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Abstract
Tinnitus is an auditory phantom percept with a tone, hissing, or buzzing sound in the absence
of any objective physical sound source. About 6 to 25% of the affected people report interference
with their lives as tinnitus causes a considerable amount of distress. However, the underlying
neurophysiological mechanism for the development of tinnitus-related distress remains not well
understood. Hence we focus on the cortical and subcortical source differences in resting-state
EEG between tinnitus patients with different grades of distress using continuous scalp EEG
recordings and Low Resolution Electromagnetic Tomography (LORETA). Results show more
synchronized alpha activity in the tinnitus patients with a serious amount of distress with peaks
localized to various emotion-related areas. These areas include subcallosal anterior cingulate
cortex, the insula, parahippocampal area and amygdala. In addition, less alpha synchronized
activity was found in the posterior cingulate cortex, precuneus and DLPFC. A comparison
between the tinnitus group with distress and the Nova Tech EEG (NTE) normative database
demonstrated increased synchronized alpha and beta activity and less synchronized delta and
theta activity in the dorsal anterior cingulate cortex in tinnitus patients with distress. It is
interesting that the areas found show some overlap with the emotional component of the pain
matrix and the distress related areas in asthmatic dyspnea. Unpleasantness of pain activates the
anterior cingulate and prefrontal cortices, amygdala, and insula. As such, it might be that distress
is related to alpha and beta activity in the dorsal anterior cingulate cortex, the amount of distress
perceived to an alpha network consisting of the amygdala-anterior cingulate cortex-insulaparahippocampal area.
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Introduction

Tinnitus is an auditory phantom percept with a tone, hissing, or buzzing sound in the absence
of any objective physical sound source (Jastreboff, 1990). In an adult population, up to 10-15%
experience tinnitus continuously (Axelsson and Ringdahl, 1989; Heller, 2003). About 6 to 25%
of the affected people report interference with their lives as tinnitus causes a considerable
amount of distress (Baguley, 2002; Eggermont and Roberts, 2004; Heller, 2003), with 2-4 %
suffering in the worst degree (Axelsson and Ringdahl, 1989). The psychological complications
such as annoyance, concentration problems, depression, anxiety, irritability, sleep disturbances,
and intense worrying can be a result of the constant awareness of this phantom sound
(Erlandsson and Holgers, 2001; Scott and Lindberg, 2000). Whereas more people experience a
phantom sound, only 1 in 5 of the people who perceive tinnitus is emotionally affected by it.
Hence the sound perception and the distress caused by tinnitus might be related to two separate
mechanisms/networks in the brain. In the present research we focus on the underlying
neurophysiological mechanism for the development of tinnitus-related distress, as this remains
not well understood.
Several studies making use of functional magnetic resonance imaging (Kovacs et al., 2006;
Melcher et al., 2000; Smits et al., 2007), voxel based morphometry (Landgrebe et al., 2009;
Muhlau et al., 2006), PET scan (Lockwood et al., 1999; Mirz et al., 2000a; Mirz et al., 1999),
magnetoencephalography (Llinas et al., 1999; Weisz et al., 2007; Weisz et al., 2005; Weisz et al.,
2004), electroencephalography (Kadner et al., 2002; Weisz et al., 2004) or repetitive transcranial
magnetic stimulation (De Ridder et al., 2006a; De Ridder et al., 2007b, c; Kleinjung et al., 2008)
reported that cortical and subcortical changes play a major role in the development and the
maintenance of tinnitus. In analogy to neuropathic pain, tinnitus is related to reorganization (Flor
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et al., 1995; Muhlnickel et al., 1998) and hyperactivity (Eggermont and Roberts, 2004;
Kaltenbach and Afman, 2000; Salvi et al., 2000) of the auditory central nervous system with coactivation of non-auditory areas such as the insula (Smits et al., 2007), anterior cingulate cortex
(Muhlau et al., 2006; Plewnia et al., 2007a), posterior cingulate cortex (Plewnia et al., 2007a;
Plewnia et al., 2007b), dorsal lateral prefrontal cortex (Kleinjung et al., 2008),
It has been stated that there are clinical, pathophysiological and treatment analogies between
phantom pain and phantom sound (De Ridder et al., 2007a; Moller, 1997, 2000; Tonndorf,
1987). The anterior cingulate cortex (Mobascher et al., 2009) and the insula (Brooks et al.,
2005), which interact with the prefrontal cortex and amygdala play a central role in emotioncognitive aspects of pain processing (Craig, 2003; Peyron et al., 2000). During distress in the
setting of posttraumatic stress disorder, activation of the amygdala, insula, medial prefrontal
cortex, and anterior cingulate cortex has been revealed (Vermetten et al., 2007). The principal
components of a general emotional network (Critchley, 2005; Phan et al., 2002) involving the
amygdala, anterior cingulate cortex, insula and prefrontal cortex may be the same as the
emotional component involved in tinnitus.
In the present study, we focus on the cortical and subcortical source differences in restingstate eyes-closed EEG between tinnitus patients with different grades of distress. Using
continuous scalp EEG recordings and Low Resolution Electromagnetic Tomography
(LORETA), a tomographic inverse solution imaging technique (Pascual-Marqui et al., 1994), we
set out both the spectral characteristics and topography of differential activations in tinnitusrelated distress.

Methods

5

Participants

Twenty-seven patients (N = 27; 11 males and 16 females) with chronic tinnitus participated in
this study, with a mean age of 53.85 (SD = 11.43). Tinnitus was considered chronic if its onset
dated back 1 year or more. Individuals with pulsatile tinnitus, Ménière disease, otosclerosis,
chronic headache, neurological disorders such as brain tumors, and individuals being treated for
mental disorders were excluded from the study in order to obtain a more homogeneous sample.
All patients were investigated for the extent of hearing loss using audiograms. Tinnitus patients
were tested for the frequency and the minimum masking level of their tinnitus. They were
interviewed as to their perceived location of the tinnitus (exclusively in the left ear,
predominantly in the left ear, in both ears, and centralized in the middle of the head (bilateral),
predominantly in the right ear, exclusively in the right ear). Table 1 shows the male-female ratio,
age, tinnitus duration, tinnitus type and tinnitus laterality. There were no significant differences
in age and tinnitus duration between patients of the different groups (both p > .15).
Patients were also given the validated Dutch version of the Tinnitus Questionnaire (Meeus et
al., 2007) originally published by Goebel and Hiller (Goebel and Hiller, 1994). Goebel and Hiller
described this TQ as a global index of distress and the Dutch version was further confirmed as a
reliable measure for tinnitus-related distress (Meeus et al., 2007; Vanneste et al., 2009). Based on
the total score on the TQ, participants were assigned to a distress category: slight (0-30 points;
grade 1), moderate (31-46; grade 2), severe (47-59; grade 3), and very severe (60-84; grade 4)
distress.

Furthermore, Goebel and Hiller (1994) stated that grade 4 tinnitus patients are

psychologically decompensated, indicating that patients categorized into this group cannot cope
with their tinnitus. In contrast, patients that have a score lower than 60 on the TQ can cope with
their tinnitus. Based on the categorization we compared subjects (1) with low versus with high
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distress (grade 1 and 2 versus grade 3 and 4); (2) highly distressed tinnitus patients who can cope
versus who cannot cope with tinnitus (grade 3 versus 4); (3) coping patients with low versus high
distress (grade 1 versus grade 3).

EEG data collection

EEG recordings were obtained in a fully lighted room with each participant sitting upright on
a small but comfortable chair. The actual recording lasted approximately 5 min. The EEG was
sampled with 19 electrodes (Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8,
O1 O2) in the standard 10-20 International placement referenced to linked ears and impedances
were checked to remain below 5 kΩ. Data were collected eyes-closed (sampling rate = 1024Hz,
band passed 0.15-200Hz). Data were resampled to 128 Hz, band-pass filtered (fast Fourier
transform filter) to 2-44 Hz and subsequently transposed into Eureka! Software (Congedo, 2002),
plotted and carefully inspected for manual artifact-rejection. All episodic artifacts including eye
blinks, eye movements, teeth clenching, body movement, or ECG artifact were removed from
the stream of the EEG. Average Fourier cross-spectral matrices were computed for bands delta
(2-3.5 Hz), theta (4-7.5 Hz), alpha1 (8-10 Hz), alpha2 (10.5-12.5Hz), beta1 (13-16.5 Hz), beta2
(17-20.5 Hz), beta3 (21-24.5 Hz), beta4 (25-28.5 Hz), beta5 (29-32.5 Hz), and gamma (33-44
Hz).

NTE normative database

Also the normative database of the Nova Tech EEG (NTE), Inc, Mesa, AZ (N = 21) was used
(http://www.novatecheeg.com/). None of these subjects was known to suffer from tinnitus.
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Exclusion criteria for the NTE database were known psychiatric or neurological illness,
psychiatric history of drug/alcohol abuse in a participant or any relative, current
psychotropic/CNS active medications, history of head injury (with loss of consciousness) or
seizures, headache, physical disability. To build the database about 3–5 min of EEG was
continuously recorded while participant sat with the eyes closed on a comfortable chair in a quiet
and dimly lit room. EEG data were acquired at the 19 standard leads prescribed by the 10–20
international system (FP1, FP2, F7, F3, FZ, F4, F8, T3, C3, CZ, C4, T4, T5, P3, PZ, P4, T6, O1,
O2) using both earlobes as reference and enabling a 60 Hz notch filter to suppress power line
contamination. The resistance of all electrodes was kept below 5 kΩ. Data of the NTE database
were acquired using the 12-bit A/D NeuroSearch-24 acquisition system (Lexicor Medical
Technology, Inc. Boulder, CO) and sampled at 128. In the database all biological, instrumental
and environmental artifacts had been removed.

LORETA imaging

LORETA is a brain imaging method that computes inverse solutions that approximate the
cortical sources using a three-shell spherical model registered to the Talairach human brain atlas
(Talairach

and

Tournoux,

1988)

from

EEG

recordings

(http://www.uzh.ch/keyinst/NewLORETA/LORETA01.htm) (Pascual-Marqui et al., 1994). The
LORETA solution space is restricted to the cortical grey matter in the digitized Talairach atlas
with a total of 2394 voxels at 7 mm spatial resolution (Talairach and Tournoux, 1988; (PascualMarqui et al., 1999). The LORETA inverse solution corresponds to the 3D distribution of
electrical neuronal activity that features a maximum similarity (i.e. maximum synchronization)
in terms of orientation and strength between neighboring neuronal populations in adjacent
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voxels. The imaging is therefore particularly tuned towards synchronized brain activities as they
occur, e.g., in spreading oscillatory activations. Since LORETA takes explicitly into account that
scalp electric potentials are determined up to an arbitrary additive constant, the final LORETA
solution is independent of the electrical reference used. The Laplacian penalty term in sLORETA
tunes the solution towards the activation of concurrent neuronal populations and limits the
detection of very circumscribed and small generators. The gain of this strategy consists of its
particular capacity to localize generators with a low localization error of 1-2 voxels of 7 mm.
(Mulert et al., 2004; Pascual-Marqui et al., 2002).

LORETA analysis

For every frequency band and subject, the current density modules at each voxel (current
density amplitude) were smoothed with a 21 mm 3-dimensional moving average filter,
normalized, and finally log-transformed. Log transformation of power estimates is routinely
performed in EEG and LORETA to approximate data Gaussianity (John et al., 1987). With
LORETA, some smoothing is advisable to counteract anatomical and localization errors due to
inter-individual differences in head geometry and electrodes placement. Spatial normalization
consists of normalizing the square root of the sum of squared current density values for each
subject at all voxels to equal unity. This manipulation eliminates confounding variables such as
the inter-individual variability in skull thickness and electrode impedance, without constraining
the analysis on relative power measures, which is the solution usually adopted in EEG studies.
Current density amplitude estimates computed and pre-processed as described provided the data
for statistical analysis.
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To compare voxel-by-voxel the current density amplitudes of the tinnitus distress, we used the
permutation multiple comparison t-sum approach, which accounts for multiple comparison
(Congedo et al., 2004). Instead of relying on the max statistic to build the empirical null
distribution, we rely on the sum statistic. The sum statistic has been known since a long time as
an appropriate statistic to test the omnibus hypothesis, i.e., the hypothesis of no effect at no
location (Arndt et al., 1996; Karniski et al., 1994). As compared to the max statistic, it is more
sensitive to large flat regions of activation. The t-sum is a step-down procedure. It sorts the
hypotheses in increasing order of absolute t-values and test sequentially the omnibus hypothesis
for significance, starting with all voxels and excluding progressively the most significant one-byone down until only the least significant voxel is left. At each step, the sum of the observed
absolute magnitude is compared to the empirical distribution of such a sum obtained by data
permutations. If the omnibus hypothesis is rejected at least one univariate hypothesis is false,
thus the procedure rejects the hypothesis with highest absolute t-value and proceeds down with
the remaining hypotheses until the omnibus test is no more rejected or all have been rejected.
Data-permutation approaches adaptively accounts for the correlation structure of the variables,
an embedded feature of all electrophysiological measurements (Holmes et al. 1996). Testing
multiple hypotheses relating to correlated variables should influence correction for multiple
comparisons. For instance, if two variables are independent, Bonferroni correction is the
appropriate way to correct. If correlation is present a less stringent criterion is requested. At the
limit, when two variables are perfectly correlated, we are actually testing two times the same
variable. In this case no correction for multiple hypotheses at all is necessary. The good thing
about permutation tests is that they naturally account for the correlation structure of the
variables, as the data at hand is used to perform the test and such structure remains after shuffling
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the data. In EEG the correlation among variables (e.g., electrodes, voxels, etc) is very high, so
permutation tests suit well EEG data.
We performed one voxel-by-voxel test (comprising 2394 voxels each) for each of the 9
frequency band pass regions (delta, theta, alpha1, alpha2, beta1, beta2, beta3, beta4, beta5, and
gamma).

Region of interest analysis

The log-transformed electric current density was averaged across all voxels belonging to the
region of interest, respectively BA7 left, BA7 right, BA 9-46 right, BA13 left, BA13 right, BA23
left, BA 23 right, BA25 left and right, BA36-37 left, and BA36-37 right separately for frequency
band alpha1 (8-10 Hz) and alpha2 (10.5-12Hz). A multiple linear regression was used between
the total score on TQ as a global index of distress and changes in ROI using backward approach
(i.e. initially using all ROI and eliminating those regions that do not show statistical significance
in a step-wise manner).

Results

High versus Low distress

The majority of the frequency band parameters were similar in low and high distress tinnitus
patients: delta (2-3.5 Hz), theta (4-7.5 Hz), beta1 (13-16.5 Hz), beta2 (17-20.5 Hz), beta3 (2124.5 Hz), beta4 (25-28.5 Hz), beta5 (29-32.5 Hz), and gamma (33-44 Hz). Figure 1 illustrates
that the LORETA current source density in the alpha1 (8-10 Hz) band was higher for high
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distress tinnitus patients than among low distress tinnitus patients in posterior subcallosal
anterior cingulate (BA25) extending into the nucleus accumbens-VTA area, parahippocampal
gyrus (BA36) and amygdala. Figure 2 illustrates that alpha2 (10.5-12.5 Hz) was also higher in
the parahippocampal gyrus (BA36 and 37), amygdala and in extension the middle temporal
gyrus (BA21) for the high distress tinnitus patients and higher in the posterior cingulate (BA23),
precuneus (BA7) for the low distress tinnitus patients. The maximum t-statistic across the entire
volume was 4.41 and 4.30 for alpha1 and alpha2 respectively.

Non-coping versus Coping in high distress

Again, the majority of the frequency band parameters were similar in coping (grade 3) and
non-coping highly distressed tinnitus (grade 4) patients: delta (2-3.5 Hz), theta (4-7.5 Hz), beta1
(13-16.5 Hz), beta2 (17-20.5 Hz), beta3 (21-24.5 Hz), beta4 (25-28.5 Hz), beta5 (29-32.5 Hz),
and gamma (33-44 Hz). LORETA current source density in the alpha1 (8-10 Hz) band was
higher for non-coping (grade 4) tinnitus patients than among tinnitus patients who can cope
(grade 3) with their tinnitus in insula (BA 13), anterior cingulate (BA25), parahippocampal gyrus
(BA37) and amygdala and the opposite for precuneus (BA7)(see figure 3). For alpha2 (10.5-12.5
Hz) it was also higher in the insula (BA13) subcallosal gyrus (BA25), parahippocampal gyrus
(BA36) and amygdala for non-coping individuals and higher in the posterior cingulate (BA23),
precuneus (BA7) for the non-coping individuals (see figure 4). The maximum t-statistic across
the entire volume was -4.81 and -3.60 for alpha1 and alpha2 respectively.

Coping: High vs. Low Distress
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Similar to the results above, no differences could be found for most frequency bands when
comparing tinnitus-patient who can cope with low (grade 1) versus high distress (grade 3) in
delta (2-3.5 Hz), theta (4-7.5 Hz), beta1 (13-16.5 Hz), beta2 (17-20.5 Hz), beta3 (21-24.5 Hz),
beta4 (25-28.5 Hz), beta5 (29-32.5 Hz), and gamma (33-44 Hz) bands. Yet LORETA current
source density in the alpha1 (8-10 Hz) band was higher for low distress coping tinnitus patients
compared to high distress coping tinnitus patients in dorsal lateral prefrontal cortex (BA9 and
BA46) and precentral gyrus (BA6). Furthermore figure 6 illustrates that alpha2 (10.5-12.5 Hz)
was higher in high distress coping tinnitus patients than among low distress coping tinnitus
patients in the precuneus (BA7) and the opposite for dorsal lateral prefrontal cortex (BA9 and
BA46) and ventrolateral prefrontal cortex (BA8). The maximum t-statistic across the entire
volume was 3.42 and 3.50 for alpha1 and alpha2 respectively.

Frequency analysis of alpha rhythms

To determine whether the differences found might be the results due to discrepancies of the
individual alpha frequency (IAF) peaks between individuals within the distinct groups (i.e. grade
1, 2, 3 and 4) we identified the IAF peak according to literature guidelines (Klimesch, 1996;
Klimesch et al., 1998; Klimesch et al., 1999). This individual alpha frequency peak was defined
as the frequency within the range of 6-13 Hz range of the EEG spectrum showing maximum
power. The mean individual alpha frequency was 10.62, 10.08, 9.95 and 10.21 Hz for
respectively grade 1, 2, 3 and 4 tinnitus patients. There was no significant inter-groups difference
in the IAF peak as evaluated by an ANOVA (p > .18).

Multiple Regression Analysis
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A stepwise backward regression analysis was performed with the dependent variable as TQ
and the ROI as the independent variables separately for the frequency bands alpha1 (8-10 Hz)
and alpha2 (10.5-12.5 Hz). The regression was run to assess the relative contribution of specific
brain areas to the tinnitus-related distress.
For alpha 1, backward regression revealed a fit of R² = .31. The Analysis of Variance
(ANOVA) revealed that the overall model was significant (F(2,25) = 4.77, p < .05), where only
BA9-46 and BA25 contributed significantly. The regression equation is therefore, TQ = 26.90 –
17.98 BA9-46 + 19.83 BA25 (see table 2).
For alpha 2, a relatively large proportion of the variance was explained by the backward
regression model demonstrated (R² = .65). The Analysis of Variance (ANOVA) revealed that the
overall model was significant (F(2,25) = 5.15 p < .01) where BA25, BA9-46, BA36-37 left as
well as right, and BA23 left as well right contributed significantly. The regression equation is
therefore, TQ = 33.95 – 19.92 BA9-46 + 116.71 BA23 left -120.56 BA23 right + 25.86 BA25 19.57 BA36-37 left + 22.00 BA36-37 right (see table 2).

Tinnitus distress group versus NTE normative database

To explore the data further, a comparison was made between the tinnitus group with distress
(grade 2, 3 and 4) and the NTE normative database. Figure 7 illustrates that the LORETA current
source density in the alpha (8-12 Hz; alpha1 8-10 Hz & alpha2 10.5-12.5 Hz) and beta3 (21-24.5
Hz) band was higher for tinnitus patients with distress in anterior cingulate cortex (BA24 and
BA32). The opposite, namely decreased delta (2-3.5 Hz) and theta (4-7.5 Hz) activity was found
for tinnitus patients with distress in comparison to NTE normative database in anterior cingulate
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cortex (BA24 and 32). Also for beta4 (25-28.5 Hz) and beta5 (29-32.5 Hz) a significant increase
was found in anterior cingulate cortex (BA24 and BA32) for tinnitus patients with distress in
comparison to the NTE normative database.

Hearing loss

No significant differences were found for hearing loss between the different grades (p > .43),
as measured by the loss in decibels (dB SPL) at the tinnitus frequency.

Discussion

In this study significantly more synchronized activity in highly distressed tinnitus patients was
found in various emotion-related areas (see table 3 for overview). These areas include
subcallosal anterior cingulate cortex (scACC), anterior insula cortex (AIC), parahippocampal
area and amygdala. In addition, less synchronized activity was found in the posterior cingulate
cortex (PCC), precuneus, dorsal lateral prefrontal cortex (DLPFC), and ventrolateral prefrontal
cortex (VLPFC) for patients with high levels of distress. A stepwise backward regression
analysis was performed which revealed that the scACC, parahippocampal area, PCC, and
DLPFC contributed significantly to emotion-related tinnitus. For the comparison of tinnitusrelated distress patients we only found differences within the alpha1 (8-10 Hz) and alpha2 (10.512.5 Hz) frequency band. Yet, for the comparison of distressed tinnitus patients in comparison to
the NTE normative database also decreased delta, theta activity and increased alpha and beta
activity was found in the dorsal anterior cingulate cortex (dACC).
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Since our recordings were performed in the absence of any stimulus presentation, we assume
that these areas demonstrate continuously increased and decreased synchronized activity in
tinnitus patients depending on the amount of distress.

Non-auditory Brain areas involved in tinnitus

Our findings are in line with recent studies, using various methodologies, suggesting that nonauditory brain structures are also involved in tinnitus. Using voxel-based morphometry it was
shown that structural differences exist between tinnitus sufferers and controls in gray matter,
both within the auditory system such as posterior thalamus and in non-auditory structures such as
the subcallosal cingulate region including the nucleus accumbens and the scACC (Muhlau et al.,
2006). In a PET study increased neural activity for tinnitus sufferers was demonstrated in the
right hemisphere, on the middle frontal and middle temporal regions as well as in lateral mesial
posterior sites (Mirz et al., 1999). In a MEG study more reduction in alpha (8-12 Hz), increase in
delta (1.5-4Hz) was found in temporal regions, left frontal and right parietal areas (Weisz et al.,
2005) as well as increased functional connectivity in the right frontal lobe and anterior cingulum
(Schlee et al., 2008). In accordance with these previous claims, our results confirm that nonauditory areas are also active for tinnitus-related distress.

Brain areas for tinnitus-related distress

In general, our findings reveal significant activation in different brain areas that are related to
attentional and emotional processing, namely scACC, dACC, VLPFC, DLPFC, parahippocampal
area, AIC, PCC and precuneus.
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Results showed more alpha activity in scACC for highly distressed tinnitus patients. Patients
with high distress who cannot cope with their tinnitus present with more alpha activity in the
scACC in comparison to highly distressed individuals who can cope with their tinnitus. Increased
activity in posterior scACC extending into nucleus accumbens-ventral tegmental area is involved
in processing of aversive sounds (Zald and Pardo, 2002) and unpleasant music (Blood et al.,
1999) as well as tinnitus (Muhlau et al., 2006). It has also been implicated as the key component
of social distress (Masten et al., 2009), suggesting activity in this area might not be specific for
tinnitus. This area in animals has been considered a visceromotor cortex, due to its connections
with the parasympathetic nucleus tractus solitarius (Frysztak and Neafsey, 1994) and the
sympathetic areas in the periaquaductal grey (Ongur and Price, 2000). Furthermore it is
functionally connected to the amygdala, insula, parahippocampal area, orbitofrontal cortex and
VLPFC and anticorrelated to the dorsal ACC and precuneus (Kahn et al., 2008; Margulies et al.,
2007; Stein et al., 2007)
In comparison to the NTE normative database tinnitus patients with distress have increased
alpha and beta activity and decreased delta, theta activity in dACC. Interestingly, whenever new
information is presented, activity levels of the dACC reflect the salience of the new information
for predicting future outcomes (Behrens et al., 2007; Critchley, 2005), guiding optimal decision
making in an uncertain world (Kennerley et al., 2006). The human dACC has developed a
parallel specialization for motivational drive via a thalamocortical pathway relaying in the
mediodorsal thalamus (Craig, 2002). Thus the dorsal anterior cingulate might be involved in
persisting attention to the tinnitus.
In addition, less alpha activation in the VLPFC and DLPFC was found for highly distressed
individuals coping with their tinnitus. In previous research activity in DLPFC and VLPFC has
been associated with cognitive control (Gray et al., 2005). The DLPFC is part of the
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frontoparietal control system (Vincent et al., 2008) which is interposed between an
exteroception-related dorsal attention system and an interoception-related hippocampal memory
system. Tinnitus can be considered an interoceptive sound perception, and the DLPFC has been
implicated in tinnitus (Mirz et al., 2000a) and aversive sound perception (Mirz et al., 2000b). As
such, it can be hypothesized that decreased activity in DLPFC might prevent patients with high
distress to have control over their tinnitus. The DLPFC has a bilateral facilitator effect on
auditory memory storage (Alain et al., 1998) and contains auditory memory cells (Bodner et al.,
1996). The DLPFC also exerts early inhibitory modulation of input to primary auditory cortex in
humans (Knight et al., 1989) and has been found to be associated with auditory attention (Alain
et al., 1998; Lewis et al., 2000; Voisin et al., 2006) resulting in top-down modulation of auditory
processing (Mitchell et al., 2005). This was further confirmed by electrophysiological data
indicating that tinnitus might occur as the result of a dysfunction in the top-down inhibitory
processes (Norena et al., 1999). Interestingly, a recent study reported that coupling between ACC
and the right frontal lobe correlates negatively with tinnitus intrusiveness, which is defined by
the authors as how bothersome and obtrusive the tinnitus is perceived (Schlee et al., 2008). This
latter finding is in accordance with our results which revealed increased alpha and beta activity
in the dACC and decreased activity in the DLPFC. Additionally, Jastreboff described the PFC as
a “candidate for the integration of sensory and emotional aspects of tinnitus” (Jastreboff 1990).
This is in accordance with the proposal that a general function of the DLPFC is to integrate
emotion and cognition (Gray et al., 2002).
More alpha activity in both the left and right AIC was also found for patients with severe
tinnitus-related distress who can or cannot cope with these phantom sounds. Imaging studies on
the insula associated increased activity within this area with subjective emotional and bodily
awareness (Craig, 2003), as well as interoception (Craig, 2003). The AIC has been implicated in
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autonomic nervous system control (Critchley, 2005; Critchley et al., 2004; Oppenheimer, 1993;
Oppenheimer et al., 1992) and might therefore be related to the autonomic components involved
in distress (Critchley et al., 2000; Wang et al., 2005), induced by the phantom sound. In a recent
study it was further revealed that the insula is involved in pain sensitivity (Baliki et al., 2009).
The combined activity of the dACC and AIC predicts how intense a pain stimulus is perceived
(Boly et al., 2007). This also suggests that the dACC-AIC activity is not specific for tinnitus but
is related to a more general function, possibly the autonomic component of a sensory stimulus.
The involvement of the parahippocampal area might be related to the constant updating of the
tinnitus percept, and as such preventing habituation (De Ridder et al., 2006b). Cells in the human
hippocampus and parahippocampal areas respond to novel stimuli with an increase in firing.
However, already on the second presentation of a stimulus, neurons in these regions show very
different firing patterns. In the parahippocampal region there is dramatic decrease in the number
of cells responding to the stimuli (Viskontas et al., 2006), suggesting a rapid habituation. This
rate of response decrement during trains of several stimulus repetitions is linear for acoustic
responses (Wilson et al., 1984). In contrast to the rapid auditory habituation in the
parahippocampal area, in the hippocampus there is recruitment of a large subset of neurons
showing inhibitory responses (Viskontas et al., 2006). Thus a novel stimulus normally is
associated with parahippocampal habituation and active hippocampal inhibitory activity.
Repetitive auditory stimuli both in animals (Bickford et al., 1993) and humans (Boutros et al.,
2008) lead to attenuation of ERPs, but with differences in hippocampal and parahippocampal
areas, as early hippocampal ERPs are not attenuated, in accordance with the abovementioned
single cell recordings. Based on these data it can be hypothesized that in tinnitus this mechanism
is

disrupted

with

persistent

parahippocampal

activity,

preventing

habituation.

The

parahippocampal area has been hypothesized to play a central role in memory recollection,
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sending information from the hippocampus to the association areas and a dysfunction in this
mechanism is posited as an explanation for complex auditory phantom percepts such as auditory
hallucinations (Diederen et al.). In line with this hypothetical mechanism tinnitus can be seen as
a result of constant sending of stored auditory information from the hippocampus to the auditory
association areas by persistent parahippocampal activity.
This is compatible with electrophysiological studies demonstrating that auditory habituation is
disrupted after amygdalohippocampal resections in humans (Hamalainen et al., 2007).
Furthermore injecting amibarbital, a short-acting barbiturate, supraselectively in the anterior
choroidal artery, which supplies the amygdalahippocampal area, contralaterally to the side on
which the tinnitus is perceived, can temporarily suppress the tinnitus in some patients (De Ridder
et al., 2006b) confirming these electrophysiological data. It has therefore been proposed that a
fundamental function in tinnitus of the amygdalahippocampal structures is the establishment of
auditory memory for tinnitus (Shulman, 1995).
The PCC has been shown to be involved in cognitive evaluation and memorization of sensory
input (Vogt et al., 1992). A decrease in this cognitive evaluation could therefore lead to an
increased emotional distress by insufficient cognitive appraisal of the unimportance of the
tinnitus percept. Functional connectivity has shown that the dorsal ACC is anticorrelated to the
PCC and precuneus (Margulies et al., 2007), compatible with the anticorrelated alpha activity in
this study.
The exact role of the precuneus in tinnitus is not established yet. In general this area is a
highly integrative structure, supposed to be involved in visuospatial imagery, episodic memory,
self-consciousness and the shifting of attention (Le, 1998). The precuneus is also involved in
unpleasant music perception (Blood et al., 1999), auditory imagery (Yoo et al., 2001), and
auditory memory retrieval (Buckner et al., 1996). Opposite to Mirz et al. (1999) who found
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increased activation in the precuneus using PET, we found decreased synchronized activity in
this area.

Delta, Theta, Alpha and Beta activity

Severe distress such as in posttraumatic stress disorder is associated with increased beta
activity especially over frontal and central areas (C3,C4,F3,F4) (Begic et al., 2001; Jokic-Begic
and Begic, 2003). In control subjects the dorsal part of the anterior cingulate and the prefrontal
cortex generates frontal midline theta (alternating with the VMPFC) (Asada et al., 1999). In
distressed tinnitus patients in contrast to controls low frequency activity (delta and theta) in the
dorsal ACC is decreased, i.e. normal theta activity is decreased, and alpha1, alpha2 and beta3
activity is increased. In highly distressed vs. lowly distressed patients alpha1 and alpa2 is even
more increased, suggesting that the amount of alpha activity correlates with the amount of
distress. The beta3 activity does not differ between the high and low distress groups, indicating
that it is equally elevated in both groups. Beta activity might therefore represent a more general
distress activity, compatible with what is known for PTSD.

Tinnitus intensity and tinnitus distress

On the one hand it has been shown that tinnitus intensity correlates with the current density of
gamma band activity in the contralateral auditory cortex (van der Loo et al., 2009). On the other
hand our findings suggest that the amount of distress in tinnitus patients is related to an alpha
network consisting of the amygdala-ACC- insula-parahippocampal area.
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This distress network might not be a unique to tinnitus but it shares components such as the
amygdala-ACC and insula which are also involved in the affective aspects of pain (Moisset and
Bouhassira, 2007; Price, 2000). As it has been shown that some of these brain structures are also
shared between pain and dyspnea in asthma (von Leupoldt et al., 2009) it can be proposed that
this network represents an aspecific general distress network which can become activated by
different triggers.

In conclusion

Several prior studies on the neurophysiology of tinnitus focused primarily on changes in the
auditory system. Nevertheless, several imaging studies showed activation of higher-order
association areas and the limbic system during tinnitus perception (Gardner et al., 2002; Giraud
et al., 1999; Plewnia et al., 2007b). The attentional and emotional state is tightly connected with
tinnitus perception and the related distress (Folmer et al., 2001; Newman et al., 1997). It is
interesting that the areas found are similar to the emotional components of the pain matrix
(Craig, 2003; Critchley, 2005; Phan et al., 2002; Peyron et al., 2000). Unpleasantness of pain
activates the anterior cingulate and prefrontal cortices (Mobascher et al., 2009), amygdala, and
insula (Brooks et al., 2005). This suggests that the perception of tinnitus and pain intensity could
be related to auditory and somatosensory cortex activation respectively, but that the distress
associated with its perception might be related to activation of a common ‘emotional and
attentional distress network’.
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Table 1. Population statistics
1
3
3

Tinnitus Grade
2
3
3
3
4
4

4
2
5

sex

Male
Female

age

M
SD

56.40
11.97

51.50
11.15

52.00
14.89

58.80
8.20

duration

M
SD

4.10
3.85

5.58
5.00

6.57
5.50

4.60
3.36

type

Pure Tone
Narrow Band Noise

2
4

2
5

2
5

2
5

laterality

Unilateral
Bilateral

2
4

4
3

4
3

5
2
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Table 2. t-scores for each variable included in the regression model for respectively Alpha1
and Alpha 2 frequency band.
BA
Region
Side
t-score
Alpha1
Model:
TQ = 26.90 – 17.98 BA9-46 + 19.83 BA25

BA9-46
BA25
Alpha 2
Model:

DLPFC
scACC

R
L+R

3.01
-2.22

TQ = 33.95 – 19.92BA9-46 + 116.71BA23 L -120.56BA23 R + 25.86BA25 -19.57 BA36-37L + 22.00BA36-37 R

BA9-46
BA23
BA23
BA25
BA36-37
BA36-37

DLPFC
PCC
PCC
scACC
Parahippocampal area
Parahippocampal area

Abbreviations: L: left; R: right

R
L
R
L+R
L
R

2.18
1.81
1.90
2.03
-2.00
2.06
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Table 3. Summary of Results
High vs. Low distress
Increased

Decreased

alpha1 (8-10 Hz)

amygdala
parahippocampal gyrus (BA36)
nucleus accumbens-VTA area
subcallosal anterior cingulate (BA25)

alpha2 (10.5-12.5 Hz)

amygdala
middle temporal gyrus (BA21)
parahippocampal gyrus (BA36 and 37)

alpha1 (8-10 Hz)

-

alpha2 (10.5-12.5 Hz)

posterior cingulate (BA23)
precuneus (BA7)

Non-coping vs. Coping
Increased

Decreased

alpha1 (8-10 Hz)

amygdala
anterior cingulate (BA25)
insula (BA 13)
parahippocampal gyrus (BA37)
subcallosal gyrus (BA25)

alpha2 (10.5-12.5 Hz)

amygdala
insula (BA13)
parahippocampal gyrus (BA36)
subcallosal gyrus (BA25)

alpha1 (8-10 Hz)

precuneus (BA7)

alpha2 (10.5-12.5 Hz)

precuneus (BA7)
posterior cingulate (BA23)

Coping: High vs. Low distress
Increased

Decreased

alpha1 (8-10 Hz)

-

alpha2 (10.5-12.5 Hz)

precuneus (BA7)

alpha1 (8-10 Hz)

dorsal lateral prefrontal cortex (BA9 and BA46)
precentral gyrus (BA6)

alpha2 (10.5-12.5 Hz)

dorsal lateral prefrontal cortex (BA9 and BA46)
ventrolateral prefrontal cortex (BA8)
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Fig. 1. Significant results for current density amplitude analysis in the alpha1band. LORETA
current source density in the alpha1 (8-10
(8
Hz) band was higher in high distress tinnitus patients
than among low distress tinnitus patient in the subcallosal anterior cingulate gyrus (BA25),
parahippocampal gyrus (BA36) and amygdala.
amygdala Coordinates and t-values
values for the voxe
voxel are printed
above the picture of the sagittal section. All t-statistic that are positive, are displayed in red (high
(
distress tinnitus patients than among low distress tinnitus patient). Displayed are the horizontal
(left) sagittal (middle), and coronal (right) sections through the voxel with maximal t-statistic.
This image shows significant results only.
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Fig. 2. Significant results for current density amplitude analysis in the alpha2 band. LORETA
current source density in the alpha2
al
(10.5-12.5 Hz) band was high distress tinnitus patients than
among low distress tinnitus patient in the parahippocampal gyrus (BA36
A36 and 37),
37 amygdala and
in extension the middle temporal gyrus (BA21) and the opposite for the posterior cingulate
(BA23),, and precuneus (BA7). Coordinates and t-values
values for the voxel are printed above the
picture of the sagittal section. t-statistic that are positive,, are displayed in red (the mean of high
distress tinnitus patients was greater than the mean low distress tinnitus patient) and negative, are
displayed in blue (the mean low distress tinnitus patients greater than mean in high distress
tinnitus patient). Displayed are the horizontal (left) sagittal (middle), and coronal (right) sections
through the voxel with maximal t-statistic.
statistic. This image shows significant results only.
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Fig. 3.. Significant results for current density amplitude analysis in the alpha1 band. LORETA
current source density in the alpha1 (8-10
(8
Hz) band was higher in higher for non-coping
non
tinnitus
patients than among tinnitus patient who can cope with their tinnitus in the insula (BA 13),
anterior cingulate (BA25),, subcallosal gyrus (BA25), parahippocampal gyrus (BA37) and
amygdala and the opposite for precuneus (BA7). Coordinates and t-va
values for the voxel are
printed above the picture of the sagittal section. t-statistic that are positive, are displayed in red
(the mean for non-coping
coping tinnitus patients is greater than the mean of tinnitus patient who can
cope with their tinnitus) and nega
negative, are displayed in blue (the
the mean for coping tinnitus patients
is greater than the mean of tinnitus patient who cannot cope with their tinnitus
tinnitus). Displayed are
the horizontal (left) sagittal (middle), and coronal (right) sections through the voxel with
maximal t-statistic.
statistic. This image shows significant results only.
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Fig. 4.. Significant results for current density amplitude analysis in the alpha2 band. LORETA
current source density in the alpha1 (10.5
(10.5-12.5 Hz)) band was higher in higher for non-coping
tinnitus patients than among tinnitus patient who can cope with their tinnitus in the insula
(BA13) subcallosal gyrus (BA25), parahippocampal gyrus (BA36) and amygdala and

the

opposite for precuneus (BA7). Coordinates and t-values forr the voxel are printed above the
picture of the sagittal section. t-statistic that are positive, are displayed in red ((the mean for
coping tinnitus patients with high distress is greater than the mean of tinnitus patient who can
cope with low distress) andd negative,
negative are displayed in blue (the
the mean for coping tinnitus patients
with low distress is greater than the mean of tinnitus patient who can cope with high distress).
distress
Displayed are the horizontal (left) sagittal (middle), and coronal (right) sections through
th
the
voxel with maximal t-statistic.
statistic. This image shows significant results only.
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Fig. 5. Significant results for current density amplitude analysis in the alpha1 band. LORETA
current source density in the alpha1 (8-10 Hz) band was higher in low distress coping tinnitus
patients than among high distress coping tinnitus patients in the dorsal lateral prefrontal cortex
(BA9 and BA46) and precentral gyrus (BA6). Coordinates and t-values for the voxel are printed
above the picture of the sagittal section. t-statistic that are positive, are displayed in red (the
mean of high distress coping tinnitus patients was greater than the low distress coping tinnitus
patients) and negative, are displayed in blue (the mean of low distress coping tinnitus patients
was greater than the high distress coping tinnitus patients). Displayed are the horizontal (left)
sagittal (middle), and coronal (right) sections through the voxel with maximal t-statistic. This
image shows significant results only.
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Fig. 6. Significant results for current density amplitude analysis in the alpha2 band. LORETA
current source density in the alpha1 (10.5-12.5 Hz) band was higher in high distress coping
tinnitus patients than among low distress coping tinnitus patients in the precuneus (BA7) the
opposite for dorsal lateral prefrontal cortex (BA9 and BA46) and ventrolateral prefrontal cortex
(BA8). Coordinates and t-values for the voxel are printed above the picture of the sagittal
section. t-statistic that positive, are displayed in red (the mean of high distress coping tinnitus
patients was greater than the low distress coping tinnitus patients) and negative, are displayed in
blue (the mean of low distress coping tinnitus patients was greater than the high distress coping
tinnitus patients). Displayed are the horizontal (left) sagittal (middle), and coronal (right)
sections through the voxel with maximal t-statistic. This image shows significant results only.
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Fig. 7. Significant results for current density amplitude analysis in respectively delta, theta,
alpha (alpha1 + alpha 2) and beta3. LORETA current source density in delta (2-3.5 Hz) en theta
(4-7.5 Hz), was lower in distressed tinnitus patients than in a control group, while for alpha (812.5 Hz) and beta3 (21-24.5 Hz) was higher distressed tinnitus patients than in a control group in
cingulate cortex (BA24 BA32). Similar to beta3, also significant difference were found for beta4
(25-28.5 Hz) and beta5 (29-32.5 Hz).
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