¢ Human Brain Mapping 38:2384-2397 (2017) ¢

Tinnitus Distress is Linked to Enhanced
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Abstract: The phantom sound of tinnitus is believed to be triggered by aberrant neural activity in the
central auditory pathway, but since this debilitating condition is often associated with emotional dis-
tress and anxiety, these comorbidities likely arise from maladaptive functional connections to limbic
structures such as the amygdala and hippocampus. To test this hypothesis, resting-state functional
magnetic resonance imaging (fMRI) was used to identify aberrant effective connectivity of the amygda-
la and hippocampus in tinnitus patients and to determine the relationship with tinnitus characteristics.
Chronic tinnitus patients (1 =26) and age-, sex-, and education-matched healthy controls (1 =23) were
included. Both groups were comparable for hearing level. Granger causality analysis utilizing the
amygdala and hippocampus as seed regions were used to investigate the directional connectivity and
the relationship with tinnitus duration or distress. Relative to healthy controls, tinnitus patients dem-
onstrated abnormal directional connectivity of the amygdala and hippocampus, including primary and
association auditory cortex, and other non-auditory areas. Importantly, scores on the Tinnitus Handi-
cap Questionnaires were positively correlated with increased connectivity from the left amygdala to
left superior temporal gyrus (r = 0.570, P =0.005), and from the right amygdala to right superior tem-
poral gyrus (r=0.487, P =0.018). Moreover, enhanced effective connectivity from the right
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hippocampus to left transverse temporal gyrus was correlated with tinnitus duration (r=0.452,
P =0.030). The results showed that tinnitus distress strongly correlates with enhanced effective connec-
tivity that is directed from the amygdala to the auditory cortex. The longer the phantom sensation, the
more likely acute tinnitus becomes permanently encoded by memory traces in the hippocampus. Hum
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INTRODUCTION

Approximately 12% of adults have experienced subjec-
tive tinnitus, a phantom ringing or buzzing sensation [Jas-
treboff, 1990]. However, approximately 1% suffer from
loud, incessant, and debilitating tinnitus, a condition for
which they seek medical treatment [Shargorodsky et al.,
2010; Sindhusake et al., 2003]. Patients with chronic tinni-
tus often suffer from sleep disturbances, depression, and
anxiety, comorbid conditions that significantly impair the
quality of daily life [Reynolds et al., 2004]. Tinnitus is gen-
erally associated with sensorineural hearing loss sugges-
ting that the tinnitus generator might reside in the cochlea.
However, since tinnitus often persists subsequent to audi-
tory nerve transection [Jackler and Whinney, 2001], the
prevailing view is that cochlear hearing loss induces aber-
rant neuroplastic changes in the central nervous system
leading to chronic tinnitus, analogous to central pain [Bar-
tels et al., 2007; Eggermont, 2005; Lockwood et al., 2002;
Roussel et al., 2013]. Previous electrophysiological studies
have suggested that tinnitus could arise from spontaneous
hyperactivity, burst firing or enhance neural synchrony
within the central auditory pathway [Eggermont and Rob-
erts, 2012; Jastreboff, 1995; Kaltenbach et al., 2005; Llinas
et al., 1999; Robertson and Mulders, 2012]. However, other
studies suggest that tinnitus not only involves auditory
structures, but also aberrant neural activity and interaction
with other regions of the central nervous system associat-
ed with emotion, attention, distress, memory and motor
activity [Chen et al, 2015a; Henry et al., 2014; Leaver
et al., 2011, 2016a; Lockwood et al., 1998; Rauschecker
et al., 2010]. Despite decades of research, the neural mech-
anism underlying the tinnitus generation still remains
elusive.

Accumulating evidences, typically utilizing neuroimag-
ing in humans, have proposed that reciprocal connections
between the auditory regions and limbic system appear to
be important for the development of chronic tinnitus
[Chen et al., 2015a; Golm et al., 2013; Lanting et al., 2009;
Leaver et al.,, 2011, 2016a; Rauschecker et al., 2010; Seydell-
Greenwald et al., 2014]. Since the auditory and limbic sys-
tems are interconnected, the phantom sound may influ-
ence the emotional and cognitive functions of the limbic
system [Langguth, 2011; Winer, 2006]. The amygdala and
hippocampus are two major limbic regions that receive
either direct or indirect neuronal input from the central

auditory system [Mohedano-Moriano et al., 2007; Munoz-
Lopez et al., 2010; Sah et al., 2003]. In turn, there are direct
or indirect projections from limbic system to auditory
brain regions that may impact neuronal activity or regu-
late plasticity [Marsh et al., 2002; Weinberger, 2007]. How-
ever, the role of the limbic system and limbic-auditory
interaction in tinnitus is far from clear.

Resting-state low frequency (0.01-0.1Hz) fluctuations of
blood oxygenation level-dependent (BOLD) functional
magnetic resonance imaging (fMRI) could provide new
insights into how structurally segregated and functionally
specialized cerebral networks are interconnected [Biswal
et al., 1995; Lancaster et al., 2007]. Previous resting-state
fMRI studies have identified tinnitus-related abnormalities
in auditory, limbic and other brain regions [Carpenter-
Thompson et al., 2015; Leaver et al., 2016a]. A series of tin-
nitus models have been developed that can detect neural
activity changes in non-auditory limbic systems, such as
the amygdala and the hippocampus [Jastreboff, 1990;
Muhlau et al., 2006; Rauschecker et al., 2010]. Some have
reported that tinnitus is associated with increased func-
tional connectivity between the auditory network and the
left amygdala, a region that assigns emotional significance
to sensory experience [Kim et al., 2012]. Tinnitus was asso-
ciated with enhanced connectivity between auditory corti-
ces and the amygdala [Maudoux et al, 2012b]. On the
other hand, decreased functional connectivity was
observed between the right thalamus and the left amygda-
la in tinnitus patients [Zhang et al., 2015]. Furthermore,
the hippocampus, important for memory and spatial navi-
gation, is connected to the primary auditory cortex [Cen-
quizca and Swanson, 2007]. A major function of the
hippocampal-auditory system is the formation of long-
term auditory memories [Squire et al., 2001; Tamura et al.,
1990]. Tinnitus is associated with loss of gray matter (GM)
and white matter (WM) in the hippocampus [Gunbey
et al., 2015; Landgrebe et al., 2009; Lanting et al., 2009].
Resting-state fMRI has also indicated the abnormality of
the hippocampus in salicylate-induced tinnitus model of
rats [Chen et al., 2015a]. Moreover, the parahippocampal
area has been speculated to play a central role in memory
recollection, sending information from the hippocampus to
the association areas [Diederen et al., 2010]. Others have
found increased functional connectivity between the left
parahippocampus and the auditory resting-state network
in tinnitus patients [Schmidt et al., 2013] highlighting the
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role of parahippocampal regions in tinnitus physiopatholo-
gy [Chen et al., 2015b; Leaver et al., 2016b; Maudoux et al.,
2012a,b]. While many studies have found that tinnitus is
associated with changes in functional connectivity between
different regions, it is impossible to discern the directional-
ity or specificity of the disrupted connections in this
disease.

To address this issue, we used Granger causality analy-
sis (GCA) to identify differences in the direction of func-
tional connectivity between tinnitus patients and controls.
GCA has been widely used to reveal the causal effects
among brain regions in various neurological or psychiatric
disorders, such as Alzheimer’s disease, depression, schizo-
phrenia, and hepatic encephalopathy [Guo et al., 2014,
2015; Qi et al., 2013; Zhong et al., 2014]. Considering that
the amygdala and hippocampus are two crucial limbic
regions previously implicated in tinnitus, we selected the
bilateral amygdala and hippocampus as seed regions and
hypothesized that GCA and functional connectivity of
these regions would be disrupted in chronic tinnitus
patients. Moreover, the limbic-auditory disruption would
be associated with specific tinnitus characteristics such as
tinnitus distress. To our knowledge, this is the first study
to use GCA to unravel the effective connectivity within
the limbic system in tinnitus patients.

MATERIALS AND METHODS
Subjects

This study included 26 chronic tinnitus patients and 23
healthy subjects (all right handed, with at least 8 years of
education) recruited through community health screening
or newspaper advertisements. None of patients were
excluded from the fMRI analysis because of excessive
head motion during scanning. The patients were group-
matched in terms of age, sex and education. Twelve
patients reported a predominantly left-sided, six a pre-
dominantly right-sided tinnitus, and eight patients
described their tinnitus as bilateral or originating within
the head. The severity of tinnitus and related distress were
assessed by the Iowa version of the Tinnitus Handicap
Questionnaires (THQ) [Kuk et al, 1990]. The hearing
threshold was determined by pure tone audiometry (PTA)
examination. All the participants had clinically normal
hearing from 250 Hz to 8 kHz (hearing thresholds <25
dB). There were no significant differences in auditory
thresholds between the tinnitus group and the control
group (Supporting Information Fig. 1). None of the partici-
pants had depression and anxiety according to the Self-
Rating Depression Scale (SDS) and Self-Rating Anxiety
Scale (SAS) (overall scores <50, respectively) [Zung, 1971,
1986]. According to previous study [Khalfa et al.,, 2002],
we used the Hyperacusis Questionnaire to exclude the
participants with hyperacusis in the current study. More-
over, patients with Meniere’s diseases were also excluded

TABLE I. Characteristics of tinnitus patients and healthy

controls

Tinnitus Healthy

patients controls

(n=26) (n=23) P value
Age (years) 502*+13.0 44.4+151 0.744
Gender (male: female) 9:17 9:14 0.509
Education levels (years) 125+3.0 13337 0.405
Tinnitus duration (months)  44.1 =38.5 - -
THQ score 50.0 = 16.0 - -
Hearing thresholds (left) 149 +3.0 14.6 2.5 0.705
Hearing thresholds (right) 162238 151+3.2 0.201
Hearing thresholds (mean) 155=*2.1 148=+1.7 0.210

Data are represented as Mean = SD. THQ, Tinnitus Handicap
Questionnaire.

according to the previous diagnostic criteria [Lopez-Esca-
mez et al.,, 2015]. Participants were excluded if they suf-
fered from pulsatile tinnitus, hyperacusis or Meniere’s
diseases or if they had a past history of severe alcoholism,
smoking, head injury, stroke, Alzheimer’s disease, Parkin-
son’s disease, epilepsy, major depression, or other neuro-
logical or psychiatric illness, major medical illness (e.g.,
cancer, anemia, and thyroid dysfunction), MRI contraindi-
cations or severe visual loss. Table I summarizes the char-
acteristics of the chronic tinnitus patients and healthy
subjects. The study was approved by the Ethics Committee
of Nanjing Medical University and informed consent was
obtained from each participant.

MRI Scanning

All subjects were scanned using a 3.0 T MRI scanner
(Ingenia, Philips Medical Systems, Netherlands) with a 8-
channel receiver array head coil. Head motion and scanner
noise were reduced using foam padding and earplugs. The
earplugs (Hearos Ultimate Softness Series, The United
States) were used to attenuate scanner noise by approxi-
mately 32 dB from the manufacture’s data. The subjects
were instructed to lie quietly with their eyes closed but not
to fall asleep, and avoid thinking of anything particular dur-
ing the scanning. Structural images were acquired with a
three-dimensional turbo fast echo (3D-TFE) TIWI sequence
with high resolution as follows: repetition time (TR)/echo
time (TE)=28.1/3.7 ms; slices =170; thickness=1 mm;
gap = 0 mm; flip angle (FA) = 8°; acquisition matrix =256 X
256; field of view (FOV) =256 mm X 256 mm. The structural
sequence took 5 minutes and 29 seconds. Functional images
were obtained axially using a gradient echo-planar imaging
sequence as follows: TR = 2,000 ms; TE = 30 ms; slices = 36;
thickness =4 mm; gap =0 mm; FOV =240 mm X 240 mm;
acquisition matrix =64 X 64; and FA =90°. The fMRI
sequence took 8 minutes and 8 seconds. All scans were
acquired with parallel imaging using sensitivity encoding
(SENSE) technique, SENSE factor = 2.
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Data Preprocessing

Data analyses were preprocessed using Data Processing
Assistant for Resting-State fMRI programs [Chao-Gan and
Yu-Feng, 2010], which is based on Statistical Parametric
Mapping (SPMS, http://www fil.ion.ucl.ac.uk/spm) and
resting-state fMRI data analysis toolkit (REST, http://
www.restfmri.net). The first 10 volumes were discarded
and the remaining 230 consecutive volumes were used for
data analysis. Slice-timing and realignment for head
motion correction were performed. Any subjects with a
head motion greater than 2.0 mm translation or a 2.0° rota-
tion in any direction were excluded. Data were spatial nor-
malized to the Montreal Neurological Institute template
(resampling voxel size=3 X 3 X 3 mm®), smoothed with
an isotropic Gaussian kernel [full width at half maximum
(FWHM) =4 mm], detrended and filtered (0.01-0.08 Hz).

Effective Connectivity Analysis

The bilateral amygdala or hippocampus was set as seed
regions using the WFU_PickAtlas software (http://www.
ansir.wfubmc.edu). Effective connectivity was analyzed
using REST-GCA in the REST toolbox [Zang et al., 2012]. In
this study, the time series of the bilateral amygdala or hippo-
campus were defined as the seed time series x, and the time
series y denotes the time series of all voxels in the brain. The
linear direct influence of x on y (F, _ ,), and the linear direct
influence of y on x (F, _ ,) were calculated voxel by voxel
across the brain. Thus, two Granger causality maps were
generated based on the influence measures for each subjects.
The residual-based F was normalized (F') and standardized
to Z score for each voxel (Z, _, , and Z, _, ,, subtracting the
global mean F’ values, divided by standard deviation).

Statistical Analysis

For the group analysis on the effective connectivity of the
amygdala, mean values of Z, _, ,and Z, _, , maps were com-
puted for each group. All eight Granger causality maps
were acquired, with four for each direction and four for
each group (the left amygdala with Z, _. , and Z, _, , and
the right amygdala with Z, _, , and Z, _, . for both the
patient and healthy controls). These Granger causality maps
were entered into a voxel-wise two-sample t-test to deter-
mine the differences between tinnitus patients and healthy
controls with age, sex, and education included as covariates.
Thresholds were also set at a corrected P < 0.05, with multi-
ple comparisons correction carried out using the AlphaSim
program determined by Monte Carlo simulation (parame-
ters were single voxel P value less than 0.05, a minimum
cluster size of 85 voxels, FWHM =4 mm, within a GM mask
corresponding to the Automated Anatomical Labeling
atlas). The statistical analysis for the effective connectivity of
the hippocampus was similar to that used for the amygdala.

Between-group t-tests and 7*-tests were used to compare
demographic data (statistical significance set at P < 0.05). To

From left

amygdala

4.09 ! i

From right

amygdala

Figure I.
Altered effective connectivity from the amygdala to the whole
brain regions in tinnitus patients compared with healthy controls.
(A) From the left amygdala to the other brain regions. (B) From
the right amygdala to the other brain regions. Thresholds were set
at a corrected P < 0.05, determined by Monte Carlo simulation.
Note that the left side corresponds to the right hemisphere.

investigate the association between the clinical characteristic
and the fMRI data, the clusters of the significant differences
in effective connectivity of amygdala or hippocampus
between groups were extracted. Mean z values within these
clusters were correlated against each tinnitus characteristic
using the Pearson’s correlation analysis in SPSS software
(version 18.0; SPSS, Chicago, IL). P< 0.05 was considered
statistically significant, corrected for age, sex, education,
and hearing thresholds. Bonferroni correction for multiple
comparisons was applied in the correlation analysis.

RESULTS
Effective Connectivity from the Amygdala

Compared with healthy controls, patients with chronic
tinnitus demonstrated significantly increased effective con-
nectivity from the left amygdala to auditory areas in left
superior temporal gyrus (STG) and non-auditory brain
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TABLE Il. Altered effective connectivity from the left

amygdala to the other brain regions in tinnitus patients

Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
L superior temporal gyrus 41 -39, -9, —12 4.4282 102
L anterior cingulate cortex 24 -9, 18, 15 3.5999 92
R angular gyrus 19 36, —60, 42 3.3214 215
L precuneus 7 —18, —81, 45 3.1737 93
L cerebellum posterior lobe - -9, =72, —18 —3.8797 144

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference
between groups. BA, Brodmann’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm?®.

regions, including the left anterior cingulate cortex (ACC),
left precuneus, and right angular gyrus (AG). In addition,
decreased effective connectivity was detected in the left
cerebellar posterior lobe (Fig. 1A and Table II). Further-
more, chronic tinnitus patients also showed significantly
enhanced effective connectivity from the right amygdala to
several brain regions that included the right STG, right
ACC, right middle frontal gyrus (MFG), and right supra-
marginal gyrus (SMG). In contrast, reduced effective con-
nectivity was observed in the right cerebellar posterior
lobe (Fig. 1B and Table III).

Effective Connectivity to the Amygdala

Compared with controls, chronic tinnitus patients
showed enhanced effective connectivity from the right
MFG, left middle temporal gyrus (MTG), left inferior fron-
tal gyrus (IFG), and left postcentral gyrus (PoCG) to the
left amygdala (Fig. 2A and Table IV). Moreover, the left
ACC, left MTG, left MFG, right IFG, and right PoCG
exhibited increased effective connectivity to the right
amygdala in tinnitus patients compared with controls (Fig.
2B and Table V).

Effective Connectivity from the Hippocampus

When compared with healthy controls, chronic tinnitus
patients showed significantly increased effective connectiv-
ity from the left hippocampus to the left MTG and left
PoCG whereas decreased effective connectivity was
detected in left middle occipital gyrus (MOG) (Fig. 3A and
Table VI). Furthermore, tinnitus patients displayed

increased effective connectivity from the right hippocam-
pus to several brain regions, including the left transverse
temporal gyrus (TTG), right MTG, and right PoCG.
Reduced effective connectivity was also detected in the
right MOG (Fig. 3B and Table VII).

Effective Connectivity to the Hippocampus

Chronic tinnitus patients relative to controls demonstrat-
ed enhanced effective connectivity to the left hippocampus
from several brain regions, including the right SFG, left
parahippocampal gyrus and left insula (Fig. 4A and Table
VIII). Moreover, left and right MFG, left MTG, and left AG
exhibited enhanced effective connectivity to the right hip-
pocampus in tinnitus patients relative to controls (Fig. 4B
and Table IX).

Correlation Analysis

Pearson’s correlation analyses revealed that THQ scores
were positively correlated with the increased effective con-
nectivity from the left amygdala to the left STG (r = 0.570,
P =0.005), and from the right amygdala to the right STG
(r=0.487, P=10.018). In addition, the enhanced effective
connectivity from the right hippocampus to the left TTG
was positively associated with the tinnitus duration
(r=0.452, P=0.030) (Fig. 5). These correlations had been
corrected for age, sex, and education. Other measures of
increased effective connectivity were independent of tinni-
tus duration or THQ scores. None of the disrupted effec-
tive connectivity was correlated with SAS or SDS score.
Supporting Information Table 1 presented the significant

TABLE Ill. Altered effective connectivity from the right amygdala to the other brain regions in tinnitus patients

Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
R superior temporal gyrus 41 39, —15, —6 4.5138 173
R anterior cingulate cortex 24 3,18, 24 4.4582 366
R middle frontal gyrus 10 24, 54, 21 3.6235 280
R supramarginal gyrus 40 57, —42, 39 4.4161 112
R cerebellum posterior lobe - 18, —66, —51 —-3.9077 135

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference
between groups. BA, Brodmann’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm?®.
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To left =72
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To right
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Figure 2.
Altered effective connectivity from the whole brain regions to the
amygdala in tinnitus patients compared with healthy controls. (A)
From the other brain regions to the left amygdala. (B) From the
other brain regions to the right amygdala. Thresholds were set at
a corrected P<0.05, determined by Monte Carlo simulation.
Note that the left side corresponds to the right hemisphere.

correlations before and after correction for age, sex, educa-
tion, and hearing thresholds.

Structural Data

Supporting Information Table 2 showed the compari-
sons of the brain volumes (GM volume, WM volume, and

brain parenchyma volume) between the chronic tinnitus
patients and healthy controls. The GM, WM, and brain
parenchyma volumes in subjects with tinnitus were not
significantly different from healthy controls.

DISCUSSION

To our knowledge, this is the first study to use GCA to
identify changes in the direction of effective connectivity
in two regions strongly implicated in tinnitus, the hippo-
campus and amygdala. In tinnitus patients, significant
changes in effective connectivity occurred in a relatively
circumscribed network emanating from and projecting to
the amygdala or the hippocampus. In most cases, tinnitus
was associated with an increase in effective connectivity
rather than a decrease [Chen et al., 2016; Hong et al., 2016;
Zobay et al., 2015]. A major finding of this study was that
tinnitus distress was strongly correlated with a bilateral
increase in effective connectivity from the amygdala to the
STG. This suggests that the amygdala sends a strong nega-
tive emotional signal to the auditory cortex which influen-
ces how acoustic information is interpreted [LeDoux,
2007]. The second major finding was that tinnitus duration
was strongly correlated with increased effective connectivi-
ty from the right hippocampus to the left TTG. One inter-
pretation of this result is that the hippocampus relays the
memory of the phantom sound to the auditory cortex
where acoustic image is consolidated to a chronic state
[Halford and Anderson, 1991; Kraus and Canlon, 2012].

Disrupted Effective Connectivity from and
to the Amygdala

The amygdala attaches emotional significance to our
sensory experiences [Herry and Johansen, 2014; Resnik
and Paz, 2015]. The amygdala receives and sends auditory
information directly or indirectly to the medial geniculate
body and auditory cortex and is well-positioned to relay
emotional attributes of a sound to the auditory cortex
[Chen et al., 2012; LeDoux, 2007]. Prior resting-state fMRI
studies have revealed aberrant functional coupling
between auditory cortex and amygdala in tinnitus patients
[Kim et al., 2012, Maudoux et al., 2012b; Moller, 2006;
Zhang et al., 2015] as well as rats with salicylate-induced
tinnitus [Chen et al., 2015a]. Infusion of salicylate directly

TABLE IV. Altered effective connectivity from the other brain regions to the left amygdala in tinnitus patients

Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
R middle frontal gyrus 10 36, 48, 27 3.9665 225
L middle temporal gyrus 21 —54, —18, -9 4.0695 106
L inferior frontal gyrus 47 —45,42, 12 5.2759 666
L postcentral gyrus 3 —18, =51, 72 3.2302 115

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference
between groups. BA, Brodmann’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm°.
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TABLE V. Altered effective connectivity from the other brain regions to the right amygdala in tinnitus patients

Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
L middle temporal gyrus 21 —54, —18, 15 41921 315
L middle frontal gyrus 10 36, 51, 39 4.0941 659
L anterior cingulate cortex 24 -3, 15, 27 4.4820 1013
R inferior frontal gyrus 47 39, =15, -6 3.8851 101
R postcentral gyrus 3 27, —45, 66 3.2923 95

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference
between groups. BA, Brodmann’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm?®.

into amygdala increases sound-evoked activity in the audi-
tory cortex, illustrating the potent modulatory effect that
the amygdala exerts on auditory processing carried out by
the auditory cortex [Chen et al., 2012]. Collectively, these
results reinforce the view that the amygdala contributes to
the fear and anxiety experienced by many tinnitus patients
[Cima et al., 2011; Halford and Anderson, 1991]. Our tinni-
tus patients showed enhanced coupling in each hemi-
sphere from the amygdala to the STG which was
correlated with tinnitus distress. The amygdala is capable
of modulating auditory cortex activity and plasticity. Fear
conditioning, which includes activation of amygdala, alters
the functional properties of the auditory cortex [Froemke
and Martins, 2011; Headley and Weinberger, 2013] such
that even non-auditory conditioned stimuli can activate
auditory cortex [Ide et al., 2013]. In addition, a feedback
pathway from the amygdala to the auditory cortex may
suppress the tinnitus signal at a subcortical level before it
reaches auditory cortex and consciousness [Rauschecker
et al., 2010]. Diffusion tensor imaging (DTI) revealed sig-
nificant differences in the strength of the fiber tracts con-
necting the auditory cortex and amygdala [Crippa et al,,
2010]. Our results are consistent with previous reports
showing that tinnitus patients manifest increased function-
al connectivity between the auditory system and the
amygdala in several resting-state fMRI studies [Kim et al.,
2012; Maudoux et al., 2012b].

Our tinnitus patients also exhibited increased bidirec-
tional connectivity between the amygdala and ACC consis-
tent with previous structural and functional data [Bush
et al., 2000]. The ACC plays a crucial role in a form of
attention regulating emotional and cognitive functions
[Bush et al., 2000] and therefore could be important as an
emotional and attentional regulator of tinnitus. Decreased
GM volume has been reported in the ACC of tinnitus
patients [Aldhafeeri et al., 2012] and electroencephalogra-
phy (EEG) suggests that the dorsal ACC might be
involved in persistent attention to tinnitus [De Ridder
et al., 2011; Vanneste et al.,, 2010a]. Tinnitus distress is
linked to increased beta activity in the dorsal ACC and the
amount of distress correlates with an alpha activity in sev-
eral brain regions such as the amygdala, insula, and para-
hippocampus [Vanneste et al., 2010a]. Others have
reported abnormal ACC function in tinnitus patients using

positron emission tomography (PET) [Mirz, 2000], magne-
toencephalography (MEG) [Schlee et al, 2009b], and
resting-state fMRI [Chen et al., 2015c]. Taken together,
these results suggest that enhanced reciprocal functional
connectivity between the amygdala and ACC likely con-
tributes to the emotional and attentional aspects of
tinnitus.

Tinnitus patients showed increased effective connectivi-
ty from the amygdala to the SMG, AG, and precuneus.
Prior EEG, PET, or fMRI studies have indicated that the
SMG may be involved in tinnitus [Chen et al., 2015c; Mirz

A

From left

hippocampus

From right

hippocampus

Figure 3.

Altered effective connectivity from the hippocampus to the
whole brain regions in tinnitus patients compared with healthy
controls. (A) From the left hippocampus to the other brain
regions. (B) From the right hippocampus to the other brain
regions. Thresholds were set at a corrected P<0.05, deter-
mined by Monte Carlo simulation. Note that the left side corre-
sponds to the right hemisphere.
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TABLE VL. Altered effective connectivity from the left hippocampus to the other brain regions

in tinnitus patients

Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
L middle temporal gyrus 21 —36,24,9 3.6418 93
L postcentral gyrus 3 63, —3, 48 3.5776 128
L middle occipital gyrus 31 —24, —72,48 —3.2747 102

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference
between groups. BA, Brodmann’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm?®.

et al., 1999; Weiler et al., 2000]. Schmidt et al. demonstrat-
ed that the dorsal attention network, with seed regions in
the bilateral intraparietal sulci, showed decreased correla-
tions with the right SMG in tinnitus patients [Schmidt
et al.,, 2013]. Thus, the increased effective connectivity to
the SMG in tinnitus may alter the connectivity in the dor-
sal attention network. Furthermore, the AG and precuneus
belong to the default mode network (DMN). The DMN,
consisting of nodes in the AG, posterior cingulate/precu-
neus, medial temporal gyrus and medial prefrontal gyrus,
is most active at rest and shows reduced activity when a
subject enters a task-based state involving attention or
goal-directed behavior [Mantini et al., 2007; Raichle et al.,
2001]. Previous resting-state fMRI studies have also found
aberrant functional connectivity within the DMN in tinni-
tus patients compared with healthy controls [Burton et al.,
2012; Chen et al., 2015¢; Maudoux et al., 2012b; Schmidt
et al.,, 2013]. Nevertheless, the source of abnormal neural
activity within specific DMN regions due to tinnitus still
remains unknown. Our results suggest that increased
effective connectivity to AG and precuneus might be
responsible for disrupting the DMN in tinnitus patients.
Neuroimaging studies have suggested that abnormal
coupling between the frontal cortex and other regions con-
tributes to tinnitus disability [Chen et al, 2014, 2015c;
Lanting et al., 2016; Leaver et al., 2016b; Mirz, 2000; Schlee
et al.,, 2009a; Vanneste and De Ridder, 2012; Vanneste
et al., 2010a; Zhang et al., 2015]. Rauschecker et al. devel-
oped a model to demonstrate structural and functional dif-
ferences in ventromedial prefrontal cortex that were
associated with tinnitus subjective loudness, indicating the
contribution of frontal cortex to certain perceptual features
of tinnitus [Rauschecker et al., 2010]. Activity in the frontal
cortex increases during periods of active listening [Hall

et al, 2000; Voisin et al., 2006] and auditory attention
while listening to angry prosody, strong activates a net-
work involving the auditory cortex, amygdala and frontal
cortex [Ceravolo et al., 2016]. Our tinnitus patients showed
enhanced connectivity between the frontal cortex (MFG
and IFG) and the amygdala. Chen et al. observed signifi-
cantly enhanced functional connectivity within the execu-
tive control of attention network, including the MFG and
IFG [Chen et al., 2015¢c]. Moreover, the increased function-
al connectivity between bilateral insula and MFG was pos-
itively correlated with tinnitus distress. Furthermore, the
IFG serves as the core region of response inhibition and
IFG activity might mirror the attempt to control the
bottom-up attention allocation to the tinnitus percept in a
top-down manner [Aron et al., 2014]. In one hypothetical
model, the IFG acts as executive control components in the
attention system that regulates dorsal and ventral attention
networks [Shulman et al., 2009]. These results suggest that
the attentional networks in the frontal cortex enhance the
negative attributes of tinnitus supplied by the amygdala.
We observed increased connectivity from the PoCG to
the amygdala phantom somatosensory perceptions or
somatic tinnitus. Possible neural correlates of somatosenso-
ry modulation of tinnitus were assessed [Murray et al.,
2005], which was consistent with previous fMRI studies
showing abnormal neural activity in somatosensory sub-
networks in tinnitus [Chen et al.,, 2015a; Maudoux et al.,
2012a]. Moreover, reduced effective connectivity from the
amygdala to the cerebellum was observed in tinnitus
patients. Although the cerebellum is primarily involved in
motor planning and fine motor control, some cerebellar
regions such as the paraflocculus and vermis receive
inputs from auditory centers [Petacchi et al., 2005] and are
activated by simple and complex sounds [Lockwood et al.,

TABLE VII. Altered effective connectivity from the right hippocampus to the other brain regions in tinnitus

patients
Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
L transverse temporal gyrus 41 —48, —18,9 3.5434 153
R middle temporal gyrus 21 48,12, —42 4.7906 243
R postcentral gyrus 3 57, =12, 30 3.4788 114
R middle occipital gyrus 31 36, —81,3 —3.0669 158

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference
between groups. BA, Brodmann’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm?®.
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To right
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Figure 4.

Altered effective connectivity from the whole brain regions to
the hippocampus in tinnitus patients compared with healthy con-
trols. (A) From the other brain regions to the left hippocampus.
(B) From the other brain regions to the right hippocampus.
Thresholds were set at a corrected P<0.05, determined by
Monte Carlo simulation. Note that the left side corresponds to
the right hemisphere.

1998, 2002]. During residual inhibition of tinnitus,
decreased activity was observed in the right cerebellum
[Osaki et al., 2005]. Animal studies of tinnitus have

suggested that the parafloccular lobe of the cerebellum
acts as a gain control mechanism comparing the afferent
input from the cochlea with descending signals from the
cerebral cortex [Bauer et al., 2013]. Ablation or inactivation
of the paraflocculus abolished noise-induced tinnitus sug-
gesting that parts of the cerebellum may be involved in
regulation the sensation or emotional features of tinnitus.

Disrupted Effective Connectivity from and to the
Hippocampus

The hippocampus, important for memory and spatial
navigation, is connected to the auditory cortex [Cenquizca
and Swanson, 2007]. Effective connectivity from the right
hippocampus to the left primary auditory cortex was
enhanced in our tinnitus patients and was strongly corre-
lated with tinnitus duration. Tinnitus was also associated
with enhanced connectivity from the hippocampus to the
association auditory cortex. The hippocampus receives
sensory auditory input from primary auditory cortex
directly or indirectly via the parahippocampal cortex or
the perirhinal cortex, or via other forebrain pathways
including amygdala insula or medial prefrontal cortex
[Mohedano-Moriano et al.,, 2007, Munoz-Lopez et al,
2010]. In turn, the auditory association cortex receives indi-
rect input from hippocampus via parahippocampal cortex
or perirhinal cortex [O’Mara, 2005]. Animal study also
indicated a direct connection from hippocampus to the
auditory association cortex and even to the primary audi-
tory cortex [Cenquizca and Swanson, 2007]. The
hippocampal-auditory network is critically important for
the formation of long-term auditory memories. Patients
with severe bilateral hippocampal damage perform poorly
on auditory recognition tests [Squire et al., 2001], and
studies with monkeys suggest that auditory cues play a
role in spatial memory [Tamura et al., 1990]. Among
patients who could modulate tinnitus loudness with a jaw
clench (somatic tinnitus), a decrease in tinnitus loudness
was correlated with decreased activity in the hippocampus
and auditory cortex [Lockwood et al., 1998]. Consistent
with our results, regional global connectivity of the hippo-
campus was positively correlated with tinnitus loudness
[Ueyama et al., 2013].

Interactions between the hippocampus and the insula as
well as the parahippocampus have been observed in tinni-
tus patients. Increased insular response may be an

TABLE VIIl. Altered effective connectivity from the other brain regions to the left hippocampus in tinnitus patients

Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
R superior frontal gyrus 9 15, 42, 39 4.3330 466
L parahippocampa gyrus 36 -27, -9, —18 3.4124 87
L insula 13 —36, 12,12 3.5545 182

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference
between groups. BA, Brodmann’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm°.
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TABLE IX. Altered effective connectivity from the other brain regions to the right hippocampus in tinnitus patients

Brain region BA MNI coordinatesx, y, z (mm) T score Cluster size
L middle temporal gyrus 21 —51, —42, —18 3.4336 115
R middle frontal gyrus 10 51, 24, 42 4.0547 178
L middle frontal gyrus 10 -39, 6,57 4.8569 827
L angular gyrus 39 —39, —54, 48 4.4139 481

A corrected threshold of P <0.05 determined by Monte Carlo simulation was taken as meaning that there was a significant difference

between groups. BA, Brodmann'’s area; MNI: Montreal Neurological Institute; L, left; R, right; cluster size is in mm

indication of successful adaption to the tinnitus perception
[Haller et al., 2010]. The insula cortex can provide execu-
tive control that switches attention between tinnitus and
other conditions. Furthermore EEG studies showed that
alpha activity in the anterior insula was observed in
patients with severe tinnitus-related distress who can or
cannot cope with these phantom sounds [Vanneste et al.,
2014; Vanneste and De Ridder, 2012; Vanneste et al.,
2010a]. In addition, chronic tinnitus patients showed
enhanced spontaneous neuronal activity and functional
connectivity in bilateral anterior insula revealed by
resting-state fMRI [Chen et al., 2015c]. The parahippocam-
pal area plays a pivotal role in memory recollection and
transferring information from the hippocampus to the
association areas [Diederen et al., 2010]. Tinnitus distress
correlated with bilateral activation of the posterior
parahippocampal-hippocampal interface [Schecklmann
et al., 2013]. EEG studies demonstrated that the involve-
ment of the parahippocampal area in tinnitus might be
linked with the constant updating of the tinnitus percept
from memory thereby preventing habituation [De Ridder
et al., 2006; Vanneste and De Ridder, 2012]. Additionally,
narrow band noise tinnitus patients have increased activity
in the parahippocampus in comparison to pure tone tinni-
tus patients at the gamma frequency band [Vanneste et al.,
2010b]. Prior resting-state fMRI studies also provided

further support linking tinnitus physiopathology with par-
ahippocampal region [Chen et al.,, 2015b; Leaver et al.,
2016b; Maudoux et al., 2012a].

The right SFG showed enhanced effective connectivity
to the left hippocampus in tinnitus. Based on the previous
fMRI studies, the SFG has been regarded as a major inte-
grative hub of the tinnitus network architecture [Chen
et al., 2014, 2016]. Wunderlich et al. found the activation of
the SFG due to acoustic stimulation in a pitch discrimina-
tion task, suggesting the perception of auditory inputs in a
more emotional context in tinnitus [Wunderlich et al.,
2010]. While it is difficult to establish conclusive interpre-
tations of our results, we suggest that the SFG may be
responsible for the integration of multi-sensory informa-
tion, including the auditory sensation and pathophysiolo-
gy of tinnitus perception. Interestingly, reduced effective
connectivity from the hippocampus to the MOG was
found in tinnitus, which may be due to compensatory
mechanisms in visual regions associated with hearing a
phantom sound. The multisensory connections between
auditory and visual regions make it possible for external
sounds or the phantom sound of tinnitus to alter brain
activity in the visual areas [Cate et al.,, 2009]. Previous
fMRI studies also showed aberrant function in visual net-
work in tinnitus patients [Burton et al., 2012; Chen et al,,
2014, 2015¢; Maudoux et al., 2012b]. As such, tinnitus can
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Figure 5.

Correlations between abnormal effective connectivity and tinni-
tus characteristics. (A) Correlations between the THQ scores
and the increased effective connectivity from the left amygdala
to the left STG (r=0.570, P = 0.005). (B) Correlations between
the THQ scores and the increased effective connectivity from
the right amygdala to the right STG (r=0.487, P=0.018). (C)

Correlations between the tinnitus duration and the enhanced
effective connectivity from the right hippocampus to the left
TTG (r=0.452, P =0.030). The correlations were corrected for
age, sex, and education. THQ, Tinnitus Handicap Question-
naires; STG, Superior Temporal Gyrus; TTG, Transverse Tempo-
ral Gyrus.
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be regarded as the consequence of multisensory interac-
tions between auditory, limbic, and visual regions.

Limitations

Our moderate small sample size may have reduced our
ability to detect causal relationships between abnormal
effective connectivity and tinnitus characteristics. Further-
more, we only selected the amygdala and hippocampus as
seed regions to investigate the effective connectivity of
limbic structures with tinnitus. The current GCA approach
could be extended to the subdivisions of the amygdala
and the hippocampus, and other limbic regions such as
parahippocampus, cingulate gyrus and hypothalamus.
Moreover, the subjects in the current study showed no
hearing loss, which is not representative for most tinnitus
patients. Finally, the unavoidable MR scanner noise could
have affected our effective connectivity analysis [Logothe-
tis et al., 2009]. The concept of resting state is somewhat
problematic in our study because 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. Indeed, scanner noise has been
shown to cause some suppression of the DMN [Perra-
chione and Ghosh, 2013]. The existence of scanner noise
may make the internal sound of tinnitus less salient there-
by reducing the differences in resting-state functional con-
nectivity between tinnitus and control groups. However,
this limitation applies to virtually all resting-state studies
in the literatures. Nevertheless, this confounding factor
should be taken into consideration for all the auditory
fMRI studies.

CONCLUSIONS

Despite these limitations, our results identified dis-
rupted effective connectivity networks in the limbic
regions of tinnitus patients. Tinnitus severity was positive-
ly correlated with a bilateral increase in effective connec-
tivity from the amygdala to the auditory cortex on the
same side. In addition, tinnitus duration was positively
correlated with enhanced effective connectivity from the
right hippocampus to the left auditory cortex. These find-
ings mainly emphasized the crucial role of limbic system
and limbic-auditory interaction in tinnitus patients, which
could help enhance our understanding of the neuropatho-
logical mechanisms underlying tinnitus.
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