotional processing circuits might be involved
in the wide-ranging reorganization after hearing loss. Therefore,
hearing loss might play a critical role in neural plasticity and
contribute to dramatic neuro-plastic alterations in the brain.

The amygdala, which consists of a group of nuclei with
complex connections with multiple brain areas across the whole
brain, is a crucial structure in reward and emotional responses
(Janak and Tye, 2015), and is implicated in many affective
disorders. The amygdala receives direct neural projections from
thalamic and cortical levels of the central auditory pathway and
exerts direct projections to the auditory midbrain (Amaral et al.,
1992; Sah et al., 2003). Sound can influence the function of
the amygdala, and in turn, the amygdala can also modulate the
neural activity or plasticity in the auditory system (Kraus and
Canlon, 2012). Emerging evidence has indicated that hearing loss
causes abnormal neural responses in the amygdala (Husain et al.,
2014; Sheppard et al., 2014; Chen et al., 2016). However, the
intrinsic long-ranging connectivity pattern of the amygdala and
its relationships with the amygdala-related emotional processing
remains far from clear.

The functional interactions of the spatially distributed human
brain regions could be revealed with imaging techniques.
Neuroimaging studies have widely documented amygdala
dysconnectivity in many emotional disorders (Marchand, 2010;
Moses-Kolko et al., 2010). A recent study on tinnitus patients
suggested that amygdala-cortical functional connectivity (FC)
with the prefrontal-cingulate-temporal circuit could provide
evidence to underlying neuropathological mechanisms of
tinnitus-induced depressive disorder (Chen et al., 2017).
However, the alternated FC of the amygdala with corresponding
brain regions remains unclear in sensorineural hearing loss
(SNHL) patients.

The uncinate fasciculus (UF), an association fiber pathway,
was reported to be directly or indirectly involved in auditory
processing (Chern et al., 2020). The amygdala and the pre-frontal
cortex, known as two key regions involved in emotion processing,
were structurally connected through the UF (Hau et al., 2016;

Abbreviations: BA, Brodmann’s area; DLPFC, dorsolateral pre-frontal gyrus; DTI,

diffusion tensor imaging; FC, functional connectivity; FG, fusiform gyrus; HAMD,

Hamilton Depression Rating Scale; HL, hearing level; IFGorb, orbital part of

inferior frontal gyrus; IFGtri, triangular part of inferior frontal gyrus; FA, fractional

anisotropy; MD, mean diffusion; MNI, Montreal Neurological Institute; MRI,

magnetic resonance imaging; MTG, middle temporal gyrus; OFC, orbitofrontal

cortex; PTA, pure tone audiometry; ROI, region of interest; SAS, Self-Rating

Anxiety Scale; SNHL, sensorineural hearing loss; STG, superior temporal gyrus;

rs-fMRI, resting state fMRI; UF, uncinate fasciculus.

Hein et al., 2018). Although lower white matter microstructural
integrity of the UF was found in hearing loss patients (Croll et al.,
2020), the structural alterations in neural plasticity of the hearing
loss remain unclear. The above findings provided evidence to
investigate the relationship between white matter integrity of
the UF with the amygdala related emotional impairments in
hearing loss.

In this study, we combined the resting-state functional
magnetic resonance imaging (rs-fMRI) and diffusion tensor
imaging (DTI) techniques to investigate the potential
connectivity alterations between the amygdala with the whole
brain and interoperate how this disruption is associated with
abnormal emotional states in SNHL patients.

MATERIALS AND METHODS

Participants
Thirty-eight long-term SNHL patients and 37 age-, gender-, and
education-matched healthy controls were recruited in this study.
All the participants are right-handed. All the SNHL patients had
a consistent bilateral post-lingual hearing loss for at least the past
3 years, with the mean hearing thresholds above 25 dB for both
ears. Only one of the patients declared an etiology of ototoxic
drug application; others have no exact causes of their hearing loss.

Any participant has self-reported tinnitus; acoustic neuroma
or Meniere’s disease; poorly controlled diabetes or hypertension;
a clinical history of cancer, head injury, stroke or otologic
surgery; Alzheimer’s disease, schizophrenia, seizures, and other
neuropsychiatric diseases; and inability to undergo the MRI
scanning would be excluded from this study.

Hamilton Depression Rating Scale (HAMD) and Self-Rating
Anxiety Scale (SAS) were used to evaluate the depressive and
anxious levels. All the participants provided written informed
consent before the experiment. The current study was approved
by the Ethics Committee of Affiliated Zhongda Hospital of
Southeast University, and all the procedures were performed
following the Declaration of Helsinki.

Audiological Assessment
The hearing thresholds at the frequency of 0.25, 0.5, 1, 2, 4,
and 8 kHz for each participant were measured via pure tone
audiometry. The pure-tone average (PTA) of each ear was
calculated by averaging the air conduction thresholds at 0.5, 1,
2, and 4 kHz. The binaural PTA was determined as the mean
value of the monaural PTA. The participant with conductive
deafness would be identified and excluded according to the
acoustic immittance test. In the control group, all the participants
had the PTA≤ 25 dB hearing level (HL) for each ear. In the SNHL
group, all participants had the PTA > 25 dB HL for each ear.

MRI Acquisition
Image scanning was performed using a Siemens 3.0 T MRI
scanner (Siemens, Erlangen, Germany) with a 12-channel head
coil. A headphone, as well as earbuds, were used to alleviate the
noise during scanning. During the MRI scanning procedure, the
participants were asked to keep the head still, eyes closed, and not
think anything.
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The high-resolution three-dimensional magnetization-
prepared rapid gradient-echo (3D MPRAGE) T1-weighted
sequence were used to acquired structural image: repetition time
(TR) = 1,900ms, echo time (TE) = 2.48ms, inversion time =

900ms, flip angle = 9.0◦, slice number = 176, slice thickness
= 1.0mm, field of view (FOV) = 250 × 250mm, matrix = 256
× 256.

Resting-state functional MRI (rs-fMRI) images were acquired
with a gradient-recalled-echo echo-planar imaging (GRE-EPI) as
follows: TR = 2,000ms, TE = 13ms, flip angle = 90.0◦, slice
number = 32, slice thickness = 4.0mm, FOV = 240 × 240mm,
matrix= 64× 64, volumes= 240.

The DTI raw data were acquired using a single-shot echo
planar imaging sequence (EPI) with the following parameters,
repetition time: 10,000ms, echo time: 95ms, flip angle: 90, slice
number: 31, slice thickness: 2.0mm, spacing between slices:
2.0mm, b-values: 0 and 1,000 s/mm2, 30 volumes with non-
collinear directions, matrix: 128× 128.

Data Pre-processing
All the functional data were pre-processed using the Statistical
Parametric Mapping software (SPM12, https://www.fil.ion.ucl.
ac.uk/spm/) and the Data Processing and Analysis for Brain
Imaging toolbox (DPABI V4.3, http://rfmri.org/dpabi/). The
first 10 volumes of the EPI images were discarded to obtain
steady states. The remaining images underwent the slice-timing
adjustment and realignment for the head motion correction. Six
head motion parameters (three translations and three rotations)
were used for head motion correction (Jenkinson et al., 2002).

Subjects whose head motion exceeded 2.0mm of translation
in the x, y, z plane, or 2.0 degrees of axial rotation would be
excluded from this study (Cui et al., 2014). In this study, all the
participants were with the head motion below the thresholds. Of
note, the SNHL group and control group did not show significant
differences in the head motion determined by the frame-wise
displacement (FD, t = 0.4678, P = 0.6413), a summary statistic
of the headmotion (Power et al., 2012). The individual functional
images were normalized to a standard template in MNI space via
a DARTALmethod and resampled into the voxel size of 3× 3× 3
mm3. It has been well-known that the head motion has profound
influences on the rs-fMRI signal. Head motion parameters using
a Friston 24-parameter model were also regressed. Then linear
detrending was performed. The cerebrospinal fluid and white
matter signals were regressed from the time series. The time
series following confound regressions underwent the band-pass
filtering (0.01 to 0.08Hz) (Zou et al., 2009). The normalized
images were further spatially smoothed with a 6-mm full-width
half-maximum (FWHM) Gaussian kernel.

The diffusion data pre-processing was performed based on the
DSI studio (http://dsi-studio.labsolver.org). The following steps
were performed, DICOM raw data were reconstructed, motion
and eddy current correction was performed, quality control
routines were conducted (Yeh et al., 2019b), b-table was checked
by an automatic quality control routine to ensure its accuracy
(Schilling et al., 2019). The diffusion data were reconstructed
in the MNI space using q-space diffeomorphic reconstruction
to obtain the spin distribution function (Yeh et al., 2010). A

diffusion sampling length ratio of 1.25 was used, and the output
resolution was set to be 2mm isotropic. The restricted diffusion
was quantified using restricted diffusion imaging (Yeh et al.,
2017).

Voxel-Wise Functional Connectivity

Analyses
The voxel-wise FC analysis was employed using the Resting-State
fMRI Data Analysis Toolkit (REST V1.8) toolbox. The left and
right amygdala were set as seed regions based on the Anatomical
Automatic Labeling (AAL) template (Tzourio-Mazoyer et al.,
2002). Pearson’s correlation coefficients between the mean time
courses of the left and right amygdala with the whole brain were
calculated. Fisher’s r-to-z transformation was applied to generate
FC z-score maps. Two sample t-test was applied to determine
the between-group differences of voxel-wise FC maps, with age,
gender, and education as the covariates. The resulting statistic
maps were further thresholded at the false discovery rate (FDR)
corrected P < 0.05 and with the cluster size over 30 voxels.

White Matter Reconstruction
A deterministic fiber tracking algorithm was conducted based on
the DSI studio with improved tracking strategies (Yeh, 2020).
The tractography atlas was used to map the bilateral UF with a
distance tolerance of 16mm (Yeh et al., 2018). A seeding region
was placed at the track region indicates by tractography atlas.
A ROA was placed at the track tolerance region with a cubic
volume size of 1.5e + 06 mm3. The track-to-voxel ratio was
set to 2. The anisotropy threshold was randomly selected. The
angular threshold was randomly selected from 15 to 90 degrees.
The step size was randomly selected from 0.5 to 1.5 voxels.
Tracks with a length shorter than 30 or longer than 300mm
were discarded from the fiber reconstruction results. To remove
false connections, topology-informed pruning was applied with
32 iterations (Yeh et al., 2019a). Finally, after the bilateral UFwere
identified, the number of tracts, mean length of the tracks, mean
FA and MD values along the left and right UF were calculated for
further analyses, respectively.

Statistical Analyses
All analyses were performed using the freely available R
statistical software package (version 3.0.1; http://www.
Rproject.org). Data are presented as the means [standard
deviations (SDs)] and numbers (percentages), as appropriate.
Between-group differences in age, gender, education, PTA, and
neuropsychological assessments were evaluated with two sample
t-test, Mann-Whitney U-test, or chi-square test as appropriate,
as listed in Table 1. For FCs and fiber track measurements,
general linear models were used to test for main effects between
the SNHL and healthy controls, controlled by age, gender,
and years of education for each participant. To determine the
relationship between abnormal amygdala connectivity and
emotional status in the patients with SNHL, partial correlations
between radiological measures and clinical variables were
calculated, also controlled by age, gender, and years of education.
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RESULTS

Demographic, Hearing, and

Neuropsychological Characteristics
The detailed clinical characteristics were summarized in Table 1.
The SNHL patients were well-matched in age, gender, education,
and handedness with the healthy controls. The PTA for both sides
in the control group were within the normal range (≤25 dB HL).
The mean duration of auditory deprivation in the SNHL subjects
was 10.21± 8.79 years. Compared with the healthy controls,
SNHL patients were associated with higher monaural PTAs and
binaural mean PTAs, which exceeded the normal range, shown in
Figure 1. The patients with SNHL showed significantly increased
HAMD (P = 0.043) and SAS scores (P = 0.011).

TABLE 1 | Demographical, clinical, and neuropsychological characteristics of the

patients with SNHL and healthy controls.

SNHL patients Healthy controls P-value

(n = 38) (n = 37)

Age (years)a 54.11 ± 9.25 52.51 ± 9.25 0.552

Gender (male)b 23(60.5%) 18(48.7%) 0.302

Education (years)c 11.37 ± 3.29 12.03 ± 3.36 0.394

Handedness (right) 38(100%) 37(100%)

PTA of right ear (dB HL)c 43.27 ± 19.29 19.15 ± 4.14 < 0.001**

PTA of left ear (dB HL)c 48.23 ± 22.59 19.19 ± 5.27 < 0.001**

Mean PTA of both ears (dB HL)c 45.75 ± 18.37 19.17 ± 4.40 < 0.001**

HAMDc 6.08 ± 3.88 3.81± 2.17 0.011*

SASc 31.45 ± 7.76 28.19 ± 5.84 0.043*

All the data were presented asmean± standard deviation for continuous variables, and as

percentages for categorical variables. *P < 0.05, **P < 0.001; PTA, pure tone audiometry

from 0.5, 1, 2, and 4 kHz; dB HL, decibel hearing level; HAMD, Hamilton Depression

Rating Scale; SAS, Self-Rating Anxiety Scale.
atwo sample t-test; bchi-square test; cMann-Whitney U-test.

Voxel-Wise Functional Connectivity

Between the Amygdala and the Whole

Brain
The voxel-wise comparisons of FC with the left and right
amygdala were presented in Figure 2 and Table 2. As a result,
SNHL patients exhibited decreased FC with the left amygdala
in the bilateral superior temporal gyrus (STG), right middle
temporal gyrus (MTG), right dorsolateral pre-frontal gyrus
(DLPFC), right fusiform gyrus (FG), right striatum, and left pre-
cuneus compared to the healthy controls (P < 0.05, corrected
by FDR). SNHL patients showed weaker strength of FC with the
right amygdala in the left STG, right MTG and inferior temporal
gyrus (ITG), right orbitofrontal cortex (OFC), and right triangle
and orbital part of the inferior frontal gyrus (IFGtri, IFGorb)
compared with the healthy controls (P< 0.05, corrected by FDR).

Tractography of the Bilateral UF
After quality control of the diffusion data, one SNHL patient
was excluded. As a result, for tractography analyses, there were
37 SNHL patients and 37 healthy controls included in the final
tractography analyses. The reconstruction results of the bilateral
UF were presented in Figures 3A,B.

Moreover, after overlaying the ROIs found in FC analyses to
the fiber space, the right amygdala was found to be structurally
connected with the right striatum, IFGorb and OFC by the right
UF, as shown in Figure 3D. No direct structural connection
between the amygdala and the rest FC decreased ROIs were
found through UF. The detailed quantitation results of the
bilateral UF were shown in Table 3.

As shown inTable 3, after comparing the track numbers, track
length, FA and MD values of the bilateral UF between the SNHL
and the healthy control groups, the MD value of the left UF was
found to be significantly increased in the SNHL groups (P =

0.015), after controlling for age, gender, and years of education.

FIGURE 1 | The hearing thresholds of the SNHL and control groups. (A) The hearing thresholds the left ear in the SNHL and control groups; (B) The hearing

thresholds the right ear in the SNHL and control groups. The data are shown as mean ± standard deviation. HL, hearing level; SNHL, sensorineural hearing loss; HC,

healthy controls.
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FIGURE 2 | The distribution map of the amygdala FC differences in SNHL was presented in the ventral view. The brain regions with significantly decreased FCs with

left or right amygdala were shown in blue. The color bars below show the t scores obtained from the between-group comparison, P < 0.05, corrected by FDR. STG,

superior temporal gyrus; AMYG, amygdala; MTG, middle temporal gyrus; FG, fusiform gyrus; ITG, inferior temporal gyrus; IFGorb, orbital part of inferior frontal gyrus;

IFGtri, triangular part of inferior frontal gyrus; OFC, orbitofrontal cortex.

Correlational Analyses
Figure 4 showed the scatter plots of all the partial correlations
of functional alterations in patients with SNHL. As shown in
Figure 4A, SAS scores were negatively associated with the FCs
between the left amygdala and all significant voxels from the
voxel-wise comparison (r = −0.351, P = 0.039). SAS scores
were also negatively associated with the FCs between the left
amygdala and the left STG (r =−0.358, P = 0.035) and the right
striatum (r = −0.373, P = 0.027), shown in Figures 4B,C. No
other significant relations were detected between amygdala FCs
and SAS or HAMD scores.

Figure 5 showed the scatter plots of all the partial correlations
of structural alterations in patients with SNHL. As shown in
Figure 5A, SAS scores were negatively associated with the FA
values of the right UF (r = −0.399, P = 0.019). As shown in
Figure 5B, HAMD scores were negatively associated with the
mean lengths of the right UF (r = −0.452, P = 0.007). No
other significant relations were detected between the diffusion
measurements and SAS or HAMD scores.

DISCUSSION

In this study, wide-spreading suppression of the amygdala FCs
were observed in the SNHL patients. By reconstruction of the

TABLE 2 | Differences of FCs with amygdala in SNHL group compared with

control group.

Brain region BA Voxel

size

Peak MNI

coordinates (mm)

Peak t

values

X Y Z

Left amygdala

Left superior temporal gyrus 22/41/42 165 −54 0 3 −5.307

Right superior temporal gyrus 41/42 35 60 −21 15 −4.969

Right middle temporal gyrus 37 48 45 −66 9 −4.761

Right dorsolateral frontal cortex 46 31 36 36 27 −4.183

Right fusiform gyrus 37 61 42 −51 −21 −4.456

Right striatum 47 12 15 −6 −4.752

Left precuneus 7 94 −18 −81 45 −4.350

Right amygdala

Left superior temporal gyrus 22/42 46 −60 −6 9 −4.252

Right middle/inferior temporal

gyrus

37 108 45 −54 −21 −4.668

Right orbitofrontal cortex 11 40 9 42 −21 −4.443

Right inferior frontal gyrus,

orbital part

47 139 45 39 −15 −5.275

Right inferior frontal gyrus,

triangular part

45 39 48 27 15 −4.979

FC, functional connectivity; ROI, region of interest; BA, Brodmann’s area; MNI, Montreal

Neurological Institute.

Frontiers in Neuroscience | www.frontiersin.org 5 December 2020 | Volume 14 | Article 616348232

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


Tang et al. Disrupted Amygdala in Hearing Loss

FIGURE 3 | Tractography results of the UF. (A) Tractography results of the right UF; (B) Tractography results of the left UF; (C) Tractography results of the right UF

overlaid with decreased FC ROIs, including IFGorb, striatum and OFC; (D) Amplified tractography results of the right UF. AMYG in red; OFC in brown; IFGorb in green;

striatum in purple. The fibers were color coded for fractional anisotropy (FA) value. AMYG, amygdala; IFGorb, orbital part of inferior frontal gyrus; OFC, orbitofrontal

cortex.

bilateral UF, the amygdala was found to be structurally connected
with several FC decreased regions. Furthermore, significant
associations were found between the functional and structural
connections of the amygdala with anxiety and depression
assessment scores in patients with SNHL. Our results indicate
that the altered amygdala connectivity might be related to the
negative moods in SNHL.

The amygdala is known to be a crucial structure involved
in several emotional functions and related to several emotional
impairments, including anxiety and depression. It has been
reported that hearing loss causes abnormal neural responses
in the amygdala (Husain et al., 2014; Sheppard et al., 2014;
Chen et al., 2016). In our study, suppressed FCs between
the amygdala and the auditory cortex, striatum, multimodal
processing areas, and frontoparietal control areas were found in
the SNHL patients. A recent neuroimaging study has revealed
the decreased response in the amygdala to the emotional stimuli
in hearing loss patients, suggesting that the long-term hearing
loss might lessen the acoustic or/and the emotional valence
information by impacting the reported connectivity schema

TABLE 3 | Diffusion measures of bilateral UF in the SNHL and healthy control

groups.

Measures SNHL patients Healthy controls P-value

(n = 37) (n = 37)

Left UF tract number 3309.32 ± 1111.46 2946.92 ± 1194.18 0.690

mean length (mm) 65.86 ± 14.61 62.69 ± 14.26 0.805

mean FA value 0.23 ± 0.03 0.24 ± 0.03 0.058

mean MD value 0.92 ± 0.07 0.89 ± 0.06 0.015*

Right UF tract number 2957.11 ± 683.56 2825.59 ± 929.12 0.827

mean length (mm) 92.67 ± 11.17 93.17 ± 11.11 0.256

mean FA value 0.28 ± 0.03 0.28 ± 0.02 0.656

mean MD value 0.87 ± 0.06 0.85 ± 0.04 0.952

Data are represented as mean ± (SD). *P < 0.05. The comparison was performed after

controlling for age, gender, and years of education. UF, uncinate fasciculus; FA, fractional

anisotropy; MD, mean diffusion.

between the auditory cortex and amygdala (Husain et al., 2014).
A proposed putative causal model underlying the hearing loss-
related emotional disorders suggests that the dysfunction in the

Frontiers in Neuroscience | www.frontiersin.org 6 December 2020 | Volume 14 | Article 616348233

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


Tang et al. Disrupted Amygdala in Hearing Loss

FIGURE 4 | The associations between the amygdala FC alterations and SAS scores in SNHL patients. The presented P-values were controlled by the effects of age,

gender, and years of education. SAS, Self-Rating Anxiety Scale; STG, superior temporal gyrus. (A) The mean FC value between the left amygdala and all the

significant clusters. (B) The mean FC value between the left amygdala and the left STG. (C) The mean FC value between the left amygdala and the right striatum.

FIGURE 5 | The associations between the diffusion measures of the right UF and the clinical parameters. The presented P-values were controlled by the effects of

age, gender, and years of education. SAS, Self-Rating Anxiety Scale; HAMD, Hamilton Depression Rating Scale. (A) The FA value of the right UF. (B) The mean length

of the right UF.

amygdala, as the neural mediator, leads to negative emotions
through the auditory-amygdala dysconnectivity (Rutherford
et al., 2018). However, due to the small sample size of the studies,
it is difficult to determine whether the hypo-connectivity is a
neural alteration or is a reflection of hearing loss in SNHL
patients. Future studies are warranted to clarify the underlying
neuropathology of these findings.

Additionally, the OFC, amygdala, and ventral striatum are
essential components of the central reward system. The OFC is
implicated in encoding the stimulus reward values (O’doherty,
2004), and also take part in reward prediction in coordination
with the amygdala and ventral striatum (O’doherty et al., 2002).
Reduced activation to wins and FC within the reward system
have been documented and appeared to be associated with the
severity of depression (Satterthwaite et al., 2015). The OFC-
striatal circuit was reported abnormally activated in obsession-
induced anxiety (Figee et al., 2011). Lower activation elicited
by the social reward in the amygdala has also been reported
in obsessive-compulsive disorder (Blair et al., 2008), generalized
anxiety disorder (Ottaviani et al., 2012), and panic disorder
(Cannistraro et al., 2004). The previous perspective supported
that the anxiety and depression disorders might be related to the

functional reorganization or maladaptive plasticity in the neural
circuits related to the reward behavior (Insel and Wang, 2010).
Hence, the changed FC among these reward-related regions in
the current study might interpret the elevated depressive and
anxious states in the patients with SNHL.

The striatum, especially the ventral striatum, is a recipient
of the motivational effects of the emotional stimuli from
the amygdala, and afterward sends the projections to the
regions implicated in the behavioral expression (Phelps et al.,
2001). The striatum, together with the amygdala, produces the
affective states. In the current study, the SNHL weakened the
temporal synchrony between the amygdala and striatum. Such
abnormality might eventually contribute to the aberrant response
to emotionally significant stimuli or even emotional deficits
in SNHL.

Attentional allocation participates in emotional regulation
by shifting the attention away from or toward the emotional
stimuli dependent on the frontoparietal control areas (Gross,
1998). The emotional regulation might be hindered by the
dysfunction of attentional control regions, such as DLPFC, pre-
cuneus and ventral pre-frontal cortex (vPFC) involving the
IFGorb and IFGtri (Ferri et al., 2016; Rutherford et al., 2018).
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Reappraisal through the interactions between these cognitive
control areas and the amygdala is associated with emotional
processing (Ochsner and Gross, 2005; Eippert et al., 2007; Ferri
et al., 2016). The decreased amygdala FC in the frontoparietal
might underlie the deficits of the emotional modulation in SNHL,
which is postulated to be a fundamental basis of the anxiety and
emotional disorders (Campbell-Sills and Barlow, 2007).

Furthermore, existing studies have revealed the abnormality
of the neural response to the emotional information related to the
auditorymodality in hearing loss. One of the questions is whether
the hearing loss disturbs the emotional processing presented in
other perceptual modalities. Our voxel-wise amygdala FC might
give a promising understanding of this question. Decreased FC of
the amygdala in high-level visual cortex (i.e., fusiform gyrus), and
several regions implicated in the visual perception or multimodal
integration (i.e., MTG, ITG) (Molholm et al., 2006) among
the patients with SNHL possibly resulted from that laborious
listening consumed more cognitive resources (Rutherford et al.,
2018).

As shown in Figure 3, the shape and trajectory of the UF are
highly consistent with the template (Yeh, 2020) and previous
literature (Maier-Hein et al., 2017; Park et al., 2019; Sanvito et al.,
2020). The UF is the major white matter tract connecting the
ventral pre-frontal cortex and the amygdala (Koch et al., 2017),
which takes a crucial part of the bidirectional communication
within the amygdala-vPFC circuit. However, it is unclear how
the structural connectivity of the UF relates to amygdala related
emotional impairments. Our results also showed that the FC
decreased regions, including the right striatum, IFGorb and
OFC, were connected to the right amygdala through the right
UF. Besides, the amygdala-striatal hypo-synchronization was
negatively associated with the anxiety levels in SNHL, while the
FA values of the right UF were also negatively correlated to
SAS scores. Our results produced structural evidence of actual
anatomical connections between the amygdala and the detected
altered FC regions. Moreover, these white matter alternations
might contribute to the weaker FCs and drive more significant
anxiety and depression levels in SNHL.

As shown in Figure 4, negative FCs were detected in several
participants. Negative FC, also called anti-correlation, has been
reported since the very beginning of the rs-fMRI technique
(Biswal et al., 1995). It represents the negative correlation of
the time curses between two brain regions or voxels. Several
studies have proved the functional significance of the negative FC
(Schwarz and Mcgonigle, 2011; Zhang et al., 2016) and negative
FCs were reported between the amygdala and the infralimbic
cortex (Liang et al., 2012). In the current study, we retained the
individually negative FCs, not to mention that all the reported FC
altered areas demonstrated positive FCs at the group level.

The major strength of the current study is that both rs-fMRI
and DTI techniques were used to detect structural and functional
alterations of the amygdala and their relations to emotional
deficits in SNHL patients. Several FC decreased regions were
found to be structurally connected through the UF, denoting
actual anatomical connections exist between the amygdala and
these regions. The increased MD value of the right UF and the

negative correlations between the emotional states and diffusion
measurements express fundamental abnormalities that might
contribute to the altered FCs between the amygdala and the
decreased regions.

Limitations
Several limitations must be acknowledged. Firstly, although the
number of participants in the SNHL and control groups was
more than 35, it was still not enough to divide the participants
into different subgroups according to their emotional states.
Secondly, many SNHL patients presented higher depressive
and anxious levels simultaneously; the current analyses could
not determine the specific neural mechanisms underlying the
depressive or anxious emotions in hearing loss. However, the
depression is reported highly accompanied by anxiety, suggesting
a potential overlap of the neural circuits involving the depression
and anxiety (Russo and Nestler, 2013). Finally, due to the cross-
sectional design, it is impossible to determine the temporal
causality between emotional deficits and hearing loss. A future
longitudinal study with a larger sample size might further address
this question.

CONCLUSIONS

In conclusion, SNHL caused widespread amygdala FC decreased
regions, which were also found to be structurally connected to
the amygdala through the uncinate fasciculus. The disturbance
of the amygdala related interactions was related to abnormal
emotional states in SNHL patients. These findings provided
insights, from both anatomical and functional, into the
neural loop mechanisms underlying the hearing loss-related
emotional impairments.
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Purpose: Both tinnitus and type 2 diabetes mellitus (T2DM) are linked with cognitive
decline and brain dysfunction. This study used arterial spin labeling (ASL) perfusion
functional magnetic resonance imaging (fMRI) to examine the abnormal cerebral blood
flow (CBF) patterns existed in tinnitus patients and potential relationships between the
abnormal CBF and cognitive performance. The impact of T2DM on CBF alterations in
tinnitus patients was further explored.

Methods: Sixty tinnitus patients and 40 non-tinnitus subjects were recruited. CBF
images were collected and analyzed using ASL perfusion fMRI. Brain regions with
CBF alterations between tinnitus patients and non-tinnitus controls were identified by
one-way analysis of variance. Interaction effects between tinnitus and T2DM for CBF
changes were also selected. Then, correlation analyses were calculated to specify the
link between CBF changes and cognitive performance and between CBF changes and
diabetic characteristics.

Results: Tinnitus patients showed decreased CBF, primarily in the auditory area and
default mode network (DMN), compared with non-tinnitus controls. Decreased CBF
in these regions was correlated with executive function and attention. The interaction
effect between tinnitus and T2DM was significant in the right medial prefrontal gyrus.
Additionally, CBF in the right medial prefrontal gyrus was correlated with tinnitus distress
and cognitive performance. In tinnitus patients, Hemoglobin A1c was associated with
CBF in the right medial prefrontal gyrus.

Conclusion: Tinnitus affects brain perfusion in the auditory area and DMN. T2DM and
uncontrolled glucose levels may aggravate a CBF decrease in tinnitus patients. These
new findings implied that tinnitus patients may benefit from blood glucose control in
terms of their cognitive function and tinnitus distress.

Keywords: tinnitus, type 2 diabetes mellitus, cognitive impairment, cerebral blood flow, magnetic resonance
imaging
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INTRODUCTION

Tinnitus is a common audiological disorder that affects
approximately 10–15% of adult populations (Langguth et al.,
2013; Nemholt et al., 2015). Metabolic disorders, such as
hyperinsulinemia and diabetes, are considered as risk factors
of tinnitus symptoms or comorbidities and have significant
relationships with the tinnitus distress, with or without
hearing loss (Taneja, 2017). Tinnitus as a symptom is mostly
observed in disorders involving metabolic disturbances and
diabetes mellitus (DM) (Nemati et al., 2018). Conversely,
higher blood glucose level will increase the burden of
tinnitus distress.

Numerous studies have demonstrated poorer cognitive
performance, especially on control of attention, executive,
and memory in tinnitus patients compared to individuals
without tinnitus (Das et al., 2012; Pierce et al., 2012; Heeren
et al., 2014); however, there are still a few investigations that
reported no influence of tinnitus in the cognitive function
(Husain et al., 2015). Interestingly, both clinical and animal
studies suggest that type 2 DM (T2DM) is a modifiable
and independent causal risk factor for the development
and progression of cognitive impairment (Zuloaga et al.,
2016; Pal et al., 2018). Therefore, T2DM is a potential
risk factor for the cognitive decline observed in tinnitus
patients. The precise correlation between hyperglycemic
state and brain functioning has not been illustrated in
tinnitus patients.

Cognitive deterioration may be affected by a declined CBF as
a result of brain ischemia and energy depletion (Ogoh, 2017).
Cerebral blood flow (CBF) can be evaluated using single-photon
emission computed tomography (SPECT). Current researches
using SPECT shows that tinnitus patients exhibit decreased
CBF in certain brain areas (Farhadi et al., 2010; Laureano
et al., 2014). Arterial spin labeling (ASL) is a non-invasive
functional magnetic resonance imaging (fMRI) technique for
measuring regional CBF that uses magnetically labeled blood
water as an endogenous tracer (Detre et al., 1992). With
higher resolution and accurate localization, ASL perfusion fMRI
has been applied to detect early stages of dementia patients
(Binnewijzend et al., 2013; Dolui et al., 2020), but has never
been used to evaluate CBF in tinnitus patients. Regarding T2DM,
our previous study shows that T2DM patients exhibited reduced
CBF in widespread brain regions, primarily in the visual area
and the default mode network (DMN) (Xia et al., 2015), which
is later confirmed by further studies (Bangen et al., 2018; Hu
et al., 2019). Further research is needed to investigate whether
brain areas show CBF alterations in the tinnitus patients and
to determine whether T2DM is involved in the CBF fluctuation
in these regions.

Hence, hypothesis was raised that patients with
tinnitus would exhibit abnormal CBF and cognitive
decline compared with non-tinnitus subjects and that the
comorbidity of T2DM would aggravate the abnormal brain
perfusion. We also intended to explore whether diabetic
characteristics would be correlated with higher CBF values in
tinnitus patients.

MATERIALS AND METHODS

Participants
Study protocol was approved by the Research Ethics Committee
of the Nanjing Medical University prior to study initiation.
All the subjects provided written informed consent before any
study procedures.

Through community health screening and newspaper
advertisements, 60 patients with tinnitus and 40 non-tinnitus
controls, who were all right-handed and completed at least
6 years of education, were recruited (matched for age, sex, and
education) from March 2016 to November 2019. All tinnitus
patients reported their tinnitus as bilateral or originating within
the head. According to the World Health Organization 1999
criteria for T2DM diagnosis, 25 tinnitus patients were diagnosed
with T2DM. Participants who had hearing loss (defined as
thresholds ≥25 dB HL) at the frequencies of 0.25, 0.5, 1, 2,
4, and 8 kHz were excluded. Participants with hyperacusis
were excluded according to Hyperacusis Questionnaire (Khalfa
et al., 2002). In addition, according to previous diagnostic
criteria (Lopez-Escamez et al., 2015), patients with Ménière
diseases were excluded. Subjects were also excluded if they

TABLE 1 | Demographics and cognitive characteristics of tinnitus patients and
non-tinnitus controls.

Tinnitus
patients
(n = 58)

Non-tinnitus
controls
(n = 39)

p value

Age, years 49.81 ± 10.57 47.46 ± 11.69 0.307

Gender, male:female 21:37 16:23 0.632

Education levels, years 12.47 ± 3.09 13.03 ± 3.04 0.381

Tinnitus duration, months 37.07 ± 34.40 − –

THQ score 52.50 ± 13.76 − –

Hearing thresholds (left) 16.03 ± 3.02 16.99 ± 2.48 0.105

Hearing thresholds (right) 16.62 ± 3.16 16.67 ± 2.39 0.942

Hearing thresholds (mean) 16.10 ± 2.64 16.83 ± 1.51 0.123

Diabetes characteristics

HbA1c, % (mmol/mol) 6.53 ± 1.68 6.15 ± 1.24 0.228

Fasting glucose, mmol/L 6.48 ± 2.29 5.79 ± 1.56 0.103

Triglyceride, mmol/L 1.48 ± 0.71 1.54 ± 0.57 0.648

Total cholesterol, mmol/L 5.64 ± 1.05 5.29 ± 0.90 0.092

LDL-C, mmol/L 3.44 ± 0.70 3.24 ± 0.74 0.201

HDL-C, mmol/L 1.40 ± 0.32 1.44 ± 0.34 0.511

Cognitive performance

MMSE 29.07 ± 1.00 28.77 ± 1.20 0.187

AVLT 34.02 ± 7.26 34.10 ± 6.72 0.954

CFT 34.22 ± 1.82 34.64 ± 1.67 0.255

CFT-delayed recall 17.38 ± 2.49 16.54 ± 2.98 0.136

TMT-A 64.72 ± 20.49 47.72 ± 12.84 <0.001*

TMT-B 155.02 ± 65.60 103.72 ± 36.09 <0.001*

CDT 3.50 ± 0.54 3.38 ± 0.59 0.322

Data are presented as mean ± standard deviation. *p < 0.001. THQ, Tinnitus
Handicap Questionnaire; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-
density lipoprotein cholesterol; MMSE, Mini Mental State Examination; AVLT,
Auditory Verbal Learning Test; CFT, Complex Figure Test; TMT-A, Trail Making
Test–Part A; TMT-B, Trail Making Test–Part B; CDT, Clock Drawing Test.
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FIGURE 1 | Average hearing thresholds of chronic tinnitus patients and non-tinnitus controls. Data are presented as mean ± SEM.

had objective tinnitus, severe visual loss, a history of stroke,
major medical illness, neurological or psychiatric illness such
as Alzheimer disease, head injury, anemia, Parkinson disease,
epilepsy, and major depression, magnetic resonance imaging
(MRI) contraindications, severe heart diseases, and damaged
liver/kidney function.

Clinical Data
Demographic information was collected prior to the MRI scan.
Hearing thresholds were assessed by pure tone audiometry by an
experienced otolaryngologist. The tinnitus distress was assessed
by the Iowa version of the Tinnitus Handicap Questionnaire
(THQ) (Kuk et al., 1990). After an overnight fast, venous
blood samples were collected. Fasting blood glucose, hemoglobin
A1c (HbA1c), and blood lipid levels were assessed. Cognitive
performance was evaluated by the cognitive tests in a fixed
order, including the Mini Mental State Examination (MMSE),
Rey–Osterrieth Complex Figure Test (CFT), Auditory Verbal
Learning Test, Clock Drawing Test, and Trail Making Test
(TMT) Parts A and B.

TABLE 2 | Comparisons of the brain volumes between tinnitus patients and
non-tinnitus controls.

Tinnitus
patients
(n = 58)

Non-tinnitus
controls
(n = 39)

p value

Gray matter volume (% of TIV) 31.8 ± 2.0 32.6 ± 2.0 0.071

White matter volume (% of TIV) 29.4 ± 1.5 29.7 ± 1.7 0.448

Brain parenchyma volume (% of TIV) 61.2 ± 2.9 62.2 ± 3.2 0.109

Data are expressed as mean ± SD. TIV, total intracranial volume.

Magnetic Resonance Imaging Data
Acquisition
All participants were scanned using a 3.0-T MRI scanner
(Ingenia, Philips Medical Systems, Netherlands). The
participants were instructed to rest quietly with eyes
closed and avoiding either falling asleep or making a
sudden head motion and to not think of anything in
particular. Three-dimensional T1-weighted images were
acquired using the parameters as follows: repetition time
(TR) = 8.1 ms, echo time (TE) = 3.7 ms, thickness = 1 mm,
slices = 170, gap = 0 mm, flip angle (FA) = 8◦, field of view
(FOV) = 256 mm × 256 mm, and acquisition matrix = 256 × 256.
ASL images were obtained with a pseudocontinuous ASL
sequence with a two-dimensional fast spin-echo acquisition
and background suppression using the parameters as follows:
TR = 4,000 ms, TE = 11 ms, slice thickness = 4 mm, label
duration = 1,650 ms; postlabel delay = 2,000 ms, FA = 90◦,
FOV = 220 mm × 220 mm, slices thickness = 4 mm,
gap = 0.4 mm, and matrix = 64 × 64.

TABLE 3 | Brain regions with significant differences in CBF between tinnitus
patients and non-tinnitus controls.

Brain regions BA Peak MNI
coordinates x,

y, z (mm)

Peak T
value

Cluster
size

(voxels)

R superior temporal gyrus 22 58, 6, 6 −4.2384 189

L posterior cingulate cortex 23 −5, −44, 17 −4.7829 135

R medial prefrontal gyrus 24 3, 44, −8 −4.1908 140

Thresholds were set at a corrected p < 0.01 corrected by FWE criterion.
L, left; R, right.
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FIGURE 2 | The CBF differences between tinnitus patients and non-tinnitus controls. (A) The tinnitus patients exhibited decreased CBF in the right superior temporal
gyrus (STG), left posterior cingulate cortex (PCC), and right medial prefrontal gyrus (mPFG) (p < 0.01, FWE corrected). (B) The interaction effect of diabetes and
tinnitus in the right mPFG (p < 0.01, FWE corrected).

Imaging Data Processing
To estimate the whole-brain volumes, a voxel-based
morphometry (VBM) approach was performed using the
VBM8 toolbox1. We used DARTEL to improve intersubject
registration of the structural images. Briefly, cerebral tissues
were segmented into gray matter (GM), white matter (WM),
and cerebrospinal fluid by a unified segmentation algorithm

1http://dbm.neuro.uni-jena.de/vbm

(Ashburner and Friston, 2005). Resulting GM and WM images
were then normalized to the Montreal Neurological Institute
(MNI) template. Smoothing was followed by using a 6-mm full
width at half maximum (FWHM) Gaussian kernel. The final
voxel-wise GM volume maps were later entered as covariates in
the ASL analysis.

Using the ASL Perfusion MRI Signal Processing Toolbox
(ASLtbx), which is based on SPM122 (Wang, 2012), the ASL

2http://www.fil.ion.ucl.ac.uk/spm/
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FIGURE 3 | The CBF values of chronic tinnitus patients and non-tinnitus controls in the right STG, left PCC, and right mPFG (p < 0.01). *Means significant difference
between two groups.

data were preprocessed to generate CBF maps. Images were first
rearranged and adjusted to correct head movement. Then, a
non-linear transformation was performed on the CBF images
of non-tinnitus subjects, which were co-registered with the
positron emission tomography (PET) perfusion template in MNI
space. The MNI-standard CBF template was defined as the
average co-registered CBF images of the control group. Next,
the CBF images of all subjects were co-registered to the MNI-
standard CBF template. Every co-registered CBF was removed
from the non-brain tissue, followed by a spatial smoothing
using a 6-mm FWHM isotropic Gaussian. Normalization was
finally performed. The CBF was divided per voxel by the average
CBF (Aslan and Lu, 2010). Two tinnitus patients and one non-
tinnitus control were excluded from the study because of head
movement exceeding 2.0 mm of maximum translation in any
of the x, y, and z directions or 2.0◦ of the maximum rotation
around the three axes.

Statistical Analysis
Clinical measures were analyzed using Statistical Package for the
Social Sciences (SPSS) statistics software package version 20.0.
Differences between the patients with tinnitus and non-tinnitus
subjects were calculated. For normally distributed variable, a
Student t test was used. For asymmetrically distributed variable, a
non-parametric Mann–Whitney U test was used. For categorical
variable, a χ2 test was used. The statistical significance level was
set at p < 0.05, two-tailed.

A one-way analysis of variance (ANOVA) was then performed
to determine between-group differences in brain volumes, with
age, gender, and education level as the nuisance covariates.
Between-group differences in CBF were also calculated via one-
way ANOVA in SPM12, with age, gender, and education level

as the nuisance covariates. Significant thresholds were corrected
using false discovery rate criterion and set at p < 0.01. A full-
factorial model was utilized to detect potential interaction effects
between tinnitus and diabetes on CBF differences. Significant
thresholds were corrected using cluster-level family-wise error
(FWE), and the threshold was set at p < 0.01.

The relationships between abnormal CBF in certain brain
areas and THQ scores, cognitive performance, and glucose
levels were further calculated. First, the brain regions that
showed significant differences between the two groups were
extracted, and the mean z values of abnormal CBF region
mask were calculated within each subject. Then, Pearson
correlation analysis between the mean z values and THQ scores,
cognitive performance, and glucose characteristic was performed
using SPSS software. Partial correlations were calculated after
correction for age, gender, and education. P < 0.05 was
considered statistically significant.

RESULTS

A set of Chinese Han population was tested in the current
study. The average age for tinnitus was 49.81 ± 10.57 years,
and duration of tinnitus was 37.07 ± 34.40 months. There are

TABLE 4 | Regions showing interaction effects of tinnitus and diabetes on CBF.

Brain regions BA Peak MNI
coordinates x,

y, z (mm)

Peak T
value

Cluster
size

(voxels)

R medial prefrontal gyrus 24 7, 51, −8 3.9320 95

Thresholds were set at a corrected p < 0.01 corrected by FWE criterion. R, right.
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FIGURE 4 | The significant correlations between the CBF changes and the clinical data in tinnitus patients. (A) CBF in the right mPFG was negatively associated with
THQ scores (r = –0.319, p = 0.018). (B) CBF in the right mPFG was negatively associated with TMT-B scores (r = –0.336, p = 0.012). (C) CBF in the right mPFG was
positively correlated with the HbA1c values (r = 0.302, p = 0.025).

no significant differences between tinnitus patients and controls
in terms of age, gender, and education level. Key diabetes
characteristics (i.e., HbA1c, fasting glucose, and lipid levels) also
did not differ meaningfully between the two groups. All subjects
exhibited normal performance according to MMSE score. We
detected a trend for a difference in TMT-A and TMT-B scores
(p < 0.001) between groups (Table 1). There were no significant
differences of auditory thresholds between tinnitus patients and
non-tinnitus controls (Figure 1).

In the current study, none of structural changes in specific
brain regions were observed between patients with chronic
tinnitus and non-tinnitus controls (p > 0.05). Besides, the GM,
WM, and BP volumes of each group were not significantly
different (Table 2). We also did not observe any differences of
the brain volumes between tinnitus patients with and without
diabetes (p > 0.05).

The tinnitus patients displayed disrupted CBF, primarily in
the auditory area and DMN, including the decreased CBF
regions, namely, right superior temporal gyrus (STG), left
posterior cingulate cortex (PCC), and right medial prefrontal
gyrus (mPFG) (p < 0.01, corrected; Table 3 and Figure 2A). The
CBF values in each brain region for different groups are shown in
Figure 3. The interaction effect between tinnitus and diabetes was
significant in the right mPFG (p < 0.01, corrected; Table 4 and
Figure 2B). We did not observe other abnormal DMN regions in
tinnitus patients with or without diabetes.

By calculating correlations between CBF in certain areas and
THQ scores as well as cognitive scores (Figure 4), we observed
that the relative CBF in the right mPFG was correlated THQ
scores (r = −0.319, p = 0.018) and TMT-B scores (r = −0.336,
p = 0.012). Moreover, HbA1c was associated with CBF in the right
mPFG in tinnitus patients (r = 0.302, p = 0.025).

DISCUSSION

The current study quantified CBF in tinnitus patients and
investigated the influence of diabetes on the brain of tinnitus
patients. Compared to non-tinnitus controls, tinnitus patients
exhibit reduced CBF, which was directly associated with
the severity of tinnitus. Interestingly, we also revealed that
diabetes exacerbated CBF reduction in tinnitus patients, and

poorly controlled glucose level was associated with decreased
brain perfusion.

Structural alterations could contribute to aberrant brain
perfusion; however, we did not detect structural alterations
between tinnitus patients and non-tinnitus subjects in this study.
It could be explained by the relatively younger ages and shorter
duration of the tinnitus population. Considering the lack of
structural change, our results indicated that CBF changes related
to tinnitus can occur prior to structural abnormalities.

In our study, main effects of tinnitus were primarily in
auditory and DMN regions. Self-directed attention and poor
performance on memory tasks could be regarded as symptomatic
of a hyperactive autobiographical memory network, known as
the DMN in its “resting-state” form, which is responsible for
rumination and introspection. The DMN, consisting of nodes
in the PCC/anterior cingulate cortex, medial prefrontal cortex,
middle temporal cortex, precuneus, and IPL, is active at rest and
suspended when entering a task-based state involving attention
or goal-directed behavior. Chen et al. investigate the disrupted
intrinsic functional connectivity within the DMN regions in
tinnitus patients (Chen et al., 2018a), which was correlated with
cognitive performance (Chen et al., 2018b). Previous research
also implicated a negative influence of tinnitus on verbal fluency,
which could be related to a deficit in executive cognitive control
(Cardon et al., 2019). Similarly, a previous systematic review
indicates the presence of tinnitus negatively impacts the cognitive
functioning, particularly attentional functioning (Trevis et al.,
2018). Consistent with these, TMT-B test, as a reflection of
execution and attention, also showed significant differences
between tinnitus patients and controls and is correlated with the
diminished CBF in mPFG in the current study. TMT-B score is
a neurocognitive test that reflects the function of the prefrontal
cortex, and it has been commonly used to define cognitive
impairments, especially the executive dysfunction (Ardila et al.,
2000). Medial prefrontal cortex takes charge of the ongoing
supervision of information and coordinates the activities of
multiple cortical regions (Krueger et al., 2007). It is also involved
in auditory attention and exerts early inhibitory modulation of
input to auditory cortex (Knight et al., 1989). Task MRI study
has postulated that the impairment of executive function caused
by prefrontal cortex changes could be an important factor in
the generation and persistence of tinnitus (Araneda et al., 2017).

Frontiers in Neuroscience | www.frontiersin.org 6 February 2021 | Volume 14 | Article 623520243

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


fnins-14-623520 January 30, 2021 Time: 17:40 # 7

Xia et al. CBF Alterations in Chronic Tinnitus

Previous studies have also suggested the mPFG as an important
role in chronic tinnitus (Rauschecker et al., 2015; Araneda et al.,
2017; Chen et al., 2018a,b). The relationships between CBF and
THQ as well as CBF and TMT-B scores probably support the
hypothesis that an abnormal perfusion pattern within DMN
and auditory region may play a vital role in tinnitus-related
cognitive impairment.

Furthermore, the mPFG works as a vital hub of the DMN
and is also considered as a region vulnerable to T2DM.
A neuroimaging study focusing on the brain glucose metabolic
changes assessed by 18F–fluorodeoxyglucose PET reported that
the terrible executive function and memory impairment in
T2DM correlated with reduced glucose metabolism in the medial
prefrontal cortex regions (García-Casares et al., 2014). In another
fMRI study exploring the diabetic DMN regions, T2DM patients
showed increased connectivity in the medial prefrontal cortex
(Cui et al., 2015). In addition, animal experiment also suggested
that axon initial segments were significantly shortened in medial
prefrontal cortex of db/db mice, a diabetic animal model,
compared with controls (Yermakov et al., 2019). In the current
study, higher blood glucose levels were correlated with lower CBF
values in tinnitus patients, indicating that hyperglycemic state has
a negative impact on the brain perfusion in tinnitus patients, and
tinnitus patients may benefit from controlled glucose levels to
maintain better cognitive functions.

Several limitations of this study should be summarized.
First, while we presented some preliminary evidences supporting
a possible relationship between the brain perfusion and the
cognitive performance, as well as tinnitus distress, it is still
inconclusive at this point, and more longitudinal study with
bigger sample size of the relationships is required. Second,
because of the limited sample size, we did not conduct subgroup
analysis. However, the comparison between the left-sided, right-
sided, and bilateral tinnitus could be meaningful for the
mechanism of the lateralization in tinnitus. Finally, we cannot
completely prevent subjects from hearing some sound during the
MRI scan, although this study has attempted to minimize the
amount of scanner noise with earplugs. It should still be taken
into account while attempting to draw conclusions in studies
involving auditory stimulation in general.

In conclusion, the current study reveals that patients with
tinnitus exhibit disrupted CBF in DMN and auditory regions
and that reduced CBF in tinnitus patients associated with the

tinnitus distress and cognitive behavior. T2DM exacerbates
CBF decline in tinnitus patients, and the better controlled
glucose was positively associated with CBF values in tinnitus
patients. Thus, tinnitus patients would likely benefit from glucose
control in order to maintain brain perfusion and prevent the
progression of tinnitus.
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Background: Patients with severe profound hearing loss could benefit from cochlear
implantation (CI). However, the neural mechanism of such benefit is still unclear.
Therefore, we analyzed the electroencephalogram (EEG) and behavioral indicators of
auditory function remodeling in patients with CI. Both indicators were sampled at
multiple time points after implantation (1, 90, and 180 days).

Methods: First, the speech perception ability was evaluated with the recording of a list
of Chinese words and sentences in 15 healthy controls (HC group) and 10 patients
with CI (CI group). EEG data were collected using an oddball paradigm. Then, the
characteristics of event-related potentials (ERPs) and mismatch negative (MMN) were
compared between the CI group and the HC group. In addition, we analyzed the phase
lag indices (PLI) in the CI group and the HC group and calculated the difference in
functional connectivity between the two groups at different stages after implantation.

Results: The behavioral indicator, speech recognition ability, in CI patients improved
as the implantation time increased. The MMN analysis showed that CI patients could
recognize the difference between standard and deviation stimuli just like the HCs
90 days after cochlear implantation. Comparing the latencies of N1/P2/MMN between
the CI group and the HC group, we found that the latency of N1/P2 in CI patients was
longer, while the latency of MMN in CI users was shorter. In addition, PLI-based whole-
brain functional connectivity (PLI-FC) showed that the difference between the CI group
and the HC group mainly exists in electrode pairs between the bilateral auditory area and
the frontal area. Furthermore, all those differences gradually decreased with the increase
in implantation time.

Conclusion: The N1 amplitude, N1/P2/MMN latency, and PLI-FC in the alpha band
may reflect the process of auditory function remodeling and could be an objective index
for the assessment of speech perception ability and the effect of cochlear implantation.

Keywords: cochlear implant, independent component analysis, auditory function remodeling, phase lag index,
functional connection, event-related potential
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INTRODUCTION

Cochlear implantation (CI) is a well-established means to restore
normal hearing for people with severe hearing impairment.
Although the CI technology continues to advance, there remains
a significant variability in speech perception performance among
CI users (Paiva et al., 2016). Following CI implantation, the
reacquisition of speech recognition ability is considered as
the aim of CI rehabilitation (Mareike Finke et al., 2016).
For CI users, behavioral measures such as the category of
auditory performance score and speech intelligibility rating (SIR)
score are the primary methods to evaluate speech perception
ability and the effect of implantation. However, it is hard to
apply these methods to people with prelingual deafness or
prolonged auditory deprivation and children, since they are
unable to complete the speech tests because of their poor
communication and cognitive function (Mareike Finke et al.,
2016). Accordingly, objective methods are needed to evaluate the
effect of cochlear implantation.

Previous studies in CI users employed the
electroencephalogram (EEG) to assess the status of the central
auditory cortex. Event-related potentials (ERPs), also termed
as long latency potentials, were previously used as indicators
for auditory processing. The N1, P2, and mismatch negative
(MMN) are the three widely studied components among the
human auditory-evoked potentials. N1 occurs in the 60–150-ms
interval after stimulus onset and is followed by the P2, a positive
deflection peak at a latency around 150–250 ms (Roth et al.,
1976). In addition, the MMN reflects a preattentive auditory-
evoked potential (AEP) that occurs 100–300 ms following sound
onset and is characterized by a front-central negativity elicited
during any acoustically discriminable “deviant” sound within a
regular stream of “standard” stimuli (C.W. Ponton et al., 2000;
Näätänen et al., 2007; Moberly et al., 2016). N1, P2, and MMN
are believed to be potential candidates in developing models of
auditory information processing.

In our study, the first aim is to confirm the recovery of
speech recognition and auditory perception in CI users. Previous
studies suggest that ERPs can better assess the hearing recovery
of patients with CI, compared with the auditory brainstem
response (ABR), such that ERPs can reflect the brain activity
induced by the auditory signal at the cortical level. In a seminal
review on the auditory N1 wave (Roth et al., 1976), the N1
characteristic waveform detected at the central frontal electrode
may originate from the auditory cortex on the dorsal surface of
the temporal lobe. N1 activity is also related to the detection
and discrimination of changes in the auditory environment.
Besides, adult N1 would be sensitive to onset features, such as
the slope and amplitude of the rise and fall of the auditory
stimulus, which correlates with detection. The amplitude of N1
increases as the intensity of the standard stimulus increases,
showing sensitivity to sound intensity in CI users. Previous
research found that the amplitude of N1 significantly increases
1 year after CI implantation (Tremblay et al., 2014; Paiva et al.,
2016). These changes may reflect the cortical reorganization of
the auditory cortex and the restoration of binaural function in
patients with CI.

Thus, we evaluated the change of N1 amplitude in the
speech recognition experiment at different implantation stages to
explore the speech recognition ability of CI users by comparing
brain signals induced by standard stimuli and deviation stimuli.

The second aim is to investigate how the N1 and P2
representations changed in CI users with the increase of
implantation time. Similar to N1, the P2 component also
has clinical significance in evaluating the speech recognition
function of CI users. P2 is thought to index some aspects
of stimulus classification, reflecting processes of attentional
allocation, perceptual learning, and event memory (Arnott et al.,
2011; Paiva et al., 2016). It has also been suggested that its front-
central prominence is related to the inhibitory process caused by
irrelevant stimulation (Ferreira-Santos et al., 2012).

Accordingly, we measured the characteristic waveforms of N1
and P2 induced by standard and deviation stimuli in different
implantation periods in the oddball paradigm. Besides, we
compared the changes of the incubation period and amplitude
at different implantation periods with the normal control group.

The third aim is to investigate MMN in CI users with the
increase of implantation time. MMN is thought to represent
the brain’s response to a mismatch of the current stimulus
representation and a trace in short- or long-term auditory
memory (Naatanen et al., 2011; Moberly et al., 2016). Nina
Kraus et al. (1993) studied MMN in nine postlingual adult CI
users with/da/and/ta/. They found MMN in eight good CI users
but not in one poor user. They suggested that MMN has the
potential to be a promising objective measure for the effect of
CI. Previous research found that MMN was recorded in 80–
85% of good performers but in only 15–20% of poor performers.
In addition, patients with higher SIR scores showed a longer
duration of MMN compared with those who had lower SIR scores
(Shomeshwar Singh et al., 2004). Roman’s investigation showed
that MMN was similar for well-performing CI users and normal
hearing listeners in terms of speech perception, but abnormal or
absent in poorly performing CI users (Roman et al., 2005).

As mentioned above, we used the area under MMN as the
measurement of MMN, and the time point corresponding to half
of the area is used as a measurement of MMN latency (Bishop
and Hardiman, 2010; Moberly et al., 2016). We analyzed the
changes in MMN amplitude and latency at different implantation
periods and assessed the difference between CI users and
healthy controls (HCs).

Fourth, we are interested in the changes in global brain
functional connectivity during the recovery of CI users.
A previous study found that in patients implanted with different
kinds of cochlear implants, the results of behavioral tests showed
consistency, but they showed differences in the functional
connectivity of EEG (Maglione et al., 2017). The changes in
EEG functional connectivity might better reflect the recovery of
auditory function in patients with CI.

Consequently, we estimated functional connectivity using the
phase lag index (PLI). By this way, we compared the difference
in the EEG functional connectivity between CI users and HCs
as the implantation time increased. The aim here was to find a
functional connectivity measure sensitive to potential cochlear
implant effects.
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Overall, we measured the EEG response while patients
with CI and HCs performed a speech recognition task in an
oddball paradigm experiment. Using ERP analysis, we showed
the time domain characteristic change in patients with CI as
the implantation time increased. Using functional connectivity
analysis, we demonstrated the remodeling of brain functional
connectivity in patients with CI.

MATERIALS AND METHODS

Participants
Fifteen HC participants (nine males, ranging from 22 to
30 years old) and 10 postlingual deafened CI users (five males,
ranging from 19 to 52 years old) took part in the experiment.
Participants in both groups were right-handed and had no
history of neurological or psychiatric disorders, or any cognitive
impairment. The CI users wound make an appointment to
activate the device about a month after recovery from cochlear
surgery. At this point, we would adjust the stimulation sound
at different pure-tone frequencies to ensure the effectiveness of
the device in the patient. The HC participants were age-matched
with CI users (P = 0.19, see Table 1). Audiometry and otoscopy
were carried out for the HC participants at enrolment. Pure-tone
audiometry testing was used to measure the average of the pure-
tone hearing threshold (0.5, 1, 2, and 4 kHz), also known as pure-
tone average (PTA). PTA lower than 20 dB is defined as normal
hearing. All participants in the normal group had normal hearing.
The HC participants were examined in two recording sessions
that were 2 months apart. For all CI users, speech perception tests
were performed before cochlear implantation, when the device
was activated, and 90/180 days after the device was activated.
Tables 1, 2 show the demographic information for CI users
and HC participants. The Medical Research Ethics Committee
of Capital Medical University (Beijing, China) approved the
study protocol in accordance with the recommendations of the
Declaration of Helsinki for investigation of human participants.
All participants provided written informed consent after being
informed of the study details.

Speech Perception Test
Speech perception was evaluated by an audiologist who
read the “Mandarin Vocabulary Adjacent Monosyllable Test
Vocabulary” and “Mandarin Vocabulary Adjacent Two-syllable
Test Vocabulary” to the participants by an amplifier equipment.
The speech materials were presented at a comfortable level of
65 dB sound pressure level (SPL). Participants were asked to

TABLE 1 | Demographic information for HC subjects and CI users.

Measure HC (n = 15) CI (n = 10) Statistics

Mean SD Mean SD P

Age (years) 23.9 2.4 31.4 11 0.19

Gender (male) 9 n.a. 5 n.a. 0.77

HC, healthy control; CI, cochlear implant.

verbally repeat what they heard during the test. Eventually, the
scores were calculated according to the percentage of words
repeated properly. Furthermore, the speech perception tests were
performed in CI users when the device was activated and 90 and
180 days after the device was activated.

Stimuli and Task in the EEG/ERP
Experiment
The oddball stimuli paradigm (Emmendorfer et al., 2020;
Teixeira-Santos et al., 2020) with speech stimuli (350 ms duration
with a 10-ms rise and fall time) was used in this study (Figure 1).
The stimuli were delivered via E-Prime 2.0 (Psychology Software
Tools, Inc.) and through two loudspeakers at both ears at
a comfortable level of 65 dB SPL. The distance from the
two loudspeakers to the participants was 100 cm. The two
loudspeakers were positioned side to side and 45◦ to the ears.
A standard stimulus/ba/was presented in 80% of the trials,
together with a target stimulus/da/in 20% of the trials. There
were a total of 1,000 auditory stimuli with 1,000 ms interstimulus
intervals in the whole task.

EEG Data Recording and Preprocessing
During the experiment, participants were instructed to sit on a
comfortable chair and watch a silent movie clip in a shielded and
sound-attenuated room. They were asked to ignore the auditory
stimulus category information and avoid excessive eye and body
movements. They were given a short break after 500 auditory
stimuli to change body position and keep alert during the test.
EEG was continuously recorded by a Geodesic EEG, Inc., (EGI)
system through a precabled high-density 128-channel HydroCel
Geodesic Sensor Net (HCGSN-128) referenced to the vertex. The
sampling rate was 500 Hz and electrode impedances were kept
at or below 5 k� according to the recommended value for the
system. The recorded signals for all the electrodes were referenced
to the vertex electrode (Cz).

Electroencephalogram data were processed using EEGLAB
12.02 Toolbox1 in MATLAB (R2013a; MathWorks, Inc.2 and
custom scripts for batch processing. First, data were down-
sampled to 250 Hz and filtered from 0.5 to 40 Hz using a
short non-linear infinite impulse response filter. Second, the
channel location file of the EGI system was imported. The
EEG data were reviewed to delete bad channels. In order to
reduce highly correlated signal from nearby electrodes, we down-
sampled the data to the 10–10 international electrode system,
resulting in 67 electrode channels (Xu et al., 2018; Furlong
et al., 2020). Third, independent component analysis (ICA) was
applied to the remaining data. Independent components (ICs)
representing eyeblinks and heartbeats were visually identified
and then removed from all datasets. The ICA procedure was
done by the Infomax algorithm in EEGLAB. Afterward, these
datasets were segmented into epochs from −200 to 700 ms
relative to sound onset. The prestimulus interval (−200 to 0 ms)
was used for baseline subtraction. Besides, the onset of CI
stimulation evokes an electrical artifact and therefore inevitably

1https://sccn.ucsd.edu/eeglab/
2https://www.mathworks.com/
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TABLE 2 | Demographics of CI users.

Subject Gender Age (years) Ear implanted CI experience (days) Implant brand Speech processing strategy

CI1 M 33 R 180 MED-EL FSP

CI2 M 41 R 180 MED-EL FSP

CI3 F 24 L 180 MED-EL FSP

CI4 F 31 R 180 MED-EL FSP

CI5 M 43 R 180 MED-EL FSP

CI6 F 52 L 180 MED-EL FSP

CI7 F 21 L 180 MED-EL FSP

CI8 M 21 L 180 MED-EL FSP

CI9 F 29 L 180 MED-EL FSP

CI10 M 19 L 180 MED-EL FSP

CI, cochlear implant; FSP, fine structure processing.

FIGURE 1 | The oddball stimuli pattern and speech stimuli. (A) The standard stimulus and the deviation stimulus in the oddball paradigm. (B) The duration and
intensity of the sound/ba/stimuli. (C) The duration and intensity of the sound/da/stimuli.
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corrupts the EEG signal. The CI artifact may largely be due to
the radio frequency transmission of the signal to the receiver.
Then, CI-artifact-related ICs were identified using the CI Artifact
Correction (CIAC) algorithm, a plug-in in EEGLAB (Viola et al.,
2009, 2011, 2012).

In our study, the CI-artifact-related ICs were selected both
by CIAC and manual selection. The CI-artifact-related ICs
selected by CIAC were not complete in some cases. Therefore,
if the reconstruction of the individual ERPs was not reasonable
after CIAC, the remaining CI-artifact-related ICs were selected
manually based on the characteristics of the waveform and
brain topographic maps of the ICs. The epochs contaminated
by head movement were identified visually and rejected. After
artifact rejection, about 700 EEG trials on average remained for
standard stimuli and about 170 EEG trials on average remained
for target stimuli.

ERP Analysis
Event-related potentials were calculated by averaging epochs
across participants for standard and target stimuli, respectively.
The largest ERPs were found in the front-central region. The
ERPs at FCz, C3, and C4 were also obtained for further analysis.
Measurements of N1 and P2 peak amplitude were extracted
for each participant and condition. N1 peak amplitude and
latency were extracted as the minimum voltage in the 60–150-
ms poststimulus interval. P2 peak and latency were extracted
as the maximum voltage in the 150–250-ms (Roth et al., 1976)
poststimulus interval at FCz, C3, and C4. Then, we calculated
the brain topographic maps of N1 and P2 within ± 5 ms
of the peaks.

MMN Analysis
The difference in waveforms was also calculated between
standard and target stimuli to obtain the MMN component.
A valid MMN was identified when (1) a region of negativity
was visibly confirmed from the differential waveform (deviant
minus standard) and (2) its peak was consistent with the MMN
topography (frontocentral negativity with reversals in lower
temporal-posterior channels). For individuals, we performed the
t test between the deviant and standard waveforms within the
time window of 0–360 ms by sliding a 15-ms window with a
step of 4 ms. The MMN onset was taken as the latency at which
the t test (Bonferroni corrected for the number of executions)
became significant. The MMN offset was taken as the latency at
which the t test was no longer significant. Then, we calculated the
area under the curve for the differential waveform (deviant minus
standard) from the MMN onset to the MMN offset. The MMN
area was used as a measurement of MMN magnitude. MMN
latency was determined to be the time point that corresponded
to the 50% of the area under the curve (Luck and Hillyard, 1990;
Bishop and Hardiman, 2010; Moberly et al., 2016).

PLI Functional Connectivity Analysis
We analyzed PLIs in the alpha (8–13 Hz) frequency bands
with time period selected at 0–450 ms. We calculated the
spectral density using fast Fourier transform, extracted phase
information, calculated the phase difference between electrodes,

and extracted the phase difference matrix. Subsequently, we
made a correlation matrix from individual PLI values using a
customized code in MATLAB (Kral et al., 2017; Ueda et al., 2020).

After preprocessing, we calculated EEG data with dimensions
E × T × S (where E represents the number of electrodes,
T represents the number of points in each segment, and S
represents the number of segments). Each electrode pair had a
PLI value at each time–frequency point. To calculate the PLI
of electrode i and electrode k, we first obtain the S segment
time–frequency information of the EEG signals by the short-time
Fourier change

X(n, ω) =

∞∑
τ=−∞

x(τ)h(n− τ)e−jwτ (1)

where x(τ) indicates the input EEG signal at time τ , and h(τ)
indicates the length Hamming window function. The window
length we chose in our research was 0.4 s with a step size of 0.4 ms.
X(n, ω) is the two-dimensional function of time and frequency.
At this point, we have obtained S time–frequency matrices storing
phase information. We then estimated the time series of phase
differences across electrodes as:

1φi,k(n) = φi(n)− φk(n) (2)

where φi(n) and φk(n) indicate the phase value of the i electrode
and the k electrode at time n (Nobukawa et al., 2019). Next,
the functional connectivity was calculated as the consistency
in the distribution of instantaneous phase differences 1φi,k(n)
defined as:

PLI =

∣∣∣∣∣1S
S∑

s=1

sigh[1φ(ns)]

∣∣∣∣∣ (3)

where the consistency of the phase difference of S segments was
examined (Zhang et al., 2018; Nobukawa et al., 2019).

The PLI ranges between 0 and 1. If the PLI is 0, the two signals
are either not coupled or are coupled with a phase difference
centered at approximately 0 mod π. If the PLI is 1, the two signals
are perfectly phase locked at a value of 1φ, which is different from
0 mod π. When this non-zero phase locking is strong, the PLI will
be large. However, it is worth noting that the PLI does not indicate
which of the two signals is leading in phase (Zhang et al., 2018).

Statistical Analysis
In each group [HC participants and CI users at three time
points: as the device was activated (CI-1), 90 (CI-90), and 180
(CI-180) days after device activation], the ERP characteristics
(including amplitude and latency) of the standard stimulus and
deviation stimulus were tested by paired two-sample t test.
One-way ANOVA analysis was performed separately on mean
amplitude and mean latency on the factor group (HC, CI-1, CI-
90, and CI-180). Besides, we performed the variance homogeneity
test to test whether our data was variance homogeneous and
P > 0.05 was considered homogeneous of variance. The least
significant difference (LSD) method was used to correct multiple
comparisons between pairs. These analyses were conducted on
MMN, N1, and P2 components for both standard and target
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stimuli to detect any difference in amplitude and latency between
HC participants and CI users at the three time points. A statistical
significance level of 0.05 was considered significant, and statistical
analyses were performed with SPSS 22.0.

The functional connection analysis between groups used the
two-sample t test under GRETNA,3 and P< 0.005 was considered
a significant difference.

RESULTS

Behavioral Result
The speech recognition scores (Figure 2) of the HCs (95.4± 4.6)
were significantly higher than the speech recognition scores
measured in CI users (CI-1: 23.4 ± 17.3, CI-90: 42.3 ± 19.1,
and CI-180: 59.6 ± 17.5). The score of the CI users gradually
approximated to the HCs as the implantation time increased. The
results showed that as the implantation time increased, the speech
recognition level of cochlear implanters gradually increased.

ERP Components—Comparison of
Standard Stimulus and Deviation
Stimulus
We analyzed the FCz ERPs induced by the standard stimulus and
deviation stimulus in CI users when the device was activated,
90 days after device activation, and 180 days after device
activation and the HC group. The changes in the latency and
amplitude of N1 and P2 induced by standard stimulation and
deviation stimulation in each group were compared. The ERP
characteristics of the standard and the deviation stimulus did
not show a significant difference in the CI-1 group. However,
the amplitude of N1 showed a significant difference (P < 0.05)
between standard and the deviation stimulus in the CI-90
(−1.9 ± 1.2 and −3.6 ± 2.4, t = 3.4, P = 0.008) and CI-
180 (−2.2 ± 1.4 and −3.5 ± 2.4, t = 2.3, P = 0.046) groups.

3https://www.nitrc.org/projects/gretna/

FIGURE 2 | Speech perception score within groups, where the green
histogram represents when the device is activated, the red histogram
represents 90 days after device activation, the blue histogram represents
180 days after device activation, and the black histogram represents healthy
controls. The vertical black line means standard deviation; *P < 0.05 and
**P < 0.001.

The difference was also shown in the HC group (−1.86 ± 0.9
and −3.2 ± 1.2, t = 6.9, P < 0.001) (Figure 3). Besides, the
brain topographic maps of CI users were recovering gradually
compared with the HCs.

ERP Components—Comparison
Between the CI Group and the HC Group
We respectively analyzed the latency and amplitude of N1/P2 of
FCz, C3, and C4 electrodes induced by standard and deviation
stimuli. The results of FCz ERPs showed that the latency of N1/P2
in the CI group gradually approximated to the HC group as the
implantation time increased regardless of standard stimulus or
deviation stimulus (Figure 4). For the standard stimulus, the
ANOVA analysis showed that there were significant differences
in the latency of N1 (F = 2.9 and P = 0.04) and P2 (F = 5.1
and P = 0.004) among the four groups (CI-1, CI-90, CI-180, and
HC). The results of N1 latency showed that CI-1 and HC were
significantly different (P = 0.01), but CI-90 and CI-180 are not
significantly different from HC. The results of P2 latency showed
that CI-1 and HC and CI-90 and HC were significantly different
(P < 0.001 and P= 0.01), but CI-180 is not significantly different
from HC. For the deviation stimulus, the N1/P2 latency showed
similar results except that CI-180 and HC were statistically
different in P2 latency (P = 0.01). However, no similar result was
found in the comparison of the amplitude of N1/P2.

Besides, for the ERPs of C3 (Figures 5A,B) and C4
(Figures 5C,D) electrodes, we did the same analysis as the
FCz electrode. The results showed that the N1/P2 latency and
amplitude characteristics of C3 and C4 electrodes are similar as
those of the FCz electrode. The N1/P2 latency of CI users is
longer than that of the HC group and approaches to the HC
group regularly.

MMN—Comparison Between CI Users
and HC
We analyzed the average MMN waveforms of the FCz electrodes
(Figure 6B), and also we calculated the MMN area and latency
corresponding to half of the area at the individual level. After that,
we analyzed the topographic maps of the brain corresponding to
the latency ±5 ms and compared the differences in the MMN
area and latency between CI users and HCs in different periods
by the one-way ANOVA test. It can be seen in Figure 6 that
brain topographic maps of the MMN waveform in CI users with
the device activated for 180 days were closer to those of NH
participants (Figure 6A). The statistical results of the MMM area
showed that CI users and healthy subjects did not show any
difference, but the latency of MMN showed significant differences
(F = 3.5 and P = 0.02) (Figure 6C). The CI-1, CI-90, and CI-
180 groups contrasted with the HC group showed significant
differences (P = 0.01, P = 0.017, and P = 0.028). Besides, the
results also showed that the MMN latency of CI users approached
to the HC group with the increase of implantation time.

PLI Functional Connection
Figures 7A,B show the standard stimulus PLI for the HC group
and CI group and their differences. The two-sample t test
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FIGURE 3 | The average waveforms of the standard stimulus and the deviation stimulus at the FCz electrode. The topographic map of the N1 and P2 feature points,
and the comparison of the amplitude and the latency of the standard stimulus and the deviation stimulus for CI users and the HC group. (A) When the device is
activated, (B) 90 days after device activation, (C) 90 days after device activation, and (D) healthy controls. St., standard stimulus; De., standard stimulus. The vertical
black line means standard error; *P < 0.05.
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FIGURE 4 | The average standard and deviant ERP waveforms of the FCz electrode and the comparison of the amplitude and the latency of the N1/P2 for CI users
and the HC group. (A) The standard ERPs and (B) the deviant ERPs. The vertical black line means standard error; *P < 0.05 and **P < 0.001. CI-1, when the device
is activated; CI-90, 90 days after device activation; CI-180, 180 days after device activation; HC, healthy controls.

revealed the significantly reduced PLI values for the CI group
(Figure 7C). Significantly different electrode pairs between the CI
group and the HC group gradually decreased as the implantation
time increases, especially for several left and right auditory areas

and frontal electrode pairs. The comparison result (Figure 7D) of
the HC and CI-1 showed the significantly different electrode pairs
in AF8–T9, F2–AF3, F2–F5, FCz–T10, FC1–P9, AFz–P9, F1–T10,
F3–T10, F9–F4, and FT7–T10. The comparison result of the HC

Frontiers in Neuroscience | www.frontiersin.org 8 February 2021 | Volume 14 | Article 624484253

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


fnins-14-624484 January 30, 2021 Time: 18:30 # 9

Wang et al. EEG Study in Cochlear Implant

FIGURE 5 | The comparison of the amplitude and the latency of the N1/P2 for CI users and the HC group at the C3 and C4 electrodes. (A) The comparison of the
latency and amplitude of N1 and P2 induced by the standard stimulus at the C3 electrode. (B) The comparison of the latency and amplitude of N1 and P2 induced
by the standard stimulus at the C4 electrode. (C) The comparison of the latency and amplitude of N1 and P2 induced by the deviation stimulus at the C3 electrode.
(D) The comparison of the latency and amplitude of N1 and P2 induced by the deviation stimulus at the C4 electrode. The vertical black line means standard error;
*P < 0.05 and **P < 0.001. CI-1, when the device is activated; CI-90, 90 days after device activation; CI-180, 180 days after device activation; HC, healthy controls.

and CI-90 showed the significantly different electrode pairs in
FC1–F10, FCz–T10, FC1–FT10, F5–PO7, C1–P6, CP1–P6, and
CPz–TP8. The comparison result of the HC and CI-180 showed
the significantly different electrode pairs in AF8–T9, FC3–P6,
FC3–PC6, C1–P6, and C3–P6.

Figures 8A,B show the deviant stimulus PLI for the HC
group and CI group and their differences. Similarly, Figure 8C
reveals the significantly reduced PLI values for the CI group.
The comparison between the CI group and the HC group is also
similar with the standard stimulus PLI. Significantly different

electrode pairs (Figure 8D) between the CI group and the HC
group were mainly for several left and right auditory areas
and frontal electrodes. The comparison result of the HC and
CI-1 showed the significantly different electrode pairs in F10–
P10, FCz–T9, FC1–T9, P9–P8, and F9–CPz. The comparison
result of the HC and CI-90 showed the significantly different
electrode pairs in Fp2–FC3, Fz–FC3, F1–PO7, AF7–O1, and
FC5–FT10. The comparison result of the HC and CI-180 showed
the significantly different electrode pairs in Fp2–FC3, F3–Fz,
FC3–Fz, and T9–PO4.
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FIGURE 6 | The average waveform of the FCz electrode MMN, the topographic map, and the comparison of the area and the latency of the MMN for CI users and
HC. (A) The topographic map of MMN (latency ± 10 ms), (B) the average waveform of MMN at different implantation periods in the CI group and the HC group, and
(C) the comparison of the area and the latency of the MMN for CI users and HC. The vertical black line means standard error; *P < 0.05. CI-1, when the device is
activated; CI-90, 90 days after device activation; CI-180, 180 days after device activation; HC, healthy controls.

DISCUSSION

The present study examined the characteristics of ERPs/MMN
and brain topographic maps in CI users after the CI-related
artifacts were removed with ICA. Besides, we compared
the difference in the EEG functional connection between
CI patients and HCs. The ERP/MMN components and
functional connection analysis used in this study may reflect
some phases of auditory perception processes generated from
auditory thalamocortical and corticocortical pathways such as
primary and association cortices (Eggermont and Ponton, 2002;
Ponton et al., 2002).

Removal of CI-Related Artifacts
Artifact removal in the EEG recordings of CI users is of
great significance in the study of auditory cortex functions.

In agreement with previous studies, our results show that CI-
related artifacts can be successfully reduced with ICA (Debener
et al., 2008). Functional imaging methods such as functional MRI
and PET are limited in their ability to study changes of neuronal
function in CI users because of their safety and invasiveness,
respectively (Anne Lise Giraud, 2009). Therefore, artifact removal
with ICA enables the study of auditory cortex function to be
more specific, and it may be of great clinical importance to
use ERPs as an objective index of auditory cortical changes
in CI users.

In our experiment, we first evaluated the speech recognition
ability of CI users using the speech score scale and found that
the implantation of cochlear implants can significantly improve
the speech recognition ability of patients. However, for people
who cannot be evaluated through behavioral assessments (such
as people with prelingual deafness), we should find indicators
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FIGURE 7 | The standard stimulus function connection analysis (A) presents the values of the standard stimulus phase lag index (PLI) for 67 electrode pairs in the CI
group and the HC group. (B) The t scores for differences between the HC and the CI groups and (C) adjusted for the false discovery rate P < 0.005. (D) The t
scores adjusted for P < 0.005 and differential functional connection across the topography. The black box indicates the electrode pair area with the main difference.
FC, functional connection.

to evaluate the effect of cochlear implants through the non-
invasive scalp EEG test.

From this experiment, we found that several ERP
indicators changed regularly during the recovery process of
CI users and gradually approximated to the HC group as the
implantation time increased.

Characteristics of ERP Components
First, we found that the amplitude of N1 induced by the
standard stimulus and the deviation stimulus was significantly
different (P < 0.05; Figure 3D), which reflected the ability to
recognize speech in the HC group. When the cochlear implant

was implanted, there was no difference in the N1 amplitude
induced by the standard stimulus and the deviation stimulus for
CI users (Figure 3A), but after 90 days of adaptation, the N1
amplitude began to show a difference (Figure 3B), which also
existed at 180 days (Figure 3C). The difference indicated that
after 90 days of cochlear implantation, the speech recognition
ability of CI users had improved. Here, we refer to the recovery
of hearing abilities with CIs as a habilitation process, pointing
out that the brain learns new strategies to adapt to the electrical
input and thereby improves hearing. The improvement in speech
perception was accompanied by an increase in their neural
responses in the auditory cortex to complex tones. In fact, in
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FIGURE 8 | The deviant stimulus function connection analysis (A) presents the values of the deviant stimulus phase lag index (PLI) for 67 electrode pairs in the CI
group and the HC group. (B) The t scores for differences between the HC and the CI groups and (C) adjusted for the false discovery rate P < 0.005. (D) The t
scores adjusted for P < 0.005 and differential functional connection across the topography. The black box indicates the electrode pair area with the main difference.
FC, functional connection.

HC participants, the target stimuli often elicit larger N1 than
the standard stimuli (Näätänen and Picton, 1987), which is
also consistent with our results. Previous studies showed that
this N1 effect is caused by the habituation, refractoriness, or
adaptation of neural populations, which is more sensitive to
the change in stimuli properties (Horvath et al., 2008). The
change of N1 in CI users may be caused by the enhancive
neural synchrony owing to the reorganization of auditory cortical
neurons. This reflects the gradual restoration of auditory nerve
activity in CI users and makes it easy to increase the neural
activity when processing target stimuli. Similarly, Sandmann et al.
(2015) found that improvement in frequency discrimination and
speech recognition was most pronounced over the first 8 weeks

of CI experience. Also, they found a larger activation in the
contralateral than in the ipsilateral auditory cortex, confirming
the view that in CI users auditory information is predominantly
processed in the contralateral auditory cortex, at least in the first
year after implantation.

Second, we found that the N1/P2 latency of the standard
stimulus and the deviation stimulus in the CI group was greater
than that in the HC group. This indicates that CI patients are
more sluggish than the HC group in processing target sounds
(Han et al., 2016). More recent data suggest that the generators
of N1 activity are located in the posterior face of the superior
temporal sulcus (Picton et al., 1999). Contrary to the N1, the
neural substrates of the P2 component are less well understood,
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and multiple sources have been implicated in its generation.
These include the auditory output of the mesencephalic reticular
activating system, the planum temporale, and Brodmann’s area
22 (Godey et al., 2001; Yvert et al., 2005). Besides, the latency
of N1/P2 gradually decreases with the increase of implantation
time, and it approaches the HC group. This also reflects the
recovery effect of cochlear implantation. There was another
study that conducted longitudinal research in cochlear implant
users. Pantev et al. (2006) found that the increase of evoked
brain activity over several months after implantation is the
result of neural plasticity in the human auditory system, and
within 180 days after implantation, CI patients may benefit most
from postimplantation training. They also found that larger P1
and N1 amplitudes corresponded to a stronger perception in
their MEG study.

Characteristics of MMN Components
Third, our research found that the latency of the MMN of CI
users was shorter than that of the HC group and there was a
statistical difference (P < 0.05) in the stage of CI (CI-1, CI-
90, and CI-180). However, the change of the latency of the
MMN of CI users was gradually increasing, and the difference
with the HC group was gradually decreasing (Figure 4C). Direct
electrical stimulation of functional neural elements in the cochlea
bypasses acoustic and mechanical transmission delays through
the auditory periphery, which can account for a minor reduction
in peak latencies (Don, 1995). MMN can reflect the ability
of auditory perception and memory and is an important tool
for auditory perception and memory in cognitive neuroscience
research (Moberly et al., 2016). There are two major hypotheses
about the generation of MMN: the adjustment mechanism and
the adaptation mechanism. According to some studies, MMN
depends on a memory trace created by the preceding stimuli.
To be specific, the standard stimuli evoke neural responses that
create a neural memory trace, and the MMN will be generated if
the target stimuli arrive while the memory trace is still available
(Zhang et al., 2011). Some studies have shown that standard and
target stimuli can be different in terms of acoustic characteristics
(intensity, frequency, duration, etc.) for MMN (Opitz et al., 2002;
Doeller et al., 2003). Another mechanism recently put forward
showed that MMN is generated from a much simpler local
neuronal adaptation in the auditory cortex (Jääskeläinen et al.,
2004). Here, we should pay attention to whether the duration
of sound deprivation will affect the MMN response, as longer
duration of sound deprivation might lose the auditory memory.
A recent longitudinal study showed that within days after the
initial switch-on of the implant, postlingually deaf CI users
improved significantly in their hearing discrimination ability,
and this relatively quick adaptation seems to take place even in
individuals who experienced a long period of hearing deprivation
(Sandmann et al., 2015; Stropahl et al., 2017). We supposed that
the sound memory of the CI users will also be reconstructed with
the improvement of speech recognition ability and this difference
should be studied in future research. In our results, the MMN
latency could be increased close to that in NH participants, which
indicated the adaptation fits well with the increasing use of CI
(Kelly et al., 2005; Alemi and Lehmann, 2019).

PLI Functional Connectivity
Fourth, previous studies demonstrated that low-frequency EEG
oscillations entrain to temporal modulations of sensory input.
Different spatiotemporal characteristics of delta EEG encoding
suggest that they potentially reflect different aspects of auditory
motion processing (Bednar and Lalor, 2018). We analyzed the
value of PLI in the alpha (8–13 Hz) band of CI users and HCs
and calculated the difference in functional connection between
CI users and HCs at different stages of implantation. Through
statistical comparison, we found that the functional connection
of the HCs was stronger than that of the CI users. Significant
differences of electrode pairs mainly appear in the left and
right auditory area and frontal electrodes, and the electrode pair
gradually decreases as the implantation time increases. This result
allows us to recognize the process of remodeling the auditory
function of CI patients after CI more intuitively.

Limitations
There are also some limitations to this study. First, the sample
size should be increased and different types of speech stimuli
should be used, since there is some variability in a small sample
size of participants. In the PLI function connection analysis, we
did not have the result of correction, but set the threshold of P
at < 0.005, which may also be caused by the small amount of
data. Second, the ERP components were only studied in CI users
with the device activated for 180 days because of the limitation of
time. For more information on the change of ERP characteristics,
the time should be prolonged to 1–2 years or more after the CI
device is activated. The third limitation we should consider is
the generality of our EEG indicators. The principle of cochlear
implants is that the CI increases auditory sensitivity by direct
electrical activation of auditory nerve fibers, enabling phonemic
awareness, discrimination, and identification, ultimately yielding
speech understanding (Hossain et al., 2012). However, the
various styles of cochlear implants with different manufacturers
and algorithms (spectral peak, continuous interleaved sampler,
advanced confined encoding, etc.) and the duration and intensity
of stimuli might affect the results of data analysis. In this study,
our task adopted the classic oddball paradigm, and the brands of
cochlear implants are the same.

Besides, the applicability of multichannel EEG recordings
might be more limited than a single-channel EEG acquisition,
a faster and more comfortable technique, in a clinical setting
(Mc Laughlin et al., 2013), but it allows the use of an ICA-based
approach to attenuate the CI-related artifacts, providing a good
solution for attenuating artifacts. Furthermore, multichannel
EEG recordings could provide spatial information about the
ERP with the brain topographic maps, which might be a
better objective measure of CI performance together with the
characteristics of an ERP waveform in the time domain.

Conclusion
The behavioral performance revealed by speech perception scores
showed a significant improvement with the increasing use of
CI. The recovery of speech recognition ability can be evaluated
by comparing the N1 amplitude of the standard stimulus and
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the deviation stimulus. In addition, the N1/P2/MMN latency
characteristics and the PLI index in the alpha band can be used
as the reference index for the remodeling of brain functional
connectivity in CI patients and could be the objective index
for the assessment of speech perception and the effects of
cochlear implantation.
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Tinnitus refers to sound perception in the absence of external sound stimulus. It has
become a worldwide problem affecting all age groups especially the elderly. Tinnitus
often accompanies hearing loss and some mood disorders like depression and anxiety.
The comprehensive adverse effects of tinnitus on people determine the severity of
tinnitus. Understanding the mechanisms of tinnitus and related discomfort may be
beneficial to the prevention and treatment, and then getting patients out of tinnitus
distress. Functional magnetic resonance imaging (fMRI) is a powerful technique for
characterizing the intrinsic brain activity and making us better understand the tinnitus
neural mechanism. In this article, we review fMRI studies published in recent years on the
neuroimaging mechanisms of tinnitus. The results have revealed various neural network
alterations in tinnitus patients, including the auditory system, limbic system, default
mode network, attention system, and some other areas involved in memory, emotion,
attention, and control. Moreover, changes in functional connectivity and neural activity
in these networks are related to the perception, persistence, and severity of tinnitus. In
summary, the neural mechanism of tinnitus is a complex regulatory mechanism involving
multiple networks. Future research is needed to study these neural networks more
accurately to refine the tinnitus models.

Keywords: tinnitus, neural mechanism, MRI, fMRI, functional connectivity

INTRODUCTION

Tinnitus
Tinnitus is defined as a phantom auditory perception without external sound stimulation. Tinnitus
is common in otolaryngology, with a prevalence rate of 10–15% in adults (Henry et al., 2020) and
about 32.0% in an elderly population (Chang et al., 2019). Bothersome tinnitus can cause mood
disorders like depression, anxiety, and also leads to sleep disorders. In turn, these disorders can
further exacerbate tinnitus (Bhatt et al., 2017). There could be a common neurobiological pathway
involved in the development of both depression and tinnitus so that tinnitus sufferers may be
particularly susceptible to the stress of the phantom sound (Pinto et al., 2014).

A universally agreed classification system for tinnitus has not been realized yet. Tinnitus can
be classified by different methods based on clinical and etiological factors such as pulsatile or
non-pulsatile (persistent), subjective or objective, conductive or sensorineural paralleling the way
hearing loss is classified (Coelho et al., 2020). Pulsatile tinnitus (PT) is less frequent than non-
pulsatile tinnitus (NPT) (Weissman and Hirsch, 2000). PT may be subjective or objective, while
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NPT is subjective only (Weissman and Hirsch, 2000). The
mechanisms of PT and NPT are different. The cause of PT can
be vascular or myogenic, which can be diagnosed by imaging
methods like CT and MRI (Pegge et al., 2017), but the cause
of NPT is not entirely clear. Moreover, studies have found that
patients with PT have abnormal functional connectivity (FC) in
specific areas of the brain. Similar to NPT, long-term PT patients
experience changes in auditory cortex and limbic system, which
may be related to negative emotions like anxiety and depression
(Zheng et al., 2019). There is an fMRI study that found a changed
baseline brain activity in some limbic, frontal, and occipital
areas. However, because of the relatively clear pathogenesis of
PT, the changes in the brain were considered as results following
the long-term sound stimulation but not the origin of tinnitus
(Lv et al., 2016).

Since NPT is more common than PT clinically, when we use
the term “tinnitus,” it habitually refers to NPT. Early research on
tinnitus focused on auditory pathways. It has been assumed for
some time that cochlear dysfunction caused by environmental
noise overexposure or cochlear trauma is the trigger of tinnitus
(Shore and Wu, 2019). However, a small number of studies
indicated that many patients still experience tinnitus after the
cochlear lesions’ complete recovery (Pulec, 1995). Although
cochlear dysfunction is strongly associated with tinnitus, CNS
must play a main contributory role (Bauer et al., 2008). As a
result, an increasing number of researchers have investigated the
CNS of a tinnitus brain.

There are several hypotheses about the central mechanism
of tinnitus generation. It was found that normal auditory
stimuli trigger gamma activity at the thalamus level (Metherate
and Cruikshank, 1999), which is enhanced in tinnitus patients
(Lorenz et al., 2009). So it was supposed that tinnitus
may arise from ongoing inhibitory auditory alpha activity
and enhanced gamma activity synchronization (Lorenz et al.,
2009). In addition, another important hypothesis advocated
that tinnitus originates from central neuroplasticity changes
(Jinsheng, 2013; Kapolowicz and Thompson, 2020). It is
assumed that the imbalance of excitatory and inhibitory
inputs to auditory neurons leads to the plasticity change
in the central auditory system (CAS). Sometimes this kind
of plasticity adjustment goes beyond the CAS, eventually
triggering abnormal activation of multiple systems including
increased neuron spontaneous discharges and neural synchrony
(Kaltenbach, 2011), so that the non-auditory systems associated
with tinnitus deserves comprehensive studies too. The current
tinnitus studies increasingly focus on the view that tinnitus
is a multisystem problem, which involves memory, emotion,
attention, and control networks. They together contribute to
the generation and development of tinnitus sound perception
and related characteristics (Laureano et al., 2014; Pattyn
et al., 2016; Maudoux et al., 2017). Jastreboff (1990) proposed
a neuropsychological model that demonstrates that whether
tinnitus triggers anxiety or depression depends on whether
the limbic systems are involved (Jastreboff and Hazell, 1993).
Although there are many studies on the neural mechanism of
tinnitus over the years, the exact mode of action and its associated
pathophysiology remains an enigma.

Functional Magnetic Resonance Imaging
During the past several years, the rapid development of
neuroimaging techniques has contributed greatly in the non-
invasive imaging studies of tinnitus. Increasing numbers of
studies on tinnitus have focused on cerebral FC. Previous
electrophysiological studies using magnetoencephalography
(MEG) or electroencephalography (EEG) have shown alterative
neural activities and connectivity in the brain of tinnitus
(Nathan et al., 2005; Vanneste and De Ridder, 2012). EEG and
MEG techniques have a better temporal resolution but poor
anatomical resolution, while functional brain imaging techniques
have better structural resolution to make better interpretation
on the exact location of the source of the signal (e.g., fMRI)
(Han et al., 2016).

The fMRI in a narrow sense only refers to blood oxygen
level-dependent fMRI (BOLD-fMRI), which uses blood contrast
to observe changes in blood oxygenation in the progress of
neural activity. Two main research methods are task-based fMRI
and rest-state fMRI (rs-fMRI). In studies of tinnitus mechanism
and treatment, task-based fMRI design generally utilizes sound
stimulus to induce the blood oxygen changes in some related
areas (James et al., 2017; Zimmerman B. et al., 2019), while rs-
fMRI is usually used to analyze the FC between different seeds
in regions of interest (ROI). Compared to task-based fMRI, the
rs-fMRI technique does not require complex task design and
cooperation of patients with the task (Sair et al., 2016), so that
it can directly and comprehensively reflects the spontaneous
nerve activity and functional connection networks. Since tinnitus
is characterized by highly subjective sound hallucinations, and
there is no task-based modulation of the tinnitus signal, rs-fMRI
has been proven to be a powerful technique for characterizing
the intrinsic brain activity in patients with tinnitus (Husain
and Schmidt, 2014; Zhou et al., 2019). The amplitude of
low frequency fluctuations (ALFF) and regional homogeneity
(ReHo) are methods commonly used in rs-fMRI data analysis
to reflect different aspects of regional neural activity, while FC
density analysis, seed-based FC analysis, independent component
analysis (ICA), and graph analysis are used to analyze the FC of
different brain regions (Lv et al., 2018).

In a broader sense, fMRI also includes diffusion weighted
imaging (DWI), perfusion weighted imaging (PWI),
susceptibility weighted imaging (SWI), and magnetic resonance
spectroscopy (MRS). Diffusion tensor imaging (DTI) is a
special form of DWI. It can evaluate the anisotropy of white
matter (WM), so that WM fiber bundles can be observed and
tracked effectively. DTI was widely used in some neurological
disorders, such as Alzheimer’s disease (Bigham et al., 2020) and
schizophrenia (Ochi et al., 2020). Chen Q. et al. (2020) conducted
a tinnitus study by using DTI. The results showed that tinnitus
is related to changes in WM integrity in some brain regions
including corpus callosum and cingulum. ASL is one kind of
PWI technique to quantify cerebral blood flow (CBF) using the
labeling arterial blood as an endogenous tracer (Ferré et al.,
2013). One of the latest ASL study of tinnitus found decreased
CBF in the auditory and prefrontal cortex. Interestingly, the
degree of headache of tinnitus patients is related to the CBF
decrease (Chen Y. C. et al., 2020). SWI shows intrinsic differences
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in magnetic sensitivity between tissues, such as bleeding and
abnormal deposition of iron ions, thus reflecting pathological
changes (Guo et al., 2020). At present, it is rarely used in the
study of subjective tinnitus. In view of an ASL study on CBF
changes in a tinnitus patient, it may be valuable for tinnitus
research in the future. MRS is an emerging MRI technology.
Taking 1H or 31P as the object of spectrum examination, the
concentration of metabolite markers can be calculated, such
as N-acetyl aspartate (NAA), lactic acid (Lac), choline (Cho),
and so on (He et al., 2020). It is usually used in the differential
diagnosis of tumors (Hekmatnia et al., 2019) and neurological
disease study, such as epilepsy (Abedi-Firouzjah et al., 2020),
Alzheimer’s disease, and cognitive impairment (Chandra et al.,
2019). Studies have explored the connection between chronic
tinnitus and mild cognitive impairment. Maybe the MRS
technique will be of help in the further related study. Combining
two or more fMRI tools can help with a comprehensive analysis
of neuropathological changes from multiple perspectives
(Yeo et al., 2018). That is called multimodal fMRI analysis
technique. A number of researches have combined functional
and structural measurements on tinnitus studies (Luan et al.,
2019). This technique has a great application foreground for its
comprehensiveness.

Thanks to the rapid development of fMRI technology, we
have found a range of abnormal changes in both central auditory
system (CAS) and some non-auditory system of people with
tinnitus (Kim et al., 2012; Maudoux et al., 2017; Minami et al.,
2018). In addition, the DMN, the attention system, and some
other areas responsible for memory, emotion, attention, and
control are involved in tinnitus, as well as the distress associated
with these persistent phantom (more on that below). To better
understand the neural network of tinnitus, this review provides

a critical review of fMRI studies published in recent years on
the neuroimaging mechanisms of tinnitus. Figure 1 gives an
overview of the tinnitus-related brain areas based on fMRI.

Central Auditory System
Important structures in the auditory pathway of tinnitus patients,
such as the cochlear nucleus, lateral colliculus, inferior colliculus
nucleus, medial geniculate body, and cerebral auditory cortex,
are likely to play a role in the occurrence of the phantom sound
of tinnitus (Kris et al., 2014), suggesting that the initial tinnitus
signal is produced by hyperactivity in the central auditory
pathway (Rauschecker et al., 2010). Structural and functional
anomalies of the CAS have been found in tinnitus (Cai et al.,
2019). Studies have found gray matter and white matter alert
in the auditory cortex of tinnitus patients (Boyen et al., 2013;
Schmidt et al., 2018). A recent fMRI study found decreased
ReHo in the primary auditory cortex and increased ReHo in
some secondary auditory regions like supramarginal and angular
gyri (Anthony et al., 2019). Emmert et al. combined ASL, task-
based, and rest-state fMRI to study how tinnitus patients regulate
their own brain activity by continuous and intermittent feedback.
It was found that secondary auditory areas might be more
susceptible to intermittent feedback modulation (Emmert et al.,
2017). This may be related to a compensation mechanism in these
secondary auditory areas of tinnitus.

However, a contradicting result was obtained that shows that
there are no significant differences in the auditory cortical FC
between chronic subjective tinnitus and the control group after
correcting for multiple statistical comparisons (Davies et al.,
2014). This result indicated that auditory network connectivity
was not modified by the experience of tinnitus. They also found
altered FC in brain regions related to attention and emotional

FIGURE 1 | Overview of the tinnitus-related brain areas based on fMRI. AUC, auditory cortex; ACC, anterior cingulate cortex; HIP, hippocampus; mFG, medial frontal
cortex; mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; PHG, parahippocampus; sFG, superior frontal gyrus.
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processing only in bothersome tinnitus. The different result may
be caused by many factors such as the tinnitus laterality, the
hearing threshold, the severity of the distress, and annoyance. So
more studies need to be conducted to compare subgroups with
different levels of the abovementioned tinnitus-related features
in order to confirm the mechanism of CAS in tinnitus.

Tinnitus is often accompanied by hearing loss but not vice
versa (Ovidiu et al., 2006). Some studies attempted to dissociate
the effect of tinnitus from hearing loss. It was found that
hearing loss causes greater gray and white matter alterations
than tinnitus (Husain et al., 2011a), especially in the primary
auditory cortex and limbic area of the frontal lobe (Boyen
et al., 2013). Hearing loss patients with or without tinnitus have
different neural activities and functional changes in the CNS
(Kris et al., 2014). Increased connectivity was found between
the limbic and auditory regions of hearing loss with tinnitus
(Schmidt et al., 2013). To tinnitus patients, hearing loss seems
to drive the communication between these two areas and
enhance memory-related activity of the hippocampus (Vanneste
and De Ridder, 2016). The association of tinnitus and hearing
loss makes patients suffer more severe discomfort (Savastano,
2008). Therefore, in the study of the tinnitus neural network,
hearing loss should be taken into consideration as an especially
important factor.

Limbic System
The limbic system is termed as the “feeling and reacting brain,”
which can respond to emotional stimulation. It is also implicated
in memory, especially the emotional-related part (Rajmohan
and Mohandas, 2007). The composition of the limbic system is
controversial, but it includes the parahippocampus, amygdala,
hippocampus, anterior cingulate cortex (ACC), and partial basal
ganglia (Rajmohan and Mohandas, 2007).

Jastreboff (1990) regarded the limbic system as the main
source of psychological responses related to tinnitus for its
important role in behavior and emotional expression (Jastreboff
and Hazell, 1993). The indispensable role of the limbic system
in tinnitus is well established. The initial tinnitus signal may
generate from parts of the auditory system, which can be
blocked by the limbic system. However, in patients with chronic
tinnitus, limbic system damage and resulting inefficiency of
auditory–limbic interactions lead to the failure of this inhibition
(Rauschecker et al., 2010; Leaver et al., 2016). There were also
researchers suggesting that abnormal activation of the limbic
structures may occur at an early stage of tinnitus and maintaining
this condition throughout the tinnitus period (Kapolowicz and
Thompson, 2020). The exact relationship between the limbic
system and auditory system has become a hot topic in recent
years. Numerous brain imaging studies and conceptual models
of tinnitus has demonstrated increased functional and anatomical
connectivity between the auditory and limbic regions (Maudoux
et al., 2012; Seydell-Greenwald et al., 2014; Chen et al., 2017b).

It is thought that sustained increase in the activity of the
parahippocampus leads to adaptive dysfunction, which inhibits
adaptation to tinnitus and mis-transmits auditory memory stored
in the hippocampus (Sven et al., 2011). The hippocampus and
amygdala could also have a role in the persistence of tinnitus

by updating auditory memory for tinnitus (Elham and Ghassem,
2018). Gunbey et al. (2017) conducted a DTI study finding a
negative relation between the hippocampus–amygdala fractional
anisotropy values and tinnitus severity. A recent study applied
cyclicity analysis to fMRI data, revealing that the pairs of brain
regions connected to the amygdala contributed most to the
differences between tinnitus and controls (Zimmerman B. J.
et al., 2019). Another fMRI study examined how amygdala
acted on emotional sound processing in tinnitus subjects. It
suggested enhanced amygdala activation in bothersome tinnitus.
To those who successfully adapted to the emotionally negative
sound, the emotional response of the amygdala decreased (Davies
et al., 2017). These evidences reveal that some of tinnitus brain
generators share common resources with brain memory and
emotion generators, which may contribute to the persistence of
the phantom bothersome sound.

In patients with tinnitus, spontaneous nerve activity and FC
are enhanced in the insula (Carpenter-Thompson et al., 2014).
The increased response in the insula, mainly the anterior part,
may reflect adaption to the tinnitus perception by focusing
attention on non-auditory events (van der Loo et al., 2011;
Harold et al., 2012). Furthermore, the insula is one of the key
nodes in the common brain circuit of both chronic tinnitus
and pain (Dirk et al., 2011; Rauschecker et al., 2015). Areas
including insula, ventromedial prefrontal cortex (vmPFC), and
nucleus accumbens (NAc) act as a central gating system for
sensory perception, which determines the sentimental value
of sensory stimuli and modulates information transmission
in the brain (Rauschecker et al., 2015). Dirk et al. (2011)
thought this gating system is a non-specific distress network
through the involvement of learning mechanisms and memory
mechanisms, and then proposed a working model for the
origin of phantom pain and phantom sound. Tinnitus and
chronic pain occur when this system is compromised (Chen
et al., 2017a). It suggested that tinnitus and neuropathic pain
share an overlapping brain network with common activation
and connectivity patterns and are differentiated by a specific
mechanism (Vanneste et al., 2019). Furthermore, NAc, vmPFC,
and subgenual ACC (sgACC) form a frontostriatal top–down
gating system, which related to top–down noise cancelation and
perceptual learning (Hullfish et al., 2019). A study (Xu et al., 2019)
that combined MRI with granger causality analysis (GCA) found
directional connectivity were enhanced between the NAc and
PFC in the chronic tinnitus group compared to the control group,
and this enhancement was positively correlated with tinnitus
duration and distress. It is confirmed that the frontostriatal gating
control system is important in tinnitus and pain perception.
These hypotheses can help us better understand the mechanism
of the distress associated with tinnitus and may extend to other
similar phantoms.

Default Mode Network (DMN)
The DMN is a brain system in which the activity increases in the
resting state and decreases in the task state (Shulman et al., 1997).
DMN is generally considered to be composed of the posterior
cingulate cortex (PCC)/precuneus, ACC, medial prefrontal
cortex(mPFC), and angular gyrus (Mantini et al., 2007).
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Some studies proposed that the generation of tinnitus may
be associated with the abnormalities in the DMN. Lanting et al.
(2016) conducted an fMRI study combined with independent
component analysis (ICA). The data of the two kinds of state
(fixed-state and resting state) were obtained for both tinnitus and
control group. They found in the tinnitus patients that the DMN
was less extensive and showed significantly less connectivity in
both states. At the same time, the activity of DMN was not
stronger during the resting-state than during the fixed-state. They
attribute this pattern to the unremitting engaging effect of the
tinnitus perception.

Chronic tinnitus patients show significantly enhanced FC
between the ACC and left precuneus, which was correlated with
the tinnitus duration (Chen et al., 2018b). In addition, enhanced
FC between the PCC and mPFC was positively correlated with
the tinnitus distress (Chen et al., 2018a,c). Among them, lack
of cognitive control function caused by alterations in PFC may
play a pivotal role in tinnitus generation and persistence (Seydell-
Greenwald et al., 2012; Rodrigo et al., 2018). This result is similar
to a previous study of Schmidt et al., which examined two sources
of variability in the subgroups: tinnitus severity and duration.
They observed decreased correlations between DMN and the
precuneus, which were consistent across individuals with long-
term tinnitus. More bothersome tinnitus demonstrated stronger
decrease. So the connectivity of the precuneus could serve as
a marker for long duration tinnitus and index tinnitus severity
(Schmidt et al., 2017). They hypothesize that the enhancement
of DMN-precuneus connectivity could reduce the severity of
tinnitus. The role of DMN in tinnitus was verified from another
aspect that the neurofeedback training of the PCC can relieve
tinnitus-related distress (Sven et al., 2018). Moreover, there are
studies that revealed that DMN was related to the severity of
mood symptoms and cognitive dysfunction in some mental
illnesses like Alzheimer’s disease, schizophrenia, and infantile
autism (Binnewijzend et al., 2012; Olivito et al., 2017; Lee et al.,
2019). Perhaps DMN plays a similar role in tinnitus, so a neural
model of these similar mental illness can be a reference.

Attention and Control System
There is a lot of evidence indicating that some cortical area of
the brain, particularly those networks responsible for attention,
focus, and cognitive control also have abnormal activity and FC
in tinnitus (Harold et al., 2012).

Attentional network can be divided into the dorsal attention
network (DAN) and ventral attention network (VAN). The DAN
comprises the intraparietal sulcus (IPS) and the frontal eye
fields (FEF), while the the VAN comprises the temporoparietal
junction (TPJ) and the ventral frontal cortex (VFC) (Vossel
et al., 2014). Many fMRI studies have focused on these brain
regions. Husain et al. (2011b) found a decreased activation in
the DAN areas, which may be involved in auditory attention and
short-term memory network, and a pivotal difference between
tinnitus and hearing loss in neural bases. Schmidt et al. (2013,
2017) found an increased FC in tinnitus patients between the
DAN and parahippocampus as well as the precuneus, and that
was associated with tinnitus severity. Besides, it was found
in bothersome tinnitus that the FC for primary visual cortex

involved significant negative correlations in CAS, VAN, and
some executive control network components. It indicated a
dissociation activity between visual, auditory, attention, and
control networks in tinnitus. That might reflect a mechanism
of adaptation to chronic bothersome tinnitus that reduces the
salience of phantom noises and directing attention to non-
auditory events (Burton et al., 2012). These studies suggested
that improving the function of attention system and mitigating
the connectivity between limbic regions, attention, and auditory
system could be an effective therapy to reduce tinnitus and
related distress.

The cognitive control network (CCN), which directs
attentional focus may have a basic role in tinnitus maintenance
(Trevis et al., 2016). Decreased activation of the CCN (right
middle frontal gyrus is the core node), decreased connectivity
between the CCN and salience network (SN), and increased
connectivity between the CCN and autobiographical memory
networks (AMN) were found in tinnitus (Trevis et al., 2017). The
dysfunction and ineffective connection of CCN leading to failure
of switching attention away from the noisy environment to a task
that requires cognition, contributes to persistent awareness of
the phantom sound (Trevis et al., 2017).

CONCLUSION

Combined with prior fMRI research literatures on tinnitus
neural network, it is believed that both auditory and non-
auditory systems play an important role in tinnitus. The damaged
structure and function of the auditory system leads to the origin
of tinnitus, but the non-auditory system is indispensable in
the continuous perception of tinnitus and is related to some
tinnitus characteristics such as duration, severity, loudness, and
tinnitus-related distress. Future research should confirm whether
the neural network changes found in non-auditory areas of
the brain of tinnitus patients are a cause of tinnitus or the
result of tinnitus signals being continuously transmitted in these
networks. fMRI is certainly a useful tool for exploring neural
networks of the tinnitus and similar mental disorders. Research
combined with multiple MRI tools would be more helpful.
A relatively explicit mechanism can contribute to therapeutical
intervention of tinnitus.
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Sound therapy is one of the most common first-line treatments for idiopathic tinnitus.
We aimed to investigate the brain structural and functional alterations between patients
with idiopathic tinnitus without hearing loss (HL) and healthy controls (HCs) and between
patients before and after sound therapy (narrow band noise). Structural and resting-state
functional images were acquired from 13 tinnitus patients without HL and 18 HCs before
and after 6 months of narrow band sound therapy (only patients received the treatment).
Voxel-based morphometry (VBM) and independent component analysis (ICA) were
conducted to separately investigate the brain structural and functional changes.
Associations between brain changes and clinical variables were also performed. After
the treatment, the % improvement of THI score was −1.30% (± 63.40%). Compared
with HCs, tinnitus patients showed gray matter and white matter atrophy in the left
middle temporal gyrus at baseline, and the gray matter volume was further reduced
after the treatment. The patients also showed increased white matter volume in the
cingulum (cingulate), right calcarine, left rolandic operculum, and left parietal and frontal
lobes. Additionally, compared with HCs, tinnitus patients exhibited positive [medial visual
network (mVN) and sensorimotor network (SMN), mVN and auditory network (AN)]
and negative [mVN and lateral visual network (lVN)] internetwork functional connectivity
(FC) at baseline and negative [left frontoparietal network (LFPN) and dorsal attention
network (DAN), AN and posterior default mode network (pDMN)] internetwork FC after
the narrow band sound therapy. The patients also showed negative [LFPN and right
frontoparietal network (RFPN), LFPN and RFPN, anterior default mode network (aDMN)
and AN, aDMN and DAN] internetwork FC after the treatment when compared with
baseline. Our findings suggest that although the outcomes of idiopathic tinnitus patients
without HL were not very good when the improvement of THI scores was used as an
evaluation indicator, the patients experienced significant differences in auditory-related
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and non-auditory-related brain reorganization before and after the narrow band sound
therapy, that is, sound therapy may have a significant effect on brain reorganization in
patients with idiopathic tinnitus. This study may provide some new useful information for
the understanding of mechanisms underlying idiopathic tinnitus.

Keywords: tinnitus without hearing loss, structural and functional reorganization, voxel-based morphometry,
independent component analysis, clinical variables

INTRODUCTION

Tinnitus is a phantom sound without an external source, which
affects 10–15% of the adult population, and it seriously affects
the quality of patients’ lives (Sereda et al., 2018). Prior studies
have shown that tinnitus is caused by alterations in the brain
(Eggermont and Roberts, 2004) and is associated with specific
learning processes allowing increased awareness and continuous
appraisal (i.e., tinnitus sensitization and centralization) (Zenner
and Zalaman, 2004; Noreña and Farley, 2013). Moreover, many
studies to date have shown significant brain structural and
functional remodeling in tinnitus patients (Chen et al., 2015,
2020, 2021; Ryu et al., 2016; Schmidt et al., 2017). Therefore, it is
very important to reverse tinnitus-related abnormal brain neural
activity or reorganization.

To date, many treatment modalities have been applied to
tinnitus patients, such as drug therapy, cognitive behavioral
therapy (CBT), tinnitus counseling, cochlear implants (CIs),
tinnitus retraining therapy, hearing aids, brain stimulation, and
sound therapy (Langguth et al., 2013; Zenner et al., 2017; Sereda
et al., 2018; Bae et al., 2020). There is no satisfying treatment
that can benefit all patients (Langguth et al., 2013). However,
of the abovementioned treatment methods, sound therapy, such
as using a noise generator with an unmodulated frequency or
involving the use of a recorded noise or a special noise source
or mask device (Jastreboff, 1999; Oishi et al., 2013), has been
widely suggested for the management of tinnitus in many studies
(Jastreboff, 1999; Oishi et al., 2013; Han et al., 2019a,b; Lv et al.,
2020). Meanwhile, according to meta-analytic evidence (Sereda
et al., 2018), sound therapy is the first-line treatment method in
UK audiology departments for tinnitus patients (together with
hearing aids and information and advice) (Hobson et al., 2012;
Hoare et al., 2014; Sereda et al., 2015; Tutaj et al., 2018) and
was even listed as an option in the clinical guidelines (Henry
et al., 2002; Tunkel et al., 2014). During this treatment, the
generated sound will be set based on tinnitus features, including
its pitch, loudness, and minimum masking level. This sound
reduces the contrast between the tinnitus and the environment,
diminishes sensitivity to tinnitus, and promotes habituation to
the tinnitus sensation (Makar et al., 2017). Narrowband noise is
the most commonly used and effective sound therapy method
(Henry et al., 2002). However, to the best of our knowledge,

Abbreviations: HL, hearing loss; VBM, voxel-based morphometry; ICA,
independent component analysis; HC, healthy control; FC, functional
connectivity; CBT, cognitive behavioral therapy; CI, cochlear implant; THI,
tinnitus handicap inventory; CSF, cerebrospinal fluid; GMV, gray matter volume;
WMV, white matter volume; MNI, Montreal Neurological Institute; RSN,
resting-state network; ROI, region of interest; MTG, middle temporal gyrus.

few studies to date have explored the effect of sound therapy on
brain remodeling in idiopathic tinnitus. Almost all studies have
focused only on alterations in brain function after treatment.
These studies have suggested that sound therapy achieved
good outcomes when taking improvements in tinnitus handicap
inventory (THI) scores as an evaluation standard (Han et al.,
2019a,b; Lv et al., 2020). For example, Han et al. (2019b) and
Lv et al. (2020) have indicated that sound therapy significantly
changed or even had a normalizing effect on the abnormal
functional connectivity (FC) in the brains of patients with
idiopathic tinnitus and that the changed FC was correlated with
the severity of tinnitus.

Moreover, although there are many studies on brain structural
and functional changes in tinnitus patients at present (Aldhafeeri
et al., 2012; Seydell-Greenwald et al., 2014; Chen et al., 2015;
Ryu et al., 2016; Han et al., 2020), many of these subjects had
different degrees of hearing loss (HL) (Aldhafeeri et al., 2012;
Seydell-Greenwald et al., 2014; Ryu et al., 2016; Han et al.,
2020). Although some researchers have noticed that HL may
have an impact on the results, their studies were mainly on brain
reorganization in patients without any treatment (Husain et al.,
2011; Benson et al., 2014; Schmidt et al., 2017). To date, there are
few studies on the changes in both brain structure and function
in tinnitus patients without HL after sound therapy.

Therefore, based on the above studies, to explore the brain
alterations between tinnitus patients and healthy controls (HCs)
and between patients before and after sound therapy, in the
present study, we combined voxel-based morphometry (VBM)
and independent component analysis (ICA) in patients with
tinnitus in the early stage (duration less than 48 months) without
HL before and after sound therapy and further explored their
relationships with clinical variables. We defined subjects with a
duration of fewer than 48 months being in the early stage, which
is consistent with our previous studies (Liu et al., 2018; Chen
et al., 2020).

MATERIALS AND METHODS

Participants
Thirteen patients with untreated persistent idiopathic tinnitus
and 18 HCs were enrolled in this study. All the patients
had persistent idiopathic tinnitus, and the duration had been
persistent for more than 6 months and less than 48 months,
without any history of associated brain diseases confirmed by
conventional magnetic resonance imaging (MRI), no preexisting
mental or cognitive disorder, and no MRI contradictions.
Tinnitus was present as a single high/low-pitched sound and 2
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high/low-pitched sounds without any rhythm. All the patients
were defined as tinnitus without HL based on audiogram results,
which was defined as more than 25 dB HL at frequencies ranging
from 250 to 8 kHz (0.250, 0.500, 1, 2, 3, 4, 6, and 8 kHz) in a
pure-tone audiometry (PTA) examination. All the patients in this
study were without pulsatile tinnitus, sudden deafness, Ménière’s
disease, hyperacusis on physical examination, otosclerosis, and
other neurological diseases. We asked all the patients to complete
the THI (Newman et al., 1996) and a visual analog scale (VAS)
to assess the severity of disease at the time of admission. We also
evaluated the severity of depression and distress of the patients
at that time. Moreover, we assessed the hearing of the HCs, and
all of them had normal hearing. Other exclusion criteria for the
tinnitus patients were also applied with the HCs.

The study protocol was approved by the institutional review
board (IRB) of Beijing Friendship Hospital, Capital Medical
University, Beijing, China. All the subjects were informed of the
purpose of the study and gave written consent in accordance with
the Declaration of Helsinki. The registration number of the study
on ClinicalTrials.gov is NCT03764826.

Sound Therapy and Clinical Evaluation
The sound therapy applied is a customized personal sound
therapy based on patients’ tinnitus features. We used the
special tinnitus therapeutic instrument: eMasker R© (Micro-DSP
Technology Co., Ltd), which is a customized personal sound
therapy device based on tinnitus characteristic test results. We
advise patients to use it in a quiet environment to achieve the
best therapeutic effect. First, to characterize the tinnitus and
prepare for treatment, the audiologists in our group examined
all the patients for tinnitus loudness matching, pitch matching,
minimum masking level, and residual inhibition. Then, we
applied narrow band noise (that was used for treatment) to treat
tinnitus for 6 months, 20 min each time, three times per day. The
loudness of sound we applied for each patient was set as 5 dB
over the tinnitus loudness. The frequency was set as a 1 kHz
narrow band while setting the tinnitus frequency as the middle
point of the delivered sound (i.e., tinnitus frequency ± 0.5 kHz,
for example, tinnitus frequency = 3 kHz, low sound cut = 2.5 kHz,
high sound cut = 3.5 kHz). In this procedure, we used the THI
scores to assess the severity of tinnitus before and after treatment.
In our study, consistent with prior research, a reduction in THI
scores to 16 points or a reduction of 17 points or more was
considered effective treatment (Zeman et al., 2011). Therefore,
we defined the primary outcome of this study as THI score
changes. The HCs were not given any particular kind of sound
exposure during the study. We also calculated 1 THI scores and
improvement in THI scores in all patients with tinnitus, which
were defined as follows: 1 THI score = THI on admission—
THI follow-up; % improvement in THI score = (THI score at
6 months follow-up—THI score on admission) ÷ THI score on
admission × 100%.

Image Acquisition
Structural and functional imaging data of the idiopathic tinnitus
patients at baseline (without any treatment) and after treatment
(6 months) and from HCs were obtained using a 3.0T MRI

system (Prisma, Siemens, Erlangen, Germany) with a 64-channel
phase-array head coil. During the scanning process, we used
tight but comfortable foam padding to minimize head motion
and earplugs to reduce scanner noise. All the participants
were asked to stay awake, close their eyes, breathe evenly,
and try to avoid specific thoughts. We used a conventional
brain axial T2 sequence before the structural and functional
scans to exclude any visible brain abnormalities. Using a
3D magnetization-prepared rapid gradient-echo sequence (MP-
RAGE), we obtained high-resolution three-dimensional (3D)
structural T1-weighted images. The parameters were as follows:
repetition time (TR) = 2,530 ms; echo time (TE) = 2.98 ms;
inversion time (TI) = 1,100 ms; FA = 7◦; number of slices = 192;
slice thickness = 1 mm, bandwidth = 240 Hz/Px; field of
view (FOV) = 256 × 256 mm2; and matrix = 256 × 256,
resulting in an isotropic voxel size of 1 × 1 × 1 mm3. In
addition, we also obtained resting-state functional images of
all participants using an echo-planar imaging (EPI) sequence.
The scanning parameters were as follows: 33 axial slices with
a slice thickness = 3.5 mm and interslice gap = 1 mm,
TR = 2,000 ms; TE = 30 ms; FA = 90◦; bandwidth = 2,368 Hz/Px;
FOV = 224 × 224 mm2; and matrix = 64 × 64. The
latter parameters resulted in an isotropic voxel size of
3.5 × 3.5 × 3.5 mm3. The total number of volumes
acquired was 240.

Processing of Structural Images and
Voxel-Based Morphometry Analysis
We performed postprocessing of the structural data using
CAT121 implemented in Statistical Parametric Mapping (SPM)
software (version 12)2. SPM 12 was installed in MATLAB
2016a (Math Works, Natick, MA, United States). First, all the
structural images were screened for movement artifacts. Next, the
structural images were segmented into gray matter, white matter,
and cerebrospinal fluid (CSF) areas using the unified standard
segmentation option in SPM12. The individual gray matter
and white matter components were then normalized into the
standard Montreal Neurological Institute (MNI) space using the
Diffeomorphic Anatomical Registration through Exponentiated
Lie algebra (DARTEL) algorithm (Ashburner, 2007) after
segmentation. The normalized gray matter and white matter
components were modulated to generate the relative gray matter
volume (GMV) and white matter volume (WMV) by multiplying
by the non-linear part of the deformation field at the DARTEL
step. The Gaussian kernel used to smooth the resulting GMV and
WMV images was 6 mm full-width at half-maximum (FWHM).

Preprocessing of Resting-State
Functional Images
We used the batch-processing tool Data Processing and Analysis
for (Resting-State) Brain Imaging (DPABI)3 (Yan et al., 2016)
to preprocess the resting-state functional MRI (rs-fMRI) data,

1http://www.neuro.uni-jena.de
2https://www.fil.ion.ucl.ac.uk/spm
3http://www.rfmri.org/dpabi
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which is based on SPM12. First, to allow for steady-state
magnetization and stabilization of the subject, we removed
the first 10 volumes of each functional time series of all the
participants. After that, we conducted slice timing correction
on the remaining 230 volumes. Head motion between volumes
was evaluated and corrected using rigid body registration,
and we excluded datasets with maximum translation exceeding
2.5 mm, maximum rotation exceeding 2.5◦ or mean framewise
displacement (FD) >0.3 (Yan et al., 2013). Next, based on the
standard stereotaxic coordinate system, we spatially normalized
the corrected fMRI images to an MNI template brain. Then,
each voxel was resampled to isotropic 3 mm × 3 mm × 3 mm.
After that, to remove the possible variances from the time course
of each voxel (including the WM and CSF signal and Friston-
24 head motion parameters), the 26 nuisance covariates were
regressed out. Finally, the Gaussian smoothing kernel for the
rs-fMRI images was a 6-mm FWHM.

ICA Analysis
We performed ICA through GIG-ICA using GIFT software
(version 3.0b)4. The main steps included data reduction,
application of the ICA algorithm, and back-reconstruction
for each subject. In the present study, we performed group
independent component analysis (GICA) 100 times on tinnitus
patients and HCs using 20 and 30 components separately. During
this process, through visual inspection and previous reports (see
the “Results” section for details), we identified nine components
as meaningful resting-state networks (RSNs). We also obtained
the individual-level components using back-reconstruction and
transformed the subject-specific spatial maps to z scores.

Intranetwork Functional Connectivity
Analysis
The main process was consistent with a previous study (Chen
et al., 2018). To generate a sample-specific spatial map for
each component, each ICA component was entered into a
random-effect one-sample t-test using a family wise error (FWE)
correction (p < 0.05) with a cluster size of >100 voxels (Song
et al., 2013; Wang et al., 2014). We compared the differences
in intranetwork FC between the tinnitus patients and HCs at
baseline and after treatment using a two-sample t-test and applied
a paired t-test to compare intranetwork FC between patients
before and after treatment [false discovery rate (FDR) corrected
p < 0.05]. Using a general linear model (GLM), we extracted and
compared intranetwork FC of each region of interest (ROI) with
a significant difference between groups, with age and sex serving
as covariates. For the ROI-based analyses, we used Cohen’s d
(Parker and Hagan-Burke, 2007) to determine the effect size of
each comparison.

Internetwork Functional Connectivity
Analysis
During the process of the internetwork FC analysis, first, by
averaging the time courses of all voxels within the sample-specific

4http://mialab.mrn.org/software/gift/

RSN mask of each subject, we calculated the mean time course of
each RSN. Then, we calculated Pearson’s correlation coefficients
of the mean time courses between all pairs of RSNs for each
subject and then converted them to z-values using Fisher’s r-to-z
transformation to improve normality. For each group, individual
z-values were entered into a random-effect one-sample t-test to
determine whether the correlation between each pair of RSNs
was statistically significant (p < 0.05). Intergroup comparisons
were carried out only if the internetwork FC of each group
was statistically significant (p < 0.05). We performed GLM with
age and sex as covariates to determine whether the pairs of
internetwork FC were significantly different (p < 0.05) between
the patients and HCs at baseline and after treatments using a two-
sample t-test and between the patients before and after treatment
using a paired t-test.

Statistical Analyses
During the statistical analysis process, we assessed all the data for
normality using the Kolmogorov–Smirnov test. If the data were
identified as not normally distributed, we applied non-parametric
tests. First, we applied the voxel wise two-sample t-test and paired
t-test in SPM12 to compare the whole-brain GMV and WMV
differences between the tinnitus patients and HCs at baseline
and after treatment and between the patients before and after
narrow band sound therapy (voxel-level uncorrected p < 0.001,
non-stationary cluster-level FWE correction with p < 0.05), and
age and sex served as nuisance covariates. Next, the mean GMV,
WMV, and FC values of each cluster that showed statistical

TABLE 1 | Demographic and clinical data of the tinnitus patients and
healthy controls.

Demographic Tinnitus
(baseline,
n = 13)

Tinnitus
(6 months,

n = 13)

Control
(n = 18)

P-value

Age, years 42.23 (± 13.98) 45.33
(± 9.64)

0.470a

gender 6 males, 7
females

9 males, 9
females

0.561b

THI score 53.38 (± 28.10) 45.85
(± 25.16)

NA 0.379c

1 THI score 7.54 (± 29.78) NA NA

% improvement
of THI score

−1.30%
(±63.40%)

NA

Duration,
months

≥6 and ≤48 NA NA

Type# 7: 2: 3: 1 NA NA

Tinnitus pitch 250∼8,000 Hz NA NA

Laterality 3 right, 4 left, 6
bilateral

NA NA

Normal hearing All All NA

THI, Tinnitus Handicap Inventory, M THI score = THI baseline – THI treated , NA: not
applicable.
aTwo-sample t-tests.
bChi-square test.
cPaired-samples t-tests.
#1 single high-pitched sound vs. 1 single low-pitched sound vs. 2 high pitched
sounds vs. 2 low pitched sounds.
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significance were extracted for subsequent analyses. Then, we
conducted a partial correlation analysis to explore any potential
associations between brain alterations (intra/internetwork level)
and clinical variables in tinnitus patients after removing age
and sex effects (FDR p < 0.05). The last steps were performed
using IBM SPSS Statistics version 23.0 (IBM Inc., Armonk,
NY, United States).

GMV, WMV, and FC results were presented using MRIcron5,
BrainNet Viewer6 (Xia et al., 2013) and xjView7.

RESULTS

Demographic Data
Table 1 shows detailed demographic data of the 13 tinnitus
patients with persistent idiopathic tinnitus characteristics and
18 HCs. We acquired the THI scores before and after narrow
band sound therapy for all patients. In this study, the outcome of
tinnitus patients was considered poor after sound therapy when
taking THI score improvements as the evaluative measurement.

5https://www.nitrc.org/projects/mricron
6http://www.nitrc.org/projects/bnv/
7https://www.alivelearn.net/xjview/

Brain Structural Changes Between the
Patients and HCs at Baseline and After
Treatment and Between the Patients
Before and After Treatment
Compared with the HCs, the tinnitus patients showed decreased
GMV (Figure 1 and Table 2) and WMV (Figure 2 and Table 2)
in the left middle temporal gyrus (MTG) at baseline, and the
GMV was even further reduced after treatment (non-stationary
cluster-level FWE correction with p < 0.05) (although the trend
in the WMV reductions showed a decrease, the P-value was
uncorrected). Additionally, the patients showed increased WMV
in the cingulum (cingulate), left parietal and frontal lobes, right
calcarine, and left rolandic operculum after treatment compared
with the baseline (non-stationary cluster-level FWE correction
with p < 0.05) (Figure 3 and Table 2).

Resting-State Network Functional
Connectivity Changes Between the
Patients and HCs at Baseline and After
Treatment and Between the Patients
Before and After Treatment
The nine RSNs identified in our study were as follows: the
auditory network (AN), the anterior (aDMN), and posterior

FIGURE 1 | Intergroup differences in GMV between tinnitus patients without HL and HCs before and after sound therapy. At baseline, compared with the HCs, the
patients with tinnitus without HL exhibited reduced GMV in the left MTG. After sound therapy (treated), the tinnitus patients continued to show decreased GMV in the
same region, and the volume of gray matter was further reduced (corrected at the non-stationary cluster level with FWE P < 0.05). HL, hearing loss, HC, healthy
control, MTG, middle temporal gyrus, FWE, family wise error, GMV, gray matter volume. The color bar represents the extent of reduction in GMV.
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TABLE 2 | Difference in gray/white matter volume between the tinnitus patients
and healthy controls and between patients before and after sound therapy.

Anatomical region MNI coordinate Voxel Peak

size T-value
x y z

Gray matter (FWE cluster p < 0.05)

Gray matter volume (baseline)

Tinnitus patients < Healthy controls

Left middle temporal gyrus −65 −3 −24 690 5.06

Gray matter volume (after treatment)

Tinnitus patients < Healthy controls

Left middle temporal gyrus −65 −3 −23 831 5.18

White matter

White matter volume (baseline)

Tinnitus patients < Healthy controls

Left middle temporal gyrus (FWE
cluster p < 0.05)

−60 2 −29 373 5.39

White matter volume (after treatment)

Tinnitus patients < Healthy controls

Left middle temporal gyrus
(uncorrected)

−60 2 −29 362 5.49

White matter volume (FWE cluster
P < 0.05)

Tinnitus patients (baseline) < Tinnitus
patients (after treatment)

Cingulum_Mid_L (aal) −8 −27 39 110 8.40

Calcarine_R (aal) 24 −51 15 65 7.98

Cingulum_Mid_R (aal) 8 −30 44 115 6.50

Rolandic_Oper_L (aal) −45 −6 15 113 6.06

Left parietal and frontal lobe −29 −41 44 1,345 8.04

MNI, Montreal Neurological Institute; FWE, family wise error; L, left; R, right.

(pDMN) default mode networks, the left (LFPN) and right
(RFPN) frontoparietal networks, the medial (mVN) and lateral
(lVN) visual networks, the sensorimotor network (SMN), and the
dorsal attention network (DAN) (Figures 4A–C). The locations
of these RSNs were in line with some prior studies (Mantini et al.,
2007; Smith et al., 2009; Du et al., 2015; Ma et al., 2016).

Altered Functional Connectivity Within
and Between Resting-State Networks
We found that the tinnitus patients exhibited a decreased (i.e.,
positive) (mVN and lVN, p = 0.007) or an increased (i.e.,
less negative) (mVN and SMN, p = 0.018; mVN and AN,
p = 0.035) internetwork FC at baseline when compared with HCs
(Figure 4A and Table 3). Additionally, compared with the HCs,
the patients showed a decreased (i.e., positive) (AN and pDMN,
p = 0.008; DAN and LFPN, p = 0.005) internetwork FC after
treatment (Figure 4B and Table 3). Meanwhile, tinnitus patients
also exhibited an increased (i.e., less negative) (LFPN and pDMN,
p = 0.023; LFPN and RFPN, p = 0.030; aDMN and AN, p = 0.037;
aDMN and DAN, p = 0.008) internetwork FC after treatment
compared with baseline (Figure 4C and Table 3). However,
we did not observe any intranetwork FC changes between the
patients and HCs at baseline or after treatment or between the
patients before and after treatment within the nine RSNs.

Correlations Between the Brain
Structural and Functional Changes and
Extent of THI Score Changes
We performed partial correlations between the GMV, WMV, and
internetwork FC values and the THI scores, 1 THI scores, %
improvement in THI scores, and other clinical variables (such
as duration and VAS scores) in patients with tinnitus after
controlling for age and sex. We did not detect any associations
among these variables (p > 0.05).

DISCUSSION

In the present study, all the patients had poor outcomes after the
treatment when using improvements or changes in THI scores
as the evaluation standard, which define a THI score reduced
to 16 points or a reduction of 17 points or more as an effective
treatment or good outcome (Zeman et al., 2011). Moreover, in
the classic frequencies (from 250 – 8 kHz: 0.250, 0.500, 1, 2, 3,
4, 6, and 8 kHz), all the patients in this study were identified as
tinnitus without HL, which is in line with one of our previous
studies (Chen et al., 2020), although we cannot eliminate the
possibility of hidden HL currently. Combining VBM and ICA
analyses, we found significant brain gray/white matter atrophy in
the auditory-related cortex at baseline, and the GMV was further
reduced after sound therapy. Additionally, patients showed
increased WMV in some regions that are not directly related to
auditory function after treatment compared with baseline. More
importantly, tinnitus patients showed significantly changes in
internetwork FC in auditory-related and non-auditory-related
networks at baseline or after sound therapy when compared
with HCs or in the comparison of the patients before and after
treatment. Therefore, although the idiopathic tinnitus patients
group without HL with poor outcomes, narrow band sound
therapy may have a significant effect on brain reorganization in
patients with tinnitus. In this study, we chose narrow band noise
as the applied sound therapy as it is a commonly used kind of
sound therapy with high cost-effectiveness (Henry et al., 2002).
It promotes habituation to the tinnitus sensation, diminishes the
sensitivity of tinnitus, and reduces the contrast between tinnitus
and the environment (Lv et al., 2020).

Auditory-Related Brain Structural and
Functional Alterations Between the
Patients and HCs and Between the
Patients Before and After Sound Therapy
The temporal gyrus is closely related to auditory function,
especially the posterior MTG, which is part of the auditory
primary cortex. Studies have shown that tinnitus can cause
significant cortical changes in the MTG (Boyen et al., 2013;
Pereira-Jorge et al., 2018). For example, Boyen et al. (2013)
found that the change in gray matter in the auditory primary
cortex (including the MTG) was correlated with tinnitus rather
than with HL, and they speculated that the continuous sensation
of an internal sound, such as the tinnitus percept, may cause
the changes in the MTG. Consistent with previous studies, our
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FIGURE 2 | Intergroup differences in WMV between the tinnitus patients without HL and HCs before and after sound therapy. At baseline, compared with the HCs,
the patients with tinnitus without HL exhibited reduced WMV in the left MTG (corrected at non-stationary cluster level with FWE p < 0.05). After sound therapy
(treated), the brain region with decreased WMV was still the same area, but the trend in the WMV reduction had diminished (uncorrected). HL, hearing loss, HC,
healthy control, MTG, middle temporal gyrus, FWE, family wise error, WMV, white matter volume. The color bar represents the extent of reduction in WMV.

FIGURE 3 | Intergroup differences in WMV between the tinnitus patients before and after sound therapy. Compared with baseline, after sound therapy, the patients
with tinnitus exhibited increased WMV in the cingulum (cingulate), right calcarine, left rolandic operculum, and left parietal and frontal lobes (corrected at the
non-stationary cluster level with FWE p < 0.05). FWE, family wise error, WMV, white matter volume. The color bar represents the extent of reduction in WMV.

findings suggested that tinnitus without HL can cause significant
brain structural changes in the auditory cortex, although we
cannot eliminate the possible effect of hidden or slight HL on the
brain alterations. More interestingly, after the narrow band sound
therapy, we found that the GMV in the MTG was further reduced,

while the trend for further decreases in WMV in the same area
was diminished, but the P-value with the WMV was uncorrected.

In addition to the auditory-related brain structural changes,
we also observed increased (i.e., negative) internetwork FC
between the AN and mVN in the patients with tinnitus than
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FIGURE 4 | Intergroup differences in internetwork FC between the tinnitus patients and HCs and between the patients before and after sound therapy.
(A) Compared with the HCs, the tinnitus patients exhibited a decreased (i.e., positive) (mVN and lVN) or an increased (i.e., less negative) (mVN and SMN; mVN and
AN) internetwork FC at baseline. (B) Compared with HCs, tinnitus patients showed a decreased (i.e., positive) (AN and pDMN; DAN and LFPN) internetwork FC after
sound therapy. (C) Compared with the patients at baseline, the tinnitus patients exhibited increased (i.e., negative) (LFPN and pDMN; LFPN and RFPN; aDMN and
AN; aDMN and DAN) internetwork FC after sound therapy. AN, auditory network; aDMN, anterior default mode network; pDMN, posterior default mode network;
LFPN, left frontoparietal network; RFPN, right frontoparietal network; lVN, lateral visual network; mVN, medial visual network; SMN, sensorimotor network; DAN,
dorsal attention network; FC, functional connectivity, HC, healthy control.The red line represents positive FC; the green line represents negative FC.

the HCs before treatment. The AN and VN are independent
processing systems for auditory and visual functions. In tinnitus
patients, the increased internetwork FC between the two
processing networks may reflect abnormal large-scale functional
interactions between them. The FC changes between AN and
mVN at baseline may be a compensatory effect caused by tinnitus,
as phantom auditory sensations also activate visual areas (Zhou
et al., 2019). However, after sound therapy, we did not find any
network-level FC changes between the AN and VN; meanwhile,
we found decreased level (i.e., positive) and increased levels (i.e.,
negative) internetwork FC between the DMN and AN in patients
when compared with the HCs or patients at baseline. The DMN,
including the medial prefrontal cortex and anterior cingulum
(cingulate) cortex as well as the posterior cingulum (cingulate)
cortex and precuneus, is associated with both cognitive and
emotional control (Whitfield-Gabrieli et al., 2011). Moreover,
it is most active at rest and shows reduced activity when a
subject enters a task-based state involving attention or goal-
directed behavior (Shulman et al., 1997). The DMN connectivity
changes in our study after treatment were consistent with some
studies that reported DMN dysfunction (Schmidt et al., 2013;
Lanting et al., 2016). Lanting et al. (2016) believed that the

DMN somehow plays a role in “hearing” internally generated
sound (whether it is meaningful, e.g., in schizophrenia patients,
or meaningless, e.g., in tinnitus patients).

Combined with previous studies, these findings indicated that
significant differences exist in the abnormal changes in auditory-
related brain structure and function before and after the narrow
band sound therapy (compared with HCs or patients at baseline).

Non-Auditory-Related Brain Structural
and Functional Alterations Between the
Patients and HCs and Between the
Patients Before and After Sound Therapy
In addition to the auditory-related structural and functional
changes, we also observed a significant increase in WMV
in the cingulum (cingulate), right calcarine, left rolandic
operculum, and the left parietal and frontal lobes in the
patients after treatment compared with baseline. The Cingulum
(cingulate) plays a large role in several large-scale networks
in which tinnitus is involved; that is, tinnitus emerges as a
function of several large-scale networks that bind together many
aspects of salience, memory, perception, distress, and audition
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TABLE 3 | Intergroup differences in the inter-network functional connectivity.

Functional Baseline Treated Patients pre

connectivity (HCs-Patients) (HCs-Patients) – Patients pos

t p t p t p

mVN-SMN −2.511 0.018 −0.285 0.778 0.511 0.614

mVN-AN −2.219 0.035 0.842 0.407 0.219 0.829

mVN-lVN 2.904 0.007 0.637 0.529 −0.448 0.658

LFPN-pDMN 0.162 0.873 −0.150 0.882 −2.404 0.023

LFPN-RFPN 0.999 0.326 1.504 0.143 −2.312 0.030

aDMN-AN −0.671 0.508 0.772 0.446 −2.216 0.037

aDMN-DAN −0.044 0.966 −0.023 0.982 −2.904 0.008

pDMN-AN 0.500 0.621 2.836 0.008 0.218 0.830

LFPN-DAN 0.500 0.623 3.033 0.005 −0.079 0.937

mVN, medial vision network; SMN, sensorimotor network; AN, auditory network;
lVN, lateral network; LFPN, left frontoparietal network; RFPN, right frontoparietal
network; aDMN, anterior default mode network; pDMN, posterior default mode
network; DAN, dorsal attention network; HCs, healthy controls.
The bold values indicate significant differences between the tinnitus patients and
HCs at baseline and after sound therapy and the differences between the tinnitus
patients before and after the treatment (p < 0.05).

(De Ridder et al., 2011; Ridder et al., 2011; Schecklmann et al.,
2012; Meyer et al., 2016). We believe that the increase in
WMV in the cingulum (cingulate) indicates that tinnitus is
closely related to dysfunction of the limbic system, which is
in line with one of our prior studies (Chen et al., 2020). The
calcarine cortex is an important part of the primary visual
cortex, and it is the main relay station that transfers the signals
coming from the retina. Some studies have shown that there
is a close or even direct connection between the auditory
and visual regions/subnetworks (Iurilli et al., 2012; Ibrahim
et al., 2016). Thus, changes in the calcarine cortex may result
from patients attending to phantom auditory sensations and
having the visual areas contemporaneously activated (Zhou
et al., 2019). Additionally, we found increased WMV in the
rolandic operculum, which may correlate with tinnitus-related
distress (Krick et al., 2015). Additionally, Job et al. (2012)
found overactivity in the rolandic operculum; they speculated
that this region was associated with middle ear proprioception,
and changes in this region may suggest a hypothesis that
tinnitus could arise as a proprioceptive illusion associated
with widespread emotional and somatosensory dysfunction.
Meanwhile, we found an increase in WMV in the left parietal
and frontal lobes as the main parts of the frontoparietal
network (FPN), and we believe that these areas play a large
role in the process of decision-making and cognitive control
(Vincent et al., 2008).

In addition to these changes in brain white matter, we
also found significant differences from before to after sound
therapy in the interactions among several RSNs that are not
directly related to auditory function. For instance, at baseline, we
found increased (i.e., less negative) and decreased (i.e., positive)
internetwork FC between the mVN and the SMN and lVN,
respectively. The VN and SMN are two independent systems that
separately process visual and sensorimotor functions and play a
role in the limbic system. A previous study on stroke suggested

that the significantly changed internetwork FC between the two
networks may reflect abnormal large-scale functional interactions
among functional networks (Wang et al., 2014). Additionally,
the vision network is divided into the mVN and lVN. The
mVN includes primary visual areas, while the lVN encompasses
non-primary regions of the visual cortex (Beckmann et al.,
2005). We speculated that because of the increased compensatory
stimulation between the auditory and visual networks caused by
tinnitus, the functional interaction within the visual network is
weakened. Although the exact mechanism underlying abnormal
internetwork FC remains unclear, it may be the result of
impairments in the thalamus, as mentioned above (Lv et al.,
2020). After the treatment, we found decreased (i.e., positive)
internetwork FC between the LFPN and DAN and increased (i.e.,
negative) internetwork FC between the LFPN and RFPN and
among the LFPN, DMN, and DAN. According to a previous ICA
study, the FPN is a lateralized network and has been commonly
identified as an independent RSN (Smith et al., 2009). It primarily
consists of two main parts: the dorsolateral prefrontal cortex and
the posterior parietal cortex (several cognition/language areas),
and it supports decision-making and cognitive control functions
(Vincent et al., 2008). Few studies have reported tinnitus-related
changes in the LFPN or RFPN (Lanting et al., 2016). Studies
on stroke have proven that weakened connectivity of the FPN
may represent a functional disconnection (Nomura et al., 2010)
in brain regions that may underlie the cognitive impairments
observed in these patients (Stebbins et al., 2008; Gottesman and
Hillis, 2010). Therefore, the increased or decreased internetwork
FC among the LFPN, RFPN, and DAN indicated that after
tinnitus, the brain activity and functional connections in brain
regions related to executive control, advanced cognition, and
language are in an abnormal or dysfunctional state when
compared with baseline. Meanwhile, we also observed increased
internetwork FC between the DMN and DAN. The DAN is
involved in visual attention (Gitelman, 2003), and the increased
FC in our study was consistent with Schmidt et al. (2013), as
they suggested that this increase in FC could be a compensatory
attempt to handle the phantom stimulus, by delegating that
process to non-attention-processing regions, such as the limbic
system (Golm et al., 2013; Ooms et al., 2013).

These results suggest that in addition to auditory-related
brain reorganization, there were also significant differences in the
abnormal changes in non-auditory-related brain reorganization
before and after sound therapy (narrow band noise). However, in
the present study, we failed to find any intranetwork FC changes
in tinnitus patients before and after sound therapy, which may
have been due to the small sample size. Studies with a larger
sample size are needed in the future. Although patients in this
study with different sided tinnitus, the brain changes we found
were only seen on the left side in some regions and on the
right side in other areas, which is consistent with some previous
studies (Husain et al., 2011; Chen et al., 2017, 2020; Liu et al.,
2018; Besteher et al., 2019; Han et al., 2019a). We speculated the
reason may be that many brain areas can be divided into several
subregions based on their functions and the function of the right
or left side of some regions in the brain is different while the exact
mechanism is still not very clear.
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Limitations
There are several limitations in our study. First, the sample size
of our study was relatively small, and we recruited only right-
handed subjects. Second, as a longitudinal study, we scanned the
HCs only once. In future studies, we need to follow up with the
HCs for the same period (6 months) as the patients and scan them
twice (at baseline and after 6 months of follow-up). Third, in this
study, we recruited only tinnitus patients without HL and HCs.
We will recruit tinnitus patients with and without HL in future
studies. Fourth, we didn’t apply any sham therapy on patients
and HCs, which we will apply to them in future studies. Fifth, the
definition of tinnitus patients without HL was that there is no HL
in the generally recognized frequencies (250–8 kHz: 0.250, 0.500,
1, 2, 3, 4, 6, and 8 kHz); thus, we cannot eliminate the possibility
of hidden or slight HL in other frequency ranges currently.

CONCLUSION

In conclusion, we found that significant differences exist in
auditory-related and non-auditory-related brain functional and
structural alterations in tinnitus patients without HL before and
after sound therapy (narrowband stimulation), especially changes
in white matter and internetwork FC, although the outcome of all
the patients may not be very good after the treatment. Therefore,
we supposed that sound therapy, especially the narrow band
noise, may have a significant effect on brain reorganization in
patients with idiopathic tinnitus without HL. It may advance the
understanding of the neural pathophysiological mechanisms of
idiopathic tinnitus after sound therapy.
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