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Abstract
Tinnitus, the perception of a phantom sound, is accompanied by loudness and distress components. Distress however accom-
panies not just tinnitus, but several disorders. Several functional connectivity studies show that distress is characterized by
disconnectivity of fronto-limbic circuits or hyperconnectivity of default mode/salience networks. The drawback, however, is
that it considers only the magnitude of connectivity, not the direction. Thus, the current study aims to identify the core network of
the domain-general distress component in tinnitus by comparing whole brain directed functional networks calculated from 5 min
of resting state EEG data collected from 310 tinnitus patients and 256 non-tinnitus controls. We observe a reorganization of the
overall tinnitus network, reflected by a decrease in strength and efficiency of information transfer between fronto-limbic and
medial temporal regions, forming the main hubs of the tinnitus network. Further, a disconnection amongst a subset of these
connections was observed to correlate with distress, forming a core distress network. The core distress network showed a
decrease in strength of connections specifically going from the left hippocampus/parahippocampus to the subgenual anterior
cingulate cortex. Such a disconnection suggests that the parahippocampal contextual memory has little influence on the
(paradoxical) value that is attached to the phantom sound and that distress is the consequence of the absence of modulation of
the phantom sound.
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Introduction

The disconnection hypothesis was first presented in the
schizophrenia literature as a diagnostic construct to explain
its pathophysiological mechanisms (Friston and Frith 1995;
Weinberger 1993). This hypothesis was that the brain experi-
enced a failure of functional integration of brain areas that may
be observed as anatomical disconnections (disruption of white

matter tracts) and/or functional disconnections (disruption of
synchronous firing of neurons) (Friston et al. 2016; Friston
and Frith 1995). The latter may be measured as the change
in functional connectivity between brain areas using different
functional imaging techniques such as EEG, fMRI, MEG, etc.
However, the term Bdisconnection^ is proposed to represent
an aberration in connectivity (anatomical and functional) be-
tween brain areas where connectivity may pathologically in-
crease or decrease between different regions (Stephan et al.
2009). With the advent of graph theory, a mathematical tool to
conceptualize and empirically calculate different properties of
anatomical and functional networks in the brain (Rubinov and
Sporns 2010), this disconnection is proposed to manifest as
changes in not just connectivity strength but also in the reor-
ganization of brain networks resulting in aberrant functional
integration and efficiency of information transfer throughout
the network (Bassett et al. 2008; Bullmore and Sporns 2012;
Fornito and Bullmore 2015; Stam 2014; Uhlhaas 2013).

This model-based approach to the disconnection hypothe-
sis, may hold not just for schizophrenia, but also for other
disorders (Fornito and Bullmore 2014; Fornito et al. 2015).
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Tinnitus is the perception of a continuous sound that is theo-
rized to be produced by the brain as a maladaptive compen-
sation to sensory deafferentation, or a failure of noise cancel-
lation (De Ridder et al. 2014b; Mohan and Vanneste 2017).
Behaviorally, tinnitus is accompanied by a Bnon-zero^ loud-
ness component and a variable distress component (Elgoyhen
et al. 2015; Jastreboff 1990). From a network perspective,
tinnitus shows changes in small-world topology characterized
by a frequency-dependent increase/decrease in functional con-
nectivity strength and/or reorganization of hubs (Mohan et al.
2016a, b), thereby presenting a functional disconnection be-
tween the different regions of the brain network. Furthermore,
changes in connectivity strength have been related to changes
in tinnitus loudness and distress components, proposing a bio-
marker for the same (De Ridder et al. 2011b, 2015a; Vanneste
et al. 2014).

Tinnitus-related distress is present in about 20% of the
tinnitus population (Axelsson and Ringdahl 1989) and
manifests as the inability to direct attention to other tasks,
rumination on the percept itself, stress, anxiety, decreased
cognitive performance, etc. (Görtelmeyer et al. 2011;
Vanneste et al. 2016; Zeman et al. 2012). Physiologically,
tinnitus-related distress is encoded by a decrease in func-
tional connectivity between fronto-limbic circuits in the
alpha frequency band (Chen et al. 2017a, b; Vanneste
et al. 2011a, b). It is also encoded by an increase in func-
tional connectivity among regions of the salience network
and the limbic system—especially the amygdala, the
parahippocampus, and the subgenual anterior cingulate
cortex—in the alpha frequency band (Chen et al. 2017a,
b; De Ridder et al. 2011c; Vanneste et al. 2014). Thus,
functional disconnection (i.e. hypo- or hyperconnection)
between specific circuits in tinnitus in the alpha frequency
band may be characteristic of the tinnitus-related distress
component. The alpha frequency band has been associated
with two processes: inhibition and timing. These processes
govern two basic qualities of top-down attention: suppres-
sion of irrelevant stimuli and selection of salient stimuli
(Klimesch 2012; Klimesch et al. 2007). Reduction in alpha
power has been attributed to disinhibition in tinnitus and
serves as an important neural marker of dysrhythmic
thalamocortical oscillations (De Ridder et al. 2015c;
Llinás et al. 1999). Furthermore, the distress component
of tinnitus is hypothesized to be the behavioral manifesta-
tion of hypersalience, or increased top-down attention,
which is also encoded in the alpha frequency band (De
Ridder et al. 2014a, b). This alpha activity might reflect
accelerated theta activity, which is the normal resting state
activity of the anterior cingulate cortex (Toth et al. 2007).

Distress is a feature of several disorders and it manifests not
just behaviorally but also physiologically. Decreased fronto-
limbic connectivity has been shown in other disorders with a
strong emotional component, such as bipolar disorder, major

depressive disorder, post-traumatic stress disorder, and schizo-
phrenia (Du et al. 2017; Radaelli et al. 2015; Sripada et al.
2012; Williams et al. 2007). Conversely, increased functional
connectivity between the regions of the default mode network
and salience network has been shown in schizophrenia
(Krishnadas et al.; Zhang et al. 2016). Increased functional
connectivity between the regions of the salience network
and medial temporal/limbic lobe has been shown in co-
morbid distress accompanying disorders such as chronic pain,
Parkinson’s disease, fibromyalgia, dyspnea and social rejec-
tion (De Ridder et al. 2011a; Hu et al. 2015; von Leupoldt
et al. 2009). Thus, network disconnectivity encoding the emo-
tional component of a disorder seems to be a disorder-general
phenomenon that is present in not only tinnitus, but also in
other disorders known to have a strong emotional component.
Furthermore, the regions involved in the network that encode
disorder-general distress seem to be common to multiple
pathologies.

Although these studies present evidence for network
disconnectivity in several pathologies, they focus on undirect-
ed measures that only describe the magnitude of connectivi-
ty—i.e. the presence of co-activation—between regions.
Effective, i.e. directional, connectivity (Friston 2011) may be
calculated using Granger causality, which takes into consider-
ation both the amplitude and phase of the time series and
causally infers which region sends information and which
one receives it (Pascual-Marqui et al. 2014). However, the
studies that employ effective connectivity are usually model-
based, hypothesis-driven, or focused on selected regions of
interest, as opposed to purely data-driven. In the current study,
we calculate effective connectivity using Granger causality
and look at the distress network in tinnitus from a data-
driven perspective.

The purpose of the current study is to understand the
causal organization of a pathological network such as in
tinnitus and compare it to a control network. Furthermore,
we aim to identify the core network of (disorder-general)
distress using a data-driven approach by investigating the
hubs in the alpha frequency band based on their involve-
ment within and between functional modules. Based on
previous findings, we expect disconnectivity in the patho-
logical network to manifest via changes in connectivity
strength and/or hubs of the network. We further hypothe-
size that the core distress network consists of regions of the
fronto-limbic, default mode, and/or salience networks
whose connectivity strength shows a significant correlation
with distress. Although the neural correlates of distress
have been discussed previously, this is the first study that
we know of that uses a data-driven approach for empirical-
ly identifying the core distress network using effective
connectivity. The results of the current study will serve to
identify biomarkers for chronic distress, where effective
connectivity can point out the causal flow of the
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disconnection in the tinnitus network. Since we use a data-
driven approach, our results are less subject to biases from
a priori assumptions and therefore offer a more objective
way of reducing data. Since distress is a disorder-general
symptom, the results of the current study may be extended
to other pathologies. Further, the results of the current
study present an important application in identifying tar-
gets for neuromodulation studies that can aim at modifying
networks rather than specific regions.

Materials and methods

Tinnitus group

The tinnitus group consisted of 310 participants (M =
50.63 years, Sd = 13.67 years; 212 males and 98 females),
whose percepts’ onsets occurred at least a year prior to data
collection. Individuals having pulsatile tinnitus,Ménière’s dis-
ease, otosclerosis, chronic headache, neurological disorders
such as brain tumors, or those being treated for mental disor-
ders were excluded from the study. The qualitative aspects of
tinnitus that were recorded included location (unilateral (N =
114) or bilateral (N = 197)) and type (pure-tone (N = 118) or
noise-like (N = 193)). Pure tone audiometric thresholds were
collected at .125, .25, .5, 1, 2, 3, 4, 6, and 8 kHz as recom-
mended by the British Society of Audiology. Further diagnos-
tic measurements included identifying the pitch and loudness
of the tinnitus in the ear with the strongest sense of the tinnitus
percept. This was done by presenting a 1-kHz pure tone at a
level 10 dB above the patient’s hearing threshold at that fre-
quency in the ear contralateral to that of the tinnitus percept.
The pitch of the tinnitus percept was determined by adjusting
the frequency of the pure tone until the patient reported that
they were matched. The intensity of the pure tone was also
changed in order to determine the loudness of the percept.
Tinnitus loudness level (in dB SL) (M = 7.85 dB SL, Sd =
8.78) was then calculated by subtracting the absolute loudness
level from the audiometric threshold at the tinnitus frequency
(M = 5143 Hz, Sd = 3183) (Meeus et al. 2011; Meeus et al.
2010). Avisual analogue scale (VAS) for loudness (‘How loud
is your tinnitus?’: 0 = ‘no tinnitus’ and 10 = ‘as loud as imag-
inable’) was assessed; the mean VAS for loudness was 5.31
(Sd = 2.56). Also, the Tinnitus Questionnaire (TQ) (Meeus
et al. 2007) that measures a broad spectrum of tinnitus-
related psychological complaints was assessed. The global
TQ score can be computed to measure the general level of
psychological and psychosomatic distress; the mean score
on the TQ was 36.45 (Sd = 17.32). Depression and anxiety
were evaluated using the Hospital Anxiety and Depression
Scale (HADS); the mean score on the depression scale was
6.50 (Sd = 4.06) and the mean score on the anxiety scale was
6.52 (Sd = 3.48).

Control group

The healthy control group consisted of 256 age-matched par-
ticipants (M = 49.78 years; Sd = 14.74; 154 males and 102
females) taken from a database collected at the same center.
Individuals with psychiatric and neurological illness, a history
of psychiatric disorders and drug/alcohol abuse, records of
head injury that resulted in a loss of consciousness, seizures,
headaches, or physical disability were excluded from the
study. No audiometric testing was done on the individuals in
the control group.

Data collection and preprocessing

Data collection

The data were collected under the approval of IRB UZA
OGA85. All patients gave an informed consent in accordance
with the declaration of Helsinki. The study was approved by
the local ethical committee at Antwerp University Hospital.
Continuous resting-state electroencephalography (EEG) was
recorded for 5 min from participants in all three groups (sam-
pling rate = 500 Hz, band-passed = .15–.200 Hz). Subjects
were seated upright on a comfortable chair in a fully lit room
and were instructed to keep their eyes closed. The EEGs were
sampled using Mistar-201 amplifiers (NovaTech http://www.
novatecheeg.com/) with 19 electrodes arranged in the
International 10–20 standard placement (Fp1, Fp2, F7, F3,
Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1, O2).
The electrodes were referenced to digitally linked ears and the
impedances were kept under 5 kΩ. Off-line analyses included
resampling the data at 128 Hz and filtering using a 2–44 Hz
band-pass filter. These data were then exported into Eureka!
software (Congedo 2002), where it was plotted and manually
inspected for episodic artifacts (including eye blinks, eye
movement, teeth clenching, body movement and ECG),
which were subsequently removed from the EEG. Average
Fourier cross-spectral matrices were then computed for the
eight frequency bands previously researched in tinnitus: al-
pha1 (8–10 Hz) and alpha2 (10–12 Hz).

Data preprocessing

Source reconstruction was generated by estimating the intra-
cerebral electrical sources through standardized low-
resolution brain electromagnetic tomography (sLORETA;
(Pascual-Marqui 2002)). As a standard practice prior to the
execution of the sLORETA algorithm, a common average
reference transformation was performed on the data
(Pascual-Marqui 2002). sLORETA differs from other source
localization algorithms since it does not assume a predefined
number of active sources while computing neuronal activity in
current density (A/m2). The solution space and the associated
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lead field matrix used in the study were those that were im-
plemented using the LORETA-Key software (available at
http://www.uzh.ch/keyinst/loreta.htm). The neocortical
(including the hippocampal and anterior cingulate cortex)
MNI-152 volume was divided and labeled according to the
sLORETA-Key anatomical template based on probabilities
returned by the Deamon Atlas (Lancaster et al. 2000) on a
total of 6239 voxels (5 mm3 each).

Granger causality

Granger causality reflects the strength of effective connectiv-
ity (i.e. causal interactions) from one region to another by
quantifying howmuch the signal in the seed region can predict
the signal in the target region (Geweke 1982; Granger 1969).
In other words, it can be considered directed functional con-
nectivity. Granger causality is defined as the log-ratio between
the error variance of a reducedmodel, which predicts one-time
series based only on its own past values and that of the full
model, which additionally includes the past values of another
time series. It is important to note that Granger causality does
not imply anatomical connectivity between regions but direc-
tional functional connectivity between two sources.
sLORETA was used to calculate the effective connectivity
between the 84 Brodmann regions in the two alpha frequency
bands in the tinnitus and control groups. Each Brodmann area
represents one node in the network and the connections be-
tween pairs of Brodmann areas represents an edge. The 84
regions of interest are shown in Supplementary Fig. 1 and
their names are provided in Table 1. The following graph
theoretical parameters were calculated using the Brain
Connectivity Toolbox (BCT), which is a Matlab-based tool-
box developed by Rubinov and Sporns (Rubinov and Sporns
2010). The different parameters explained below were calcu-
lated on the average tinnitus and control networks calculated
as the arithmetic mean of the individual connectivity matrices.

Network parameters

Overall connectivity strength – network level and connection
level

The connectivity strength between pairs of nodes is indicated
by the magnitude of Granger causality between them. The
average connectivity strength was calculated as the arithmetic
mean of all the connections in the network. This overall con-
nectivity strength was compared between the control and tin-
nitus groups using repeated-measures ANOVAwith group as
the between-subject variable and frequency as the repeated
measure. Significant differences in individual frequency
bands were further investigated using simple contrasts.

The strength of each connection in each of the frequen-
cy bands was converted into a Fisher ’s Z score.

Connections with differences in Z scores that resulted in
values below −1.96 or above 1.96 were flagged as signif-
icant. Further, this comparison between the controls and
tinnitus group was corrected for multiple comparison
using Bonferroni correction, accounting for the number

Table 1 List of Brodmann areas used in the study

Brodmann areas Abbreviation Name of the Brodmann area

BA01 S1 Primary Somatosensory Cortex

BA02 S2 Secondary Somatosensory Cortex

BA03 S3 Tertiary Somatosensory Cortex

BA04 M1 Primary Motor Cortex

BA05 SPS Superior Parietal Sulcus

BA06 SMA Supplementary Motor Area

BA07 SPG Superior Parietal Gyrus

BA08 Pre-SMA Pre- Supplementary Motor Area

BA09 DLPFC Dorsolateral Prefrontal Cortex

BA10 FPC Fronto-parietal Cortex

BA11 OFC Orbital Frontal Cortex

BA13 Insula Insula

BA17 V1 Primary Visual Cortex

BA18 V2 Secondary Visual Cortex

BA19 Cuneus Cuneus

BA20 ITG Inferior Temporal Gyrus

BA21 MTG Medial Temporal Gyrus

BA22 STG Superior Temporal Gyrus

BA23 PCC1 Posterior Cingulate Cortex1

BA24 dACC dorsal Anterior Cingulate Cortex

BA25 sgACC subgenual Anterior Cingulate Cortex

BA27 PHC1 Parahippocampal gyrus1

BA28 HIP1 Hippocampal area1

BA29 RSC1 Retrosplenial Cortex1

BA30 RSC2 Retrosplenial Cortex2

BA31 PCC2 Posterior Cingulate Cortex2

BA32 prACC pregenual Anterior Cingulate Cortex

BA33 rACC rostral Anterior Cingulate Cortex

BA34 HIP Hippocampus

BA35 HIP2 Hippocampal area2

BA36 PHC2 Parahippocampal gyrus2

BA37 OTC Occipital-Temporal Cortex

BA38 TP Temporal Pole

BA39 AG Angular Gyrus

BA40 IPS IntraParietal Sulcus

BA41 A1 Primary Auditory Cortex

BA42 A2 Secondary Auditory Cortex

BA43 PCG Postcentral Gyrus

BA44 OPCG Opercular part of inferior frontal gyrus

BA45 IFG Inferior Frontal Gyrus

BA46 MPFC Medial Prefrontal Cortex

BA47 VLPFC Ventro-Lateral Prefrontal Cortex
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of connections in each frequency band. Connections with
differences in Z scores that resulted in values below −4.34
or above 4.34 corresponding to a p value of .0000072 (=
.05/ (84*83)) were flagged as significant. The other
values were considered not significantly different between
control and tinnitus groups.

Functional distance and characteristic path length – network
level and connection level

Functional integration in the brain is the ability to rapidly
combine information from distinct and distant brain areas
(Rubinov and Sporns 2010). Measures of functional inte-
gration characterize the ease of communication between
brain regions, which is commonly based on the concept of
a path. In functional networks, paths represent sequences
of statistical associations of distinct nodes presenting po-
tential routes of information flow between pairs of brain
regions. Path lengths thus estimate the potential for func-
tional integration, with shorter paths characterizing greater
functional integration.

The shortest paths between pairs of nodes were calcu-
lated from the connectivity strength. As a first step, the
effective connectivity matrix was converted to a connec-
tion length matrix by taking the reciprocal of the connec-
tivity strength. The shortest path between each pair of
nodes was then computed from the connection length ma-
trix using Dijkstra’s algorithm (Dijkstra 1959). The char-
acteristic path length is an empirical measure of global
connectivity of the directed functional network. This is
calculated as the mean of all the shortest paths between
every pair of nodes in the network, excluding those whose
shortest path length was undefined (i.e. the reciprocal of
zero connectivity strength). The characteristic path length
was compared between the control and tinnitus groups
using repeated-measures ANOVA with group as the
between-subject variable and frequency as the repeated
measure. Significant differences in individual frequency
bands were further investigated using simple contrasts.

The shortest path length between each pair of
Brodmann areas in each of the frequency bands was con-
verted into a Fisher’s Z score. Connections with differ-
ences in Z scores with magnitude below −1.96 or above
1.96 were flagged as significant. Further, this comparison
between controls and tinnitus group was corrected for
multiple comparison using Bonferroni correction, ac-
counting for the number of connections in each frequency
band. Connections with difference in Z scores with mag-
nitude below −4.34 or above 4.34 corresponding to a p
value of .0000072 (= .05/ (84*83)) were flagged as sig-
nificant. The other values were considered not significant-
ly different between control and tinnitus groups.

Clustering coefficient/transitivity

Functional segregation is the ability of the brain to carry out
specialized processes in densely interconnected groups of
brain regions (Rubinov and Sporns 2010). Measures of func-
tional segregation may be quantified by identifying clusters of
nodes within a network. The clustering coefficient is a node-
specific measure which identifies the nearest neighbors of
each node and determines the degree of local connectivity of
the node with its neighbors. This is calculated by estimating
the fraction of the number of triangles formed around a node
with its two nearest neighbors. The average clustering coeffi-
cient is also called the transitivity of a network. Transitivity is
calculated as the arithmetic average of the clustering coeffi-
cient of each node. The formula to calculate the transitivity of
the network is given in (Rubinov and Sporns 2010).

The average clustering coefficient or transitivity was com-
pared between the control and tinnitus groups using repeated-
measures ANOVA with group as a between-subject variable
and frequency as the repeatedmeasure. Significant differences
in individual frequency bands were further investigated using
simple contrasts.

Inter−/intramodular connectivity

To determine the inter- and intramodular connectivity of a
node in a network, the network is first divided into non-
overlapping modules or communities which are groups of
nodes defined in a specific way. This is performed using the
BCT toolbox in Matlab, wherein the modularity or the ability
of the network to be divided into non-overlapping communi-
ties is maximized. The number of communities formed also
depends on the modularity resolution parameter (γ), which
increases the number of modules detected when γ > 1 and
decreases the number of modules detected when 0 < γ < 1.
The default modularity resolution parameter is γ = 1. In the
current study, we use γ = 1 to compute the community struc-
ture of the average network in both control and tinnitus groups
in the two alpha frequency bands.

Intramodular connectivity (module degree Z score)

Once the network has been divided into modules, the contri-
bution of each node within and between modules may be
calculated. The contribution of a node within the module
may be determined by a within-module parameter called mod-
ule degree Z score, which is calculated based on the degree
(i.e. number of links) a node has within the module and the
total degree of all the nodes in the module. The formula for
calculating the module degree Z score is given in (Rubinov
and Sporns 2010). This is a measure of intramodular
connectivity.

Brain Imaging and Behavior

Author's personal copy



Intermodular connectivity (participation coefficient)

In addition to contributing to information transfer within a
module, some nodes also connect different modules together.
The intermodular connectivity of a node may be determined
by a measure called participation coefficient, which is calcu-
lated based on the community structure using the formula
given in (Rubinov and Sporns 2010). The participation coef-
ficient is closer to 1 when the link from that node is spread out
to more modules and is closer to 0 when all its links are in the
same module.

Determining inter−/intramodular hubs and other
nodes

The inter- and intramodular hubs otherwise called connector
and provincial hubs were determined from the participation
coefficient and module degree Z scores calculated for all 84
Brodmann areas in the two alpha frequency bands from the
average control and tinnitus networks. These hubs were de-
fined for each frequency band separately. Provincial hubs are
described as those which have a high module degree Z score
and low participation coefficient (Fornito et al. 2015). Thus,
nodes that have a module degree Z score greater than 1 SD
above the mean and a participation coefficient less than 1 SD
above the mean over all regions were defined as provincial
hubs (Mohan et al. 2016a). Connector hubs are described as
those nodes that have a high module degree Z score and high
participation coefficient (Fornito et al. 2015). Thus, those
nodes that have a module degree Z score and a participation
coefficient greater than 1 SD above the mean over all the
regions were defined as connector hubs (Mohan et al. 2016a).

Other nodes that have a module degree Z score and a
participation coefficient less than 1 SD above the mean
over all regions were defined as peripheral nodes. The
nodes that have a module degree Z score less than 1 SD
above the mean but a participation coefficient greater than
1 SD above the mean over all regions were defined as
connector nodes. These nodes do not form hubs but may
be important for intermodular communication owing to
their high participation coefficient.

Determining the core tinnitus distress network

Following the identification of the hubs in the two alpha
frequency bands, we compared the connectivity strength
between the hubs of the average tinnitus network with the
connectivity strength of the same nodes in the average
control network in the two alpha frequency bands. If the
hubs were common to both groups, then only those hubs
that changed in hub property were included. For example,
in the alpha1 frequency band, the rostral and subgenual
anterior cingulate cortices in the right hemisphere are

identified as provincial hubs in the control group but are
identified as connector hubs in the tinnitus group. Thus,
these nodes are included as a part of the core network in
the alpha1 band in the tinnitus group. However, the left
insula is identified as a connector hub in both the groups
and hence is not included as a part of the core network.
The idea here is that we are only interested in those hubs
that are changed in tinnitus vs. controls because these are
the hubs that comprise the core tinnitus distress network.

The connectivity strength between the selected nodes in
both the groups was converted to a Z score using Fisher’s Z
transformation. Significant differences in the connectivity
strength were determined using a two-tailed threshold of
1.96. Further, this comparison between the controls and tinni-
tus group was corrected for multiple comparisons accounting
for the number of connections in each frequency band. In the
alpha1 frequency band, connections with differences in Z
scores that resulted in values below – 3.03 or above 3.03
corresponding to a p value of .0012 (= .05/ (7*6)) were
flagged as significant. The other values were considered not
significantly different between controls and tinnitus. In the
alpha2 frequency band, connections with differences in Z
scores that resulted in values below – 3.54 or above 3.54
corresponding to a p value of .0002 (= .05/ (17*16)) were
flagged as significant. In this exploratory part of the analysis,
we consider both the uncorrected and corrected results of the
comparison of connectivity strength of the core tinnitus net-
work with corresponding hubs of the control network in order
to determine the core tinnitus distress network.

The path length between the distinct hubs of the core dis-
tress network was calculated using the same method as men-
tioned above (Materials and Methods section). The path
length between the selected hubs in both the groups was con-
verted to a Z score using Fisher’s Z transformation. Significant
differences in path length were determined using a two-tailed
threshold of 1.96. Further, this comparison between the con-
trols and tinnitus group was corrected for multiple compari-
sons accounting for the number of connections in each fre-
quency band where in the alpha1 frequency band connections
with differences in Z scores that resulted in values below
−3.03 or above 3.03 and in the alpha2 frequency band, con-
nections with differences in Z scores that resulted in values
below −3.54 and above 3.54 were flagged significant. Other
connections were determined not significant.

The connectivity strength of the connections that were
identified as significantly different from those in the control
group in the two alpha frequency bands using both uncorrect-
ed and corrected p values were then partially correlated with
TQ score controlling for scores on the VAS for loudness. The
significant correlations were corrected for multiple compari-
sons for the number of connections in each frequency band
using the Benjamini-Hochberg False Discovery Rate (FDR) at
25% (Benjamini and Hochberg 1995).
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Results

Graph theory parameters

Network-level and connection level differences
in connectivity strength

The overall connectivity strength of the tinnitus network was
significantly lower than the control network and this effect
was significantly moderated by frequency band (F = 292.42,
p < .001). In the alpha1 (F = 1808.96, p < .001) and alpha2
(F = 1925.58, p < .001) frequency bands, the overall connec-
tivity strength of the tinnitus network was significantly lower
than the controls (Fig. 1a).

At a connection level, we also observe a significant de-
crease in connectivity strength to and from different nodes.
Consistently in both frequency bands, we observe significant
reduction in the connectivity strength between regions of the
bilateral temporal and medial temporal regions, from the cin-
gulate and specific regions of the frontal cortex to the temporal
and medial temporal regions and from the cingulate, temporal
and medial temporal regions to specific regions of the frontal
cortex. After Bonferroni correction, we observe that this de-
crease in connectivity strength is primarily present in connec-
tions going from the medial, temporal, and parietal regions on
the right to the cingulate regions on the left. (Fig. 2a–h).

Characteristic path length

The characteristic path length of the tinnitus network was
significantly higher than the control network and this effect
was significantly moderated by frequency band (F = 970.75,
p < .001). In the alpha1 (F = 2821.48, p < .001) and alpha2
(F = 2634.29, p < .001) frequency band, the characteristic path
length of the tinnitus network was significantly higher than the
controls (Fig. 1b).

At a connection level, we also observe a significant in-
crease in path length in the connections going to and from
the frontal areas to the rest of the cortex, in the connections

to and from the cingulate cortex to the temporal and medial
temporal regions in the tinnitus group compared to the control
group. After Bonferroni correction, we observe the same pat-
tern in the change in characteristic path length between the
controls and tinnitus group. (Supplementary Fig. 2a–h).

Transitivity

The transitivity of the tinnitus network was significantly lower
than the control network and this effect was significantly mod-
erated by frequency band (F = 148.99, p < .001). In the alpha1
(F = 262.83, p < .001) and alpha2 (F = 258.18, p < .001) fre-
quency band, the transitivity of the tinnitus network was sig-
nificantly lower than the controls (Fig. 1c).

Community structure

The tinnitus and control networks are divided into a different
number of communities depending on the frequency band.
Both networks are divided into 3 communities in the alpha1
frequency band and 2 communities in the alpha2 frequency
band. The community structure is shown in Supplementary
Fig. 3.

Inter- and intramodular hubs

The provincial hubs, connector hubs, peripheral nodes, and
connector nodes in the control and tinnitus networks vary
by frequency bands. The different node classifications in
the tinnitus and control network in the two alpha frequency
bands are shown in Figs. 3a–b and 4a–b. The names of the
nodes belonging to each classification in the control and
tinnitus network, provided in Supplementary Fig. 4.
Figures 3c and 4c, also show the hubs that are distinctly
present in the tinnitus network in the alpha1 and alpha2
frequency bands respectively. The tinnitus network is char-
acterized by an absence of peripheral nodes, with the pres-
ence of a predominantly left-lateralized network of connec-
tor nodes in the auditory cortex extending to the rest of the

Fig. 1 Graph theoretical parameters calculated from the effective connectivity control (black) and tinnitus (red) networks in the alpha1 and alpha2
frequency bands. a Overall connectivity strength, b characteristic path length, c transitivity in the alpha1 and alpha2 frequency bands
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anterior temporal lobe, as well as the motor cortex and an-
terior cingulate cortex. Provincial hubs are present in the
right posterior cingulate cortex and connector hubs in the
right rostral and subgenual anterior cingulate cortex, and
left insula and subgenual anterior cingulate cortex. In other
words, the connector hubs are located in a bilateral salience
network. The names of these hubs are given in Table 2.

Comparing the connectivity strength
and characteristic path length between the core
tinnitus and control networks

On comparing the connectivity strength between the distinct
hubs of the tinnitus network with the same connections in the
controls we observe that, in the alpha1 frequency band, there
is decreased connectivity strength from the inferior temporal
gyrus, posterior and subgenual anterior cingulate to most of
the other regions. After Bonferroni correction, we observe that
the connectivity strength of the connections from the left in-
ferior temporal gyrus to most of the other hubs and from the
right posterior cingulate cortex to the left inferior temporal
gyrus and left auditory cortex were decreased (Fig. 3d–g). In
the alpha2 frequency band, we observe decreased connectivity

strength from the left insula, inferior, temporal and superior
temporal gyrus, dorsal and subgenual anterior cingulate cor-
tex, hippocampus, parahippocampus, right inferior frontal gy-
rus and ventrolateral prefrontal cortex to most of the other
hubs. After Bonferroni correction, we observe that most of
these differences still hold (Fig. 4d–g).

On comparing the path length between the distinct
hubs of the tinnitus network with the same connections
in the controls, we observe a significant increase in path
length in the tinnitus group compared to the control
group. In the alpha1 frequency band, we observe a signif-
icant increase in path length from most of the hubs to the
left superior temporal gyrus, left secondary auditory cor-
tex, and right rostral anterior cingulate cortex. We also
observe a significant increase in the path length from the
right posterior cingulate cortex to the rest of the hubs and
the right rostral anterior cingulate cortex to most of the
other hubs. In the alpha2 frequency band, we observe
significant changes in path length focused in the connec-
tions going from and to the right temporal pole, inferior
frontal gyrus and to the left subgenual anterior cingulate
cortex. After Bonferroni correction, we observe that most
of these differences still hold (Supplementary Fig. 5).

Controls Tinnitus Controls – Tinnitus (uncorrected)(a) (b) (c) Controls – Tinnitus (corrected) (d)
thgiR

Le
�

Alpha1

Alpha2

RightLe� (e) (f) (g) (h)
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0.03

0.00

0.06

0.03

0.00
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Fig. 2 Comparison of effective connectivity strength between the
controls and tinnitus at the connection level. a, b Depict the effective
connectivity network in the control and tinnitus group respectively and
the significant difference in connectivity strength before (c) and after (d)
Bonferroni correction in the alpha1 frequency band. Similarly, e, f depict
the effective connectivity network in the control and tinnitus group

respectively and the significant difference in connectivity strength
before (g) and after (h) Bonferroni correction in the alpha2 frequency
band. Connections with significantly greater connectivity strength in
controls are shown in black, connections with significantly greater
connectivity strength in tinnitus are shown in red and connections with
no significant difference in connectivity strength are shown in white
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Partial correlation of connectivity strength of specific
connections with TQ score controlling for VAS
for loudness

We observe a significant negative correlation of the con-
nectivity strength between some connections between the
hubs of the tinnitus network that have significantly dif-
ferent connectivity strength than the control network that
were determined based on the uncorrected p value. This
includes the connection from the right rostral anterior
cingulate cortex to the right subgenual anterior cingulate
cortex in the alpha1 frequency band (r = −.17, p = .003)
and the connections from right ventrolateral prefrontal
cortex to the right inferior frontal gyrus (r = −.18,
p = .003), left hippocampus to left subgenual anterior cin-
gulate cortex (r = −.18, p = .003), right inferior frontal
gyrus to right temporal pole (r = −.17, p = .005), right
inferior frontal gyrus to right ventrolateral prefrontal cor-
tex (r = −.16, p = .007), left primary somatosensory cortex
to left superior temporal gyrus (r = −.16, p = .007), left
somatosensory cortex to left insula (r = −.16, p = .008),
left hippocampus to right subgenual anterior cingulate
cortex (r = −.16, p = .008), left parahippocampus to left
subgenual anterior cingulate cortex (r = −.16, p = .009),
left primary somatosensory cortex to left secondary

auditory cortex (r = −.16, p = .009), left subgenual anteri-
or cingulate cortex to right ventrolateral prefrontal cortex
(r = −.15, p = .013), left parahippocampus to left hippo-
campus (r = −.14, p = .013) and right subgenual anterior
cingulate cortex to right temporal pole (r = −.14, p = .02)
in the alpha2 frequency band (Fig. 5). On correlating the
connectivity strength of the connections with significant
difference in connectivity strength in the tinnitus group
after Bonferroni correction, with TQ score, we observed
a significant negative correlation between the connectiv-
ity strength of the connections from the left hippocampus
to the left subgenual anterior cingulate cortex (r = −.18,
p = .003), the right inferior frontal gyrus to the right tem-
poral pole (r = −.17, p = .005) and from the left hippo-
campus to the right subgenual anterior cingulate cortex
(r = −.16, p = .008) (Fig. 6a–c). No significant correla-
tions were observed between all other connections. The
correlation coefficient for all the significant connections
before Bonferroni correction in the alpha1 and alpha2
frequency bands is provided in Tables 3 and 4. The cor-
relation coefficient for all the significant connections af-
ter Bonferroni correction in the alpha1 and alpha2 fre-
quency bands is provided in Tables 5 and 6. The sche-
matic of the core tinnitus distress network is shown in
Fig. 7.

Controls Tinnitus Tinnitus Only

Peripheral nodes
Connector nodes
Provincial hubs
Connector hubs

(a) (b) (c)

(d) (e) (f) (g)Controls Tinnitus Controls – Tinnitus (uncorrected) Controls – Tinnitus (corrected)
0.08

0.04

0.00

1

0

-1

Fig. 3 Display of hubs and comparison of effective connectivity between
hubs in the alpha1 frequency band. a–c Display the peripheral nodes,
connector nodes, provincial hubs and connector hubs in the a average
control network; b average tinnitus network and c the distinct hubs of the
tinnitus network. d–g Depict the effective connectivity in the d control
group; e tinnitus group; f, g the significant difference in connectivity

strength between controls and tinnitus before and after Bonferroni
correction respectively. Connections with significantly greater
connectivity strength in controls are shown in black, connections with
significantly greater connectivity strength in tinnitus are shown in red and
connections with no significant difference in connectivity strength are
shown in white
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Discussion

This study systematically examined the effective connectivity
describing a disorder-general distress network by evaluating
distress in tinnitus patients. First, some graph theory parame-
ters were calculated from the effective connectivity in the
whole brain of tinnitus patients in comparison to non-
tinnitus healthy controls. Subsequently, the effective connec-
tivity strength between controls and tinnitus patients is calcu-
lated at the connection level. Then, zooming in further, the
connector nodes, provincial hubs and connector hubs specif-
ically for tinnitus are computed, followed by the comparison
of effective connectivity strength between these distinct hubs
of tinnitus network with corresponding connections in the
control network. To delineate which of these nodes and hubs
form parts of the distress network, partial correlation of effec-
tive connectivity strength is calculated between specific

connections of the core tinnitus network with TQ score con-
trolling for VAS loudness.

At the network-level, we observe a decrease in overall con-
nectivity strength, clustering coefficient and increase in char-
acteristic pathlength in the tinnitus network in both alpha fre-
quency bands. These results agree with a previous study
(Mohan et al. 2016b), suggesting a decrease in functional
segregation and integration, or in other words, a disconnection
between the nodes within a module and nodes connecting
different modules, respectively (Ed Bullmore and Sporns
2009; Rubinov and Sporns 2010). As a result, the network
possibly shifts from the normal small-world topology that
balances efficiency of information transfer through the net-
work with the metabolic cost of wiring the network
(Bullmore and Sporns 2012; Sporns 2013; Watts and
Strogatz 1998) to a more lattice topology characterized by
decreased efficiency of long-distance communication

Table 2 Names of the hubs
present exclusively in the tinnitus
network

Frequency band Areas

Alpha1 Left: ITG, STG, A1,

Right: PCC1, sgACC, rACC

Alpha2 Left: S1, SMA, Insula, ITG, STG, dACC, sgACC, HIP, HIP2, A2

Right: PreSMA, sgACC, TP, IFG, VLPFC

Controls Tinnitus Tinnitus only(a) (b) (c)

Peripheral nodes
Connector nodes
Provincial hubs
Connector hubs

(d) (e) (f) (g)Controls Tinnitus Controls – Tinnitus (uncorrected) Controls – Tinnitus (corrected)
0.05

0.025

0.00

1

0

-1

Fig. 4 Display of hubs and comparison of effective connectivity between
hubs in the alpha2 frequency band. a–c display the peripheral nodes,
connector nodes, provincial hubs and connector hubs in the a average
control network; b average tinnitus network and c the distinct hubs of the
tinnitus network. d–g depict the effective connectivity in the d control
group; e tinnitus group; f, g the significant difference in connectivity

strength between controls and tinnitus before and after Bonferroni
correction respectively. Connections with significantly greater
connectivity strength in controls are shown in black, connections with
significantly greater connectivity strength in tinnitus are shown in red and
connections with no significant difference in connectivity strength are
shown in white
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(Bullmore and Sporns 2012; Sanz-Arigita et al. 2010; Watts
1999; Watts and Strogatz 1998). Such a disconnection and
network reorganization may be confirmed by comparing the
inter- and intramodular hubs in the two groups and the chang-
es in connectivity strength and pathlength of the connections
amongst the hubs of the tinnitus network and those between
the hubs and the rest of the cortex.

The hubs play a crucial role in any network because they
interact with each other forming a core network that acts as the
central control for information transfer within and between
modules (Bullmore and Sporns 2012). In the tinnitus network,
we first observe a reorganization of the provincial and

connector hubs in both the alpha frequency bands, confirming
our previous findings (Mohan et al. 2016a). The hubs distinct-
ly present in the tinnitus network contain regions from the
frontal, temporal, medial temporal and cingulate cortices
which interact with one another to form the core tinnitus net-
work. Further, we observe a decrease in connectivity strength
and increase in pathlength of the connections within the core
tinnitus network as well as of the connections going to and
from the frontal, cingulate, temporal and medial temporal re-
gions to the rest of the cortex. These variations confirm the
disconnection within and between modules in the tinnitus net-
work and that they are mainly controlled by changes in

Fig. 5 Partial correlation of effective connectivity strength between
specific connections of the core tinnitus network with TQ score
controlling for VAS for loudness. These connections are a subset of the
connections with a significant change in their connectivity strength before

Bonferroni correction. The values represented in a–l are the standardized
residuals obtained by independently regressing the connectivity strength
and TQ score with VAS for loudness

Fig. 6 Partial correlation of effective connectivity strength between
specific connections of the core tinnitus network with TQ score
controlling for VAS for loudness. These connections are a subset of the
connections with a significant change in their connectivity strength after

Bonferroni correction. The values represented in a–c are the standardized
residuals obtained by independently regressing the connectivity strength
and TQ score with VAS for loudness
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communication between inter- and intramodular hubs (Mohan
et al. 2016a). The disconnection of a pathological network
mainly affecting its hubs has been reported in several disor-
ders such as schizophrenia, Alzheimer’s disease, dementia,
Parkinson’s disease etc., where the network shifts to a less
efficiently wired topology as compared to a control network
(Bassett et al. 2008; Crossley et al. 2014; de Haan et al. 2009;
Olde Dubbelink et al. 2014; Krishnadas 2014).

The connectivity strength of a subset of these core network
disconnections negatively correlate with tinnitus distress,
showing that as the disconnection between the hubs increases,
the distress increases.We propose this subset of regions, whose
connections correlate with distress to form the core distress
network which consists of the left parahippocampus and left
hippocampus, subgenual anterior cingulate cortex, right ven-
trolateral prefrontal cortex, right inferior frontal gyrus and right
temporal pole. Furthermore, the left parahippocampus and hip-
pocampus send less information to the subgenual anterior cin-
gulate cortex, which in turn sends less information to the right
ventrolateral prefrontal cortex, which relays less information to
the right inferior frontal gyrus and from there less information
is relayed to the right temporal pole.

The left parahippocampus and hippocampus are involved
in auditory memory and tinnitus perception (De Ridder et al.

Table 4 Correlation of connectivity strength of connections between
hubs of tinnitus network that showed a significant difference in
connectivity strength before Bonferroni correction in alpha2 frequency
band and TQ score controlling for VAS for loudness

Connections r p value

Left HIP2 to Left HIP −0.18 0.002

Right VLPFC to Right IFG −0.18 0.003

Left HIP2 to Left sgACC −0.18 0.003

Right IFG to Right TP −0.17 0.005

Right IFG to Right VLPFC −0.16 0.007

Left S1 to Left STG −0.16 0.007

Left S1 to Left Insula −0.16 0.008

Left HIP2 to Right sgACC −0.16 0.008

Left PHC2 to Left sgACC −0.16 0.009

Left S1 to Left A2 −0.16 0.009

Left sgACC to Right VLPFC −0.15 0.013

Left PHC2 to Left HIP −0.14 0.018

Right sgACC to Right TP −0.14 0.020

Right sgACC to Right IFG −0.14 0.024

Left PHC2 to Right sgACC −0.14 0.024

Left HIP to Right VLPFC −0.13 0.027

Right sgACC to Right VLPFC −0.13 0.027

Left dACC to Right sgACC −0.13 0.029

Left HIP2 to Right TP −0.13 0.033

Left dACC to Left HIP −0.13 0.036

Left Insula to Left sgACC −0.13 0.037

Left HIP2 to Right VLPFC −0.12 0.038

Left sgACC to Right TP −0.12 0.041

Left HIP to Right TP −0.12 0.042

Left dACC to Left sgACC −0.12 0.050

Left ITG to Left sgACC −0.12 0.050

Left Insula to Right sgACC −0.11 0.059

Left dACC to Right VLPFC −0.11 0.067

Left Insula to Left HIP −0.11 0.068

Left PHC2 to Right TP −0.11 0.077

Left dACC to Right TP −0.11 0.078

Left HIP2 to Left ITG −0.10 0.082

Left HIP2 to Left MTG −0.10 0.085

Left dACC to Left Insula −0.10 0.085

Left ITG to Right VLPFC −0.07 0.244

Left HIP to Left Insula −0.07 0.253

Left Insula to Left PHC2 −0.07 0.264

Left HIP2 to Left dACC −0.07 0.265

Left HIP2 to Left A2 −0.07 0.269

Left HIP2 to Left STG −0.07 0.282

Left ITG to Right TP −0.06 0.287

Left SMA to Left dACC −0.06 0.288

Left MTG to Left HIP −0.06 0.294

Left A2 to Left Insula −0.06 0.298

Left dACC to Left PHC2 −0.06 0.304

Left Insula to Right TP −0.06 0.313

Table 3 Correlation of connectivity strength of connections between
hubs of tinnitus network that showed a significant difference in
connectivity strength before Bonferroni correction in alpha1 frequency
band and TQ score controlling for VAS for loudness

Connections r p value

Right rACC to Right sgACC −0.18 0.003

Right sgACC to Right rACC −0.10 0.102

Right PCC1 to Left STG −0.08 0.175

Left A1 to Right sgACC −0.08 0.181

Right PCC1 to Left A2 −0.08 0.186

Left ITG to Right ACC −0.08 0.201

Left STG to Right sgACC −0.07 0.227

Right PCC1 to Left A1 −0.07 0.253

Right PCC1 to Right sgACC −0.06 0.288

Right PCC1 to Left ITG −0.06 0.308

Left ITG to Left A1 −0.04 0.523

Left ITG to Left A2 −0.04 0.550

Left ITG to Left STG −0.03 0.584

Right sgACC to Left ITG 0.03 0.664

Right sgACC to Left A2 −0.02 0.725

Right sgACC to Left STG −0.02 0.735

Left ITG to Right PCC1 −0.02 0.756

Right sgACC to Left A1 −0.01 0.853

Significant correlations in bold after correction for multiple comparisons
using Benjamini Hoshburg False Discovery rate of 25%
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Table 4 (continued)

Connections r p value

Left HIP to Left A2 −0.06 0.327

Left MTG to Right VLPFC −0.06 0.333

Left sgACC to Left dACC −0.06 0.334

Left STG to Left Insula −0.06 0.336

Left HIP to Left dACC −0.06 0.347

Left STG to Left PHC2 −0.06 0.351

Left dACC to Left SMA −0.06 0.363

Left HIP to Left MTG −0.05 0.365

Left MTG to Right TP −0.05 0.366

Left ITG to Left MTG −0.05 0.369

Left HIP to Left STG −0.05 0.374

Left STG to Left HIP2 −0.05 0.377

Right PreSMA to Left dACC 0.05 0.379

Right sgACC to Left Insula −0.05 0.381

Left Insula to Left dACC −0.05 0.391

Left A2 to Left S1 −0.05 0.396

Left PHC2 to Left A2 −0.05 0.419

Left STG to Left S1 −0.05 0.419

Right PreSMA to Left S1 0.05 0.437

Right PreSMA to Left SMA 0.05 0.455

Left PHC2 to Left STG −0.04 0.462

Right TP to Left sgACC −0.04 0.464

Left Insula to Left SMA −0.04 0.465

Left ITG to Left A2 −0.04 0.467

Left sgACC to Left A2 −0.04 0.469

Left MTG to Left S1 −0.04 0.481

Left sgACC to Left STG −0.04 0.486

Left ITG to Left Insula −0.04 0.491

Left MTG to Left Insula −0.04 0.491

Right sgACC to Left dACC −0.04 0.493

Right IFG to Left sgACC −0.04 0.494

Right VLPFC_Left STG 0.00 0.952

Right IFG_ Left HIP 0.00 0.972

Right TP_ Left dACC 0.00 0.979

Right TP_ Left HIP 0.00 0.985

Right VLPFC_Left Insula 0.00 0.988

Left ITG_ Left HIP2 0.01 0.909

Right VLPFC_Left MTG −0.01 0.917

Left MTG_Left A2 0.01 0.919

Left PHC2 to Right VLPFC −0.10 0.088

Left A2 to Left sgACC −0.10 0.099

Left STG to Left sgACC −0.10 0.099

Left Insula to Left MTG −0.10 0.099

Left HIP2 to Left Insula −0.10 0.104

Left A2 to Left HIP −0.10 0.105

Left PHC2 to Left MTG −0.10 0.107

Right VLPFC to Left sgACC −0.10 0.115

Left SMA to Left Insula −0.09 0.117

Left PHC2 to Left Insula −0.09 0.118

Table 4 (continued)

Connections r p value

Left HIP to Right sgACC −0.09 0.127

Left STG to Left HIP −0.09 0.128

Left A2 to Right sgACC −0.09 0.130

Left STG to Right sgACC −0.09 0.131

Left HIP to Left sgACC −0.09 0.132

Left HIP to Right IFG −0.09 0.134

Right VLPFC to Right sgACC −0.09 0.141

Left ITG to Right sgACC −0.09 0.151

Left MTG to Left sgACC −0.09 0.151

Left sgACC to Left Insula −0.09 0.153

Left SMA to Left S1 −0.09 0.158

Right VLPFC to Right TP −0.08 0.173

Right IFG to Right sgACC −0.08 0.174

Left sgACC to Right IFG −0.08 0.178

Left Insula to Right VLPFC −0.08 0.182

Left A2 to Left PHC2 −0.08 0.188

Left dACC to Left STG −0.08 0.195

Left dACC to Left ITG −0.08 0.195

Left dACC to Left A2 −0.08 0.204

Left MTG to Right sgACC −0.08 0.212

Left A2 to Left HIP2 −0.07 0.224

Left dACC to Left HIP2 −0.07 0.227

Left ITG to Left HIP −0.07 0.232

Right TP to Right sgACC −0.07 0.240

Left Insula to Left STG −0.04 0.502

Left HIP to ITG −0.04 0.510

Left Insula to Left A2 −0.04 0.512

Left Insula to Left HIP2 −0.04 0.525

Right TP to Left HIP2 0.03 0.565

Left sgACC to Left MTG −0.03 0.568

Left MTG to Left PHC2 −0.03 0.577

Right TP to Left ITG 0.03 0.586

Right VLPFC to Left HIP −0.03 0.594

Left sgACC to Left HIP2 −0.03 0.605

Left ITG to Left STG −0.03 0.605

Left HIP to Left PHC2 −0.03 0.620

Right TP to Left PHC2 0.03 0.629

Left PHC2 to Left S1 −0.03 0.635

Left MTG to Left HIP2 −0.03 0.638

Right sgACC to Left MTG −0.03 0.646

Right sgACC to Left STG −0.03 0.658

Right sgACC to Left A2 −0.03 0.664

Left dACC to Left S1 −0.02 0.687

Right VLPFC to Left dACC −0.02 0.694

Right IFG to Left HIP2 0.02 0.697

Left sgACC to Left ITG −0.02 0.699

Left ITG to Left dACC −0.02 0.699

Left HIP2 to Left S1 −0.02 0.701

Left Insula to Left S1 −0.02 0.702
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2006, 2011a; De Ridder and Vanneste 2014; Laureano et al.
2014; Song et al. 2012), and more specifically in auditory
contextual memory (Aminoff et al. 2007, 2013). This suggests
that distress in tinnitus is decontextualized. The left lateraliza-
tion could be related to the left lateralization of the self-
referential default mode network (Nielsen et al. 2013), of
which the parahippocampus and hippocampus are part
(Vincent et al. 2008; Ward et al. 2014). The decontextualized
tinnitus sends less information to the subgenual anterior
cingulate/ventromedial prefrontal cortex, which is involved
in emotional value encoding (Grabenhorst and Rolls 2011;
Lipsman et al. 2014; Winecoff et al. 2013), and disrupts pri-
ority processing, as emotions drive priority processing (Dolan

Table 6 Correlation of connectivity strength of connections between
hubs of tinnitus network that showed a significant difference in
connectivity strength before Bonferroni correction in alpha2 frequency
band and TQ score controlling for VAS for loudness

Connections r p value

Left HIP2 to Left sgACC −0.18 0.003

Right IFG to Right TP −0.17 0.005

Left HIP2 to Right sgACC −0.16 0.008

Left PHC2 to Right sgACC −0.14 0.024

Left sgACC to Right TP −0.12 0.041

Left HIP to Right TP −0.12 0.042

Left HIP2 to Left MTG −0.10 0.085

Left dACC to Left Insula −0.10 0.085

Left Insula to Left MTG −0.10 0.099

Left HIP2 to Left Insula −0.10 0.104

Left PHC2 to Left MTG −0.10 0.107

Left PHC2 to Left Insula −0.09 0.118

Right VLPFC to Right sgACC −0.09 0.141

Left ITG to Right sgACC −0.09 0.151

Left sgACC to Left Insula −0.09 0.153

Left SMA to Left S1 −0.08 0.158

Right VLPFC to Right TP −0.08 0.173

Right IFG to Right sgACC −0.08 0.174

Left A2 to Left PHC2 −0.08 0.188

Left A2 to Left HIP2 −0.07 0.224

Left ITG to Left HIP −0.07 0.232

Right TP to Right sgACC −0.07 0.240

Left HIP to Left Insula −0.07 0.253

Left HIP2 to Left A2 −0.07 0.269

Left HIP2 to Left STG −0.06 0.281

Left MTG to Left HIP −0.06 0.294

Left HIP to Left A2 −0.06 0.327

Left dACC to Left SMA −0.05 0.363

Left HIP to Left MTG −0.05 0.364

Left ITG to Left MTG −0.05 0.368

Left HIP to Left STG −0.05 0.374

Left STG to Left HIP2 −0.05 0.377

Right PreSMA to Left dACC 0.05 0.379

Right sgACC to Left Insula −0.05 0.381

Left A2 to Left S1 −0.05 0.396

Left PHC2 to Left A2 −0.05 0.419

Left STG to Left S1 −0.05 0.419

Left PHC2 to Left STG −0.04 0.462

Left ITG to Left A2 −0.04 0.467

Left MTG to Left S1 −0.04 0.481

Left ITG to Left Insula −0.04 0.491

Left MTG to Left Insula −0.04 0.491

Left Insula to Left STG −0.04 0.502

Left HIP to Left ITG −0.04 0.510

Left Insula to Left A2 −0.04 0.511

Right TP to Left HIP2 0.03 0.565

Table 5 Correlation of connectivity strength of connections between
hubs of tinnitus network that showed a significant difference in
connectivity strength after Bonferroni correction in alpha1 frequency
band and TQ score controlling for VAS for loudness

Connections r p value

Left ITG to Right sgACC −0.08 0.201

Right PCC1 to Left A1 −0.07 0.253

Right PCC1 to Left ITG −0.06 0.308

Left ITG to Left A1 −0.04 0.523

Left ITG to Left A2 −0.04 0.550

Left ITG to Left STG −0.03 0.584

Table 4 (continued)

Connections r p value

Left sgACC to Left PHC2 −0.02 0.719

Right TP to Left Insula 0.02 0.727

Right IFG to Left ITG 0.02 0.770

Right sgACC to Left HIP2 −0.02 0.771

Left ITG to Left S1 −0.02 0.775

Left HIP to Left S1 −0.02 0.781

Right VLPFC to Left ITG 0.02 0.794

Right IFG to Left PHC2 0.02 0.794

Right VLPFC to Left HIP2 0.02 0.794

Right VLPFC to Left PHC2 0.02 0.800

Right TP to Left MTG 0.01 0.807

Left MTG to Left STG 0.01 0.813

Right TP to Left STG 0.01 0.817

Right IFG to Left dACC 0.01 0.831

Right IFG to Left Insula 0.01 0.838

Right sgACC to Left PHC2 −0.01 0.855

Right sgACC to Left ITG −0.01 0.892

Right TP to Left A2 0.01 0.894

Significant correlations in bold after correction for multiple comparisons
using Benjamini Hoshburg False Discovery rate of 25%
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2002). The right ventrolateral prefrontal cortex is part of
the emotional ventral attention network (Corbetta et al.
2008; Corbetta and Shulman 2002; Nielsen et al. 2013),
and the dorsal temporal pole is also involved in auditory
emotional processing (Fan et al. 2014). Thus, in summary,
the parahippocampal contextual memory has little influ-
ence on the (paradoxical) value that is attached to the
phantom sound, which in return has little influence on
the emotional attentional processing of the phantom

sound. This suggests that distress is the consequence of
the absence of modulation of the phantom sound, or in
neurological terms distress is the consequence of the fact
that tinnitus cannot be influenced.

Thus, consistent with our hypothesis, we observe that a
decrease in connectivity strength between the fronto-limbic
regions that characterizes a strong emotional component in
tinnitus. These findings agree with the results of other disor-
ders such as schizophrenia, bipolar disorder, major depressive
disorder displaying a disconnection of the fronto-limbic cir-
cuits (Du et al. 2017; Hong et al. 2015; Mayberg 1997;
Radaelli et al. 2015). The relationship of this disconnection
with the emotional component was suggested to be due a
disintegration of emotional and decision-making regions in
two ways (a) due to lack of information going from the limbic
regions to the frontal regions or (b) a dysregulation of limbic
activity by the frontal regions (Mayberg 1997). In the current
study, we observe that tinnitus-related distress is encoded by
the former.

However, as opposed to our hypothesis and results of pre-
vious functional connectivity studies, we observe a disconnec-
tion rather than a hyperconnection between the regions of the
medial temporal lobe. It is important to keep in mind that
although undirected and directed connectivity seem to be
closely related, the former involves only phase information
and the latter involves both amplitude and phase information
(Blinowska et al. 2004; Pascual-Marqui 2007; Pascual-
Marqui et al. 2014). Thus, the deviation from the results of
previous functional connectivity studies may be attributed to
this fundamental difference between the two techniques.
Along with a decrease in connectivity strength, we also ob-
serve a decrease in efficiency of information transfer specifi-
cally from the hippocampus to the subgenual anterior cingu-
late cortex forming the crucial location of disconnection be-
tween the limbic/temporal lobe regions and the frontal

Fig. 7 Schematic of the core
tinnitus distress network obtained
from the correlations
summarizing the results of the
correlations. a Core tinnitus
distress network obtained from
the core tinnitus network whose
connections are significantly
different from the core control
network before Bonferroni
correction. bCore tinnitus distress
network obtained from the core
tinnitus network whose
connections are significantly
different from the core control
network after Bonferroni
correction

Table 6 (continued)

Connections r p value

Left sgACC to Left MTG −0.03 0.567

Left MTG to Left PHC2 −0.03 0.577

Right VLPFC to Left HIP −0.03 0.594

Left sgACC to Left HIP2 −0.03 0.605

Left ITG to Left STG −0.03 0.605

Left HIP to Left PHC2 −0.03 0.620

Right TP to Left PHC2 0.03 0.629

Left MTG to Left HIP2 −0.03 0.638

Left dACC to Left S1 −0.02 0.687

Left sgACC to Left ITG −0.02 0.698

Left Insula to left S1 −0.02 0.701

Left sgACC to Left PHC2 −0.02 0.718

Right sgACC to Left HIP2 −0.02 0.771

Right VLPFC to Left HIP2 0.02 0.794

Left MTG to Left STG 0.01 0.813

Right sgACC to Left PHC2 −0.01 0.855

Right sgACC to Left ITG −0.01 0.892

Left MTG to Left A2 0.01 0.919

Right TP to Left HIP 0.01 0.985

Significant correlations in bold after correction for multiple comparisons
using Benjamini Hoshburg False Discovery rate of 25%
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regions. This is confirmed from the significant correlation of
the connectivity strength of the hippocampus to the subgenual
anterior cingulate cortex with tinnitus-related distress, which
is one of the connections that survives multiple comparison
when its connectivity strength and path length was compared
to that of the control group.

The results of the current study contribute an important
piece in the distress literature since it not only identifies the
core distress network but also provides directional information
which may be used to identify more efficient targets for future
neuromodulatory studies. For example, from the conclusions
from our previous study, a network may be most rapidly mod-
ulated by modulating not the hubs of the core network, but a
node that directly connects to the hub of the core network, i.e. a
connector hub (Mohan et al. 2016c). From the results of a
previous neuromodulatory study targeting the dorsal anterior
cingulate cortex to reduce distress, authors observed that re-
sponders have higher functional connectivity between the
parahippocampus and subgenual anterior cingulate cortex in
the alpha frequency band (De Ridder et al. 2015b), the main
disconnecting link identified in the current study. The dorsal
anterior cingulate cortex, although not present in the core dis-
tress network connects to the hubs of the core distress network.
Thus, it would be interesting to see if targeting this specific link
bymodulating the dorsal anterior cingulate cortex would result
in strengthening the connection from the parahippocampus to
the subgenual anterior cingulate cortex, thus improving tinni-
tus distress better than previous studies did.

Further, several studies in the past show that distress is a
disorder-general symptom that accompanies several patholo-
gies apart from tinnitus and is also encoded by a common
distress network. Thus, the core distress network identified
in tinnitus could be extended to other pathologies as well.
Thus, the disconnection between the parahippocampus and
the subgenual anterior cingulate may serve as a
neuromodulatory target not just for tinnitus but other pathol-
ogies as well. Finally, the current study only looks at the core
distress network and not the complete network which is a
critical piece in understanding the complete dynamics of the
distress network. Thus, the results of the current study may
serve as a foundation for future research identifying the neural
correlates of distress.

Limitations

The current study identifies the core tinnitus distress network
but with some limitations. Several studies in the field present
an important relationship between hearing loss and tinnitus.
Thus, the first limitation of the current study is that the control
group is not matched for hearing loss. However, hearing loss
is more associated with the loudness component than the emo-
tional component of tinnitus, which is the focus of the current
study. Nevertheless, future studies replicating the current

study with a control group matched for hearing loss will be
able to bolster the results of the current study. Secondly, tin-
nitus distress has been shown to involve deeper subcortical
structures are more reliably localized using other imaging
techniques. However, this is the first study that we know of
that uses effective connectivity to determine the core tinnitus
distress network in a data-driven way. Thus, the current study
lays a foundation for future studies that could use fMRI or
other spatially strong techniques to tell us how deeper subcor-
tical structure may affect the dynamics of the network
discussed in the current study.

Conclusion

The current study shows that directed functional networks
underlying tinnitus show a disconnection mainly between
the frontal, temporal, medial temporal and cingulate regions,
some of which form the important hubs of the tinnitus network
in the alpha frequency bands. The disconnection is character-
ized by decreased connectivity strength and efficiency of in-
formation transfer, with the tinnitus network shifting from a
small-world to a less efficient lattice topology. The distinct
hubs of the core tinnitus network also show decreased con-
nectivity and efficiency of information transfer amongst them-
selves, suggesting decreased functional integration between
modules. The core distress network consists of the hubs of
the default mode network (parahippocampus) and the emo-
tional processing centers (subgenual anterior cingulate/
ventromedial prefrontal cortex). Such a disconnection sug-
gests that the parahippocampal contextual memory has little
influence on the (paradoxical) value that is attached to the
phantom sound and that distress is the consequence of the
absence of modulation of the phantom sound.
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