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ARTICLE INFO ABSTRACT

Keywords: Research indicates that hearing loss significantly contributes to tinnitus, but it alone does not fully explain its
Tinnitus occurrence, as many people with hearing loss do not experience tinnitus. To identify a secondary factor for
Distress

tinnitus generation, we examined a unique dataset of individuals with intermittent chronic tinnitus, who
experience fluctuating periods of tinnitus. EEGs of healthy controls were compared to EEGs of participants who
reported perceiving tinnitus on certain days, but no tinnitus on other days.. The EEG data revealed that tinnitus
onset is associated with increased theta activity in the pregenual anterior cingulate cortex and decreased theta
functional connectivity between the pregenual anterior cingulate cortex and the auditory cortex. Additionally,
there is increased alpha effective connectivity from the dorsal anterior cingulate cortex to the pregenual anterior
cingulate cortex. When tinnitus is not perceived, differences from healthy controls include increased alpha ac-
tivity in the pregenual anterior cingulate cortex and heightened alpha connectivity between the pregenual
anterior cingulate cortex and auditory cortex. This suggests that tinnitus is triggered by a switch involving
increased theta activity in the pregenual anterior cingulate cortex and decreased theta connectivity between the
pregenual anterior cingulate cortex and auditory cortex, leading to increased theta-gamma cross-frequency
coupling, which correlates with tinnitus loudness. Increased alpha activity in the dorsal anterior cingulate cortex
correlates with distress. Conversely, increased alpha activity in the pregenual anterior cingulate cortex can
transiently suppress the phantom sound by enhancing theta connectivity to the auditory cortex. This mechanism
parallels chronic neuropathic pain and suggests potential treatments for tinnitus by promoting alpha activity in
the pregenual anterior cingulate cortex and reducing alpha activity in the dorsal anterior cingulate cortex
through pharmacological or neuromodulatory approaches.

Pregenual anterior cingulate cortex
Dorsal anterior cingulate cortex
On/off switch

1. Introduction

Tinnitus is the perception of a phantom sound that affects more than
1 in 7 adults (Biswas et al., 2022), and in 1 in 5 of those affected it be-
comes a disorder (Axelsson and Ringdahl, 1989; Bhatt et al., 2017; De
Ridder et al., 2021b). The lack of knowledge of its mechanisms seriously
hinders the quest for viable treatments. A risk factor for tinnitus is
hearing loss (Biswas et al., 2023), which drives neuroplasticity changes,

including increases in the spontaneous neural firing and/or synchrony in
the auditory cortex in response to reduced input (Sedley, 2019).
Although hearing loss contributes to tinnitus, it is not sufficient to
explain the development of tinnitus as most people with hearing loss do
not have tinnitus. Even though the prevalence of tinnitus increases with
age and is linked to age-related presbycusis, only 1 in 4 people over 65
years old perceive tinnitus (Jarach et al., 2022). Thus, a second factor
needs to be present to turn hearing loss into tinnitus.
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In order to properly prevent and treat this devastating hearing dis-
order and its effects on health, it is necessary to identify this second risk
factor and understand its neurophysiological effect. Recent studies have
established that emotional exhaustion and long-term stress are pre-
dictors of hearing disorders, including tinnitus (Hasson et al., 2011;
Jarach et al., 2022). About 52 % of individuals noted an aggravation of
tinnitus symptoms when experiencing emotional stress (Mazurek et al.,
2015) and fluctuations in emotional states over time are associated with
a less favorable time course of the tinnitus loudness (Probst et al., 2016).
Functional and electroencephalographic brain imaging studies have
further shown an aberrant link between limbic (involved in emotions)
and auditory structures in tinnitus patients (Leaver et al., 2011; Van-
neste et al., 2014), where the subgenual and rostral to dorsal anterior
cingulate cortex have a specific role in tinnitus-related distress (Van-
neste et al., 2014, 2010a). More specifically, tinnitus-related distress is
related to alpha and beta activity in the rostral to dorsal anterior
cingulate cortex, and the amount of tinnitus-related distress is associated
with an alpha network consisting of the amygdala-anterior cingulate
cortex-insula-parahippocampal area (Vanneste et al., 2014, 2010a).
Animal studies have further demonstrated that stress influenced audi-
tory cortex neural activity, resulting in an amplification of sound-evoked
responses (Ma et al., 2015).

Independent of hearing loss, research has proposed that tinnitus is
related to a change in the pregenual anterior cingulate cortex that cor-
responds to increased activity in the auditory cortex (Vanneste et al.,
2019a) and correlates with the percentage of time that the tinnitus is
dominantly present throughout the day (Song et al., 2015). The pre-
genual anterior cingulate cortex plays a pivotal role as a top-down pu-
tative central gatekeeper that evaluates the relevance and affective
meaning of sensory stimuli and controls information via a descending
inhibitory pathway to the thalamic reticular nucleus (Leaver et al.,
2011). The thalamic reticular nucleus modulates this information flow
between the thalamus and the auditory cortex by inhibiting specific
thalamic neurons in a highly selective and frequency-specific manner
(Rauschecker et al., 2015; Vanneste et al., 2019a; Yu et al., 2009). In
tinnitus patients this top-down gating mechanism, also known as the
noise-canceling mechanism (Leaver et al., 2011; Rauschecker et al.,
2010; Song et al., 2015), seems to be deficient resulting in a reduced
inhibitory signal transmission to the auditory cortex (Vanneste et al.,
2019a). This reduced signal transmission from the pregenual anterior
cingulate cortex as reflected at the theta frequency band is associated
with increased activity in the auditory cortex in the theta and gamma
frequency bands that is phase-amplitude coupled (Vanneste et al.,
2019a). The gamma activity in the auditory cortex goes together with
how loud tinnitus patients perceive tinnitus (De Ridder et al., 2015a; van
der Loo et al., 2009; Weisz et al., 2007, 2005). It is interesting to note
that people with hearing loss who do not perceive tinnitus are charac-
terized by increased alpha activity in the pregenual anterior cingulate
cortex as well as increased phase coherence between the pregenual
anterior cingulate cortex and the auditory cortex for the alpha frequency
band (Vanneste et al., 2019a).

More generally, the pregenual anterior cingulate cortex is a key brain
structure of the corticolimbic circuit and responds in a maladaptive way
to chronic stress (McEwen et al., 2016). The pregenual anterior cingu-
late cortex is known to be affected by afferent and efferent projections
from other brain areas including the dorsal anterior cingulate cortex,
amygdala, and hippocampus which together form a network present in
stress-related illness (McEwen et al., 2016; Misquitta et al., 2021). In
chronic stress, the pregenual anterior cingulate cortex undergoes
changes, leading to an imbalance in stress-related neurochemicals such
as cortisol and serotonin (De Ridder et al., 2021a; Lucassen et al., 2014).
Furthermore, the pregenual anterior cingulate cortex endures a volu-
metric reduction as a consequence of chronic stress that is due to a
reorganization in synaptic and dendritic density (Misquitta et al., 2021).
This atrophy is reversible, i.e. when the stress subsides the volumetric
reduction normalizes again (Soares et al., 2012).
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Although distress has long been identified as a co-morbidity of
tinnitus (Mazurek et al., 2023), it is imperative to delve into whether
distress might serve also as a trigger for the onset of tinnitus and what
the neurophysiological mechanisms are that underlie this trigger. Here
we test the hypothesis whether the pregenual anterior cingulate cortex
plays an important role in the onset of tinnitus. We hypothesize that the
dorsal anterior cingulate cortex that regulates distress in alpha can
slow-down activity in the pregenual anterior cingulate cortex reflected
by increased theta activity when participants perceive tinnitus. Sec-
ondary, the pregenual anterior cingulate cortex as a top-down inhibitory
central gatekeeper could trigger the tinnitus percept in the auditory
cortex which would be reflected by theta and gamma activity. For this
purpose, we analyze a unique dataset consisting of patients diagnosed
with chronic tinnitus. These patients intermittently report perceiving
tinnitus on certain days, while on other days, they do not experience any
tinnitus at all. We further hypothesize that when these patients do not
perceive tinnitus, this is characterized by alpha activity in the pregenual
anterior cingulate cortex that induces an inhibitory response to the
auditory cortex. To test our hypothesis, we collected electrophysiolog-
ical data (i.e., electroencephalography) in participants who perceive
tinnitus on some days, but do not perceive tinnitus on other days. The
EEGs are complemented by VAS loudness scores and tinnitus question-
naire scores, the latter evaluating tinnitus-related distress. This unique
position provides us with the opportunity to gain a better understanding
for the role of distress in the tinnitus percept via the pregenual anterior
cingulate cortex.

2. Methods and materials
2.1. Subjects

A total of 9 participants (age: 57.42 + 4.56 years; males: 3; females:
6) were recruited for this study. They reported perceiving tinnitus on
certain days, while on other days do not experience any tinnitus at all.
Tinnitus patients were recruited from the Brai3n clinic (www.brai3n.
com) after being screened by two tinnitus specialist/medical practi-
tioner and were asked if they would be willing to participate in a study.
All participants underwent an audiological assessment for the extent of
hearing loss (dB HL) per the British Society of Audiology procedures at
0.125, 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz (British Society of Audiology,
2008). Individuals with pulsatile tinnitus, Meniere’s disease, otoscle-
rosis, chronic headache, neurological disorders such as brain tumors,
traumatic brain injury, or stroke, and individuals being treated for
mental disorders were not included in the study in order to maximize the
sample homogeneity. All participants gave their written, informed
consent per the approved guidelines. The study was in accordance with
the ethical standards of the Helsinki declaration (1964) and was
approved by the institutional ethics committee of the University Hos-
pital Antwerp (UZA OGAS8S5).

All tinnitus participants were interviewed as to the perceived loca-
tion of the tinnitus (the left ear, in both ears, the right ear) as well as the
tinnitus sound characteristics (pure tone-like tinnitus or noise-like
tinnitus) and tinnitus duration (see Table 1). A visual analogue scale
for loudness (‘How loud is your tinnitus?’: 0 = no tinnitus and 100 = as

Table 1
Tinnitus characteristics.

Tinnitus feature

Tinnitus lateralization

Left ear 2

Right ear 2

Bilateral 5
Tinnitus sound

Pure tone 2

Noise like 7

Tinnitus duration 4.61 years (3 to 5.5 years)
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loud as imaginable’) was assessed to measure the subjective loudness.
We assessed tinnitus-related distress using the Dutch translation of the
mini Tinnitus Questionnaire (mini-TQ) (Vanneste et al., 2011a). This
scale is a well-established measure for the assessment of a broad spec-
trum of tinnitus-related psychological complaints that measures
emotional and cognitive distress, intrusiveness, auditory perceptual
difficulties, sleep disturbances, and somatic complaints. The TQ score
can be computed to measure the general level of psychological and
psychosomatic distress. In studies conducted across several countries,
this measure has been shown to be a reliable and valid instrument (Hiller
and Goebel, 1992; McCombe et al., 2001). A 3-point scale is given for all
items, ranging from ‘true’ (2 points) to ‘partly true’ (1 point) and ‘not
true’ (0 points). The total score (from 0 to 24) was computed according
to standard criteria published in previous work (Hiller and Goebel,
1992; Hiller et al., 1994; Meeus et al., 2007). We did not measure
tinnitus distress during the ‘off-state’ for two reasons, the first being that
we wished to avoid the triggering or onset of tinnitus as a result of
probing for percept quality, and second, because the reporting of
tinnitus during the off-state has not been established as a reliable mea-
sure of tinnitus distress (as it would vary based on recall ability, recency
of onset/offset, and likely be compounded by distress). Thus, this would
be an interesting topic for future work, but was not pursued here.

In addition, as a control group, we include nine participants (age:
56.02 + 3.71 years; males: 3; females: 6) who reported having no
tinnitus. The participants were matched for age, gender and hearing
thresholds (including comparable hearing loss). The control group re-
ported no history of neurological or neuropsychiatric disorders.

2.2. EEG collection and processing

1. Data collection

EEG recordings were obtained in a fully lit room with each partici-
pant sitting upright on a small but comfortable chair. People were given
between 30 and 45 min to get acquainted with the room. During this
time, the study nurse would prep the participant and make sure each
individual was feeling comfortable. The actual recording lasted
approximately five minutes, consistent with recommendations from On
the Standardization of M/EEG procedures in tinnitus research (https://tinn
et.tinnitusresearch.net/index.php/recommendations), and consistent
with other studies which use 5 min resting states and which indicate that
neural connectivity stabilizes in acquisition times as short as 5 min.
Tinnitus patients were measured twice (once during the on-state, and
once during the off-state), while control participants were measured
once. Patients were recorded when they perceived their tinnitus and
were asked to contact us when they did not perceive their tinnitus. For
each patient, this varied from two days up to 12 days before they con-
tacted us.

The EEG was sampled using Mitsar-201 amplifiers (NovaTech
http://www.novatecheeg.com/) with 19 Ag/AgCl electrodes placed
according to the standard 10-20 International placement. Impedances
were checked to remain below 5 kQ. Data were collected eyes-closed
(sampling rate = 500 Hz, band passed 0.15-200 Hz). Participants
were instructed not to drink alcohol 24 h prior to EEG recording or
caffeinated beverages one hour before recording to avoid alcohol- or
caffeine-induced changes in the EEG stream (Logan et al., 2002; Siep-
mann and Kirch, 2002; Volkow et al., 2000). The alertness of partici-
pants was checked by monitoring both slowing of the alpha rhythm and
appearance of spindles in the EEG stream to prevent possible enhance-
ment of the theta power due to drowsiness during recording (Moaza-
mi-Goudarzi et al., 2010). Off-line data were resampled to 128 Hz,
band-pass filtered in the range 2-44 Hz and subsequently transposed
into Eureka! software (Congedo, 2002), plotted and carefully inspected
for manual artifact-rejection. All episodic artifacts including eye
movements, teeth clenching, body movement, or ECG artifact were
removed from the stream of the EEG. An artifact was defined as an EEG
characteristic that differs from signals generated by activity in the brain.
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1) Some artifacts are known to be in a limited frequency range, e.g.,
above some frequency. These were removed by frequency filtering. 2)
Some artifacts consist of discrete frequencies such as 50 Hz or its har-
monics. These were removed by notch filtering. 3) Some artifacts are
limited to a certain time range, e.g., in the case of eye blinks. These
artifacts were recognized by visual inspection and these time intervals
were discarded. 4) Some artifacts originate from one or a few distinct
sources or a limited volume of space so that the artifact topography is a
superposition of characteristic topographies (equivalently, the artifact is
limited to a subspace of the signal space). We removed these artifacts by
determining the characteristic topographies (equivalently, the artifact
subspace) so that the remaining signals do not contain anything from the
artifact subspace. 5) Artifacts and true brain signals that can be assumed
to be sufficiently independent can be removed by independent compo-
nent analysis. 6) Some artifacts are characterized by a particular tem-
poral pattern such as exponential decay. We removed these artifacts by
modeling the artifact and fitting its parameters to the data and then
removing the artifact.

Average Fourier cross-spectral matrices were computed for fre-
quency bands delta (2-3.5 Hz), theta (4-7.5 Hz), alpha (8-12 Hz), beta
(13-30 Hz), and gamma (30.5-44 Hz). No differences in the length of
the EEG was observed from artefact rejection between the control and
tinnitus groups during on-state (U = 0.041, p = .85) or off-state (U =
0.032, p = .91).

2. Source localization

Standardized low-resolution brain electromagnetic tomography
(SLORETA; Pascual-Marqui, 2002) was used to estimate the intracere-
bral electrical sources. As a standard procedure a common average
reference transformation (Pascual-Marqui, 2002) is performed before
applying the sLORETA algorithm. Details about the regularization pa-
rameters can be found in transformation (Pascual-Marqui, 2002).
SLORETA computes electric neuronal activity as current density (A/m?)
without assuming a predefined number of active sources. The solution
space used in this study and associated leadfield matrix are those
implemented in the LORETA-Key software (freely available at http://
www.uzh.ch/keyinst/loreta.htm). This software implements revisited
realistic electrode coordinates (Jurcak et al., 2007) and the lead field
produced by Fuchs et al. (2002) applying the boundary element method
on the MNI-152 (Montreal Neurological Institute, Canada). The
SLORETA-key anatomical template divides and labels the neocortical
(including hippocampus and anterior cingulate cortex) MNI-152 space
in 6239 voxels of dimension 5 mm?, based on probabilities returned by
the Demon Atlas (Lancaster et al., 2000 ). The co-registration makes use
of the correct translation from the MNI-152 space into the Talairach and
Tournoux space.

3. Region of interest analysis

The log-transformed electric current densities were calculated for the
regions of interest (ROIs) for the different frequency bands: theta (4-7.5
Hz), alpha (8-12 Hz) and gamma (30.5-44 Hz). The ROIs in the present
study are dorsal anterior cingulate cortex, the pregenual anterior
cingulate cortex. We do not differentiate between left and right cingu-
late due to their proximity to the midline. Due to volume conduction,
laterality is harder to differentiate for areas close to the midline. For the
primary auditory cortex (defined here as Heschl’s gyrus), we only
include the left side as the whole brain analysis only showed left-sided
activity. The selection of these regions of interest and frequency band
was based on our hypothesis as introduced in the introduction (a priori)
and confirmed by the comparison of activity between the tinnitus groups
with hearing loss (a posteriori).

4. Lagged phase coherence

Coherence and phase synchronization between time series corre-
sponding to different spatial locations are usually interpreted as in-
dicators of “connectivity”. However, any measure of dependence is
highly contaminated with an instantaneous, non-physiological contri-
bution due to volume conduction (Pascual-Marqui, 2007b). Pascual--
Marqui (2007a) introduced new measures of coherence and phase
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synchronization taking into accounts only non-instantaneous (lagged)
connectivity, effectively removing the confounding factor of volume
conduction. Such “lagged phase coherence” between two sources can be
interpreted as the amount of cross-talk between the regions contributing
to the source activity (Congedo et al., 2010). Since the two components
oscillate coherently with a phase lag, the cross-talk can be interpreted as
information sharing by axonal transmission. More precisely, the discrete
Fourier transform decomposes the signal in a finite series of cosine and
sine waves at the Fourier frequencies (Bloomfield, 2000). The lag of the
cosine waves with respect to their sine counterparts is inversely pro-
portional to their frequency and amounts to a quarter of the period; for
example, the period of a sinusoidal wave at 10 Hz is 100 ms. The sine is
shifted a quarter of a cycle (25 ms) with respect to the cosine. Then the
lagged phase coherence at 10 Hz indicates coherent oscillations with a
25 ms delay, while at 20 Hz the delay is 12.5 ms etc. The threshold of
significance for a given lagged phase coherence value according to
asymptotic results can be found as described by Pascual-Marqui
(2007a), where the definition of lagged phase coherence can be found as
well. As such, this measure of dependence can be applied to any number
of brain areas jointly, i.e., distributed cortical networks, whose activity
can be estimated with sLORETA. Measures of linear dependence
(coherence) between the multivariate time series are defined. The
measures are non-negative and take the value zero only when there is
independence and are defined in the frequency domain: delta (2-3.5
Hz), theta (4-7.5 Hz), alpha (8-12 Hz), beta (13-30 Hz), and gamma
(30.5-44 Hz). Based on this principle lagged linear connectivity was
calculated. Time-series of current density were extracted for different
region of interests using SLORETA. Regions of interest selected were the
dorsal anterior cingulate cortex, pregenual anterior cingulate cortex and
the left auditory cortex.

5. Granger causality using isolated effective coherence

Granger causality reflects the strength of effective connectivity from
one region to another (i.e. causal interactions, where extracted activity
of one area exhibits causal influences of one neural element over
another) by quantifying how much the signal in the seed region is able to
predict the signal in the target region (Geweke, 1982; Granger, 1969). In
other words, it can be considered a directional functional connectivity.
Granger causality is based on formulating a multivariate autoregressive
model and calculating the corresponding partial coherences after setting
all irrelevant connections to zero. We decided to use Granger causality
as it can be directly applied to any given time series to detect the
coupling among empirically sampled neuronal systems (Friston et al.,
2013). This can provide insights into the dynamical behavior of a system
in spontaneously active ‘resting’ states (Friston et al., 2013). Granger
causality is accepted because there is no temporal lag between the re-
sponses recorded and their underlying causes and because the data can
be sampled at fast timescales. The advantages of Granger causality in
furnishing frequency-dependent and multivariate measures have been
clearly demonstrated in previous electrophysiology research (Barrett
et al., 2012; Bosman et al., 2012). Here we used an extended version of
the Granger causality using isolated effective coherence.

All technical details can be found in Pascual-Marqui et al. (2014a),
Stokes and Purdon (2017). The partial directed coherence (PDC) is a
measure designed to quantify direct connections that are not
confounded by indirect paths, their directionality and spectral charac-
teristics (Baccala and Sameshima, 2001). Schelter and colleagues
pointed out that the normalization used in PDC, i.e. the denominator in
the PDC formula (see below) contains all influences from a source node
to all other (receiving) nodes, and as a consequence, the PDC decreases
in the presence of many nodes, even if the relationship between source
and target nodes remains unchanged (Schelter et al., 2009). The solution
to this problem was given in the form of a renormalization of the PDC,
using the statistical variance of the strength of the connection. Rather
the aiming at a re-normalization of the PDC, Pascual-Marqui and co-
workers reformulate the problem from scratch, estimating the partial
coherence under a multivariate auto-regressive model, followed by

Neurolmage 297 (2024) 120713

setting all irrelevant associations to zero, other than the particular
directional association of interest (Pascual-Marqui et al., 2014a, 2014b,
2011). This procedure is akin to Pearl’s “surgical intervention” for
studying causality (Pearl, 2000). This approach gives the isolated
effective coherence (iCoh).

In this study, we look at the effective connectivity between the
pregenual anterior cingulate cortex and dorsal anterior cingulate cortex,
at the theta and alpha frequency band respectively. We selected these
frequency bands based on the introduction (a priori).

6. Cross-frequency coupling

Theta-gamma coupling (e.g., by nesting) is proposed to be an effec-
tive manner of communication between cortically distant areas (Canolty
etal., 2006). To verify whether this theta—gamma nesting was present, it
was calculated for the left auditory cortex using phase-amplitude
cross-frequency coupling. Phase-amplitude was chosen over power—
power cross-frequency coupling as the former has been shown to reflect
a physiological mechanism for effective communication in the human
brain (Canolty et al., 2006). Nesting was computed by first obtaining the
time-series for the x, y, and z components of the SLORETA current for the
voxel of each ROI. These are the time-series of the electrical current in
the three orthogonal directions in space. Next, these were filtered in the
theta (4-7.5 Hz) and gamma (30.5-44 Hz) frequency band-pass regions.
In each frequency band and for each ROI, a principal component anal-
ysis for the overall x, y, z component was computed, and the first
component was retained for the theta and gamma bands. The Hilbert
transform was then computed on the gamma component and the signal
envelope retained. Finally, the Pearson correlation between the theta
component and the envelope of the gamma envelope was computed for
each individual.

2.3. Statistical analyses

Primary hypothesis driven analysis.

1. Sensor space analysis

A group wise comparison was conducted where the power spectra of
the different groups were compared with both independent and
dependent samples t-test for each frequency point.

2. Whole brain

The methodology used is a non-parametric permutation test. It is
based on estimating, via randomization, the empirical probability dis-
tribution for the max-statistic under the null hypothesis comparisons
(Nichols and Holmes, 2002). This methodology corrects for multiple
testing (i.e., for the collection of tests performed for all voxels, and for all
frequency bands). Due to the non-parametric nature of this method, its
validity does not rely on any assumption of Gaussianity (Nichols and
Holmes, 2002). These whole brain comparisons were performed by
SLORETA through multiple voxel-by-voxel comparisons using a loga-
rithm of F-ratio. The significance threshold for all tests was based on a
permutation test with 5000 permutations. Comparisons were made be-
tween the tinnitus and non-tinnitus subject groups.

3. Region of interest

To compare participants when perceiving tinnitus versus not
perceiving tinnitus we applied the Wilcoxon Signed Ranks test. To
compare tinnitus patients in the on-state and off-state with a control
group we applied the Mann-Whitney U test.

In addition, Spearman rho correlations were calculated for both the
gamma frequency band for the log-transformed current density for left
auditory cortex and tinnitus loudness in tinnitus subjects who were
perceiving tinnitus. A similar analysis was applied for the alpha fre-
quency band for the log-transformed current density for dorsal anterior
cingulate cortex and distress for subjects who were perceiving tinnitus.

Secondary exploratory analysis.

1. Lagged phase coherence

Lagged phase coherence contrasts were calculated for the different
frequency bands (delta, theta, alpha, beta, and gamma) between tinnitus
and non-tinnitus subjects. The significance threshold was based on a
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permutation test with 5000 permutations. This methodology corrects for
multiple testing (i.e., for the collection of tests performed for all voxels,
and for all frequency bands).

2. Granger causality

To compare participants when perceiving tinnitus versus not
perceiving tinnitus we applied the Wilcoxon Signed Ranks test to look at
the cross-frequency effective connectivity to compare from alpha fre-
quency at the dorsal anterior cingulate cortex to the theta frequency for
the pregenual anterior cingulate cortex. We also compared the cross-
frequency effective connectivity from the theta frequency for the pre-
genual anterior cingulate cortex to alpha frequency at the dorsal anterior
cingulate cortex.

To compare participants when perceiving tinnitus and not perceiving
tinnitus with a control group we applied the Mann-Whitney U test.

3. Phase-amplitude coupling

We performed the Wilcoxon Signed Ranks test to compare partici-
pants when perceiving tinnitus versus not perceiving tinnitus for the
phase-amplitude coupling for theta-gamma coupling for left auditory
cortex.

3. Results
3.1. Behavioral assessment

The average loudness (M = 4.56, Sd = 1.51) and distress (M = 13.56,
Sd = 4.77) was computed when participants perceive tinnitus. There
was no significant difference between controls and intermittent tinnitus
patients for hearing loss for the left and right ear (F = 0.65, p = .88; see
Fig. 1). It should be noted that both groups did display a level of hearing
loss. Thus, the use of ‘control’ in this paper will refer to a group without
tinnitus, but with which there is evident hearing loss comparable to the
tinnitus group (hearing loss, no-tinnitus). This further reduces the scope
of our findings as being strictly tinnitus-related, and not as a result of
hearing loss when comparing groups. More information about the
tinnitus characteristics can be found in Table 1.

125 250  .500 1

Frequency (kHz)
2
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3.2. Sensor space analysis

Comparing participants when they perceive tinnitus from when they
do not perceive tinnitus, significant increased theta in the mid-frontal
areas, increased alpha power in mainly frontal areas as well as
increased gamma power in left temporal areas during tinnitus percep-
tion (F = 4.27, p < .05). No effect was obtained for the delta and beta
band. See top Fig. 2.

Comparing participants when they perceive tinnitus from control
subjects, significant increased theta was observed in the mid-frontal area
as well as increased gamma power in left temporal areas in the partic-
ipants perceiving tinnitus (F = 3.91, p < .05).. No effect was obtained for
the delta, alpha and beta bands. See bottom left Fig. 2.

Furthermore, comparing participants when they do not perceive
tinnitus from to controls, a significant increase was obtained in the mid-
frontal areas for tinnitus participants during the off-state for the alpha
frequency band (F = 4.15, p < .05).. No effect was obtained for the delta,
theta, beta and gamma bands. See bottom right Fig. 2.

3.3. Whole brain analysis

A comparison within shows a significant effect for the theta (F =
4.51, p < .05), alpha (F = 4.36, p < .05) and gamma frequency bands (F
= 4.59, p < .05). For the theta frequency band, increased activity was
identified in the pregenual anterior cingulate cortex extending into the
ventral medial prefrontal cortex. For alpha, increased activity was found
in the dorsal anterior cingulate cortex extending into the dorsal medial
prefrontal cortex during the perception of the tinnitus. For the gamma
frequency band, increased activity was identified in the left auditory
cortex as well as the lateral inferior parietal lobule during the perception
of tinnitus. No significant effects were found for the delta and beta fre-
quency bands. See top Fig. 3.

A comparison between participants while perceiving tinnitus versus
a control group revealed increased activity for both the theta (F = 4.02, p
< .05) and gamma (F = 3.88, p < .05) frequency bands in the tinnitus
patients. More precisely, for the theta frequency band, increased activity
was identified in the pregenual anterior cingulate cortex extending into
the ventral medial prefrontal cortex and for the gamma frequency band
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Fig. 1. The average audiogram for both subjects with and without tinnitus showed no difference between the two groups for both the left and right ear.
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Fig. 2. (top panel) Comparing participants when they perceive tinnitus from when they do not perceive tinnitus shows a significant increased theta in the mid-
frontal areas, increased alpha power in mainly frontal areas as well as increased gamma power in left temporal areas during tinnitus perception (bottom left)
Comparing participants when they perceive tinnitus from control subjects reveals increased theta in the mid-frontal area as well as increased gamma power in left
temporal areas. (bottom right). Comparing participants when they do not perceive tinnitus from controls shows increased mid-frontal areas for tinnitus participant

during the off-state in alpha.

increased activity was found in the auditory cortex extending into the
lateral anterior mid-temporal area (see bottom left Fig. 3). No significant
effects were obtained for the delta, alpha and beta frequency bands.

A comparison between participants during not perceiving tinnitus
percept versus a control group without tinnitus, revealed increased ac-
tivity for the alpha frequency band in the pregenual anterior cingulate
cortex extending into the ventral medial prefrontal cortex in participants
during not perceiving tinnitus percept (F = 5.60, p < .05; see bottom
right Fig. 3). No significant effects were obtained for the delta, theta,
beta and gamma frequency bands.

3.4. Region of interest analysis

In the pregenual anterior cingulate cortex, significantly increased
log-transformed theta current density was identified in tinnitus patients
during the perception of tinnitus (M = 0.19, Sd = 0.053) in comparison
to not perceiving tinnitus (M = 0.12, Sd = 0.055; W = 2.55; p =.011) as
well as with control subjects (M = 0.13, Sd = 0.059; U = 6.18, p = .024).
A comparison between not perceiving tinnitus and control subjects
revealed no significant effect (U = 0.20, p = .66). See Fig. 4a for an
overview.

In the pregenual anterior cingulate cortex significantly increased log-
transformed alpha current density was identified in tinnitus patients
during not perceiving tinnitus (M = 0.27, Sd = 0.097) in comparison to
perceiving tinnitus (M = 0.12, Sd = 0.079; W = 2.55; p = .011) and
control subjects (M = 0.16, Sd = 0.078; U = 2.43, p = .014). A com-
parison between perceiving tinnitus and control subjects revealed no
significant effect (U = 0.31, p = .34). See Fig. 4b for an overview.

In the dorsal anterior cingulate cortex, a significantly increased log-
transformed alpha current density was identified during the perception
of tinnitus (M = 0.24, Sd = 0.13) in comparison to not perceiving
tinnitus (M = 0.14, Sd = 0.069; W = 2.07; p = .038) and control subjects

(M =0.14, Sd = 0.064; U = 2.07, p = .040). A comparison between not
perceiving tinnitus and control subjects revealed no significant effect (U
=0.90, p = .93). See Fig. 4c for an overview.

For the auditory cortex for the theta frequency band, no significant
effect was obtained when comparing participants during tinnitus
perception (M = 0.16, Sd = 0.11) with not perceiving tinnitus (M = 0.23,
Sd=0.13; W=1.13; p = .26) or controls (M = 0.26, Sd = 0.19; U = 0.10
p =.11). A comparison between perceiving tinnitus and control subjects
revealed no significant effect (U = 0.90, p = .93). See Fig. 4d for an
overview.

For the auditory cortex for the gamma frequency band, a significant
effect was found when comparing during tinnitus perception (M =
0.045, Sd = 0.021) no tinnitus perception (M = 0.018, Sd = 0.01; W =
2.43; p =.015) or controls (M = 0.035,Sd = 0.012; U =2.34p =.019). A
comparison between perceiving tinnitus and control subjects revealed
no significant effect (U = 1.28, p = .22). See Fig. 4e for an overview.

3.5. Correlations

A spearman correlation between log-transformed current density for
the auditory cortex at the gamma frequency band and loudness revealed
a significant positive association (p = 0.73, p = .027), indicating that
louder tinnitus was associated with higher current density at gamma
frequency, or vice versa (see Fig. 5a). In addition, a spearman correla-
tion between log-transformed current density for the rostral to dorsal
anterior cingulate cortex at the alpha frequency band and distress
revealed a significant positive association (p = 0.79, p = .011). This
latter finding indicated that the more distress tinnitus patients
perceived, the more current density at alpha frequency was measured, or
vice versa. (see Fig. 5b).
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Fig. 3. (top panel) When participants perceive tinnitus show a significant effect for the theta, alpha and gamma frequency band in comparison to not perceiving
tinnitus. For theta frequency band increased activity was demonstrated in the pregenual anterior cingulate cortex extending into the ventral medial prefrontal cortex.
For the alpha increased activity in the dorsal anterior cingulate cortex extending into the dorsal medial prefrontal cortex was obtained. For the gamma frequency
band increased activity was demonstrated in the left auditory cortex as well as the partial lobe during the perception of the tinnitus. (lower panel, left) A comparison
between participants during perceiving tinnitus percept versus a control group, revealed increased activity for both the theta and gamma frequency bands for the
participant perceiving tinnitus. For the theta frequency band increased activity was identified in the pregenual anterior cingulate cortex extending into the ventral
medial prefrontal cortex. For the gamma frequency band increased activity was revealed in the auditory cortex extending in the into the temporal pole. (lower panel,
right). A comparison between participants during not perceiving tinnitus percept versus a control group, revealed increased activity in the pregenual anterior
cingulate cortex extending into the ventral medial prefrontal cortex in participants during not perceiving tinnitus percept for the alpha frequency band.
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Fig. 4. (a) A region of interest revealed that the pregenual anterior cingulate cortex (pgACC) at the theta frequency band, had significant increased log-transformed
current density during the perception of tinnitus in comparison to not perceiving tinnitus and controls. (b) For the pregenual anterior cingulate cortex at the alpha
frequency band, significant increased log-transformed current density was demonstrated during not perceiving tinnitus (in comparison to perceiving tinnitus and
control subjects. (c) The dorsal anterior cingulate cortex (dACC) at the alpha frequency band, we revealed a significant increased log-transformed current density was
identified during the perception of tinnitus in comparison to not perceiving tinnitus and controls subject. (d) For the auditory cortex (AC) for the theta frequency
band, no significant effect was found when comparing during perceiving tinnitus with not perceiving tinnitus or controls. (e) For the auditory cortex for the gamma
frequency band, a significant effect was yielded when comparing during perceiving tinnitus (with not perceiving tinnitus or controls.

3.6. Lagged phase coherence

When comparing tinnitus participants during tinnitus perception and
no tinnitus perception, a significantly reduced functional connectivity
was identified for the theta frequency band between the pregenual
anterior cingulate cortex and auditory cortex in patients perceiving
tinnitus (F = 4.11, p < .05). No significant effect was found between the
rostral to dorsal anterior cingulate cortex and both the auditory cortex
and the pregenual anterior cingulate cortex. No significant effects were
obtained when comparing tinnitus and non-tinnitus subjects for the

delta, alpha, beta, and gamma frequency bands. See top Fig. 6.

When comparing tinnitus participants during tinnitus perception and
control subjects, significantly reduced functional connectivity was
identified for the theta frequency band between the pregenual anterior
cingulate cortex and auditory cortex during tinnitus perception (F =
4.09, p < .05). No effect was obtained between the rostral to dorsal
anterior cingulate cortex and both the auditory cortex and the pregenual
anterior cingulate cortex. No significant effects were obtained when
comparing tinnitus and non-tinnitus subjects for the delta, alpha, beta,
and gamma frequency bands. See middle Fig. 6.
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Fig. 5. (a) A spearman correlation between log-transformed current density for the dorsal anterior cingulate cortex (dACC) at the alpha frequency band and distress
revealed a significant positive association. (b) A spearman correlation between log-transformed current density for the auditory cortex (AC) at the gamma frequency

band and loudness revealed a significant positive association.

When comparing tinnitus participants not perceiving tinnitus and
control subjects, a significantly increased functional connectivity was
obtained for the alpha frequency band between the pregenual anterior
cingulate cortex and auditory cortex during perceiving tinnitus (F =
4.76, p < .05). No effect was obtained between the dorsal anterior
cingulate cortex and both the auditory cortex and the pregenual anterior
cingulate cortex. No significant effects were obtained when comparing
tinnitus and non-tinnitus subjects for the delta, theta, beta and gamma
frequency bands. See bottom Fig. 6.

3.7. Cross-frequency effective connectivity

Our results revealed a significant increase for communication going
from rostral to dorsal anterior cingulate cortex in alpha, to the pregenual
anterior cingulate cortex in theta during tinnitus perception (M = 0.024,
Sd = 0.020) in comparison to not perceiving tinnitus (M = 0.008, Sd =
0.009; W=2.67; p =.008) or controls (M = 0.008, Sd = 0.009; U = 2.08;
p = .040). A comparison between not perceiving tinnitus and control
subjects revealed no significant effect (U = 0.22 p = .86) (see Fig. 7).

No significant effect was obtained for communication going from the
pregenual anterior cingulate cortex in theta to the dorsal anterior
cingulate cortex in alpha when comparing people perceiving tinnitus
and not perceiving tinnitus (W = 0.89; p = .37). Also, no significant
effect was obtained when comparing participants during tinnitus
perception and control subjects (U = 1.54; p = .14) as well as not
perceiving tinnitus and control subjects (U = 0.75; p = .49).

3.8. Phase-amplitude coupling

A comparison between tinnitus perception and not perceiving
tinnitus or controls for theta-gamma coupling in the auditory cortex
revealed a significant increase in theta-gamma coupling during tinnitus
perception (M = 1.48, Sd = 0.07) in comparison to not perceiving
tinnitus (M = 0.017, Sd = 0.007; W = 2.66; p = .008) or controls (M =
0.011, Sd = 0.006; U = 3.58; p < .001). A comparison between not
perceiving tinnitus and control subjects revealed no significant effect (U
=1.54p = .14). See Fig. 8.

4. Discussion

In the present study, we investigated how the onset of tinnitus is
modulated by functional changes in the cerebral cortex using resting
state EEG. Resting state EEG is an important technique that provides
direct information regarding underlying neuronal activity. The advan-
tage of EEG is that it is collected in quiet environments (unlike func-
tional MRI) and can measure spontaneous brain activity in the resting
state. Since our recordings were performed in the absence of any stim-
ulus, we can assume that these areas demonstrate continuously
increased and decreased changes in activity and connectivity in tinnitus
patients. See Fig. 9 for a summary of our findings.

A group comparison between the tinnitus and no-tinnitus state at
sensor level revealed increased theta, alpha and gamma power in mid-
frontal, frontal and temporal areas, respectively. When applying
source reconstruction this translates into increased activity for the pre-
genual anterior cingulate cortex in theta, rostral to dorsal anterior
cingulate cortex in alpha, and auditory cortex, lateral anterior mid-
temporal and lateral inferior parietal areas in gamma. The tinnitus on-
state differs from healthy controls by theta and gamma power in mid-
frontal, and temporal areas, respectively. Source reconstruction
revealed increased activity in the pregenual anterior cingulate cortex
and gamma in the lateral anterior mid-temporal and ventrolateral pre-
frontal cortex. The tinnitus-free state differs from healthy controls by
alpha in mid-frontal areas, that translate in the pregenual anterior
cingulate cortex using source reconstruction. A region of interest anal-
ysis further demonstrates that the pregenual anterior cingulate cortex in
the no-tinnitus state differs in alpha also from both the tinnitus state
(and healthy controls). Tinnitus differs from no-tinnitus and healthy
controls in theta in the pregenual anterior cingulate cortex, and in alpha
in dorsal anterior cingulate cortex from both no-tinnitus state and
healthy controls, as well as gamma in the auditory cortex. Alpha in the
dorsal anterior cingulate cortex correlates with tinnitus distress and
gamma in auditory cortex with loudness.

The pregenual anterior cingulate cortex is known to be the main hub
of a descending inhibitory pathway which normally oscillates at rest in
theta (Marinkovic and Rosen, 2022; Rauschecker et al., 2015). Our data
reveal that when tinnitus patients do not perceive their tinnitus,
increased alpha is present in the pregenual anterior cingulate cortex.
This fits with previous findings in hearing loss patients that do not
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Fig. 6. When comparing participants while perceiving tinnitus and not
perceiving tinnitus, a significant reduced connectivity was observed for the
theta frequency band between the pregenual anterior cingulate cortex (pgACC)
and auditory cortex (AC) during perceiving tinnitus. A similar effect was ob-
tained when we are comparing participants during perceiving tinnitus and
control subjects. When we are comparing participants during not perceiving
tinnitus and control subjects, a significant increased connectivity was found for
the alpha frequency band between the pregenual anterior cingulate cortex and
auditory cortex during perceiving tinnitus.

perceive tinnitus, where the pregenual anterior cingulate cortex is
activated in the alpha frequency band while in patients with no hearing
loss with tinnitus the alpha activity is slowed down to theta activity
(Vanneste et al., 2019a). Moreover, during the resting state, a func-
tioning top-down noise-cancelling mechanism primarily operates in the
alpha frequency band (De Ridder et al., 2015b). However, in cases of
dysfunctional noise cancellation, theta activity is expected to dominate
(De Ridder et al., 2015b). Initial indications of this were observed in a
study investigating selective enriched acoustic stimulation, where
overcompensation for hearing loss was employed (Vanneste et al.,
2012). The deterioration of patients’ clinical conditions correlated with
heightened theta activity in the pregenual anterior cingulate cortex,
concomitant with increased gamma activity in the auditory cortex
(Vanneste et al., 2012). Conversely, the application of bifrontal trans-
cranial direct current stimulation or vagus nerve stimulation has been
shown to alleviate tinnitus perception, accompanied by a reduction in
theta and gamma band activity in the auditory cortex state (De Ridder
et al., 2015b; Langguth et al., 2013; Leaver, 2024; Martins et al., 2022;
Vanneste et al., 2017), and an associated increase in alpha activity in the
pregenual anterior cingulate cortex (Vanneste and De Ridder, 2011).
When participants report not perceiving the tinnitus percept, acti-
vation in both pregenual anterior cingulate cortex and left auditory
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Fig. 7. Our results revealed a significant increase for communication going
from dorsal anterior cingulate cortex in alpha to the pregenual anterior
cingulate cortex (pgACC) in theta during perceiving tinnitus in comparison to
not perceiving tinnitus or controls.
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Fig. 8. A comparison between during perceiving tinnitus in comparison to not
perceiving tinnitus or controls for theta-gamma coupling in the auditory cortex,
revealed a significant increase in theta-gamma coupling during perceiving
tinnitus in comparison to not perceiving tinnitus or controls.

cortex in the alpha frequency is identified and associated with increased
alpha connectivity between these two brain areas. Based on the rhyth-
mic thalamocortical dynamics, normal resting-state activity in the sen-
sory areas, including the auditory cortex, when not perceiving anything
is in alpha (Lorenz et al., 2009; van der Loo et al., 2009; Weisz et al.,
2007, 2005). Furthermore, this fits with recent findings in chronic pain
which demonstrated that during pain suppression the pregenual anterior
cingulate cortex accelerates from theta to alpha (Vanneste and De Rid-
der, 2023).

A secondary exploratory analysis revealed further functional con-
nectivity in theta between pregenual anterior cingulate cortex and
auditory cortex is decreased in tinnitus versus no-tinnitus and healthy
controls, but is increased in alpha in the no-tinnitus state versus healthy
controls. Effective connectivity differs between tinnitus on and off-state



S. Vanneste et al.

Tinnitus: ON

dACC: Mo <> distress

pgACC: TNO

NZC,

AC: 1N - Ty &> tinnitus loudness

Neurolmage 297 (2024) 120713

Tinnitus: OFF

dACC no distress

X
pgACC: Ta

T6

AC no tinnitus

Fig. 9. Summary figure. dorsal anterior cingulate cortex (dACC); pregenual anterior cingulate cortex (pgACC); auditory cortex (AC). Blue lines indicates reduced

connectivity; Red lines indicate increase connectivity.

and healthy controls by increased effective connectivity between dorsal
anterior cingulate cortex and pregenual anterior cingulate cortex. Theta-
gamma cross-frequency coupling is increased in the tinnitus versus no-
tinnitus state and healthy controls. It is imperative to underscore that
these latter findings are solely exploratory and necessitate further vali-
dation through additional research.

Our results suggest that distress is reflected by increased activity in
the rostral to dorsal anterior cingulate cortex. This is in agreement with
previous tinnitus research that identifies the subgenual and dorsal
anterior cingulate cortex as playing a role in tinnitus-related distress
(Vanneste et al., 2014, 2010a). It may be that distress, reflected by alpha
activity in the rostral to dorsal anterior cingulate cortex, can modulate
the onset of tinnitus via theta activity in the pregenual anterior cingulate
cortex, however since our data does not capture the moment of tinnitus
onset, we cannot directly validate this interpretation. Our results sup-
port the association between distress and tinnitus perception, particu-
larly in the on-state, and future research should consider the possibility
that distress may itself act as a trigger of the on-switch for tinnitus
perception. Increased activity in the dorsal anterior cingulate cortex in
the alpha frequency band, slows down activity from alpha to theta in the
pregenual anterior cingulate cortex. This suggests that the dorsal ante-
rior cingulate cortex is inhibiting activity in the pregenual anterior
cingulate cortex. This is similar to what has been observed in chronic
neuropathic pain (De Ridder et al., 2021a; Vanneste and De Ridder,
2023). It is also in keeping with fMRI studies demonstrating that bold
activity in the pregenual anterior cingulate extending into the ventro-
medial prefrontal cortex is modulated when activity in the dorsal
anterior cingulate cortex declines (Heilbronner and Hayden, 2016). As
mentioned, stress-induced volumetric reduction of the pregenual ante-
rior cingulate cortex is reversible (Soares et al., 2012). This is in
accordance with previous research in rodents and primates showing that
stress-induced changes in the structure of the prefrontal cortex are
reversible, and reinforced via synaptic adaptations, at both the struc-
tural and physiological levels (Cerqueira et al., 2007). This may parallel
with our findings demonstrating that when participants perceive no
tinnitus, activity from pregenual anterior cingulate returns back from

10

theta to alpha.

Secondly, when a tinnitus subject perceives tinnitus, the pregenual
anterior cingulate cortex slows down from alpha to theta, and this is
associated with a decrease in functional connectivity between the pre-
genual anterior cingulate cortex and the left auditory cortex, resulting in
an increase in auditory cortex gamma band activity. These findings fit
with the thalamocortical dysrhythmia model that proposes that normal
resting-state alpha activity slows down to theta frequencies in states of
deprived input, potentially in the thalamic reticular nucleus because of
deficient top-down inhibitory pathways (De Ridder et al., 2015b; Llinas
et al.,, 2005, 1999; Vanneste et al., 2018). This theta activity in the
auditory cortex is then coupled to an increase in surrounding gamma
activity. Changes of input because of deficient top-down inhibitory
pathways can result in a reduction of GABAs-mediated lateral inhibi-
tion, inducing gamma band activity surrounding the deafferented tha-
lamocortical columns (Llinas et al., 2005). In addition, we found
phase-amplitude coupling between the theta and gamma frequency
bands at the auditory cortex in tinnitus participants when they perceive
tinnitus. Cross-frequency coupling might be important for integration
via low-frequency theta coherence of distributed, geographically focal,
high-frequency activity (Lisman and Jensen, 2013).

Furthermore, we obtained increased activity in the inferior parietal
lobule during the perception of the tinnitus in comparison to not
perceiving the tinnitus percept. These functional changes might indicate
the participation of the attention system in tinnitus (De Ridder et al.,
2014). This corroborates recent findings combining near-infrared spec-
troscopy and EEG showing that the inferior parietal cortex contributes to
attentional regulation in tinnitus patients (Wertz et al., 2023). The pa-
rietal cortex is viewed as a central control node for attention (Behrmann
et al., 2004), likely functioning to direct attention and convert accom-
panying sensory processes into a phantom percept. This is supported by
a computer-based model (Sedley, 2019). Another possibility is that the
inferior parietal lobule sends information to the default mode network,
supported by activity in the lateral anterior mid temporal cortex, which
is also a component of the self-referential default mode network. It has
been proposed that in chronic tinnitus the tinnitus becomes embodied, i.
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e. part of the self-percept, part of who you are (De Ridder et al., 2022;
Lee et al., 2021), analogous to what has been proposed in chronic pain
(De Ridder et al., 2021a). This may have an energy saving effect (Song
et al., 2021). The lateral anterior mid temporal cortex has been shown,
using a different kind of EEG processing, namely microstate analysis, to
be involved in both chronic pain and tinnitus (De Ridder et al., 2023;
Vanneste et al., 2019b).

Although numerous open questions still need to be addressed, the
integration of these findings might give a new impetus to the prevention
and treatment of tinnitus. As prevention significantly depends on an
individual’s predisposition, a standardized assessment of the individual
susceptibility and resilience to chronic stress might be desirable in
tinnitus patients. With improved understanding of the chronification of
tinnitus, adapted treatment strategies form those which already exist
such as cognitive-behavioral therapy and physiotherapy, as well as
pharmacotherapy to modulate the stress at an early stage, could improve
outcomes for tinnitus patients who otherwise develop chronic tinnitus.
Our findings also open avenues for novel treatment approaches for
tinnitus. Novel pharmacological interventions and neuromodulation
strategies targeting the dorsal and/or pregenual anterior cingulate re-
gions may hold promise. Moreover, the connection we have supported
between stress and tinnitus, along with the recognition of stress as a
known modifier of epigenetic markers (Franklin et al., 2012), suggests
that tinnitus could, in part, result from epigenetic alterations. Numerous
studies have linked such epigenetic modifications to experimentally
induced behavioral changes akin to those reported in patients dealing
with depression or anxiety (Bagot et al., 2014). Additionally, research
indicates that the pattern of epigenetic changes differs between healthy
individuals and those with hearing impairments (Provenzano and
Domann, 2007). Given that tinnitus sufferers often experience hearing
loss and report distress, it is reasonable to assume that certain epigenetic
targets may also prove significant in understanding and addressing this
condition.

Overall, this unique dataset provides us with the opportunity to gain
a better understanding for the potential role distress plays in tinnitus.
Although the lower sample size, it needs to be emphasized that is a
unique cohort as, for most chronic tinnitus patients, the phantom sound
is always present. It is here we stress the necessity for replication, as
indeed the unique cohort limits sample sizes, and thus further replica-
tion from multiple centers would help to solidify the findings here and
improve generalizability. We also acknowledge that while our sample
size is below common EEG sample sizes, our sample is still consistent
with other EEG studies which investigate disorders with low prevalence.
Indeed small EEG studies have been successful in classifying electro-
physiological characteristics, with which we believe our study is
compatible given its relatively small sample size (Koops et al., 2019). We
also recognize that while tinnitus patients received EEG recordings
twice, controls received only one EEG recording. However, we do not
believe this repeated scanning is inducing any repetition effects,
considering that retest reliability for eyes-closed rsEEG is considerably
high (Corsi-Cabrera et al., 2007). Furthermore, longitudinal research
could further explore the situation just before the onset of tinnitus. That
is, whether specific physical and/or mental stressors initiated the onset.
One drawback of this study lies in its limited spatial resolution for source
localization due to the small number of sensors (19 electrodes) and the
absence of subject-specific anatomical forward models. While sufficient
for source reconstruction, this setup leads to increased uncertainty in
source localization and reduced anatomical precision. Consequently, the
spatial accuracy of this study is notably inferior to that of functional
MRI. Nonetheless, the tomography sLORETA method has undergone
significant validation through studies combining it with other estab-
lished localization techniques such as functional Magnetic Resonance
Imaging (fMRI) (Mulert et al., 2004; Vitacco et al., 2002), structural MRI
(Worrell et al., 2000), and Positron Emission Tomography (PET) (Dierks
et al., 2000; Pizzagalli et al., 2004; Zumsteg et al., 2005). It has also been
utilized in previous research to detect activity in regions like the
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auditory cortex, the pregenual and dorsal anterior cingulate cortex
(Vanneste et al., 2019a, 2010b, 2011b; Zaehle et al., 2007). Further
validation of SLORETA has been achieved by comparing its localization
findings with those obtained from invasive implanted depth electrodes,
as seen in epilepsy studies (Zumsteg et al., 2006a, 2006¢) and cognitive
ERPs (Volpe et al., 2007). Notably, structures like the anterior cingulate
cortex (Pizzagalli et al., 2001) and mesial temporal cortex (Zumsteg
et al., 2006b) can be accurately localized using these methods. The
involvement of the parahippocampus was previously indicated in
research using low-density EEG and later confirmed by PET and MRI,
endorsing the reliability of our findings.

5. Conclusion

The EEG data show that tinnitus is triggered by increased theta ac-
tivity in the pregenual anterior cingulate cortex, associated with
decreased theta functional connectivity between the pregenual anterior
cingulate cortex and the auditory cortex, as well as increased alpha
effective connectivity from the dorsal anterior cingulate cortex to theta
in the pregenual anterior cingulate cortex. The no-tinnitus state is not
the same as healthy subjects, as alpha in the pregenual anterior cingulate
cortex as well as increased alpha functional connectivity between the
pregenual anterior cingulate cortex and auditory cortex differentiates
the two. This suggests that the tinnitus on-off switch involves increased
theta in the pregenual anterior cingulate cortex, but is associated with
decreased theta functional connectivity between pregenual anterior
cingulate cortex and the auditory cortex, resulting in increased theta-
gamma cross-frequency coupling, linked to loudness perception. This
most likely represents a deficient noise-canceling mechanism. This oc-
curs under the influence of the dorsal anterior cingulate cortex, part of
the salience network (in alpha), likely inhibiting the pregenual anterior
cingulate cortex. Moreover, the alpha in the dorsal anterior cingulate
cortex correlates with distress. This suggests that when the tinnitus is
deemed salient, increased distress inhibits the noise canceling mecha-
nism. When the pregenual anterior cingulate cortex increases its activity
to alpha it is capable of transiently suppressing the phantom sound by
increased theta functional connectivity to the auditory cortex, likely by
activating the noise canceling system. Furthermore, in view of the
analogy of the underlying pathophysiology of tinnitus, pain, Parkinson's
disease (Vanneste et al., 2018) and slow wave epilepsy (Llinas et al.,
1999), there is no reason to believe this concept could not be extended to
other subjective states.
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