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Abstract—Tinnitus is described as an auditory perception in
the absence of any external sound source. Tinnitus loudness
has been correlated to sustained high frequency gamma-
band activity in auditory cortex. It remains unknown whether
unilateral tinnitus is always generated in the left auditory
cortex, irrespective of the side on which the tinnitus is per-
ceived, or in the contralateral auditory cortex. In order to
solve this enigma source localized electroencephalographic
(EEG) recordings of a homogenous group of unilateral left
and right-sided tinnitus patients presenting with noise-like
tinnitus was analyzed. Based on a region of interest analysis,
the most important result of this study is that tinnitus later-
alization depended on the gamma-band activity of the con-
tralateral parahippocampal area. As for the auditory cortex no
differences were found between left-sided and right-sided
tinnitus patients. However, in comparison to a control group
both left and right-sided tinnitus patients had an increased
gamma-band activity in both the left and right primary and
secondary auditory cortex. Thus whereas in tinnitus the pri-
mary and secondary auditory cortices of both sides are char-
acterized by increased gamma-band activity, the side on
which the tinnitus is perceived relates to gamma-band activ-
ity in the contralateral parahippocampal area. © 2011 IBRO.
Published by Elsevier Ltd. All rights reserved.
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Tinnitus is described as an auditory phantom perception
(e.g. a tone, hissing, or buzzing sound, and sometimes
combinations of such perceptions) in the absence of an
external sound source. From time to time almost everyone
experiences some form of auditory phantom percept; how-
ever, in most cases this sensation disappears within sec-
onds or minutes. In 5-15% of the adult population in west-
ern societies tinnitus persists (Heller, 2003). Those pa-
tients perceive a constant ringing, buzzing or hissing in the
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ear which can be quite dominant, especially in a quiet
environment. About 1-3% of the entire population
(Axelsson and Ringdahl, 1989) or 20% of the patients
perceiving tinnitus experience tinnitus with high distress,
which has a severe impact on the patients’ quality of life.
Problems can include anxiety, depression, irritability, agi-
tation, insomnia or depression (Mgller, 2007).

Based on magnetoencephalography (MEG), thalamo-
cortical dysrhythmia has been proposed as a pathophysi-
ological model for tinnitus generation (Llinas et al., 1999).
According to this pathophysiological model tinnitus is
caused by an abnormal, spontaneous and constant gam-
ma-band activity (>30 Hz) generated as a consequence of
hyperpolarization of specific thalamic nuclei. In normal
circumstances auditory stimuli increase thalamocortical
rhythms from alpha to gamma-band oscillations (Joliot et
al.,, 1994). In the deafferented state however, the oscilla-
tion rates decrease to theta-band activity (4—7 Hz) (Ste-
riade, 2006). As a result, GABAa-mediated lateral inhibi-
tion is reduced, inducing a surrounding coupled gamma-
band activity known as the “edge effect.” This edge or halo
is suggested to be related to the positive symptoms (Llinas
et al., 1999, 2005). This theta—gamma coupling has been
confirmed by recordings from electrodes overlying the sec-
ondary auditory cortex in a tinnitus patient and is only
present at the area where the tinnitus is generated (De
Ridder, 2010).

Tinnitus perception has indeed been correlated to sus-
tained high frequency gamma-band activity in temporal
areas in humans in quantitative electroencephalographic
(QEEG) (Ashton et al., 2007) and MEG studies (Llinas et
al., 1999, 2005; Weisz et al., 2007). Furthermore the gam-
ma-band activity on EEG correlates with the perceived
phantom sound intensity (van der Loo et al., 2009). Weisz
et al. propose that hemispheric dominance of tinnitus gen-
eration is determined by high frequency activity around 55
Hz in presence of slow-wave activity in the contralateral
auditory cortex (Weisz et al., 2007).

An ongoing debate discusses whether tinnitus is al-
ways generated in the left or the contralateral auditory
cortex. This debate arose because of dissimilar functional
imaging results. Functional MRI (Melcher et al., 2000;
Smits et al., 2007), MEG (Muhlnickel et al., 1998; Llinas et
al., 2005; Weisz et al., 2007) and EEG (van der Loo et al.,
2009) suggest the neural generator of the tinnitus is lo-
cated in the contralateral auditory cortex (Smits et al.,
2007) and inferior colliculus (Melcher et al., 2000),
whereas most positron emission tomography (PET) stud-
ies suggest tinnitus is always generated in the left auditory
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cortex (Arnold et al., 1996; Eichhammer et al., 2007). But
some earlier PET studies show increased metabolic activ-
ity in the auditory system of patients with tinnitus on the
side contralateral to the side of perceived tinnitus com-
pared with healthy volunteers. Other PET studies however
report left-sided auditory cortex activation in predominantly
left-sided tinnitus (Andersson et al., 2000) or irrespective of
the tinnitus side (Arnold et al., 1996).

Similar findings are demonstrated from modulating the
auditory cortex. Several studies have demonstrated that
using transcranial magnetic stimulation (TMS) targeting
the left auditory cortex irrespective of the lateralization of
tinnitus can suppress tinnitus (Langguth et al., 2006b;
Kleinjung et al., 2008). Yet other studies using TMS or
implanted extradural cortex stimulation reveal that modu-
lating the contralateral auditory cortex to the tinnitus can
also suppress tinnitus (De Ridder et al., 2007, 2010). In a
recent study it was shown that both left sided and con-
tralateral stimulation exert a beneficial effect but that con-
tralateral stimulation is better than left sided stimulation
(De Ridder, 2010; Khedr et al., 2010).

The purpose of our study was to find the neural corre-
lates for tinnitus lateralization. We used source localized
EEG recordings of a homogenous group of unilateral left
and right-sided tinnitus patients and analyzed the spectral
components related to the tinnitus in gamma-band activity.
We opt to use only the gamma band as previous research
already hypothesized that this band in particular is impor-
tant for tinnitus lateralization (Weisz et al., 2007). We
compare both groups (left-sided and right-sided) of strictly
unilateral tinnitus patients with a control group. Further-
more, region of interest analyses were conducted for the
primary auditory cortex, the secondary auditory cortex and
the parahippocampal area, both left and right side. We
include the parahippocampal area as previous research
already suggests the involvement of this area in the gen-
eration of tinnitus (De Ridder et al., 2006; Landgrebe et al.,
2009). The involvement of the parahippocampus might be
related to the constant updating of the tinnitus percept from
memory and as such prevent habituation (De Ridder et al.,
2006). The parahippocampal area has been considered
the gatekeeper to the hippocampus (Tulving and Markow-
itsch, 1997). Repetitive auditory stimuli both in animals
(Bickford et al., 1993) and humans (Boutros et al., 2008)
lead to attenuation of evoked potentials, but with differ-
ences in hippocampal and parahippocampal areas, as
early hippocampal evoked potentials are not attenuated, in
accordance with studies performed with single cell record-
ings (Viskontas et al., 2006). Based on these data it can be
hypothesized that in tinnitus this mechanism is disrupted
with persistent parahippocampal activity, preventing habit-
uation. The parahippocampal area has been hypothesized
to play a central role in memory recollection, sending in-
formation 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., 2010). Also
connectivity analyses are performed for both groups of
unilateral tinnitus patients with a control group.

EXPERIMENTAL PROCEDURES
Participants

Forty-six tinnitus patients (n=46; 24 males and 22 females) with
strictly unilateral narrow band noise tinnitus, that is, without tinni-
tus in the other ear, with a mean age of 52.52 (SD=12.54; range
20-63) were selected from the multidisciplinary Tinnitus Re-
search Initiative (TRI) Clinic of the Antwerp University Hospital,
Belgium. The mean tinnitus duration was 5.11 years (SD=7.21;
range: 1-25). Twenty-six patients presented with exclusive left-
sided tinnitus and 20 patients with exclusive right-sided tinnitus.
Individuals with pulsatile tinnitus, Méniére’s disease, otosclerosis,
chronic headache, neurological disorders such as brain tumors,
and individuals being treated for mental disorders were not in-
cluded in the study in order to obtain a very homogeneous sample.

All patients were investigated for the extent of hearing loss
using audiograms. Participants were requested to refrain from
alcohol consumption 24 h prior to recording, and from caffeinated
beverages consumption on the day of recording. Patient’s subjec-
tive tinnitus loudness perception was obtained on a Visual Ana-
logue Scale (VAS) from 0-10 and a validated Dutch translation of
the Tinnitus Questionnaire (TQ) (Meeus et al., 2007) was used to
asses tinnitus-related distress. No significant differences were
found between tinnitus patients for the tinnitus duration, ages,
VAS and the TQ. Gender was equally balanced. No significant
differences were found for hearing loss, as measured by the loss
in decibels (dB SPL) at the tinnitus frequency. See Table 1 for
overview.

EEG data collection

EEGs (Mitsar, Nova Tech EEG, Inc, Mesa) were obtained in a fully
lighted room with each participants sitting upright in a comfortable
chair. 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, 02)
in the standard 10-20 International placement referenced to
linked lobes and impedances were checked to remain below 5 k().
Data were collected for 100 2-s epochs eyes closed, sampling

Table 1. Patients’ characteristics

Lateralization

Left Right Control P-value
Sex
Male 14 10 10 .59
Female 12 10 11
Age
M 51.00 53.68 56.33 19
SD 14.85 10.63 7.61
Tinnitus
duration
M 5.29 4.85 - .84
SD 6.49 8.36
VAS intensity
M 6.44 5.71 - .30
SD 2.11 2.93
TQ
M 47.94 40.72 - 49
SD 10.72 17.52
Hearing loss®
M 30.58 33.75 - 72
(dB HL)
SD 15.99 17.74

2 Mean HL at the tinnitus frequency.
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rate=1024 Hz, and band passed 0.15-200 Hz. Data were resa-
mpled to 128 Hz, band-pass filtered (fast Fourier transform filter)
to 2—44 Hz. These data were transposed into Eureka! Software
(Congedo, 2002), plotted and carefully inspected for manual for
artifacts. All episodes containing artifacts including eye blinks, eye
movements, teeth clenching, body movement, or electrocardiog-
raphy artifacts were removed from the stream of the electroen-
cephalography (EEG). In addition, an independent component
analysis (ICA) was conducted to further verify if all artifacts were
excluded, analogue to Moazami-Goudarzi (Moazami-Goudarzi et
al.,, 2010). We employed the group blind source separation ap-
proach consisting of the approximate joint diagonalization of
grand-average Fourier co-spectral matrices (Congedo et al.,
2010a,b). Such method can separate uncorrelated sources with
non-proportional power spectra (Congedo et al., 2008) and is
analogous to the averaging group ICA approach described for
functional magnetic resonance imaging (fMRI) by Schmithorst and
Holland (Schmithorst and Holland, 2004) and for EEG by
Congedo et al. (Congedo et al., 2010a,b). To investigate the effect
of a possible ICA component rejection, we compared the power
spectra in two approaches: (1) after visual artifact rejection only
(before ICA) and (2) after additional ICA component rejection
(after ICA). To test for significant differences between the two
approaches we performed a repeated-measure ANOVA, consid-
ering mean band power as within-subject variables and groups
(left-sided and right-sided) as between-subject variable. The
mean power gamma (30.5-44 Hz) did not show a statistically
significant difference between the two approaches (P>.87).
Therefore, we continue by reporting the results of ICA corrected
data.

Control subjects

Similar to the tinnitus patients EEGs (Mitsar, Nova Tech EEG, Inc,
Mesa) were obtained for a control group (n=21; 11 males and 10
females) in a fully lighted room with each participant sitting upright
in a comfortable chair in the same measurement situation. The
mean age of the control subjects was 56.33 years (SD=7.61;
range: 20—63). The control group was age and gender matched.

Source localization

Standardized low-resolution brain electromagnetic tomography
(sLORETA) was used to estimate the intracerebral electrical
sources that generated the scalp-recorded activity in the gamma
frequency bands (Pascual-Marqui, 2002). sSLORETA computes
electric neuronal activity as current density (A/m?) without assum-
ing a predefined number of active sources. The sSLORETA solution
space consists of 6,239 voxels (voxel size: 5X5x5 mm?®) and is
restricted to cortical gray matter and hippocampi, as defined by
digitized MNI152 template (Fuchs et al., 2002). Scalp electrode
coordinates on the Montreal Neurological Institute (MNI) brain are
derived from the international 5% system (Jurcak et al., 2007).
The tomography sLORETA has received considerable valida-
tion from studies combining LORETA with other more established
localization methods, such as fMRI (Vitacco et al., 2002; Mulert et
al., 2004), structural MRI (Worrell et al., 2000), PET (Dierks et al.,
2000; Pizzagalli et al., 2004; Zumsteg et al., 2005). Further
sLORETA validation has been based on accepting as ground truth
the localization findings obtained from invasive, implanted depth
electrodes, in which case there are several studies in epilepsy
(Zumsteg et al., 2006a,c) and cognitive ERPs (Volpe et al., 2007).
It is worth emphasizing that deep structures such as the anterior
cingulate cortex (Pizzagalli et al., 2001), and mesial temporal
lobes (Zumsteg et al., 2006b) can be correctly localized with these
methods. In the current implementation of sSLORETA, computa-
tions were made in a realistic head model (Fuchs et al., 2002),
using the MNI152 template (Mazziotta et al., 2001), with the
three-dimensional solution space restricted to cortical gray matter,

as determined by the probabilistic Talairach atlas (Lancaster et al.,
2000). The standard electrode positions on the MNI152 scalp
were taken from (Jurcak et al., 2007) and (Oostenveld and Praam-
stra, 2001). The intracerebral volume is partitioned in 6239 voxels
at 5 mm spatial resolution. Thus, sSLORETA images represent the
standardized electric activity at each voxel in neuroanatomic MNI
space as the exact magnitude of the estimated current density.
Anatomical labels as Brodmann areas are also reported using
MNI space, with correction to Talairach space (Brett et al., 2002).

Region of interest analysis

The log-transformed electrical current density was averaged
across all voxels belonging to the region of interest, for primary
auditory cortex (BA41), secondary auditory cortex (BA21, BA22)
and the parahippocampus (BA35). This was analyzed for left and
right sided tinnitus separately for the gamma (30.5-45 Hz) fre-
quency band.

Functional connectivity

Coherence and phase synchronization between time series cor-
responding to different spatial locations are usually interpreted as
indicators of the “functional connectivity.” However, any measure
of dependence is highly contaminated with an instantaneous,
non-physiological contribution due to volume conduction (Pas-
cual-Marqui et al., 2011). However, Pascual-Marqui et al. (2011)
introduced a new technique (i.e. Hermitian covariance matrices)
that removes this confounding factor (Pascual-Marqui et al.,
2011). Based on the method this measure of dependence can be
applied to any number of brain areas jointly, that is, they reflect a
global functional connectivity between all series included in the
analysis. The measures are expressed as the sum of lagged
dependence and instantaneous dependence. The measures are
non-negative, and take the value zero only when there is inde-
pendence and are defined in the gamma (30.5-45 Hz) frequency
domain. Based on this principle lagged linear connectivity was
calculated. Regions of interest selected were the parahippocam-
pal area (BA35), primary auditory cortex (BA41), secondary audi-
tory cortex (BA21, BA22).

Statistical analyses

In order to identify potential differences in brain electrical activity
between conditions, sSLORETA was then used to perform voxel-
by-voxel between-condition comparisons of the current density
distribution (f-test). Nonparametric statistical analyses of func-
tional sLORETA images (statistical non-parametric mapping;
SnPM) were performed for each contrast employing a t-statistic for
paired groups and a corrected (P<0.05). As explained by Nichols
and Holmes, the SnPM methodology does not require any as-
sumption of Gaussianity and corrects for all multiple comparisons
(Nichols and Holmes, 2002). We performed one voxel-by-voxel
test (comprising 6,239 voxels each) for the gamma frequency
band.

A comparison was made using one-way ANOVA for the re-
spective regions of interest (left primary auditory cortex, right
primary auditory cortex, left secondary auditory cortex, right sec-
ondary auditory cortex, left parahippocampal area and right para-
hippocampal area) between left-sided tinnitus patients, right-sided
tinnitus patients and a control group. Next, also a repeated mea-
sure ANOVA was conducted with the parahippocampal area (left
and right) as within-subject variable and tinnitus side (left and
right) as between subject variable. Similar analyses were con-
ducted for respectively the primary and secondary auditory cortex.

Connectivity contrast maps were calculated through multiple
voxel-by-voxel between-condition comparisons of the current den-
sity distribution. Again a comparison was made between the tin-
nitus group (left-sided tinnitus and right-sided tinnitus, respec-
tively) and control subjects.
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Fig. 1. Comparison between a respectively left-sided tinnitus patient with a control group and right-sided tinnitus patient with control group for the
gamma-band frequency (30.5—44 Hz). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.

RESULTS

An sLORETA comparison between left and right-sided
tinnitus for gamma-band activity revealed no significant
differences. A similar analysis comparing left-sided tinnitus
patients with a control group revealed however a signifi-
cant effect (P<.05) within the right parahippocampal area.
This demonstrated that left-sided tinnitus patients har-
bored more gamma activity in that area (see Fig. 1, top
panel). Also a significant effect was obtained when com-
paring right-sided tinnitus patients with a control group,
indicating that there was more synchronized gamma activity
in the left parahippocampal area (see Fig. 1, bottom panel).

A one-way ANOVA revealed that when comparing left-
sided tinnitus patients, right-sided tinnitus patients and a con-
trol group a significant main effect can be noted for respec-
tively the left primary auditory cortex (F(2,66)=8.97, P<.001),
right primary auditory cortex (F(2,66)=6.50, P<.01), left sec-
ondary auditory cortex (F(2,66)=>5.76, P<.01), right second-
ary auditory cortex (F(2,66)=3.38, P<.05), left parahip-
pocampal area (F(2,66)=3.32, P<.05), and a marginal sig-
nificance for the right parahippocampal area (F(2,66)=2.52,
P<.10) (see Fig. 2 for overview). A Bonferroni multiple com-
parison analysis revealed that for left primary auditory cortex,
right primary auditory cortex, left secondary auditory cortex,
right secondary auditory cortex respectively left-sided tinnitus

patients and right-sided tinnitus patients significantly differ
from the control group (P<.05). Both left-sided tinnitus and
right-sided tinnitus patients did not differ from each other for
this ROI. However, for the left parahippocampal area, right-
sided tinnitus patients significantly differ from respectively
left-sided tinnitus patients and the control group (P<.05). No
difference was found for left-sided parahippocampal activity be-
tween left-sided tinnitus patients and the control group. The
opposite was found for the right parahippocampal area. Left-
sided tinnitus patients significantly differ from respectively
right-sided tinnitus patients and the control group (P<.10). No
difference was found for right parahippocampal activity be-
tween right-sided tinnitus patients and the control group.

A repeated measure ANOVA yielded a significant two-
way interaction effect between the parahippocampal area
(left vs. right) X tinnitus side (left vs. right), F(1,44)=5.19,
P<.05 (see Fig. 3). Simple contrast analysis indicated that
the right parahippocampal area has marginal significantly
higher logarithmic current density in comparison to the left
parahippocampal area for the left-sided tinnitus (F(1,44)=
2.74, P<.05). Similar analysis revealed also that the left para-
hippocampal area has a trend with a higher logged current
density in comparison to the right parahippocampal area for
the right-sided tinnitus (F(1,44)=2.82, P<.05). No effect
could be obtained for the main effect of tinnitus side (left vs.
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Fig. 2. Logged transformed averaged current density for the gamma-band frequency (30.5-44 Hz) comparing left-sided tinnitus patients, right-sided
tinnitus patients and control group showed a significant effect of the left primary auditory cortex (F(2,66)=8.97, P<.001), the right primary auditory
cortex (F(2,66)=6.50, P<.01), the left secondary auditory cortex (F(2,66)=5.76, P<.01), the right secondary auditory cortex (F(2,66)=3.38, P<.05),
the left parahippocampal area (F(2,66)=3.32, P<.05), and a marginal significance for the right parahippocampal area (F(2,66)=2.52, P<.10).

right) or parahippocampal area (left vs. right). As for the
region of interest analyses for primary auditory cortex as well
as for the secondary primary auditory cortex no significant
main and interaction effects were obtained.

A connectivity analysis between left and right-sided
tinnitus for gamma-band activity revealed no significant
differences. A connectivity analysis between left-sided tin-
nitus patients and control subjects demonstrated a signif-
icant (P<.01; see Fig. 4 and Table 2) increased synchro-
nized gamma connectivity from the right parahippocampal
area to the left primary auditory cortex. From the left pri-

2,25

2,15

2,05

1,95 A

Log-transformed avearged current density

1,85

mary auditory cortex increased gamma synchronized con-
nectivity was found to the right primary auditory and right
secondary auditory cortex and from the right secondary
auditory cortex to the left secondary auditory cortex.

A connectivity analysis between the right-sided tinnitus
patients and control subjects revealed significant (P<.01;
see Fig. 5 and Table 3) increased synchronized gamma
connectivity between the left parahippocampal area to left
and right secondary auditory. In addition also a significant
connection was found between the right secondary audi-
tory and the left primary auditory cortex and from the left

= |eft parahippocampal area

===right parahippocampal area

1.75
left sided tinnitus
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Fig. 3. Significant two-way interaction effect (F(1,44)=5.19, P<.05) for the logged transformed averaged current density for the gamma-band
frequency (30.5—-44 Hz) when comparing left with right-sided tinnitus for respectively of the left and right parahippocampal area.
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Fig. 4. Significant differences in functional connectivity between left-sided tinnitus patients and control subjects for the gamma-band frequency
(30.5—44 Hz). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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Table 2. Coherence group means for left-sided tinnitus patient vs.
control

A2 left PHC left A1lright A2right PHC right

A1 left 1125  12.86 15.90 7.96 11.13
A2 left 10.54 16.22 14.09 15.59
PHC left 12.86 8.07 10.51
A1 right 10.13 10.74
A2 right 8.07

primary cortex to the right primary auditory cortex for the
right-sided tinnitus patients. Also functional connectivity
was found between the left and right secondary cortex.
Finally increased significant synchronized gamma connec-
tivity was found between the left primary auditory cortex
and the right parahippocampal area.

DISCUSSION

The aim of the present study was to detect functional
differences in gamma-band activity in resting state EEG for
left and right-sided tinnitus patients in order to further
explore the discussion on the cerebral lateralization of
tinnitus. The most important result of this study is that
tinnitus lateralization depended on the parahippocampal
area. More precisely, unilateral tinnitus is characterized by
more synchronized gamma activity in the contralateral
parahippocampal area. As for the auditory cortex no dif-
ferences were found between left-sided and right-sided
tinnitus patients. However, in comparison to the control
group both left and right-sided tinnitus patients had an
increased gamma-band activity in both the left and right
primary and secondary auditory cortex. Connectivity anal-
ysis further revealed that the parahippocampal area plays
an important role in both left-sided and right-sided tinnitus
and has connections with the auditory cortex. It was further
revealed that the parahippocampal areas are directly or
indirectly connected with the primary and secondary audi-
tory cortex, more so than in control subjects.

While previous research already indicated that there
was a difference between bilateral tinnitus and respectively
left- and right-sided tinnitus in the parahippocampal area
within the gamma frequency band (Vanneste et al., 2011).
Our results extend these findings by indicating that there
is a lateralization effect within left- and right-sided tinni-
tus patients for the parahippocampal area. The parahip-
pocampal involvement in tinnitus pathophysiology is
demonstrated by histopathologic findings of posterior
hippocampus (i.e. parahippocampal area) lesions in pa-
tients, who experience tinnitus as a symptom of methyltin
intoxications (Rey et al., 1984; Kreyberg et al., 1992).
Bilateral hippocampal resection with remaining posterior
parahippocampal areas can cause tinnitus, as evidenced
by the case of famous amnestic patient H.M. (Corkin et al.,
1997). Further electrophysiological studies demonstrated
that auditory habituation is disrupted after amygdalohippo-
campal resections in humans (Hamalainen et al., 2007).
Injecting amibarbital, a short-acting barbiturate, suprase-
lectively in the anterior choroidal artery, which supplies the

amygdalohippocampal area, contralaterally to the side on
which the tinnitus is perceived, can temporarily suppress
pure tone tinnitus in some patients (De Ridder et al., 2006)
confirming these electrophysiological data.

Our data confirm that the parahippocampal area plays
an important role in tinnitus. However our results further
suggest that left-sided tinnitus is characterized by high
current density activity in the right parahippocampus, while
the opposite is present for right-sided tinnitus.

Because there is a direct connection between the para-
hippocampus and the auditory cortex (Grunwald et al.,
2003; Boutros et al., 2005, 2008; Korzyukov et al., 2007),
increased gamma activity in the parahippocampus can
lead to increased gamma activity in the auditory cortex.
This study confirms the involvement of the auditory cortex
in tinnitus in accordance with previous functional imaging
(Arnold et al., 1996; Langguth et al., 2006a) as well as
treatment studies (Eichhammer et al., 2003; De Ridder et
al., 2010). Surprisingly, however is that this study does not
show any differences in auditory cortex gamma-band ac-
tivity between left and right-sided tinnitus. Other studies
have found that tinnitus intensity seems to correlate with
increased gamma-band activity in the contralateral audi-
tory cortex (van der Loo et al., 2009). This study, however,
did not look for correlations between gamma-band activity
and the perceived intensity of the phantom sound. MEG
data found increased gamma in the auditory cortex in
tinnitus patients in comparison to a control group (Weisz et
al., 2007), a result confirmed in this EEG study. Yet the
laterality index at 55 Hz observed in the MEG study was
not computed here as the EEG was filtered to 45 Hz,
analyzing only low frequency gamma-band activity. Our
findings further reveal that respectively left and right para-
hippocampal areas are connected to the left and right
auditory cortex and the left and right auditory cortex are
have more synchronized gamma connectivity in tinnitus
patients. That is, for left-sided tinnitus patients the right
parahippocampal area has increased synchronized gamma
connectivity with the right auditory cortex and for right-
sided tinnitus patients an increased synchronized gamma
connectivity with the left auditory cortex was found. How-
ever for the right-sided tinnitus patients also increased
synchronized gamma connectivity was found between the
right parahippocampal area and the left auditory cortex.

It is unclear why no differential activity is found in the
auditory cortex. One potential explanation could be that
other forms of tinnitus (e.g. pure tone tinnitus) may be
accompanied by changes in the auditory cortex. Recent
findings also suggest that the involvement of the auditory
cortex in the pathophysiology of tinnitus decreases with
increasing tinnitus duration (De Ridder et al., 2005; Klein-
jung et al., 2007; Schlee et al., 2009), and the average
tinnitus duration of the patient population studied was 4.68
years, that is, after 4 years, when auditory cortex involve-
ment changes (Schlee et al., 2009). It is also possible that
high frequency gamma-band activity (>45 Hz) lateralizes
in contrast to low frequency gamma-band activity, analo-
gous to MEG data (Weisz et al., 2007), or that only gamma
nested on theta lateralizes (Weisz et al., 2007).
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Fig. 5. Significant differences in functional connectivity between right-sided tinnitus patients and control subjects for the gamma-band frequency
(30.5—44 Hz). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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Table 3. Coherence group means for right-sided tinnitus patient vs.
control

A2 left PHCleft A1right A2right PHC right

A1 left 11.24 12.94 15.92 8.00 11.16
A2 left 10.54 16.27 1412 15.61
PHC left 12.94 8.16 10.56
A1 right 10.13 10.82
A2 right 8.16

Although our results give a good indication between the
difference in left-sided and right-sided tinnitus, the method
applied make use of a low-resolution brain tomography.
Deep sources located in the limbic system and thalamic
areas are not possible to detect with source localized EEG.
Other neuroimaging techniques such as high-resolution fMRI
are necessary to further explore these deep structures.

In conclusion, our results reveal that the parahip-
pocampus is important in the lateralization of noise-like
tinnitus. Further efforts should be made to better under-
stand the role of the parahippocampus and in extension
the role of the limbic system, in the circuit of brain areas
related to auditory phantom perception.
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