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Abstract
Subjective tinnitus is characterized by an auditory phantom perception in the absence of
any physical source. Tinnitus is typically associated with a substantial damage to the
hearing system. This damage leads to plastic changes at various levels of the central
auditory system and consequently triggers hyperactivity therein. Accompanying this
hyperactivity, changes in non-auditory brain structures have also been reported. However,
the long-range integration of information between these regions has never been
investigated. In this thesis I report three MEG-studies that investigated long-range cortical
coupling using different methodological approaches. Based on the results I developed a
global model of tinnitus perception that integrates the hyperactivity of the auditory cortices
and the global changes in long-distance cortical coupling. Study 1: Auditory steady state
responses were used to investigate long-distance coupling between non-auditory brain
regions. I used amplitude-modulated tones of three different carrier frequencies: one was
designed to match the individual tinnitus sound and two other control tones were 1.1 and
2.2 octaves below. Cortical connectivity was analyzed using phase synchronization in
tinnitus patients and healthy controls and revealed a deviating pattern of long-range
functional connectivity in tinnitus that was strongly correlated with individual ratings of the
tinnitus intrusiveness. Study 2: Long-distance cortical coupling of tinnitus patients and
healthy controls in the resting state was analyzed by means of phase locking analysis.
Tinnitus was associated with a decrease of inter-areal coupling in the alpha band and an
increase of inter-areal coupling in the gamma frequency range. Furthermore, a strong
inverse relationship of the alpha and gamma network coupling was observed for all
participants. Discrimination analysis revealed a separation 83% between the patient and
the control group based on these couplings. Post-hoc analysis showed that the tinnitusrelated network changes with the ongoing duration of tinnitus. Study 3: The tinnitusrelated resting-state networks where analyzed with respect to the directionality of the
information flow between distant cortical regions. A beamforming technique was used to
reconstruct the MEG signals in the source space and directed functional coupling between
all voxels was analyzed using Partial Directed Coherence. Fundamental differences in the
global network between the tinnitus and the control group were found in the gamma
frequency range. The prefrontal cortex, the orbitofrontal cortex and the parieto-occipital
region were the core structures in this network. Top-down influence of the global network
on the auditory cortex correlated positively with the strength of tinnitus distress.

5

Zusammenfassung
Mit subjektivem Tinnitus wird die Wahrnehmung von Phantomgeräuschen ohne
physikalischer Ursache bezeichnet. Er ist normalerweise mit erheblichen Schädigungen
des Hörsystems verbunden die zu plastischen Veränderungen auf mehreren Ebenen der
zentralen Hörbahnen führen und letztlich die Über-Erregung des gesamten zentralauditorischen Systems bedingen. Diese Über-Erregung wird von Veränderungen nichtauditorischer Hirnareale begleitet. Die Integration von Informationen zwischen diesen weit
verteilten Regionen wurde bisher noch nicht untersucht. In dieser Arbeit werde ich drei
MEG-Studien präsentieren die kortikale Verknüpfungen weit verteilter Areale mit
verschiedenen Methoden untersuchen. Basierend auf den Studienergebnissen wird ein
globales Modell der Tinnituswahrnehmung entwickelt. Die Über-Erregung auditorischer
Areale als auch die globalen Veränderungen kortikaler Verknüpfungen werden in diesem
Modell integriert. Studie 1: Mit Hilfe der auditorischen Steady State Response wurde die
Synchronisation zwischen weit entfernten nicht-auditorischen Hirnarealen untersucht. Es
wurden drei Amplituden-Modulierte Töne von unterschiedlicher Trägerfrequenz verwendet:
Einer der Stimuli wurde so konstruiert dass er der individuellen Tinnitusfrequenz ähnelte
und die Trägerfrequenzen zwei weiterer Stimuli lagen 1,1 und 2,2 Oktaven darunter. Die
kortikale Konnektivität wurde mittels Phasensynchronizität bei Tinnituspatienten und
gesunden Kontrollpersonen untersucht. In der Tinnitusgruppe wurde ein abweichendes
Muster von funktioneller Verknüpfungen weit verzweigter kortikaler Areale entdeckt
welches mit der individuellen Bewertung der Penetranz des Tinnitus streng korrelierte.
Studie 2: Unter Verwendung von Analysen der Phasensynchronizität wurden die
Spontanaktivitätsdaten von Tinnituspatienten und Kontrollpersonen auf Veränderungen
von weit reichenden kortikalen Verknüpfungen untersucht. Bei Tinnitus war die Stärke
dieser Verknüpfungen im Apha-Frequenzband reduziert und im Gammaband erhöht. Über
die gesamte Stichprobe hinweg wurde eine negative Korrelation zwischen der Stärke der
Alpha- und der Gammaband-Verknüpfungen beobachtet. Mit einer Diskriminanzanalyse
basierend auf diesen Konnektivitätsmessungen konnte die Tinnitusgruppe von der
Kontrollgruppe mit einer Genauigkeit von 83% getrennt werden. Eine Post-hoc Analyse
konnte zeigen dass sich die Architektur dieses Netzwerkes mit der Tinnitusdauer
verändert. Studie 3: Die Veränderungen der Spontanaktivität bei Tinnitus wurden unter
Hinsicht der Richtung des Informationsflusses zwischen kortikalen Regionen untersucht.
Mit Hilfe eines Beamformers wurden die MEG-Signale im Quellenraum rekonstruiert und
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mittels Partial Directed Coherence wurden die Richtungen funktioneller Verknüpfungen
zwischen den Voxeln berechnet. Es ergab sich eine Differenz der gerichteten globalen
Verknüfpungen im Gammaband zwischen der Tinnitus- und der Kontrollgruppe. Der
präfrontale und orbitofrontale Kortex sowie die parietal-okzipitale Region waren die
entscheidenden Strukturen in diesem Netzwerk. Der Top-Down Einfluss des globalen
Netzwerks auf den auditorischen Kortex korrelierte positiv mit der Stärke der
Tinnitusbelastung.

7

Abbreviations
ACC
AM
ANOVA
dB
DFG
DPFC
EB
EEG
F
fMRI
Hz
ICA
lcmv
LH
LT
LP
LF
ms
M
MEG
NA
NFB
OF
SBC
SPL
SSR
PCC
PDC
PET
PLV
RI
RH
RT
RP
RF
SD
TF
TQ
TRI

anterior cingulate cortex
amplitude modulation
analysis of variance
Dezibel
Deutsche Forschungsgemeinschaft
dorsolateral prefrontal cortex
easy button
electroencephalography
female
functional magnetic resonance imaging
Hertz
independent component analysis
linear constraint minimum variance
left hemisphere
left temporal
left parietal
left frontal
milliseconds
male
magnetoencephalography
not available
neurofeedback
orbitofrontal cortex
Schwarz's Bayesian Criterion
sound pressure level
steady state response
posterior cingulate cortex
partial directed coherence
positron emission tomography
phase locking value
residual inhibition
right hemisphere
right temporal
right parietal
right frontal
standard deviation
Tinnitus Fragebogen
tinnitus questionnaire
Tinnitus Research Innitiative

8

1. Introduction
1.1 Tinnitus Definition and General Findings
Subjective tinnitus is described as a conscious perception of a sound in the absence of
any physical source. This sound is typically described by the patients as a tone, a hissing
or roaring noise or in some cases as a combination of several sounds. Transient tinnitus is
quite common in the general population and lasts typically a few seconds to a few hours or
days. In contrast, chronic tinnitus is diagnosed when the subject perceives the tinnitus for
more than three months. About 5-15% of the population in western societies (Heller, 2003)
report chronic tinnitus and among them 1-3% characterize the tinnitus as affecting their
quality of life by disturbing sleep, impairing one's ability to concentrate at work, and
affecting social interactions, as well as causing psychiatric distress (Dobie, 2003).
Currently there are several programs that help chronic tinnitus patients cope with their
tinnitus symptoms, or reduce it, but an effective cure eliminating the tinnitus is still lacking.
Many affected individuals are able to localize their tinnitus to one or both ears and in most
cases the tinnitus sensation is accompanied by an audiometrically measurable damage to
the cochlea. Thus, one may think that the tinnitus is generated in the ears; however, this is
most likely not the case. If the phantom sound was generated in the ears, a transection of
the auditory nerve would reliably eliminate the ongoing perception of the tinnitus sound. To
date, there is much evidence refuting this view. There are only a small percentage of
patients in which the auditory nerve section leads to relief from tinnitus and the majority of
patients still experience tinnitus after the surgery (Dandy, 1941; Silverstein, 1976). Also, if
the tinnitus was generated in the periphery, a systematic enhancement of spontaneous
activity in auditory nerve fibers would be present. As summarized by Eggermont and
Roberts (Eggermont and Roberts, 2004) changes of spontaneous firing rate in the auditory
nerve is rather unsystematic. When tinnitus is induced technically in animals, spontaneous
auditory nerve activity is enhanced, reduced or even remains the same. Thus, the tinnitus
perception is elicited irrespective of the utilized technique and the accordant changes in
auditory nerve activity. These results suggest that for the majority of cases the sensation of
tinnitus originates from central rather than from peripheral parts of the auditory system.
There is a large body of studies that demonstrates the importance of central structures in
tinnitus. Tinnitus-related changes of the spontaneous activity can be found throughout the
central auditory system. The spontaneous firing rate is enhanced in the dorsal cochlear
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nucleus (Kaltenbach, 2006), the inferior colliculus, the primary and the secondary auditory
cortex (Eggermont and Roberts, 2004). Altered activity can also be found in non-auditory
structures. Mirz and colleagues reported a reduction of the regional cerebral blood flow
when the tinnitus sensation was suppressed by lidocaine or masking. These suppressions
where mainly located in the middle frontal, the middle temporal and posterior sites of the
right hemisphere (Mirz et al., 1999).
In addition to alterations of functional cortical activity, there are also reports on structural
changes of the central nervous system in tinnitus patients. With a voxel-based
morphometry study, Mühlau showed a decrease of grey matter density in subcollosal
regions and a grey matter increase in the posterior thalamus and the medial geniculate
nucleus for tinnitus subjects compared with healthy controls (Muhlau et al., 2006).
Investigating the structural connectivity of the temporal cortex with frontal and parietal sites
via diffusion tensor imaging, Lee et al. (Lee et al., 2007) demonstrated a reduction of white
matter density for the left frontal and right parietal arcuate fasciculus in tinnitus patients.
The most influential hypothesis on how tinnitus is generated in the cortex is based on
reorganizational processes within the auditory system. It has been shown in animal and
human research that profound hearing loss can lead to a reorganization of the tonotopic
organization in the auditory cortex (Mühlnickel et al., 1998; Norena and Eggermont, 2003;
Eggermont and Roberts, 2004; Wienbruch et al., 2006). However, there is no clear
relationship between hearing loss and the tinnitus sensation, given that a considerable
number of patients with hearing loss do not suffer from tinnitus. König and colleagues
(König et al., 2006) analyzed the audiograms of two groups of patients that all suffered
from noise-induced hearing loss - one group with and one group without tinnitus. In this
sample, the tinnitus group showed even a smaller amount of hearing loss than the nontinnitus group. However, looking at the shape of the audiogram, they found the maximum
steepness of the curve to be greater in patients with tinnitus than in patients without
tinnitus. Conceptually a steeper slope would represent a more abrupt transition from
normally afferented to deprived tonotopic regions. How this enhances the likelihood of
developing tinnitus is unknown. More research is needed to understand the relationship
between hearing loss and cortical reorganization at the primary auditory cortex, which also
includes knowledge about the contribution of damage to the inner and outer hair cells in
the cochlea.
In animal studies, the tinnitus is normally generated by injection of salicylate or quinine, or
by induction of a noise trauma and the recordings are usually done in the days and weeks
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immediately after this intervention. This is especially true for the salicylate injection since
salicylate is washed out within a week and the tinnitus usually disappears after this time.
Thus, this line of research is focused on the acute tinnitus that occurs shortly after the
trauma or injection. Contrary, tinnitus research in humans usually deals with the chronic
tinnitus that is experienced for more than six months. This is an important difference
between the animal and the human tinnitus research since plastic changes in the brain
might occur during the manifestation of chronic tinnitus. In this Dissertation I focused on
the chronic tinnitus in humans and used Magnetoencephalography (MEG) to investigate
the cortical mechanisms that are associated with it. The following section will give a brief
overview on the current literature of electrical and neuromagnetic studies on chronic
tinnitus.

1.2 Electrical and Neuromagnetic Indicators for Tinnitus
Distortion of the tonotopic map
Animal research has clearly shown a reorganization of the tonotopic map in the auditory
cortex following cochlear damage (Eggermont and Komiya, 2000; Norena and Eggermont,
2003; Seki and Eggermont, 2003; Norena et al., 2006). In tinnitus research with humans
the results are less robust. However there are still some studies that show significant
distortions of the tonotopic map in chronic tinnitus patients. Mühlnickel et al. (Mühlnickel et
al., 1998) stimulated 10 tinnitus patients and 15 control participants with pure tones of 4
different carrier frequencies and used the localization of the N1m dipole to assess the
tonotopic organization in the auditory cortices of both hemispheres. In this tinnitus sample,
the location of the tone representing the tinnitus frequency was shifted away from the
tonotopic gradient and this shift was correlated with the individual rating of the tinnitus
distress. However, it has to be mentioned that the correlation was largely driven by four
outliers while the rest of the tinnitus patients did not show a significant difference to the
control group. Another study by Dietrich and colleagues (Dietrich et al., 2001) investigated
8 patients with high frequency hearing loss (7 of them reported tinnitus) and compared
them with 12 healthy control participants. Using MEG they recorded the equivalent current
dipole strength in the auditory cortex following auditory stimulation with tone bursts of three
different frequencies. In the tinnitus group, they found a significant amplitude increase for
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the tone at the audiometric lesion edge and interpreted this result in favor of an expansion
of the cortical representation of the lesion edge frequencies. In a study using steady-state
sounds with six different carrier frequencies Wienbruch et al. (Wienbruch et al., 2006)
observed the tonotopic organization of the primary auditory cortex using the localizations
of the steady-state response assessed with MEG. They reported evidence for a tonotopic
organization in the primary auditory cortex for the control group and a diminished tonotopic
organization for the tinnitus group. However, neither the study by Dietrich nor the study by
Wienbruch found a relationship between the subjective degree of tinnitus strength with
tonotopic map distortion.
Distortions of the tonotopic map in the auditory cortex of tinnitus patients are often
interpreted as plastic reorganization of the cortex following damage to the hearing system.
Neurons with their characteristic frequency in the damaged region are thought to shift their
characteristic frequency to the neighboring frequency region. This, however, has not been
proven yet. An alternative explanation could be that the observed map reorganization
results from unmasking of lateral inhibitory connections from the affected region and this
would also lead to an over-representation of frequencies adjacent to the damaged region.
Altogether, there is evidence for a distortion of the cortical tonotopic map in tinnitus. This is
most likely a result of the hearing damage, but the relationship between the map distortion
and the strength of the tinnitus distress can still be doubted.
Abnormal Spontaneous Brain Activity
The first study on spontaneous neuronal activity was done by Weisz and colleagues in
2005 using magnetoencephalography (Weisz et al., 2005). They showed significant
differences in the power spectra (1-35 Hz) between tinnitus and control participants: In the
control subjects, there was a prominent peak in the alpha (8-12 Hz) frequency range,
which was strongly reduced in the tinnitus group. The power in the delta (1-4 Hz) range, on
the other hand, was enhanced in tinnitus relative to control participants. Using minimum
norm estimation they found that the abnormalities in the power spectra of the tinnitus
group mainly originate from the temporal cortex, however, smaller changes were also
found in the frontal and parietal cortex. In an attempt to relate this abnormality to the
tinnitus symptoms, dipole activity of the alpha and delta frequency bands were correlated
with the individual tinnitus distress ratings. Overall, effects were greater for the alpha than
for the delta frequency band. Correlations between the tinnitus distress and the abnormal
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spontaneous activity of the alpha and delta frequencies were strongest in the right
temporal and the left frontal area.
The aforementioned study was restricted to frequencies in the range of 1-35 Hz. Thus,
another analysis on spontaneous activity in tinnitus was carried out to investigate the
power spectra in higher frequencies up to 90 Hz (Müller, 2007). Resting-state data were
recorded using magnetoencephalography and the sensor data were projected on a source
montage of eight regional dipoles that coarsely covered the main regions in the brain.
Regional sources were placed in the left and right temporal cortex, the left and right frontal
cortex, the left and right parietal cortex, in the region around the anterior cingulate, and the
posterior cingulate. Only the sources from the temporal cortices were used for this
analysis. The group difference between the tinnitus and the control group was analyzed for
the gamma frequency band from 40 - 90 Hz. A two-way ANOVA with the factors
hemisphere and group revealed a significant main effect for the group. The main effect for
hemisphere and the interaction effect were not significant. Power measures from the left
and the right temporal cortex were collapsed for the post hoc-test. A Wilcoxon rank-sum
test was calculated and showed a significant increase of gamma band activity for the
tinnitus group. There was no significant correlation between gamma band activity and the
individual distress ratings.
In summary, the spontaneous brain activity in the temporal cortex of tinnitus sufferers is
characterized by a decrease in alpha power together with an increase in delta and gamma
power. The enhanced slow-wave activity at a cortical level could be the result of spike
bursts from the thalamus, which are conducted to the cortex via thalamocortical afferents.
Sensory deprivation marked by enhanced slow-wave activity at the cortical level can lead
to an inactivation of intracortical inhibitory neurons, which distorts the balanced system of
lateral inhibitions in cortical structures. Llinás hypothesized that this leads to highfrequency oscillations in a zone between normally afferented and deafferented regions,
which is described as the ʻedge effectʼ (Llinás and Steriade, 2006). To test this hypothesis,
Weisz and colleagues (Weisz et al., 2007) analyzed gamma band activity during epochs of
enhanced slow-wave activity in tinnitus and controls under rest. The same source montage
as in the study described above was used to reconstruct the neuromagnetic signals in
source space and only the signals originating in temporal sources were used for the
analysis. They found a systematic increase of gamma activity in the 55-60 Hz frequency

13

range following the low-frequency peak. The gamma power increase of about ~33 %
appeared in tinnitus patients as well as in control subjects suggesting that the same neural
mechanism occurs in both groups. A two-way ANOVA revealed a main effect for time and a
main effect for group; the interaction effect was not significant. Additionally, a laterality
index was calculated to quantify the hemispheric asymmetry in the 55 - 60 Hz frequency
range in relation to the side of the perceived tinnitus. They found a significant linear
relationship between the individually perceived location of the phantom sound and the
gamma laterality in temporal regions. In the case of unilateral tinnitus, the gamma power
was increased contralaterally to the reported side. For bilateral tinnitus, there was no
lateralization of gamma activity.
The studies presented so far demonstrate significant alterations in the neuromagnetic
recordings of tinnitus patients under resting conditions: delta and gamma band activity is
increased while alpha activity is reduced. Power measurements for the alpha and the delta
frequency band significantly correlated with the individual rating of the tinnitus distress.
The gamma band power does not correlate with the tinnitus distress, however, the
asymmetric activation of the temporal cortices matches well with the laterality of the
perceived tinnitus. This increases the confidence that the abnormalities found in the
neuromagnetic spectrum relate to the tinnitus perception of the patients. However, the
data are only correlative and it is still unknown whether the abnormal power spectrum is
causally related to the tinnitus. In the following I will discuss two studies that were able to
change the perception of the tinnitus and investigate the changes in the power spectra as
a response to it.
Neurofeedback provides real-time feedback of cortical activity to the subject. The goal of
this technique is to give the subject the opportunity to manipulate his or her own cortical
activity into a desired direction. If the user is successful in this manipulation, positive
feedback is provided. Neurofeedback is an operational learning process: There are no
instructions to the subjects on how to manipulate their own brain activity, the users gain
cognitive control over their cortical activity by contingent feedback about the success or
failure of their behavior. Dohrmann and colleagues used this to reshape the ongoing
cortical activity in tinnitus patients (Dohrmann et al., 2007). Goal of the neurofeedback
intervention was to enhance the ratio between the alpha (8–12 Hz) and the delta (3–4 Hz)
activity. The EEG-signals were recorded from four electrodes attached to fronto-central
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positions (F3, F4, FC1, and FC2). There were ten individual sessions for every participant
lasting thirty minutes each, distributed over four weeks. Before and after the training
sessions, five minutes of resting EEG were recorded via the four fronto-central electrodes.
Most of the patients demonstrated a considerable ability to regulate the amplitudes of their
brain waves by means of the neurofeedback training procedure. The alpha/delta ratio
increased significantly across all sessions with an average of 71%. Furthermore, the
tinnitus intensity decreased substantially from 25 dB before to 16.9 dB after the treatment.
Contrasting the pre- and post measuring points revealed a highly significant reduction of
tinnitus intensity. This reduction of the perceived tinnitus intensity and the normalization of
the alpha/delta ratio was strongly correlated with r = -0.74. Thus, the patients who
successfully modified their oscillatory brain activity were the ones who benefited most from
the therapy. Tinnitus-related distress was also noticeably reduced in the neurofeedback
sample from a mean of 26.5 points on the Tinnitus Questionnaire at the beginning, to 19
points at the end of the last session. An enhancement of the alpha/delta ratio, however,
does not definitively reflect a simultaneous change of both bands. It could be simply a
result of re-adjustment in only one of the two frequency bands. To resolve this issue,
patients were classified in four groups based on their ability to modify alpha and delta
irrespective of the feedback protocol. This post-hoc analysis shows that participants who
modified both bands simultaneously showed the strongest tinnitus reduction of the tinnitus
sensation. The tinnitus intensity reduction in this group was 78%. In another post-hoc
analysis the sample was stratified in two groups based on the median of the pre-to-post
alpha change and the gamma power change (30-45 Hz) of both groups was compared.
The group of patients with a good alpha enhancement also showed a significant decrease
of gamma power, while the other group showed a slight increase of gamma power.
Residual Inhibition (RI) is a temporary suppression of the tinnitus sound that can be
induced in some patients by auditory stimulation with a band-pass filtered noise. The
suppression of the tinnitus lasts for a couple of seconds or minutes after the masker is
switched off. Kahlbrock and Weisz (Kahlbrock and Weisz, 2008) used this effect to
investigate the changes in the neuromagnetic indicators for tinnitus that have been
reported above. Spontaneous resting-state brain activity was recorded before and after
stimulation with a RI-sound or a control sound. The data were projected into source space
with a brain montage of eight regional dipoles (as described above) and the power spectra
of the temporal cortices were analyzed. They found a highly significant reduction of delta
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band activity for the RI-condition; the reduction for the control condition was not significant.
No specific effects were found for the alpha frequency band nor for the gamma frequency
band. The reduction of the delta band activity did not correlate with the subjectively
reported change in tinnitus loudness.
As a summary, the tinnitus-related changes in the spontaneous activity recordings are
characterized by a reduction of alpha band power together with an increase of delta and
gamma frequency power. Temporal suppression of the tinnitus perception induced by
residual inhibition leads to a reduction of delta band power (Kahlbrock and Weisz, 2008).
On the other hand, an enhancement of the alpha/delta ratio by means of Neurofeedback
leads to a reduction of tinnitus intensity (Dohrmann et al., 2007). Concomitantly with the
enhancement of the alpha/delta ratio, the gamma power in the auditory cortex was
reduced (An interpretation of the functional meaning of these frequency bands in tinnitus
and a model for the interaction between them is provided in this review paper1 : Schlee et
al., 2008). The effects of the delta, alpha and gamma frequency band were mainly
reported for the temporal cortices. However, it has to be mentioned that most of the
studies cited above (Müller, 2007; Weisz et al., 2007; Kahlbrock and Weisz, 2008) used a
source projection with a brain montage of eight regional dipoles to reconstruct the brain
activity in the source space and reported only the effects on the temporal sources.
Dohrmann et al. analyzed the data from four fronto-central electrodes. Those electrode
positions were chosen because they record activity from temporal regions, however, they
are also influenced by frontal and parietal cortices. The study by Weisz et al. 2005 used
minimum norm estimation for the source reconstruction and found the effects mainly in the
temporal region, however, alterations of the alpha/delta activity were also found in frontal
and parietal regions. Thus, the origin of the alterations in the neuromagnetic spectrum as
reported here are probably not restricted to the temporal cortex. This suggests that tinnitus
is associated with changes at various sites in the brain. Communication between those
areas might be realized by long-range synchronization between them. Alterations of the
long-range cortical synchronization in tinnitus, however, has never been investigated.

1

The review "Assessment and modification of the tinnitus-related cortical network" is published in Seminars
in Hearing, 29:3, 270-287, Thieme, 2008. Authors: Winfried Schlee, Katalin Dohrmann, Thomas Hartmann,
Isabel Lorenz, Nadia Müller, Thomas Elbert, and Nathan Weisz.
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1.3 Synchronization of widely distributed brain areas
Long-range synchronization of distant brain regions has been first reported by Gray and
colleagues (Gray et al., 1989). They revealed synchronized oscillatory responses between
spatially separated columns in the visual cortex of the cat. Gray et al. proposed that this
synchronization combines different features of the visual pattern which is processed in
different specialized columns of the visual cortex to form a common percept of the visual
scene. While Gray et al. reported synchronization between cortical columns within the
visual cortex, further studies demonstrated synchronization also over longer distances in
the brain: Miltner and colleagues (Miltner et al., 1999) revealed long-range synchronization
between the visual cortex and somatosensory areas during an associative learning task.
Hummel & Gerloff (Hummel and Gerloff, 2005) showed that successful performance in a
visuotactile discrimination task significantly correlates with long-range coherence between
the visual and the sensorimotor cortex. Melloni et al. (Melloni et al., 2007) used different
masks to manipulate whether a test stimulus was visible or invisible to the participants.
They found that the gamma phase locking across widely separated regions of the brain
were significantly different for the ʼvisibleʼ and the ʼinvisibleʼ condition. Supp et al.(Supp et
al., 2007) visually presented familiar and unfamiliar objects and revealed different patterns
of long-range coupling between frontal, temporal and parietal areas. This leads to the
assumption that successful communication between widely distributed brain areas
depends on long-range synchronization (also called 'long-range coherence' or 'long-range
coupling') between them. Furthermore, in the 'Communication Through Coherence'-model
Pascal Fries also suggested that the absence of synchronization between distant brain
regions prevents communication between them. Hence, irritations in the synchronization
pattern can indicate major disturbances of brain functions.
Indeed, abnormal patterns of long-range functional coupling have been found in several
pathologies. For instance, Uhlhaas and colleagues (Uhlhaas and Singer, 2006)
investigated schizophrenic patients during a Gestalt perception task and discovered a
reduction of beta-band phase synchrony that might be related to their impairment in
grouping stimulus elements together to form a coherent percept. A reduction of long-range
synchronization has also been reported in Alzheimer's disease (Stam, 2004) and autism
(Just et al., 2004; Just et al., 2007). Le van Quyen et al. (Le Van Quyen et al., 2003)
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reported for the pre-ictal phase in epilepsy a decrease of long-range synchrony with the
epileptic focus and this isolation was accompanied by an increase of local synchrony
within the epileptic focus. Silberstein et al. (Silberstein et al., 2005) reported an increase of
cortico-cortical coupling in Parkinson's disease that correlated with the strength of
parkinsonism. Therapeutic interventions like the application of L-dopa or electrical
stimulation of the subthalamic nucleus resulted in a reduction of the cortico-cortical
coupling and parkinson symptoms.

1.4 Synopsis and Overview of Studies
Taking all this literature of chapter 1.3 together, analyses of the long-range cortical
coupling have helped to enhance the understanding of normal brain functioning and brain
disorders. As outlined in chapter 1.1 and 1.2, several results already suggested an
involvement of long-range cortical networks in the generation and/or perception of the
tinnitus (Mirz et al., 1999; Weisz et al., 2005; Muhlau et al., 2006; Lee et al., 2007) and
theoretical considerations have come to the same conclusion (Jastreboff, 1990; Weisz et
al., 2007) . Surprisingly, long-range cortical coupling has not been studied in tinnitus
before. Aim of this thesis was to investigate this issue using magnetoencephalographic
recordings. In the following studies I will present multiple evidence for disturbances in the
long-range cortical networks in chronic tinnitus. These studies suggest that the perception
of the tinnitus is related to long-range synchronization between cortical distant areas.
In the first study 2 I used auditory steady state responses (SSR) to entrain the tinnitus
network and investigated long-range functional connectivity across various non-auditory
brain regions. In this experiment, participants were stimulated with amplitude-modulated
(AM) tones of three different carrier frequencies: one was designed to match the individual
tinnitus sound and two other control tones were 1.1 and 2.2 octaves below. Cortical
connectivity was analyzed by means of phase synchronization in tinnitus patients and
healthy controls. I found a deviating pattern of long-range functional connectivity in tinnitus
that was strongly correlated with individual ratings of the tinnitus percept. Phase couplings
between the anterior cingulum and the right frontal lobe and phase couplings between the
2

This study is published in PLoS ONE 2008 vol. 3 (11) pp. e3720. Authors: Winfried Schlee, Nathan Weisz,
Olivier Bertrand, Thomas Hartmann, and Thomas Elbert. A smaller part of this data set was presented in my
diploma thesis "Single-trial neuromagnetic analysis of auditory steady state responses and its application for
the studies of chronic tinnitus" (2006).
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anterior cingulum and the right parietal lobe showed significant condition x group
interactions and were correlated with the individual tinnitus distress ratings only in the
tinnitus condition but not in the control conditions. This was the first evidence for tinnitusrelated alterations in the long-range synchronization between distant brain regions outside
the auditory areas.
The second study 3 aimed to investigate the cortical networks in the resting state. The
analysis was based on a sample of 41 participants: 21 patients with chronic tinnitus and 20
healthy control participants. Cortical coupling was again analyzed by means of phase
locking analysis between distant brain regions. I found significant decrease of inter-areal
coupling in the alpha (9-12 Hz) band and an increase of inter-areal coupling in the 48-54
Hz gamma frequency range for the tinnitus group. Furthermore, an inverse relationship (r
= -.71) of the alpha and gamma network coupling was observed for all participants.
Discrimination analysis revealed a separation of 83% between the patient and the control
group based on the alpha and gamma couplings. Post-hoc analysis showed an influence
of tinnitus manifestation on gamma coupling: In patients with a tinnitus history of less than
4 years, the left temporal cortex was predominant in the gamma network whereas in
patients with a tinnitus duration of more than 4 years, the gamma network was more
widely distributed across the cortex.
This study demonstrated disturbances in the long-range cortical coupling of tinnitus
patients under resting conditions. The resting state is of particular interest for tinnitus
research since the patients typically report enhanced perception of the tinnitus when they
are resting in quiet. Results from the second study also matched with a general framework
on conscious perception as suggested by Dehaene and colleagues (Dehaene and
Changeux, 2004; Dehaene et al., 2006). This framework asserts the existence of
workspace neurons that are distributed over the entire cortex, however, mainly in the
parietal lobe, the frontal, the cingulate cortex and the sensory systems. In order to form a
conscious percept of a stimulus, two conditions are required: First, neuronal activity of the
sensory cortex of the respective modality. Second, an entry into the global neuronal
workspace and thus long-range coupling between the widely distributed workspace
neurons. According to this model, coupling within this fronto-parietal-cingulate network is
3

This study is currently under review. Title: Abnormal Resting-State Cortical Coupling in Chronic Tinnitus.
Authors: Winfried Schlee, Thomas Hartman, Berthold Langguth, and Nathan Weisz.
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needed for conscious perception (i.e. awareness of the stimulus). Activity of the sensory
areas without this coupling would remain preconscious. Also, Dehaene and colleagues
proposed that top-down influence from the global workspace on the sensory areas
enhances the neuronal activity therein. A top-down influence of higher order brain areas on
the temporal activity in tinnitus has also been proposed recently by Weisz et al. (Weisz et
al., 2007). Study 2, however, could not test this prediction as the phase locking values
(PLV) do not model the directionality of the cortical coupling and thus there is no way to
differentiate top-down from bottom-up using PLV. The following study aimed to overcome
this problem by using Partial Directed Coherence (PDC) - a measure that is based on the
concept of Granger causality and captures the direction of the information flow. In the third
study 4 I used a beamforming technique for the reconstruction of the signals in the source
space and analyzed the directed functional coherence between all voxels using Partial
Directed Coherence. Fundamental differences in the global network between the tinnitus
and the control group was found in the gamma frequency range. The prefrontal cortex, the
orbitofrontal cortex and the parieto-occipital region were the core structures in this
network. Top-down influence of the global network on the auditory cortex correlated
positively with the strength of tinnitus distress.

4

This study is currently submitted. Title: Mapping the Cortical Hubs in Tinnitus. Authors: Winfried Schlee,
Nadia Müller, Isabel Lorenz, Thomas Hartmann, Julian Keil, and Nathan Weisz.
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2. Studies on the long-range cortical tinnitus network
2.1 Study 1: Using Auditory Steady State Responses to
Outline the Functional Connectivity in the Tinnitus
Brain
published in: PLoS ONE 2008 vol. 3 (11) pp. e3720.
Authors: Winfried Schlee, Nathan Weisz, Olivier Bertrand, Thomas Hartmann, and
Thomas Elbert.
Introduction
Chronic subjective tinnitus is described as an ongoing conscious perception of a sound in
the absence of any physical sound source. About 5-15% of the population in western
societies (Heller, 2003) report chronic tinnitus and in 1-3% the tinnitus affects their quality
of life by disturbing sleep, impairing one's ability to concentrate at work, and affecting
social interactions, as well as causing psychiatric distress (Dobie, 2003). Even though
most of the tinnitus patients are able to localize their tinnitus to one or both ears, a
transection of the auditory nerve does not eliminate the ongoing perception of the tinnitus
sound (Dandy, 1941; Silverstein, 1976). Thus it is hypothesized that the tinnitus sound is
generated in the central nervous system and thus most of the tinnitus research of the last
years concentrated on the central auditory system, especially on the cochlear nuclei, the
inferior colliculus, the primary and the secondary auditory cortex (Eggermont and Roberts,
2004). However, there are also some lines of research that, using various methodologies,
suggest an involvement of non-auditory structures: Mühlau and colleagues used VoxelBased Morphometry (VBM) to study structural difference between tinnitus sufferers and
controls and found a gray-matter changes within the auditory system (right posterior
thalamus) and in non-auditory structures, namely the subcollosal region including the
nucleus accumbens (Muhlau et al., 2006). In another study using Positron Emission
Tomography (PET), Mirz et al. compared the neuronal activity of tinnitus sufferers while
they experienced their tinnitus with a condition where the tinnitus was suppressed by a
masking sound or lidocaine application. In the tinnitus condition there was an increase of
neuronal activity mainly in the right hemisphere, with a focus on middle frontal and middle
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temporal regions as well as in lateral in mesial posterior sites (Mirz et al., 1999). In a
magnetoencephalographic (MEG) study, Weisz and colleagues found a reduction of alpha
(8 - 12 Hz) power and an enhancement of delta (1.5 - 4 Hz) power in the resting state of
tinnitus sufferers. These changes were more pronounced in the temporal regions but also
significant for left frontal and right parietal areas (Weisz et al., 2005). These results
suggest that the sensation of tinnitus is associated with neuronal activity in sensory
auditory areas together with cortical regions subserving emotional, mnemonic and
attentional functions. This has been hypothesized earlier by Jastreboff who stated
(Jastreboff, 1990) that sensory and emotional aspects of the tinnitus percept are integrated
at higher levels of the nervous system and the prefrontal cortex has been suggested to be
a potential candidate for it. Thus it seems reasonable to speak of a widespread tinnitus
network that integrates the acoustic properties of the tinnitus sounds together with other
aspects of the tinnitus such as attentional allocation, emotional evaluation and associated
knowledge about the tinnitus as well as false beliefs about the potential danger of tinnitus.
However, the concept of a network goes beyond the mere co-activation of these regions
and implies functional connectivity between the nodes of the network. To the best of our
knowledge, there is currently no study that showed this functional connectivity of a tinnitus
network.
The goal of the current study was to probe the tinnitus network with an auditory stimulus
that resembles the individual tinnitus tone of the subject and investigate the functional
connectivity of the evoked network. We defined eight regions of interest, namely the left
and right frontal lobe, the left and right temporal, the left and right parietal lobe, the anterior
and the posterior cingulum and investigated the functional connectivity between those
regions. To probe inter-regional coupling, we stimulated the subjects with 37 Hz amplitudemodulated (AM) tones and measured the distribution of the phase angle differences of the
37 Hz Steady-State Response between distinct brain regions. This measure (from zero to
one) should increase the more the distribution within a unit circle deviates from uniformity,
indicating phase coupling between the sources (Lachaux et al., 1999). The great
advantage of using AM tones is that the response frequency of interest is clearly defined in
advance, as the AM of the sound evokes a brain response at exactly the same frequency
(Pantev et al., 1991; Pantev et al., 1993; Weisz et al., 2004; Wienbruch et al., 2006).
In general, auditory stimulation does not only lead to a cortical response of the auditory
system. For instance, it has been shown that the anterior temporal lobe and the inferior
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prefrontal cortex are activated during sound identification, whereas the inferior parietal
cortex, the super parietal cortex and the frontal gyrus are activated during sound
localization (Maeder, 2001; Arnott, 2004; Degerman et al., 2006; Alain et al., 2008). These
brain responses to a sound can be evoked - at least partially - automatically and the
involved regions might also be functionally connected. To separate this stimulus-evoked
connectivities from the couplings that are specific for the tinnitus network, we used a
design of three stimulation conditions (two control tones and a tinnitus tone) and compared
the brain responses between a healthy control group and a tinnitus group. The carrier
frequency of the tinnitus tone condition was matched to the individual pitch properties of
the tinnitus sound while two control frequencies were chosen 1.1 and 2.2 octaves below.
Carrier frequencies for the control group were simulated by randomized selection from a
similar frequency range.
Consequently, we anticipated some sort of network response in all stimulation condition.
However, in the tinnitus tone condition for the tinnitus group we expected to trigger the
tinnitus network in addition to that (outlined in table 1).

Table 1. Illustration of the design and the expected responses

Control
Tone 2

Control
Tone 1

Tinnitus-tone

Tinnitus
Group

stimulus-evoked
network

stimulus-evoked
network

stimulus-evoked
network
+ Tinnitus Network

Control
Group

stimulus-evoked
network

stimulus-evoked
network

stimulus-evoked
network

We found a network that incorporates the right parietal cortex, the right frontal lobe and the
anterior cingulum that was specific to the tinnitus condition. The strength of functional
coupling between those regions correlated well with subjective ratings of tinnitus
intrusiveness in the tinnitus-tone condition but not in the control conditions.
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Methods
Subjects
Twelve individuals with chronic tinnitus (seven women; mean age ± SD: 27.9 ± 8.6, mean
tinnitus duration in years ± SD: 5.8 ± 4.2) and 10 normal hearing controls (five women;
mean age ± SD 25.7 ± 2.7) participated in the study. All participants were right-handed
according to the Edinburgh Handedness Inventory (Oldfield, 1971). The study was
approved by the institutional review board of the University of Konstanz, the participants
were fully informed about the experimental procedure, and signed a written consent form
prior to the experiment. After the experiment subjects were paid for their participation (15
€). All subjects were recruited at the University of Konstanz.
Subjective ratings of the tinnitus intrusiveness were assessed prior to the experiment with
a widely used and neurophysiologically validated questionnaire (Goebel and Hiller, 1998;
Weisz et al., 2004). The tinnitus intrusiveness is one subscale of this questionnaire with a
test-retest-reliability of .86. Detailed patient information are shown in table 2.
Table 2. Patient Information of the Tinnitus Sample

Subject

Age

Sex

Tinnitus
Intrusiveness

Aetiology

Tinnitus
Duration

Tinnitus Side

1

29

M

NA

Unknown

1

Bilateral

2

38

F

5

Sudden hearing
loss

14

Bilateral

3

32

F

3

Unknown

2

Right Ear

4

20

M

11

Unknown

2

Bilateral

5

24

M

7

Noise Trauma

3

Right Ear

6

22

F

2

Unknown

6

Bilateral

7

23

M

1

Noise Trauma

3

Bilateral

8

26

M

8

Borelia Infection

9

Bilateral

9

25

F

3

Unknown

6

Bilateral

10

50

F

7

Noise Trauma

12

Left Ear

11

23

F

2

Noise Trauma

4

Bilateral

12

23

F

10

Unknown

8

Bilateral
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Experimental Design and Apparatus
During the auditory stimulations the subjects watched stable pictures of neutral emotional
content. This was done to focus their attention and keep them awake. The images were
shown starting about one second before the tone started until about one second after the
tone stopped. This was done to avoid the recording of visual-evoked potentials during the
tone presentation. The same set of pictures was used in the control and the tinnitus group.
The images were taken from the International Affective Picture System (IAPS). We
selected pictures of neutral emotional content (low arousal, low valence) to avoid
differential emotional responses. Both groups saw the same set of pictures. The inter-trial
interval (ITI) varied between two to three seconds. During this pause the patients were
encouraged to blink, so that they could avoid blinking during the stimulation. The
procedure, including sending markers to the data acquisition system, was implemented in
Psyscope (Cohen et al., 1993) (http://psy.ck.sissa.it).
The steady-state signals were modulated with a modulation frequency of 37.1 Hz and a
modulation depth of 100%. In the tinnitus group, the carrier frequency was matched to the
individual pitch properties of the tinnitus sound while two control frequencies were chosen
1.1 and 2.2 octaves below. The difference of 1.1 and 2.2 octaves was chosen to avoid
harmonics. Carrier frequencies for the control group were simulated by randomized
selection from a similar frequency range. For removing clicks at on- and offset of the
stimuli there was an on- and off-set ramp of 15 ms applied to the tones. The stimuli were
presented with a sampling rate of 44ʼ100 Hz. Each stimulus lasted 10 seconds and was
randomly presented monaurally, 30 times per ear. The loudness of each tone was
matched individually to a 1000 Hz AM-tone to ensure equal loudness perception in all
conditions.
The auditory stimuli were generated outside the magnetically shielded room and
conducted to the patient's ear via a flexible tubing sound delivery system with
approximately linear filter properties. The visual stimuli were also generated outside the
magnetically shielded room with a video beamer (DLA-G11E, JVC, Friedberg, Germany)
and were projected onto a white projection field on the ceiling of the room using a mirror
system.
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Audiometric Measures and Definition of the Tinnitus Frequency
The tinnitus sample underwent a series of audiometric tests to assess for hearing
problems and the frequency spectrum of the tinnitus sound. These measures were used to
define the “tinnitus tone” that was used for the experiment. All measures were done in a
noise-reduced chamber prior to the experiment. Audiometric measures where carried out
with a clinical audiometer (AC40 Clinical Audiometer, Audiometrics, Shreveport, LA) to
determine the amount of hearing loss in the following frequencies: 250, 500, 1000, 1500,
2000, 3000, 4000, 5000, 6000, and 8000 Hz. For the diagnosis of dead regions on the
cochlea, we conducted the Threshold Equalizing Noise (TEN) test developed by Moore et
al. 2000 (Moore et al., 2000). The idea of the TEN test is to measure damage of inner hair
cells that cannot be diagnosed by normal clinical audiometry. Under normal conditions,
hearing loss that is restricted to a small portion can be compensated by off-frequency
listening. That is, hair cells of a neighboring undamaged region on the cochlea are
activated by the sound. The TEN test accounts for this effect by presenting a threshold
equalizing noise while audiometry is conducted. The same frequencies as in the clinical
audiometry were tested. Two conditions must be fulfilled to speak of a dead region: The
hearing threshold of the subject at a certain frequency must be at least 10 dB larger than
the noise level and the threshold must be more than 10 dB above the normal hearing
threshold.
To assess the individual tinnitus spectrum, we used an approach that was published by
Norena and colleagues (Norena et al., 2002). Pure tones of varying frequencies were
presented to the subject one at a time. Again, the same frequencies as for the clinical
audiometry were used here. Each trial consisted of two parts: In a first step the subject
was requested to adjust the loudness of the tone such that it matched the perceived
loudness of the tinnitus. In a second step the patient was asked to rate how much the tone
belonged to the tinnitus percept on a scale between zero and ten. Overall each frequency
was presented four times in a pseudorandom order. The first round, in which all 10
frequencies were presented once, was considered a practice round and was not
considered in the analysis.
Normally, these spectrum ratings are not a single frequency, but rather a spectrum of
frequencies. However, the experimental design that we used here needed a single carrier
frequency for the “tinnitus tone” condition rather than an individual tinnitus spectrum to
make it comparable to the other subjects and conditions. Also, the frequencies of the
tinnitus spectrum typically overlap with the frequencies of substantial hearing loss.
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However, in the ideal case, the tinnitus spectrum is characterized by a sharp increase for
higher frequencies that finally reaches a plateau. As found earlier in our lab, the first
frequency of this plateau is concordant with the front edge of the hearing loss region
(Weisz et al., 2006). Thus, this frequency is reported to have strong similarity with the
tinnitus perception and is mostly within normal hearing levels.
Data Acquisition and Analysis
The data were recorded with a 148-channel whole-head magnetometer system (MAGNES
2500 WH, 4D Neuroimaging, San Diego, USA), installed in a magnetically shielded room
(Vakuumschmelze Hanau, Germany). Artifact correction for heartbeats and eye blinks
were performed using a semi-automated process implemented in BESA (MEGIS,
Gräfelfing, Germany) prior to the following analysis. In this approach, the spatial
topographies of relevant EOG and ECG activities are estimated in a first step. The
resulting spatial vectors (estimated via PCA; normally one component for blinks and 2
components for ECG account for >90% of the topography) are added to the brain
(forward) model. By this means the influence of the artifactual sources can be removed.
The signals of each trial, recorded with a sampling rate of 678.17 Hz were averaged
across artefact-free periods and projected to a source montage of eight regional neural
sources using BESA. The source configuration was adjusted to the individual head size
and consisted of temporal, orbitofrontal and parietal sources in both hemispheres, one
source centered within the posterior cingulate cortex and one in the anterior cingulate
cortex. After bandpass filtering (35 to 39 Hz), each trial was segmented in overlapping
windows of 107.8 ms and averaged in the time domain to enhance the signal-noise-ratio.
The first 265 ms of each 10-second steady state response were discarded to avoid
interference from early transient brain responses. The phase of the 37 Hz response was
estimated with a fast Fourier transformation for each trial and source. The phase
difference was calculated for all possible pairs of sources and phase synchrony was
operationalized as mean length of the vector of the circular data (similar to Lachaux et al.,
2000). After averaging and estimating the phase, a Fisher-z-transformation was applied to
the individual phase-locking values. As a first step we calculated a mixed models ANOVA
for every connection and the significant group x condition interaction effect guided us to
the connections of interest for further analysis. Second, these connections were correlated
with the individual ratings of the tinnitus intrusiveness. Two of these connections turned out
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to have significant correlations with the intrusiveness and in a third step they were entered
into regression analysis explaining the tinnitus intrusiveness based on the observed phase
synchronies.

Results
In a first step we did a between-group comparisons of the tinnitus and the control group.
Brain connectivities that discriminate between tinnitus and control tones were investigated
without prior restrictions to specific regions. A second analysis within the tinnitus sample
specifies those connectivities that reflect the variance in the subjective ratings of the
tinnitus intrusiveness.
A mixed-models ANOVA (subject as random variable) was calculated with the factors
group and condition for each inter-regional coupling. Significant interaction terms revealed
a deviating synchronization pattern of the “tinnitus tone” and the control tones between the
two groups (figure 1).

Figure 1. Long-range connectivities with a significant interaction effect group x condition. The data
are presented in top view showing frontal, temporal and parietal sources in both hemispheres as
well as one source at the anterior cingulate cortex and one posterior source. Line colours
represent the strength of the interaction.
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We found strong support for the assumption that individuals with tinnitus process the
stimuli differently than controls. Abnormal connectivity was widely dispersed over the
whole brain (figure 1). The right parietal source and frontal sites play a prominent role in
this network of abnormal coupling. This complements previous evidence for an
involvement of auditory and non-auditory regions in tinnitus patients (Lockwood et al.,
1998; Mirz et al., 1999; Weisz et al., 2005; Muhlau et al., 2006). However, from this
analysis we were unable to determine which of the effects are specific to the tinnitus tone
and were not able to identify increases or decreases in synchronization. In order to map
these interconnectivities, we correlated the strength of the phase synchronization with the
subjective ratings of the tinnitus intrusiveness for all three stimulation conditions.
Stimulation with the tinnitus-like tone is more likely to evoke the tinnitus network and
synchronizations between the nodes of the network while control tones are less likely to
evoke such a response.
Two connections revealed a significant and also strong relationship between the strength
of phase synchrony and tinnitus intrusiveness, both exclusively in the tinnitus tone
condition applied to the left ear (see figure 2). The coupling between the right parietal
source and the anterior cingulum was positively correlated with tinnitus intrusiveness (r=
0.75, p<0.001). The pair between the right frontal source and the anterior cingulum was
negatively associated with tinnitus intrusiveness (r=-0.65, p=0.03). Correlations between
synchrony and intrusiveness at the control frequencies were all far from significance (pvalues>0.2). This lends credibility to the assumption that the interconnectivities in figure 2
are part of a network related to tinnitus.
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Figure 2. Inter-regional connectivities with an association between tinnitus intrusiveness and
phase synchronization. The first row shows the scatterplots of the inter-regional connectivity
between the right parietal and the anterior cingulate cortex across all stimulation conditions.
Subjective ratings were positively correlated with the inter-regional phase synchronization when
stimulated with the tinnitus tone. There was no correlation when the control tones were played. The
second row depicts the same plots for the connectivity between right frontal and anterior cingulate
cortex. The correlation between tinnitus intrusiveness and phase synchrony was negative. Again,
there was no significant correlation between the two control conditions.

Theoretically, an oscillating single source could project its activity to two neighboring
regions and thereby mimic synchronized activity between them. This possibility is unlikely
for two reasons: a) We conducted the same statistics for the amplitude measures of the
eight regional dipoles: Significant interactions of the same conditions (analogous to Figure
2) were only found for the left temporal and PCC source. Correlations with the tinnitus
intrusiveness were not significant (all p>0.1). b) We tested the phase differences between
the dipoles. If volume conduction is explanatory for the phase coupling, the phase values
should be centered at 0° or 180°. This was not the case for either of the connectivities in
figure 2, which is inconsistent with the volume conduction explanation. Phase differences
of all tinnitus subjects are reported in the supporting information (appendix A1 and A2).
Since there is a high percentage of tinnitus patients that also suffer from hearing loss, the
study effects reported here might be confounded by damage to the hearing system.
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Because hearing loss triggers plastic changes in the tonotopic map of the auditory cortex,
frequencies at the edge of the hearing loss region end up to be overrepresented
(Eggermont and Roberts, 2004). Thus, a rational argument could be that the phase
synchrony effects at the lesion edge are merely a result of the hearing loss rather than a
function of the tinnitus saliency. To test this alternative we correlated the phase synchrony
measures with various parameters of the audiometric tests. However, neither of these
parameters seems to be associated with the phase connectivities nor with the individual
tinnitus intrusiveness rating. a) The hearing threshold (dB SPL) at the carrier frequency of
the sound in the respective condition was not associated with neither of the phase
synchronies nor with the tinnitus intrusiveness ratings (all p > 0.2). b) The overall amount
of hearing loss (dB SPL), as well as the maximal hearing loss, were neither associated
with the phase synchronies nor with the tinnitus intrusiveness ratings (all p > 0.5). c) The
maximal steepness of the hearing loss function (Δ dB SPL/octave) was neither associated
with the phase synchronies nor with the tinnitus intrusiveness ratings (all p > 0.3).
Since stimulation parameters varied between subjects, the reported effects could also
result from variations in the carrier frequency of the stimuli (e.g. higher carrier frequencies
appear to be more salient). To test this possibility we correlated the carrier frequencies
with the phase lockings of the ACC-Right Frontal and the ACC-Right Parietal connection
but found no significant correlation (all p > .2). However, it has to be noted that this tests
cannot completely rule out the possibility that effects of hearing loss confounded these
results. This is due to potential recruitment effects, which are a by-product of sensorineural
hearing loss.
Taken these results together, we found a result pattern that includes long-range
synchronization (connection ACC – Right Parietal Area) with long-rang desynchronization
(connection ACC – Right Frontal Area) that very strongly correlates with tinnitus distress
while major confounds can be empirically excluded. To integrate these two different
qualities of connectivity into one model, we calculated a regression analysis taking the
interconnectivities as independent and the tinnitus intrusiveness as a dependent variable.
This model demonstrated a near perfect fit to the data with an adjusted R-square of 0.82
(F(2,8) = 24.37, p < .001), while there was no indication of a correlation between the
regressors (p > 0.6), suggesting independence between these components.
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Discussion
To the best of our knowledge this is the first study that demonstrates long-range functional
connectivity in tinnitus. The phase coupling between the anterior cingulum and the right
frontal lobe and the phase coupling between the anterior cingulum and the right parietal
lobe showed significant condition x group interactions and showed meaningful correlations
with the subjective ratings of the individual tinnitus distress. These correlations were only
found in the tinnitus condition and not in the control conditions, which lends confidence
that, these couplings are related to a global network that is involved in the processing of
the tinnitus percept. The phase synchronization between ACC and right frontal was
inversely correlated with tinnitus intrusiveness while the phase synchronization between
ACC and right parietal was positively correlated with tinnitus intrusiveness.
The source montage that we used in this study covers main areas of interest in the cortex,
however it does not allow an interpretation of the precise location of the coupled sources.
This is also because of technical constraints that are inherent to the inverse modeling used
in MEG. For instance we cannot decide which part of the prefrontal cortex is responsible
for the decoupling with ACC area. Thus we can only roughly interpret the functional
meaning of this network. However, the regions that we found to be coupled in our study
have been frequently found to be involved and co-activated in studies on stimulus salience
(Mesulam, 1999; Downar et al., 2002; Downar et al., 2003; Mevorach et al., 2006) and it
has been shown in these studies that the salience network is biased to the right
hemisphere. In a fMRI study using visual, auditory and tactile stimuli Downar and
colleagues (Downar et al., 2002) identified a frontal-parietal-cingulate network that may
serve to identify and evaluate salient stimuli and this network seems to be independent of
the sensory modality. They tested this network again (Downar et al., 2003) using painful
and non-painful stimuli and found a sustained activation of the frontal-parietal-cingulate
network during painful stimuli and only transient response of these regions at on- and
offset of the non-painful stimuli. Mevorach and colleagues (Mevorach et al., 2006) tried to
interrupt this network and investigated the attention towards salient stimuli during
repetative Transcranial Magnetic Stimulation (rTMS) of the posterior parietal cortex (PPC).
Stimulation to the right PPC disturbed the attentional mechanisms towards the salient
stimulus while stimulation to the left PPC had an impact on moving the attention away from
the salient stimulus. Mesulam (Mesulam, 1999) suggested that spatial attention independent of the modality - is processed in a large-scale distributed network that
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consisted at the cortical level of the cingulate gyrus, the posterior parietal cortex and the
frontal eye field. The idea of a widely distributed cortical network is also described in the
global neuronal workspace model by Dehaene (Dehaene and Changeux, 2004). They
postulate the existence of cortical workspace neurons that are distributed over distant
areas of the cortex and connected via long-range excitatory axons. Information that is
processed within this network can be easily accessed by various brain systems and it is
hypothesized that this workspace is the basis for conscious perception. According to this
model, conscious perception of a sensory stimuli needs 1) activation of the respective
sensory system and 2) and entry into the global workspace. Global workspace neurons
are thought to be localized in all sensory areas and additionally in the prefrontal, parietal
and cingulate cortices. Cytoarchitectonic studies support the idea that workspace neurons
are localized in these areas: Long-distance cortico-cortical connections originate mainly
from pyramidal cells in the layers II and III and that these layers are thicker in prefrontal
and parietal cortices. Furthermore it has been shown in the monkey that these regions are
strongly interconnected and entertain also connections to the anterior and posterior
cingulum as well as to the temporal region, the hippocampus and subcortical regions
(Goldman-Rakic, 1988). Following the logic of the global workspace model one could
expect also significant activation of the connections between the temporal cortex and the
global workspace brain regions. Accordingly, since all subjects were stimulated with tones
well above the perception threshold we didnʼt expect a divergent activation of these
connectivities in our experiment. Hence, all subjects had a conscious perception of the
tones in all conditions, however the activation within the prefrontal-parietal-cingulate
network differentiated between groups and conditions.
Salient sensory stimuli preferentially draw our attention and enter our consciousness. Thus
it is not surprising that studies that investigate stimulus salience, attention or
consciousness all come up with similar models. They all suggest a widespread cortical
network that integrates regions as distant as the frontal, parietal, and cingulated cortex
and many of them suggest a tendency to the right hemisphere. In this study we found
phase synchronizations between ACC, the right frontal and the right parietal to be strongly
correlated with tinnitus intrusiveness. Tinnitus intrusiveness is defined by how bothersome
and obtrusive the tinnitus is perceived, the potency of the tinnitus sound to automatically
draw attentional resources, and the potential of affecting everyday behavior. Thus, it is
likely that the network that we observed here represents a more general salience network
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that is activated by the individually perceived saliency of the tinnitus sound. Further studies
will be needed to disentangle – if possible – the salience network from a specific tinnitus
network.
However, it is still puzzling why the coupling between ACC and the right frontal lobe
correlates negatively with tinnitus intrusiveness. This might be related to the fact that the
ACC has been associated with emotional evaluation, for instance in studies on pain
(Rainville et al., 1997; Ploghaus et al., 1999; Tolle et al., 1999; Price, 2000; Bingel et al.,
2007) while the frontal regions that are connected to the ACC are involved in controlling
and correction of behavior (Morris and Dolan, 2001; Cohen et al., 2005; Carlsson et al.,
2006; Kalin et al., 2007). Thus, a disconnection of the „control center“ from the affective
component could enhance the intrusiveness of the tinnitus tone. This, however remains
speculation.
Most of our recruited tinnitus subjects reported bilateral tinnitus and there were only 3
subjects with unilateral tinnitus (two subjects reported tinnitus at the right ear, one subject
at the left ear). Thus, we were not able to statistically differentiate between bilateral and
unilateral tinnitus, neither between left-sided and right-sided tinnitus. Interestingly, even
though most of the patients reported bilateral tinnitus, the correlations between tinnitus
intrusiveness and phase-synchrony were lateralized to the right hemisphere rather than
being symmetric. We suspect that this is an effect of hemispheric specialization of the
distress network that is independent from the tinnitus side. Indeed it has been shown in
other studies that the cortical networks involved in detecting salient stimuli are lateralized
to the right hemisphere regardless of the location of the stimulation (Mesulam, 1999;
Downar et al., 2002).
Altogether the results suggest the existence of a tinnitus-related global network of longrange cortical connections outside the central auditory system. We hypothesize that this
global network is crucial part in understanding the tinnitus. Letʻs assume that a tinnitus
sound would be generated in the auditory system but does not engage in long-range
couplings across the cortex. Using the words of the Dehaene-model, the tinnitus would not
enter into the global workspace and thus the tinnitus would stay preconscious (Dehaene et
al., 2006). Thus, the patient would not be aware of the tinnitus sound, the tinnitus could not
affect the daily life and would not cause any psychological problems. Thus, we propose
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that a therapeutical intervention that is able to change the global extend of the tinnitus
network should result in relief of tinnitus awareness.
To reach this goal, we need further studies that scrutinize the architecture of the tinnitus
network with a technique that allows more precise localization of the nodes of the network.
It might be that this network architecture changes with duration of tinnitus. If this is the
case it would be important to know the nature of this change to design treatment strategies
that specifically target this network. In order to challenge our assumption with an
experimental manipulation, a short-term suppression of the tinnitus tone could be applied
with residual inhibition, rTMS or lidocaine administration and this should change the
activation pattern of the tinnitus-related global network. Also, if there is a tinnitus network
that encodes the awareness of the phantom tinnitus sound, this network should also be
active in the resting state.
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2.2 Study 2: Abnormal Resting-State Cortical Coupling
in Chronic Tinnitus
Authors: Winfried Schlee, Thomas Hartmann, Berthold Langguth, and Nathan Weisz.

Background
Patients that suffer from chronic tinnitus complain of an ongoing perception of a phantom
sound in the absence of any physical source for it. About 5-15 % of the population in
western societies experience a phantom tinnitus sound and 1-3% of the population suffer
from severe tinnitus that affects their daily life and is accompanied in 50 % of the cases by
depression, in 40 % of the cases by insomnia and about 20 % of the patients complain of
an important decrease in their quality of life (Meyershoff, 1992; Phoon et al., 1993).
Unfortunately, the underlying mechanisms responsible for the tinnitus perception is
currently not known. Tinnitus therapies typically concentrate on coping with the tinnitus but
there is no therapy that reliably reduces the perception of tinnitus.
Tinnitus is often accompanied by damage to the peripheral hearing system and a series of
plastic changes in the central auditory system are observed in parallel to that. It is thought
that a deafferentation of the hearing system triggers a series of reorganization processes
at all levels of the auditory system (Eggermont and Roberts, 2004). Indeed, abnormal
neuronal activity in tinnitus has been demonstrated for the auditory nerve fibers, the dorsal
cochlear nucleus, the inferior colliculus, the primary and the secondary auditory cortex
(see a review of this in (Eggermont and Roberts, 2004)). Furthermore, it has been found
that a dissection of the auditory nerve in tinnitus patients does not lead to relief in tinnitus
and most of the patients still experience tinnitus after surgery (Dandy, 1941; Silverstein,
1976). Thus, there is an agreement that the tinnitus phantom sound is generated in the
central nervous system - most likely as a result of the reorganization that is going on in the
auditory system after hearing loss.
However, there are also studies that demonstrated tinnitus-related cortical abnormalities
outside the auditory system. Using methods as different as Positron Emission Tomography
(PET), Voxel Based Morphometry (VBM) and Magnetoencephalography (MEG)
differences in cortical activity have been shown for the frontal cortex, the parietal lobe,
mesial posterior regions and the subcollosal region including the nucleus accumbens (Mirz
et al., 1999; Weisz et al., 2005; Muhlau et al., 2006). As hypothesized earlier by Jastreboff
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(Jastreboff, 1990) it might be that tinnitus is generated within the auditory system while
non-auditory regions are involved in encoding the conscious percept well as the emotional
evaluation of it. This idea also fits with a recently established model of the global neuronal
workspace by Deheane and colleagues (Dehaene and Changeux, 2004). This group
suggests the existence of workspace neurons that are located mainly in the parietal lobe,
the frontal, the cingulate cortex and the sensory systems. In order to form a conscious
percept of a stimulus, two conditions are required: First, neuronal activity of the sensory
cortex of the respective modality. Second, an entry into the global neuronal workspace and
thus long-range coupling between the widely distributed workspace neurons. According to
this model, coupling within this fronto-parietal-cingulate network is needed for conscious
perception (i.e. awareness of the stimulus). Activity of the sensory areas without this
coupling would remain preconscious.
Different brain regions need to communicate with each other in order to integrate
information, perform their specific function and distribute information to other brain areas. It
has been suggested that this communication is performed by neuronal synchronization
between those brain areas and the functional importance of this inter-areal coupling has
been shown in several studies (Miltner et al., 1999; Singer, 2000; Fries et al., 2001; Gross
et al., 2004; Hummel and Gerloff, 2005; Uhlhaas and Singer, 2006; Melloni et al., 2007;
Supp et al., 2007). In this literature, the terms ʼcoherenceʼ, ʼsynchronyʼ, and ʼcouplingʼ are
used with slightly different connotations. To avoid misunderstandings we want to use the
term ʼcouplingʼ throughout this manuscript to describe the functional interaction between
distant Neuronal Cell Assemblies.
The importance of long-range functional coupling has been shown recently by many
authors in different fields of neuroscience. For instance, Supp et al. (Supp et al., 2007)
demonstrated different patterns of long-range coupling in the gamma band between
visually presented familiar and unfamiliar objects and Miltner et al. (Miltner et al., 1999)
found enhanced gamma band coupling during associative learning. Melloni et al.(Melloni
et al., 2007) used different masks to manipulate whether a test stimuli was visible or
invisible to the participants. They found significant differences of gamma phase locking
between the ʼvisibleʼ and the ʼinvisibleʼ condition. Hummel and Gerloff (Hummel and
Gerloff, 2005) showed an increase of alpha band coupling between occipital and left
central areas correlates with behavioral performance in a visuotactile integration task.
Uhlhaas and colleagues reviewed abnormal neuronal coupling in a large variety of brain
disorders, namely schizophrenia, epilepsy, autism, Alzheimerʻs disease and Parkinsonʻs
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disease (Uhlhaas and Singer, 2006). In a behavioral experiment, Gross et al. (Gross et al.,
2004) showed that changes in the inter-regional coupling vary with changes of the
behavioral task demands.
To the best of our knowledge there is currently no study on long-range functional coupling
in chronic tinnitus. In previous studies we investigated abnormal power changes in the
spontaneous activity of tinnitus patients and found an increase in delta-power (<4 Hz) and
a decrease in alpha-power (8-12 Hz). These changes were most prominent in the temporal
region, however abnormalities were also found in the left frontal and right parietal cortex.
This already suggested a frequency-specific long-range cortical network, however no
measure of functional coupling was applied. In another study using
Magnetoencephalography to describe power changes in the temporal cortex we showed
an increase of gamma band activity in chronic tinnitus patients (Weisz et al., 2007).
However, these changes were only calculated for time windows around slow-wave peaks
and we did not investigate long-range coupling. Theoretically, power changes of Neuronal
Cell Assemblies and coupling between them can be completely independent (Pitkovsky,
1996; Rosenblum et al., 1996) and thus we were not able to deduce knowledge about
inter-regional coupling from these studies.
With the present study we aimed to investigate inter-areal functional coupling of
spontaneous activity in tinnitus patients and to compare them with normal controls.
Functional coupling was measured in a broad frequency range from 1 to 90 Hz by means
of phase locking analysis. We used a phase locking method described by Lachaux et al.
(Lachaux et al., 1999), which measures the phase difference between two recorded
signals to quantify whether this phase difference is constant over time. A perfect coupling
of the two signals results in a constant phase difference and is operationalized with a
phase locking value of one. Lower values indicate weaker phase locking and the value of
zero reflects no phase coupling at all.

Results
Global Phase Locking
Our first goal in this study was to identify the frequency bands that displayed group
differences in the long-range coupling of cortical activity. The following steps of the
analysis were restricted to these frequency bands. Therefore, we averaged the normalized
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phase locking of all connectivities in order get one general value for each frequency bin
and participant. This „Global Phase Locking“ value represents the mean phase locking
across all long-range connections for a given frequency. Non-parametric tests between
groups were calculated for each frequency. To correct for multiple comparison, we
adjusted the threshold for a significant group difference to the level of p = 0.00098
according to the Bonferroni-method. We observed a dominant peak of phase coupling in
the alpha band (9-12 Hz) for the control group, which was completely absent in the tinnitus
group (Figure 3). Furthermore, we found an increase of gamma coupling in tinnitus that
spans over a frequency range from 40 to 70 Hz, with the frequency bins in the range from
48 – 54 Hz surviving the Bonferroni correction. Phase locking values per frequency are
displayed relative to the mean across all frequencies.

Figure 3. Phase locking averaged over all connections. Differences between the tinnitus and the
control group were significant in the alpha 9-12 Hz and the gamma 48-54 Hz frequency range.
Asterisks mark significant frequency bins after Bonferroni correction.

Analysis of the alpha and gamma network
In the following analyses we concentrated on 1) those connections that showed a
significant decoupling in the alpha (9-12 Hz) frequency range for the tinnitus group, and 2)
connections showing a significant increase in the 48-54 Hz gamma band in tinnitus. The
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same p-value correction factor as in the previous analysis was applied. Figure 4 shows the
architecture of the networks that we will call 'alpha network' and 'gamma network' in the
following.

Figure 4. Schematic display of the alpha and the gamma network. Connections with a significant
group difference were plotted as edges in the networks. The nodes were named by: LF=Left
Frontal, RF= Right Frontal, LT = Left Temporal, RT = Right Temporal, LP= Left Parietal, RP= Right
Parietal, ACC= Anterior Cingulate Cortex, and PCC = Posterior Cingulate Cortex.

At the single subject level there was a strong inverse relationship between the alpha- and
gamma coupling both in tinnitus patients and in controls. To describe this relationship we
calculated an indicator for the alpha and the gamma network activation in each participant.
Therefore we added up all phase locking values (not normalized) of the respective
connections in the alpha and gamma frequency range respectively. Whenever the alpha
coupling was high in a participant, the gamma coupling was low. This resulted in a strong
negative correlation of r = -0.71 (p < 0.001) between the networks (Figure 5). Furthermore,
the interplay of alpha and gamma discriminated well between participants with tinnitus and
those without. In tinnitus patients, alpha coupling was low, while gamma coupling was
high. In control participants, alpha coupling dominated while there was a low coupling in
the gamma range.
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Theoretically it is possible that the negative correlation between alpha and gamma
coupling merely reflects an epiphenomenon of the normalization technique that we used
here. To test this alternative we repeated the same calculation without normalization and
found again a highly significant negative correlation between the alpha and gamma
coupling, however with slightly smaller effects (p < .001, rho = -0.57). This still speaks for
an inverse relationship between the coupling of the alpha and the gamma frequency
network.
From figure 5 one might get the impression that the tinnitus and the control participants are
well separated by the alpha and gamma network activation. To test this observation we
applied a linear discriminant analysis (LDA) to the data using leave-one-out crossvalidation. Starting with the first patient we applied LDA to the data set without the first
patient and used the resulting linear discriminant function to classify the omitted patient.
This was repeated for every single patient. Using this method we classified 83 % (34 out of
41 participants) correctly to their respective group.

Figure 5. Negative relationship between the alpha and the gamma network. As an indicator for the
strength of the alpha and the gamma network we calculated the sum of all phase locking values for
both frequency bands. Decoupling of long-range alpha is associated with an increase of longrange gamma coupling. Individuals with tinnitus can be separated from controls with an accuracy
of 83 %
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Influence of Tinnitus Duration
Focal stimulation of the temporal cortex by transcranial magnetic stimulation (De Ridder et
al., 2005; Kleinjung et al., 2007; Plewnia et al., 2007; Khedr et al., 2008; Langguth et al.,
2008) or by direct electrical stimulation (De Ridder et al., 2007) reduces tinnitus
perception. However for both TMS (De Ridder et al., 2005; Kleinjung et al., 2007; Plewnia
et al., 2007; Khedr et al., 2008) and epidural stimulation (De Ridder et al., 2006; Seidman
et al., 2008) of the auditory cortex, tinnitus duration seems to determine treatment efficacy
with much better results in patients with less than 3 to 4 years tinnitus duration. This
finding of 3-4 years tinnitus duration as a kind of turning point in the efficacy of auditory
cortex modulation led us to the assumption that functional architecture may change with
increasing duration. Since the median of the tinnitus duration in our sample was 4 years, a
median split as a data driven post-hoc stratification allowed us to test whether patients with
a tinnitus duration of less than 4 years differ in their functional architecture from those with
longer lasting tinnitus. The patient group with tinnitus of shorter duration (4 years or less)
consisted of 10 participants (1 female, 9 males; mean tinnitus duration of 2.3 years), the
group with longer tinnitus duration (more than 4 years; average: 9.8 years) of 11 patients
(4 females, 7 males). The two groups did not differ in age (P > 0.8) nor in tinnitus distress
(assessed by the German version of the Tinnitus Questionnaire (Goebel and Hiller, 1998))
for the two groups (P > 0.9).
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Figure 6. Schematic display of alpha and gamma networks for both tinnitus subgroups with tinnitus
of short and long duration. LF=Left Frontal, RF= Right Frontal, LT = Left Temporal, RT = Right
Temporal, LP= Left Parietal, RP= Right Parietal, ACC= Anterior Cingulate Cortex, and PCC =
Posterior Cingulate Cortex.

In the next step, we analyzed the architecture of the alpha and the gamma network in the
9-12 Hz and the 48-54 Hz frequency band, respectively, for both groups. The results in
figure 6 show the difference between each tinnitus group (short duration, long duration)
and the control group. Regarding the alpha network, there were only marginal differences
between the tinnitus subgroups: There was no significant difference in the average alpha
coupling between the groups (P > .9) and the architecture of the networks looked about
the same. In the average gamma coupling between the tinnitus subgroups there was
again no significant difference. However, a closer look to the architecture of the gamma
network leads to the impression of a fundamental difference between the subgroups: In
the group with short tinnitus duration, the majority of gamma band connections involved
the left temporal cortex. Contrary to the group with tinnitus of long duration, the network
was more widely distributed across the entire cortex. The left temporal cortex did not play
a central role in this subgroup (Figure 6). In order to test this observation statistically we
calculated an indicator for the centrality of each node within this gamma network. The
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ʼcentralityʼ of a node is high when a node connects to many other nodes and is low if the
nodes connect to only few other nodes. The ʼdegree of nodeʼ is a measure for this
centrality and it is calculated by simply adding the number of links that connect to the
respective node. With the ʼweighted degreeʼ we weighted this number of links by the
strength of the connections. We calculated this ʼweighted degreeʼ for the left temporal
node by adding all phase locking values of all the significant connections going the left
temporal source. For the left temporal cortex, the difference in the centrality between the
tinnitus subgroups was highly significant (Wilcoxon rank sum test: W=107, p > .0001). The
mean centrality of the remaining sources also revealed a strong significant group
difference (Wilcoxon rank sum test: W=108, p < .0001) with the long-term tinnitus group
having a greater mean centrality (figure 7). This indicates that in patients with short tinnitus
duration, the left temporal cortex plays a central role in the gamma network. However, if
the tinnitus is experienced for a longer duration, the centrality (i.e. importance) of the left
temporal cortex is reduced and the importance of other regions is increased. This is a
measure for a fundamental change in the network architecture: the cortical network is
more widely distributed.

Figure 7. Centrality of the left temporal cortex in the gamma network. As a measure for the
centrality of the left temporal cortex we calculated the „weighted degree“ for both subgroups by
adding the number of links that connect to the left temporal source, weighted by the strength of the
connections. The Centrality of the left temporal cortex was compared with the centrality of other
regions. Error bars indicate the standard error of the mean over the respective tinnitus group.
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Discussion
Here, we first present substantial differences in the resting-state long-range functional
coupling in chronic tinnitus sufferers. Specifically, two networks of different architectures
and anti-correlated activity primarily account for the group differences. First, tinnitus
patients are characterized by a decrease of phase couplings in the alpha frequency.
Second, they display enhanced phase coupling in the 48-54 Hz gamma range. In both the
tinnitus and the control group, there was a significant negative correlation between the
alpha and the gamma network activity, suggesting an interplay of alpha and gamma
coupling on an individual level. Furthermore, the duration of tinnitus seems to have an
impact on the network architecture. In patients with tinnitus of short duration, gamma
network changes are concentrated on the left temporal cortex. In contrast in the group with
longer tinnitus duration, this network appears more widespread distributed over the entire
cortex with lower impact of temporal areas.
Because the source montage that we used in this study covers only main areas of interest
in the cortex, we are not able to interpretation of the precise location of the coupled
sources. This is also because of technical constraints that are inherent to the inverse
modeling used in MEG. However, the rough coverage of the brain however does not
diminish the frequency-specific findings reported here. Also, we analyzed the power
spectra of all sources to check whether they match with findings that were reported
elsewhere (Weisz et al., 2005). Power spectra analysis of spontaneous resting-state data
(eyes open) in tinnitus usually shows a reduction of alpha power and an enhancement of
slow-wave power (Weisz et al., 2005). In this study, the alpha reduction was most
pronounced for the temporal areas and to a smaller amount in the parietal and poster
regions. The enhancement of the slow-wave power was localized mainly in the left
temporal cortex. Overall, the alpha reduction was stronger than the enhancement of the
slow-waves. In the additional material to this paper we report the grand average power
spectrum over all sources (additional file 1) and the power spectra of all source locations
(additional file 2) of the current analysis. The effects that we found in earlier studies were
also observed in this analysis. Additionally, there was a slight increase in gamma power
that was also found in another study of our group (Mueller, 2007, Analyse des
neuromagnetischen Spektrums bei Tinnitus).
In this study, we found evidence for abnormal functionality in long-range cortical networks
between tinnitus and control participants in the resting state, which are specific to the
alpha and gamma frequency band. A general interaction between alpha and gamma
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power in the brain has already been postulated earlier (Weisz et al., 2007). It is assumed
that alpha directly or indirectly reflects an intrinsic mechanism that prevents the build-up of
gamma coupling within neural cell assemblies during deprivation from input. Functionally,
such a mechanism appears to be necessary, as strongly interconnected excitatory
oscillators would have a natural tendency to synchronize their activity. A deficiency of this
mechanism is putatively an important prerequisite for the emergence of phantom
perceptions. Our finding suggests that this relationship between alpha and gamma
frequency is not limited to local power changes, but also might apply to inter-area phase
coupling.
We found that the inter-regional coupling of the alpha and gamma frequency bands
discriminate well between the tinnitus and the control participants. Participants with a
tinnitus perception are characterized by a decrease of long-range alpha coupling and an
increase of long-range gamma coupling. Even though the discrimination of 83 % is not
sensitive enough to use it as an objective diagnostic tool for tinnitus, this is a strong
argument that long-range couplings play an important part in the neuronal mechanisms
associated with the tinnitus perception.
Here we propose a tinnitus model that integrates this finding with current knowledge on the
tinnitus. On a first level the tinnitus is generated within the central auditory system and is
most likely a result of reorganization processes triggered by damage to the hearing
system. This supported by numerous studies that show functional reorganization of the
auditory system in tinnitus patients (Mühlnickel et al., 1998; Dietrich et al., 2001;
Eggermont and Roberts, 2004; Weisz et al., 2005; Wienbruch et al., 2006). On a second
level, abnormal coupling with higher-order brain regions outside the auditory system
underlies its conscious perception (Jastreboff, 1990; Dehaene and Changeux, 2004). We
assert that both levels are necessary for an ongoing perception of the tinnitus phantom
sound.
Even though the alpha and gamma coupling discriminated well between tinnitus and
control participants an association between the long-range coupling and the subjective
degree of tinnitus distress was lacking. In an earlier study– also with resting-state
recordings in the MEG - we found moderate correlations of the subjective tinnitus rating
with alpha power decrease in temporal regions (Weisz et al., 2005). It is likely that we
investigated two different neuronal mechanisms: One mechanism that is involved in the
general perception of tinnitus and the other mechanism that is associated with tinnitus
distress. The former study reported an association between temporal power changes and
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tinnitus distress. The current study on long-range coupling discriminated well between
tinnitus perception and no tinnitus perception. Both mechanisms do not necessarily have
to be associated.
With respect to tinnitus duration we found that longer-lasting tinnitus (> 4 years)
accompanies marked changes in the pattern of the gamma network compared to shorterlasting tinnitus. The most obvious difference between long and short- lasting tinnitus is a
decrease in importance of the left temporal part of the network, i.e. there are fewer
connections formed within this brain region. On the other side, functional connections
between non-auditory areas are increased in tinnitus of longer duration. Based on the data
that we present here we cannot decide whether this is only a change of functional coupling
or whether structural changes also occur. A study using diffusion tensor imaging could help
to clarify this question.
Notwithstanding whether the change in the network architecture is structural or functional,
the results offer an explanation for a so far unresolved riddle in treating chronic tinnitus
with Transcranial Magnetic Stimulation: It has been shown in a series of clinical studies
that the efficacy of TMS treatment strongly depends on the duration of tinnitus (De Ridder
et al., 2004; Kleinjung et al., 2007; Plewnia et al., 2007; Khedr et al., 2008). In these
studies shorter tinnitus duration predicts better treatment outcome for therapeutical
application of Transcranial Magnetic Stimulation applied while the treatment efficacy
declines with longer duration of tinnitus. A Tinnitus duration of 3 to 4 years seems to
represent the turning point and patients below this point benefit only little from the
treatment. The intriguing detail about this is that TMS is traditionally applied to the left
temporal cortex. In the light of our findings these negative treatment effects make sense:
as the gamma network shows a major hub in the left temporal cortex of patients with short
tinnitus duration, stimulation of this region exhibits a potentially great impact on this
network. However, since the gamma network is more widespread in patients with a long
history if tinnitus, the impact of the stimulation to the left hemisphere is largely reduced.
This idea of an alteration of the tinnitus-related neural network over time was hypothesized
earlier (Kleinjung et al., 2007) and the data that we presented here are the first
experimental support for this idea.
Conclusion
Here we demonstrate for the first time alterations in the long-range network during
spontaneous activity in tinnitus patients. The results can be described by an overall
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decrease of coupling in the alpha frequency band together with an increase of gamma
coupling. This pattern of phase coupling discriminates with a high percentage (83 %) the
tinnitus patients from the healthy controls.
Here we suggest a tinnitus model that incorporates 1) altered activity of the central
auditory system that most likely generates the tinnitus sound and 2) the coupling across
distant brain regions that is needed for a conscious perception of the tinnitus sound.

Materials and Methods
Participants. Twenty-one individuals with tinnitus (five female; mean age: 43.6 years;
range: 20-65) and 20 normal controls (six female; mean age: 35.6 years; range: 23-78)
participated in the study. The participants were recruited via newspaper ads and flyers
posted at the University of Konstanz. There was no significant difference in age between
the tinnitus and the control group (P > 0.1). All tinnitus patients suffered from chronic
tinnitus with a mean duration of 6.2 years (range: 1-15). Tinnitus severity, as assessed by
a standardized German questionnaire (Tinnitus Fragebogen, (Goebel and Hiller, 1998)),
varied in this sample between slight (4 points) and severe (50 points) distress with an
average of 23.6 points (table 3). The maximum potential score in this Questionnarie is 84
points. All participants were reimbursed after the measurement. Prior to the experiment, all
participants gave written informed consent in accordance with the Ethical Committee of the
University of Konstanz. The participants were all right-handed according to the Edinburgh
Handedness Inventory (Oldfield, 1971).
Table 3. Characteristics of the Tinnitus Group

Patient

Sex

Age

Tinnitus
Distress

Etiology

Tinnitus
duration
[years]

Tinnitus
side

1

M

29

NA

Unknown

1

R

2

M

53

50

Stress

1

B

3

M

63

47

Stress

1

L

4

M

52

20

Sudden hearing
loss

1

B

5

F

32

5

Unknown

2

R

6

M

20

32

Unknown

2

R

48

Etiology

Tinnitus
duration
[years]

Tinnitus
side

Patient

Sex

Age

Tinnitus
Distress

7

M

23

3

Noise trauma

3

B

8

M

65

21

Unknown

3

L

9

M

60

13

Occupational
noise

4

L

10

M

34

18

Sudden hearing
loss

4

L

11

M

33

19

Hereditary

5

B

12

F

22

8

Unknown

6

B

13

F

25

4

Unknown

6

L

14

M

61

35

Unknown

7

B

15

M

52

21

Sudden hearing
loss

8

L

16

M

26

21

Lyme disease

9

B

17

M

58

22

Stress

11

B

18

M

57

30

Occupational
noise

12

R

19

F

38

20

Sudden hearing
loss

14

R

20

M

55

45

Mandibular
disorder

15

B

21

F

58

38

Stress

15

L

Data Acquisition. Five minutes of resting activity were recorded using a 148-channel
whole-head MEG system (MAGNES 2500 WH; 4-D Neuroimaging, San Diego, USA)
installed in a magnetically shielded and sound-proof room (Vakuumschmelze Hanau,
Germany). The participants were instructed to lie quietly in a comfortable supine position.
Data was recorded with a sampling rate of 678.17 Hz and a hard-wired high-pass filter of
0.1 Hz. The participants were instructed to keep their eyes open and to stay awake without
engaging in any specific thought process. To avoid eye and head movements, participants
were asked to focus on a spot on the ceiling of the measurement room.
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Electrooculagramm (EOG) and Electrocardiogramm (ECG) were recorded in parallel to the
MEG acquisition.
Data Analysis. Preprocessing of the continuous data stream was performed in BESA
(Brain Electrical Source Analysis, MEGIS Software, Germany) using a semi-automated
process for artifact reduction of the eye blinks and the heartbeats (Ille et al., 2002). Time
segments of muscle artifacts were rejected based on visual inspection and segments of
one minute length were selected for further analysis. A source-space projection was
applied using the source analysis module in BESA. This projection was not supposed to
represent the precise neuroanatomical structures but rather to create a multiple-dipole
space of lower dimension - i.e. coarsely defined "brain regions" with a greater signal-tonoise ratio (Scherg et al., 2002). Thus, a brain montage of eight regional dipoles (left and
right temporal plane approximately at the location of Heschl's gyrus, left and right
prefrontal area, left and right parietal lobe, one near the Anterior Cingulum, and one near
the Posterior Cingulum) with fixed locations was used for each participant and adjusted to
the individual head size. The dipole locations were defined prior to the analysis in order to
cover roughly the activity of major cortical regions (see supporting information for exact
locations).
The data were down-sampled to 450 Hz and one artifact-free minute was selected for
subsequent analyses. A Morlet wavelet (m-factor=7) was used for estimation the
instantaneous phases in the frequency range of 1 to 90 Hz (1-12 Hz in steps of one Hz,
14-90 Hz in steps of two Hz) using Matlab 7.4 (The MathWorks, Natick, MA). The phase
information over one minute of data was used to calculate the phase locking value (PLV)
that has been suggested to be an operationalization for functional coupling (Lachaux et al.,
1999). Therefore, the phase difference between two signals is calculated and tested for
stability through all time points. The phase locking value (from zero to one) increases the
more the distribution within a unit circle deviates from uniformity, with a PLV of one
indicating perfect phase coupling between the two signals. To make the data comparable
across participants in terms of differential coupling values across the frequency bands, we
normalized the phase locking values with respect to frequency. That was done by
calculation a mean PLV over all frequencies and dividing all phase locking values by this
mean. Thus, the mean „normalized phase locking“ over all frequencies equals one for
each participant.
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Statistical analyses were all conducted in R (www.r-project.org). Group differences were
assessed using the non-parametric Wilcoxonʼs rank sum test with a Bonferroni correction
for multiple comparisons of the fifty-one frequency bins. Correlations between the alpha
and gamma PLVs were determined using a Spearmanʼs rank correlation.
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2.3 Study 3: Mapping the Cortical Hubs in Tinnitus
Authors: Schlee Winfried, Müller Nadia, Hartmann Thomas, Lorenz Isabel, Keil Julian,
Weisz Nathan
Introduction
Almost everyone will experience some form of auditory phantom perceptions such as
tinnitus at least once in their lifetime; in most of the cases this sensation vanishes within
seconds or minutes. However, in 5-10% of the population in western societies the tinnitus
persists for more than 6 months and usually remains chronic (Heller, 2003). Those patients
hear a constant ringing, buzzing or hissing in the ear and this perception is especially
dominant when the patient is resting in a quiet environment. About 1-3 % of the general
population experience tinnitus as bothersome and complain that it affects their quality of
life. Problems can include difficulties concentrating at work, a decrease in their social life,
depression, insomnia or anxiety (Dobie, 2003).
Subjective tinnitus is defined as an auditory perception in the absence of any physically
identifiable source for it. It is typically associated with substantial damage to the hearing
system such as a noise trauma or sudden hearing loss. This damage leads to plastic
changes at various levels of the central auditory system and consequently triggers
hyperactivity within the central auditory system. This hyperactivity has been well
documented in animal and human studies and can be caused by different pathologies
(Jastreboff, 1990; Mirz et al., 1999; Eggermont and Roberts, 2004; Weisz et al., 2005;
Kaltenbach, 2006). However, the mere hyperactivity of the central auditory system does
not explain the diversity of tinnitus symptoms and the variability of the subjective tinnitus
distress between patients. Thus, existing theories have stressed the importance of higher
order association brain areas that could be involved in the processing of the tinnitus
(Jastreboff, 1990; Weisz et al., 2005; Weisz et al., 2007). Cortical areas such as the frontal
and the parietal lobe have been suggested to take part in a long-range neuronal network
that is involved in the integration of sensory and emotional aspects of the tinnitus
(Jastreboff, 1990; Weisz et al., 2005; Weisz et al., 2007). Furthermore it has been
hypothesized that top-down mechanisms of this higher order network could modulate the
activity of the auditory cortex (Weisz et al., 2007). This is in keeping with the model of the
global neuronal workspace as suggested by Deheane and colleagues (Dehaene and
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Changeux, 2004; Dehaene et al., 2006). This global neuronal workspace is distributed
over distant areas of the cortex, mainly in the parietal lobe, the frontal, and the cingulate
cortex. According to this framework, conscious perception requires neuronal activity of the
sensory areas together with an entry into this workspace realized by long-range cortical
coupling. Top-down influence from the global workspace on the sensory cortices amplifies
the neuronal activity within the respective sensory area. Using magnetoencephalographic
recordings in the resting state we aimed to explicitly test these assumptions: 1) Is there
neuromagnetic evidence for alterations of long-range cortical networks in tinnitus during
the resting state? What brain areas and frequency bands are involved in this network ? 2)
Is there evidence for a top-down influence of this global network on the auditory cortex and
does it relate to the subjective degree of tinnitus distress ?
Abnormal patterns of long-range cortical coupling have been found in other pathologies
and significantly contributed to their understanding. For instance, Le van Quyen et al. (Le
Van Quyen et al., 2003) found for the pre-ictal phase in epilepsy a decrease of long-range
synchrony with the epileptic focus and this isolation was accompanied by an increase of
local synchrony within the epileptic focus. Uhlhaas and colleagues (Uhlhaas and Singer,
2006) investigated schizophrenic patients during a Gestalt perception task and discovered
a reduction of beta-band phase synchrony that might be related to their impairment in
grouping stimulus elements together to form a coherent percept. Silberstein et al.
(Silberstein et al., 2005) reported an increase of cortico-cortical coupling in Parkinson's
disease that correlated with the strength of parkinsonism. Therapeutic interventions such
as the application of L-dopa or electrical stimulation of the subthalamic nucleus resulted in
a reduction of the cortico-cortical coupling and parkinson symptoms.
Resting-state recordings, collected when the participant is instructed "to do nothing", are
characterized by widely distributed networks of coherent brain activations (Raichle et al.,
2001; Greicius et al., 2003; Fox et al., 2006; Vincent et al., 2008). Disturbances of this
'default' network have been detected in disorders such as Alzheimer's or Parkinson's
disease (Greicius et al., 2004; Silberstein et al., 2005). Since chronic tinnitus patients
report an ongoing perception of the tinnitus sound that is most prominent when the
environment is quiet, we expected to find abnormalities in the long-range couplings under
resting conditions.
To investigate these abnormalities in magnetoencephalographic recordings we used a
beamforming technique to reconstruct the brain activity in the source space and
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investigated the strength of coupling between them. Partial directed coherence (PDC) is a
new approach to measure the effective coupling between multivariate time series. It is
based on the concept of Granger causality and captures the direction of the information
flow in the frequency domain (Sameshima and Baccala, 1999; Baccala and Sameshima,
2001). Several groups have applied this concept successfully to investigate directed
coherence between cortical regions: Supp et al. reported differences in the directed
information flow during an object recognition task of familiar and unfamiliar objects using
EEG (Supp et al., 2007); Babiloni et al. investigated directed cortical coherence patterns
during commercial spots and emotional spots (Babiloni et al., 2006), and Gross et al. also
used source reconstruction combined with PDC to analyze directed interareal
communication using MEG (Gross et al., 2008). In the present study we used PDC to
analyze the directed coupling between all pairs of voxels in a frequency range from 2 to
100 Hz.
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Figure 8. Illustration of a directed network and the hubs within this network. Left: The nodes are
labeled with the hubdegree of the outflow (counting the arrow tails), Right: The nodes are labeled
with the hubdegree of the inflow (counting the arrow heads).

Networks in general are comprised by two elements: nodes (here: voxels) and the links
(here: coherence) between them. The importance of a node within this network varies with
the number of connections it entertains with other nodes: i.e. a node with a large number
of links receives information from many other nodes and/or influences many other nodes.
These core structures within a network are called 'hubs' and can be operationalized simply
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by counting the number of links (this is called the 'degree' of the hub/node). In directed
networks, the information on the directionality of the information flow is retained. The
'inflow' to a voxel indicates that the activity of this voxel is driven by another voxel.
Accordingly, a hub with a strong 'outflow' describes that this voxel influences the activity of
many other voxels (figure 8). With this information we can identify the hubs within the
network that are characterized by a strong 'outflow' and/or by a strong 'inflow'.
In this study, we modeled the resting-state networks in tinnitus and controls by pinpointing
the core structures of inflow and outflow. First, we compared the inflow and outflow
between the tinnitus and the control group and found differences in the long-range cortical
networks under rest. Second, we correlated the strength of the inflow and outflow with the
subjective strength of the tinnitus distress. We found that the inflow in the left and the right
temporal cortex correlated positively with tinnitus distress. We interpret this result as
reflecting the top-down influence on the auditory cortex that modulates tinnitus distress.
Results
Group Differences
Primarily we were interested in alterations of long-range cortical networks in tinnitus. The
sensor data were projected into source space using the lcmv-beamformer technique onto
a grid of 326 voxels with the size of 2 x 2 x 2 cm. Partial directed coherence (PDC) was
calculated in the frequency range of 2-100 Hz to estimate the directed coupling between
all voxels. As an indicator for the long-range cortical networks we analyzed the core
structures of inflow and outflow within these networks and mapped them on a standard
brain. The inflow and the outflow were analyzed separately to investigate the main
structures that are driving within this network as well as structures that are driven within
the network. We calculated a nonparametric randomization test that controls for multiple
comparison in order to identify spatial-spectral clusters of differences between the tinnitus
and the control group. Figures 9 and 10 provide more detailed information on the
significant clusters.
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Figure 9. Group difference for the outflow. The strength of outflow describes how much the activity
within the respective voxel drives the activity of other brain regions. Four clusters were found with
a significant group difference between tinnitus and control participants. In the upper three clusters,
the outflow was greater for the tinnitus group. In the lower cluster, the outflow of the tinnitus
patients was reduced. The location of the clusters are shown in the coronal, sagittal and horizontal
view. The right column displays the significant frequency range of the clusters.

Outflow. In an analysis of the outflow of the cortical networks we found four significant
clusters that differentiated between the tinnitus and the control group (see figure 9). In the
clusters 1, 2, and 3 the outflow is significantly increased for the tinnitus group. Cluster 1
was significant with a p-value < .01. The voxels of this cluster overlay a large area of the
posterior part of the brain, including the cuneus, the posterior cingulum, and the
precuneus. The cluster was slightly shifted to the right hemisphere. The outflow in this
cluster was significantly increased in the higher frequency range from 54-100 Hz for the
tinnitus group. The second cluster was significant with p = 0.04 and was localized in the
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prefrontal cortex. Outflows in the tinnitus group were stronger for the 30-90 Hz gamma
band, but only the frequency range from 60-72 Hz survived the multiple comparison
correction. The third cluster was marginally significant with p = 0.05. It was again located
in the posterior part of the brain, approximately at the same location as the first cluster.
The group difference was significant for the 34-44 Hz frequency range. Cluster 4 was the
only cluster with negative t-values, i.e. the degree of the outflow was stronger for the
control group. Cluster 4 was found in the orbitofrontal cortex (OFC) of the right hemisphere
and was significant in the gamma frequency range from 36-84 Hz. The cluster
differentiated significantly between the groups with a p-value of p = 0.05.
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Figure 10. Group difference for the inflow. The strength of inflow describes how much the activity
within the respective voxel is driven by the activity of other brain regions. Three clusters were
found with a significant group difference between tinnitus and control participants. In the upper
cluster, the inflow was greater for the tinnitus group. In the lower two clusters, the inflow of the
tinnitus patients was reduced. The location of the clusters are shown in the coronal, sagittal and
horizontal view. The right column displays the significant frequency range of the clusters.
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Inflows. For the inflows we found three clusters with a significant group difference (figure
10). There was one positive cluster of inflows, with a p-value of p = 0.04. It was found in
the orbitofrontal cortex. In the higher gamma frequency range tinnitus participants showed
higher hubdegrees than control participants. Only the frequency range of 90-100 Hz the
tinnitus group survived the multiple comparison correction. Cluster 2 and 3 were both
clusters of negative t-values and were found in the posterior part of the brain around the
posterior cingulum and also extending into the cerebellum. Inflows were significantly
weaker for the tinnitus participants in those voxels. Cluster 2 was significant with p = 0.02
in the gamma frequency range from 36 to 80 Hz. Cluster 3 was significant with a p-value of
p = 0.04 for lower frequencies (2-22 Hz).
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Figure 11. Correlation of the strength of inflow with the subjective rating of the tinnitus distress.
The inflow to voxels in the left and the right temporal cortex correlated positively with the subjective
strength of the tinnitus distress. No significant correlations between the outflow and the distress
were found.
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Correlation with Tinnitus Distress
In this step of the analysis we our goal was to investigate those parts of the cortical
network that were modulated by the strength of the subjective distress of the tinnitus
patients. The tinnitus distress was assessed using the German version of the Tinnitus
Questionnaire (Goebel and Hiller, 1998). Using this instrument and the physiological
measurements, we correlated the subjective tinnitus distress rating with the hubdegrees of
the inflow and outflow for each frequency bin. As in the analysis on the group difference
we used a cluster-based statistical analysis with correction for multiple comparisons. For
the outflow we did not find any cluster that correlated significantly with tinnitus distress. For
the inflows we found three clusters that correlated positively with the tinnitus distress
rating. No clusters with negative correlations were found. Figure 11 gives an overview over
all significant clusters and figure 12 provides a more detailed view of the three clusters.
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Figure 12. Location and frequency band of the inflow-clusters that correlated with the individual
tinnitus distress. The stronger the inflow to the clusters, the stronger the subjective strength of
tinnitus distress as assessed with a standard German Questionnaire[24]. The location of the
clusters are shown in the coronal, sagittal and horizontal view. The right column displays the
significant frequency range of the clusters.
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Figure 13. Regions with Top-Down Influence on the Temporal Clusters. The inflow to the clusters
shown in figure 12 correlated with tinnitus distress. Here mapped the regions from where the topdown influence originated. Voxels with a low and putatively irrelevant influence on the clusters
were masked.
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Inflows. We found three clusters of inflows that correlated positively with the subjective
rating of the tinnitus distress. Stronger degrees of the inflows were associated with greater
tinnitus distress. Cluster 1 was significant with p = 0.01 covering large parts of the left
temporal cortex and also entering the frontal cortex to a small extend. The correlations
were significant for the slow-wave frequencies, alpha, beta, and the lower gamma
frequencies (2-46 Hz). The second cluster was located in the right temporal cortex and
was significant with p = 0.05. In the frequency range of 14-42 Hz inflows correlated
significantly with tinnitus distress. Cluster 3 was at the border of statistical significance;
however, given the nature of the permutation test that we performed here we still consider
the p-value of 0.07 to be a meaningful effect. This cluster was again located in the left
temporal cortex and it covered the higher gamma frequencies from 80-98 Hz.
Origin of the top-down modulation on the temporal clusters. Three clusters showed
meaningful correlations of the strength of inflow with the subjective rating of the tinnitus
distress. Thus, activity within these clusters was driven by other regions of the brain. In this
final step of our analysis we were interested in the origin of this top-down modulation.
Therefore, the raw PDC-values of all voxels with directed coupling to the respective cluster
voxels were averaged across the given frequency range of this cluster. Figure 12 displays
the mean influence of each voxel on the cluster voxels of cluster 1, 2 and 3. Voxels with a
low and putatively irrelevant influence on the clusters were masked for this figure. To do
this we performed a bootstrapping with 1000 resamples on this data to estimate the mean
and the confidence interval. Voxels that revealed mean PDC-values stronger than the
higher limit of the confidence interval were plotted for this figure. The pattern of voxels
influencing the temporal regions was similar for all three clusters. Firstly, they all received
input from a large area in the frontal cortex. However, there is no influence from the right
orbitofrontal cortex (cluster 4 of the outflow; see Figure 12). Secondly, they all received
influence from posterior voxels, approximately at the location of the outgoing clusters 1
and 3. Thirdly, they all received input from their directed neighborhood: The left temporal
clusters (cluster 1 and 3) received input from the adjacent left fronto-temporal region.
Respectively, the right temporal clusters were influenced by the neighboring right frontotemporal region.
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Discussion
In this study we found disturbances in the functional coupling of long-range cortical
networks between tinnitus and healthy control participants. Within this resting brain
network we found regions with altered outflow and regions with altered inflow
characteristics. A strong outflow in this context indicates that this brain area considerably
influences the activity of other brain structures. In the tinnitus group two brain regions were
identified with stronger outflow and one site with a weaker outflow. Stronger outflows were
located in the prefrontal cortex and in the posterior part (parieto-occipital/occipital) of the
brain. The weaker outflow was found in the orbitofrontal cortex. All of these changes in the
outflow behavior were found for the gamma frequency band above 30 Hz. A strong inflow
means that this brain area is strongly driven by other brain regions. With respect to the
inflow characteristics we found two sites with significant group differences. The
orbitofrontal cortex was receiving more inflow in the high frequency gamma range in the
tinnitus group compared to the control group. Posterior parts of the cortex were receiving
less inflow from other brain areas in a broad frequency range that included delta, theta,
alpha, low beta and gamma frequencies. Furthermore, we found that the inflow to the
temporal cortices correlates positively with the subjective ratings of the tinnitus distress.
The more the activity in the temporal cortices were driven by other brain regions the
stronger the subjective distress reported by the patients. Additionally, we also demonstrate
that the inflow to the temporal cortex mainly originates from the prefrontal cortex and the
posterior part of the brain; both are structures that we have characterized with a strong
outflow within this network.
Thus we show significant disturbances of the resting-state network in tinnitus. Although
this was suggested earlier, empirical evidence was lacking to date. The prefrontal cortex,
the orbitofrontal cortex, and the parieto-occiptal region are important components within
this network. The importance of the prefrontal cortex has previously been hypothesized by
Jastreboff (Jastreboff, 1990), who suggested that the prefrontal cortex integrates sensory
and emotional aspects of tinnitus. In the present study we found that the prefrontal cortex
in tinnitus strongly influences other brain regions of the network. In the 1960s it was shown
that a disconnection of the prefrontal cortex results in a reduction of the annoyance of the
tinnitus in most of the surviving patients (Beard, 1965). Measuring the regional cerebral
blood flow (rCBF) with Positron Emission Tomography (PET), Mirz and colleagues
revealed a reduction of rCBF in the prefrontal cortex when the tinnitus was suppressed by
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lidocaine or masking (Mirz et al., 1999). Examining healthy volunteers the same group
demonstrated that stimulation with an aversive sound leads to an increase in rCBF in the
prefrontal cortex (Mirz et al., 2000). Kleinjung and colleagues (Kleinjung et al., 2008)
showed that tinnitus treatment with repetitive Transcranial Magnetic Stimulation (rTMS)
applied on the temporal cortex can be enhanced by additionally stimulating the prefrontal
cortex. Weisz et al. (Weisz et al., 2005) reported that a reduction of alpha power and an
enhancement of delta power in the prefrontal cortex correlates with tinnitus distress. The
orbitofrontal cortex (OFC) in the tinnitus sample of the current study was characterized by
enhanced influx from other regions and reduced output. The role of the orbitofrontal cortex
in tinnitus has not been studied so far. Since other studies indicate that the OFC is part of
the reward system (Tremblay and Schultz, 1999; Rolls, 2004; Kringelbach, 2005), it is
possible that it integrates the aversive information of the perceived tinnitus. This role of the
OFC in this recording, however, remains speculative. The next cluster in this network was
located in the posterior part of the brain including the occipital cortex, the parietal cortex,
and the posterior cingulum. The outflow of this cluster was stronger in tinnitus patients
than in control participants. Another cluster approximately at the same position, but slightly
more anterior was found to be significant for reduced inflow. Puzzling here is the outflow of
the visual cortex. This might result from the coarse resolution with a voxel size of 2 cm that
we used here. Since we used a standard-volume for all participants this adds imprecision
to the mapping of the hubs. In a recently suggested model by Dehaene and colleagues,
the parietal cortex and cingulate cortices have been associated with the global neuronal
workspace and in the following we want to interpret the results in light of this framework.
Within this framework asserts the existence of workspace neurons that are distributed over
the whole cortex, however, mainly in the parietal lobe, the frontal, the cingulate cortex and
the sensory systems (Dehaene and Changeux, 2004; Dehaene et al., 2006). In order to
form a conscious percept of a stimulus, two conditions are required: First, neuronal activity
of the sensory cortex of the respective modality. Second, an entry into the global neuronal
workspace and thus long-range coupling between the widely distributed workspace
neurons. According to this model, coupling within this fronto-parietal-cingulate network is
needed for conscious perception (i.e. awareness of the stimulus). Activity of the sensory
areas without this coupling would remain unconscious. In the present study, participants in
the tinnitus group all reported a continuous perception of the tinnitus tone while the healthy
participants in the control group did not report such a perception. Hence we would expect
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to find significant group differences in the coupling strength between global workspace
neurons. The framework of the global workspace does not make any predictions on the
frequency bands involved in this long-range cortical network. With the present study we
found the inflow/outflow effects mainly in the gamma frequency range. This is in line with
many other studies finding inter-regional coupling in the gamma frequency range and
demonstrating its functional importance in the integration of information from widely
distributed brain regions: Miltner et al. (Miltner et al., 1999) revealed enhanced gamma
band coupling during associative learning; Melloni et al. (Melloni et al., 2007) used
different masks to manipulate whether a test stimuli was visible or invisible to the
participants. They detected significant differences of gamma phase locking between the
ʼvisibleʼ and the ʼinvisibleʼ condition. In another study Supp and colleagues (Supp et al.,
2007) visually presented familiar and unfamiliar objects and found different patterns of
gamma long-range coupling between the two conditions.
Another assumption of the global workspace hypothesis is that top-down influence from
the global workspace to the respective sensory region amplifies the neuronal activity there
(Dehaene and Changeux, 2004; Dehaene et al., 2006). A top-down amplification of the
neuronal activity in the auditory cortex in tinnitus has also been hypothesized earlier
(Weisz et al., 2007). Indeed we found a significant correlation between the inflow to the
temporal cortices and the subjective rating of the tinnitus distress: Patients with a stronger
inflow to the auditory regions, report stronger distress. This explains why it has not been
possible to reveal significant group differences between tinnitus and control participants
regarding the temporal cortices. Since the degree of inflow to the temporal cortex of the
tinnitus group was modulated by the tinnitus distress the variance in the tinnitus group was
enhanced and the group difference did not reach significance. The outflow of the temporal
cortices did not correlate with tinnitus distress. In a post-hoc analysis we were interested in
the origin of this input to the temporal lobe, which we detected to stem largely from the
prefrontal cortex, the parieto-occipital region, and regions adjacent to the left and right
temporal cluster respectively. Thus, the top-down influence on the auditory cortex
originates to a large extend from the prefrontal and the posterior clusters - clusters having
been characterized before by an enhanced outflow in tinnitus.
In sum, we have found alterations in the long-range functional network in tinnitus patients
under rest which we assert to be related to the conscious perception of the tinnitus tone.
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This network exerts top-down amplification on the auditory cortices. The strength of the
top-down amplification is associated with the subjective strength of the tinnitus distress.
Repetitive Transcranial Magnetic Stimulation (rTMS) aims to reduce the hyperactivity in
the auditory cortex which leads to a reduction of tinnitus loudness (De Ridder et al., 2004;
De Ridder et al., 2005; Kleinjung et al., 2007; Plewnia et al., 2007; Khedr et al., 2008),
however a complete relief of tinnitus is rare. On the other hand, cognitive therapies are
also able to reduce tinnitus symptoms partially and in light of the current study in can be
argued that cognitive therapies alter the tinnitus-related global network and thus reduce
the top-down amplification of the global network on the temporal cortex. Overall we want to
stress the importance of combining both branches of tinnitus therapy. Conceptually, a
reduction of the hyperactivity in the auditory cortex cannot eliminate the tinnitus if the
global network is still active and amplifies the tinnitus-related temporal activity. However, a
reduction of the tinnitus-related global network activity can not eliminate the tinnitus either
if there is still an untreated abnormal pattern of spontaneous activity in the temporal cortex.
It is hypothesized that sensory activity above a certain threshold can enter the global
workspace in a bottom-up manner (Dehaene and Changeux, 2004; Dehaene et al., 2006).
Thus, tinnitus therapy needs to ‚fight on two frontlinesʻ at the same time: Reducing the
hyperactivity in the auditory cortex on the one hand (e.g. via TMS or Neurofeedback) and
changing the global network on the other hand (e.g. via Tinnitus Retraining or meditation
techniques).
Methods
Subjects. A total number of 47 participants took part in this study. They were all righthanded according to the Edinburgh Handedness Inventory (Oldfield, 1971). The study was
approved by the institutional review board of the University of Konstanz. All participants
were informed about the procedure and signed a written consent form prior to the
measurement. The participants were recruited via the local newspaper and flyers posted at
the University of Konstanz.
Twenty-three participants (mean age (± standard deviation): 43.9 years ± 18.4, 5 female)
reported a perception of tinnitus while 24 healthy control participants (mean age: 45.4
years ± 14.1, 13 female) did not experience any tinnitus. All patients in the tinnitus group
suffered from their tinnitus at least half a year (mean tinnitus duration: 4.25 years ± 3.5).
Within this group, eight patients experienced their tinnitus in the left ear, five patients
reported right-sided tinnitus, eight patients bilateral, and one patient located his tinnitus in
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the middle of his head. Tinnitus Distress was assessed using the German version of the
Tinnitus Questionnaire which is a widely used and neurophysiologically validated
questionnaire for the subjective rating of tinnitus-related distress (Goebel and Hiller, 1998;
Weisz et al., 2004). The total scale of this questionnaire ranges from 0 to 84 points with 4
distress categories: slight (0-30 points), moderate (31-46 points), severe (47-59 points),
and very severe (60-80 points) distress. The average distress in our sample was 25.1 with
a range from 3 to 59 points. More detailed information on the tinnitus sample are given in
table 4.
Table 4. Characteristics of the Tinnitus Group

Patient

Age

Sex

Etiology

Tinnitus
Distress

Tinnitus
Duration

Tinnitus
Side

1

47

m

Unknown

59

NA

NA

2

63

f

Unknown

59

NA

left

3

53

m

Stress

50

1

bilateral

4

58

m

Stress

22

11

bilateral

5

29

m

Unknown

NA

1

right

6

32

f

Unknown

5

2

right

7

22

f

Unknown

8

6

bilateral

8

23

m

Noise Trauma

3

3

bilateral

9

26

m

Lyme Disease

21

9

bilateral

10

25

f

Unknown

4

6

left

11

50

m

Noise Trauma

24

12

left

12

69

m

Trafic Accident

54

1,5

bilateral

13

50

m

Stress

16

3

left

14

43

m

Sudden
hearing loss

25

1,5

left

15

47

m

Unknown

8

0,5

left

16

32

m

Unknown

9

NA

right

17

48

m

Rock Concert

17

2,5

bilateral

18

56

f

Stress

59

2,5

left
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Patient

Age

Sex

Etiology

Tinnitus
Distress

Tinnitus
Duration

Tinnitus
Side

19

67

m

Stress

32

3

bilateral

20

48

m

Unknown

18

NA

right

21

42

m

Unknown

26

8

left

22

50

f

Unknown

13

NA

right

23

64

m

Stress

21

3

head

Data Acquisition. Neuromagnetic data were recorded with a 148-channel whole-head
magnetometer system (MAGNES TM 2500 WH, 4D Neuroimaging, San Diego, USA) while
the subjects lied in a comfortable supine position. The MEG-system was installed in a
magnetically shielded and quiet room (Vakuumschmelze Hanau). The continuos data were
recorded with a hard-wired high-pass filter of 0.1 Hz with a sampling rate of 678.17 Hz. In
seven subjects we recorded with a sampling rate of 2034.51 Hz. However, all data sets
were down-sampled to 600 Hz prior to data analysis. The recording duration was set to 5
minutes and the subjects were asked to relax during this time, to stay awake with eyes
open and not to engage in deliberate mental activity. Furthermore, they were instructed to
fixate a point at the ceiling of the measuring chamber and to avoid eye-movements as well
as any body-movements.
Data Analysis. Data preprocessing and most of the following steps of the data analysis
were done using the fieldtrip toolbox (F. C. Donders Centre for Cognitive Neuroimaging:
http://www.ru.nl/fcdonders/fieldtrip). First, all data sets were down-sampled to 600 Hz and
cut into epochs of 2 seconds and those epochs containing blinks or muscle artifacts were
excluded from further analysis based on visual inspection. Second, an independent
component analysis (ICA) was calculated for each individual data set to identify
components that reflect the heart-beat and these components were rejected from the data
(using the logisitic infomax ICA algorithm implemented in eeglab: http://sccn.ucsd.edu/
eeglab/). After artifact correction, 90 trials (i.e. 180 seconds in total) were selected
randomly from the remaining trials and used for the following analyses. This selection was
done to keep the number of trials constant across all subjects. The number of 90 trials
reflects a trade-off between cleaning the data from noisy events as much as possible and
still having enough data to calculate the autoregressive model.
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Step 1: Source projection. To project the sensor data into source space, we used a
linearly constrained minimum variance (LCMV; (Veen et al., 1997)) beamformer on each
individual data set. The LCMV beamformer uses the covariance matrix of the signal data
to construct a spatial filter that passes the signals for each time point to a predefined
source while minimizing the contribution of other sources. The spatial filters were
multiplied with the sensor time series, to derive the single-trial activities. The orientations
were rotated such for each trial, that the first orientation accounted for a maximum of the
signal. The orientations were then averaged across trials and applied to the single-trials.
The subsequent analysis steps were then performed on the first orientation. A grid of 326
voxels (2 x 2 x 2 cm) that covers approximately the entire brain volume was used for the
beamformer.
Step 2: Partial Directed Coherence. For each subject, we computed partial-directed
coherence (PDC) for the full set of voxels (Sameshima and Baccala, 1999; Baccala and
Sameshima, 2001). Partial directed coherence is a measure of effective coupling that
captures the direction of the information-transfer between the given voxels. Thus, with a
set of N voxels, we get a total of NxN PDC-values for each subject that reflects for each
pair of voxels the effective coupling in both directions. This approach is based on
multivariate autoregressive (MVAR) modeling that integrates temporal and spatial
information. Here, we model for each voxel the influence by all other voxels for a given
time-range. The model order p defines this time range of the autoregressive process and
describes how many time points - back in time - are used for the modeling the current
value. In the univariate case this can be written as

(1)

Y (t) =A1 *Yt−1 + A2 *Yt−2 + ...+ A p *Yt− p + X(t)

, whereby Y(t) denotes the predicted value, A(i) determines the regression coefficient and
X(t)€is called the „innovation process“ which equals the difference between the actual
value at time t and the estimation of Y(t) based on the linear combination of the previous
time points (Schlögl, 2006). In order to find the optimal model parameter p we calculated
the Schwarz Bayesian Criterion (SBC) (Schneider and Neumaier, 2001) for model orders
from 2 - 20. On average over the whole sample, the minimum of the SBC function was
located at p = 6 which was then taken as the model order for all subjects (see appendix
A3). For estimation of the autoregressive parameters we used the Vieira-Morf algorithm
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(Marple, 1987) implemented in the biosig toolbox (http://www.biosig.sf.net, version 2.12)
which has been found to provide the most accurate estimates (Schlögl, 2006). The matrix
of autoregressive coefficients in the multivariate case can be written as

 a11 (r) a12 (r)

...
 ...
A(r) =  ...
...

...
 ...
a N1 (r)
...

(2)

...
...
a1N (r) 

...
...
... 
... aij (r)
... 

...
...
... 
...
...
aNN (r)

, where the coefficients aij represent the linear interaction between voxel i onto voxel j for a
given €
time lag r.
Partial Directed Coherence is a statistical measure that is related to the concept of
Granger Causality (Granger, 1969) and is able to detect asymmetric coupling between the
compared voxels for a given frequency range. In order to reveal the spectral properties,
the autoregressive coefficients are transformed into the frequency domain by

p

A( f ) =∑ Ar exp−i2 πf

(3)

r=1

€

With the transfer function A( f ) = I - A(f ), and aij ( f ) being the i,j-th element of the
relative coupling strength from voxel j to voxel i at a given frequency f can be written by

€

€

π ij ( f ) =

(4)

€

aij ( f )
a jH ( f )a j ( f )
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The superscript H denotes the Hermetian transpose which is found by taking the complex
conjugate of each entry of the standard matrix transpose. Thus, the PDC value π ii (f)
indicates how much the activity of voxel i depends on itʻs own past at a given frequency.
The value π ij (f) denotes how much the frequency-specific activity of voxel j depends on
voxel i. The PDC estimators were calculated using functions implemented in the biosig
toolbox (http://www.biosig.sf.net, version 2.12).
To the best of our knowledge, there is no established way of calculating the statistical
significance of the PDC estimators. Thus, we used a permutation approach to estimate
thresholds for significant coupling between pairs of voxels (couplings of one voxel with
itself were excluded from the analysis). Therefore, the following steps 1) to 3) were
repeated 1000 times:
1) Shuffle the matrix A of the autoregressive coefficients pseudo-randomly. This was done
the following way: The matrix A is a square matrix with 326 rows and 326 columns. Firstly,
we generated a vector with random numbers between 1 and 326. Secondly, the columns
were shuffled according to the random vector. Thirdly, the rows were shuffled according
the same random vector.
2) Calculate the PDC estimators in the way that was described above.
3) Determine the 99%-percentile of the PDC estimator for each frequency and save it. The
99%-percentile was used instead of the maximum to reduce the influence of outliers that
might result from the permutation.
The maxima over the 1000 permutations was used as a threshold of significance for each
frequency bin. Thresholds were calculated for each participant individually.
Step 4: Hubmapping. Networks of any kind can be described by the distribution of their
hubs. A node within a network that has a great number of connections with other nodes is
called a ‚hubʻ. The degree of a node counts the number of connections and can be used
as a measurement of the importance of a hub. In this analysis we weighted the degree of
the hub by the strength of the couplings (i.e. the PDC estimator). Only significant couplings
between pairs of voxels were used for the calculation of the hubs. Since Partial Directed
Coherence allows an interpretation of the directionality of the coupling between two voxels
we were able to differentiate between „Inflow“ and „Outflow“. Thus, the degree of an
„Inflow“ is calculated by adding the significant PDC estimators of all voxels connection to
this respective voxel. The hubdegrees for inflow and outflow were calculated for each
frequency bin separately. They were mapped on the grid that was used for the
beamformer for statistical analysis.
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Statistical Analysis. Group comparison. The tinnitus and the control group were
compared using a cluster-randomization approach (Nichols and Holmes, 2002; Maris and
Oostenveld, 2007). This approach defines clusters of interest based on the actual
distribution of the data and tests the statistical significance of this clusters using a
randomization method that controls for the type I error. Firstly, an independent samples ttest was calculated for each voxel between the tinnitus and the control group. This t-test
was calculated for defining the clusters in the following step. Secondly, a cluster-finding
algorithm was used to cluster neighboring voxels and neighboring frequency bins together
that exhibit the same effect with a p-value < .05. Clusters had to consist of at least two
voxels. Thirdly, the t-statistic was calculated on a cluster-level by calculating the sum of tvalues of the respective cluster. A total of 1000 randomizations was done by shuffling the
data of participants between groups. For each randomization the maximum cluster-t-value
was saved to form a reference distribution of the cluster-t-values. The p-value of a cluster
was estimated according to this reference distribution. The statistic for the inflow and the
outflow was calculated separately.
Correlation Analysis. The correlation between the subjective rating of the tinnitus distress
and the inflow/outflow was calculated using the same cluster-randomization logic. The
correlation coefficient was calculated for each voxel and frequency bin and the clusters
were formed as described above. This time the permutation of the data was done within
the tinnitus group by shuffling the hubdegree and the tinnitus distress rating of the
respective patient.
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3. Summary and Conclusion
3.1 Summary and Critical Discussion
Steady State Response
All three studies presented here argue for an alteration of long-range cortical coupling in
tinnitus. With the first study I showed disturbances in the inter-areal synchronization
pattern when tinnitus patients are stimulated with a stimulus that is similar to their
individual tinnitus sound. Further, I found that the long-range synchronization between the
anterior cingulate cortex and the right parietal lobe as well as the long-range
desynchronization between the right frontal lobe and the anterior cingulate cortex
correlated well with the subjective rating of the tinnitus salience. Salient stimuli typically
draw our attention to the stimulus and we are consciously evaluating the potential
relevance of the stimulus. As outlined above in chapter 2.1 I supposed that the auditory
stimulation with a tinnitus-like tone evoked a cortical network that is generally involved in
the processing of salient stimuli.
To further investigate the question how higher order brain areas influence the auditory
steady state response, I conducted another experiment together with Nadia Müller5 using
a task-switch paradigm in the MEG. The participants were stimulated with amplitudemodulated tones of different modulation frequencies in both ears: the one ear with a
modulation frequency of 45 Hz, the other ear with a modulation frequency of 20 Hz.
Depending on a cue that was given prior to the steady state sound, participants had to
attend either the left or the right ear to detect small changes in the amplitude modulation.
A source montage was used to reconstruct the activity in the auditory cortex. We found
that auditory attention only modulated the 20 Hz steady state response in the left
hemisphere, but not the response to the 45 Hz stimuli. Temporal activations contralateral
to the attended side were enhanced while ipsilateral activations were reduced.
Resting-state activity
With the second and third study I investigated cortical networks in the resting conditions.
There are fundamental methodological differences between the studies: 1) In the earlier
5

This work is described in Nadia Müller's Diploma Thesis "Top-down modulation of the auditory Steady State
Response in a task-switch paradigm" (2007). This work is currently under revision. The article is attached in
the appendix (A5).
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study I used a source montage of eight regional dipoles to reconstruct the signals in the
source space. Contrary, in the latter study I applied a beamformer technique to reconstruct
the signals on a grid of 326 voxels. 2) In both studies a correction for multiple comparison
was necessary: In study 2 I used Bonferroni correction, in study 3 a cluster-based
permutation test. Bonferroni is a very conservative correction that may lead to a high rate
of false negatives. Hence, only strong disturbances in the long-range cortical network of
the tinnitus group reached significance. Meanwhile, the correction method in study 3 was
more sensitive with a cluster-based permutation test. 3) With study 2 I investigated the
cortical coupling by means of Phase Locking Value (PLV). A wavelet decomposition was
applied on the source waveforms and pairwise phase couplings were calculated for each
frequency bin. Since PLV is a symmetric measure on the phase relations between two
signals it is impossible to investigate the directionality of the information flow. In the
following study this was replaced by Partial Directed Coherence (PDC) - a multivariate
autoregressive measure based on the concept of Granger causality that allows to uncover
the directionality of the information flow. Thus, PLV and PDC reflect different aspects of the
signal: both methods measure the coupling between the signals, however PDC is superior
in modeling temporal dependencies and detecting feedback loops; on the other hand PDC
is blind to detect common input. This was also demonstrated empirically in an EEG
experiment by Supp and colleagues (Supp et al., 2007) where they found the same main
effects for both measures, however, the PDC measures revealed more details of the
cortical information flow.
Studies 2 and 3 both investigated cortical coupling in the resting state with different
methods and came to similar results: Disturbances in the long-range connectivity over
distant areas in the brain differentiated significantly between tinnitus patients and healthy
controls. In both studies these global changes were related to the tinnitus percept,
however, slightly different aspects were found. With the PDC-study I demonstrated that the
top-down influence on the temporal cortices correlates with tinnitus distress. However, the
PLV-study did not reveal any correlation between tinnitus distress and long-range coupling.
I suppose that this was largely due to different statistical measures. In the PLV-study I
correlated each single connection with the tinnitus distress ratings. Contrary, in the PDCstudy I added all incoming connections to the temporal cortex and correlated the sum of all
incoming connections to the temporal lobes (=hubdegree of the inflows) with the subjective
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rating of the tinnitus distress. The sum over all incoming connections in study 3 correlated
significantly with the tinnitus distress while the single connections in study 2 did not.
In the PLV-study I did a post-hoc stratification of the tinnitus sample based on the median
of the tinnitus duration and found fundamental changes in the connectedness of the left
temporal lobe. For patients with a short duration of tinnitus, the left temporal lobe was a
core structure in the gamma network with rich connectivity to several other areas of the
brain. Contrary, in patients with a long duration of tinnitus, the left temporal cortex was less
connected and the gamma network was more widespread over the cortex. Unfortunately, I
could not replicate this effect in the PDC-study. A post-hoc stratification of the tinnitus
group based on the tinnitus duration resulted in two subgroups that also differed with
respect to the tinnitus distress: In the patient subgroup with shorter tinnitus duration, the
mean distress was 16.8 points on the TF whereas the mean distress in the subgroup with
longer tinnitus was 28.9 points. Thus, the group difference between the subgroups was
confounded by the influence of the tinnitus distress in this sample. To address the question
of a relationship between the tinnitus duration and the directed cortical coupling, another
study will be needed. In chapter 3.3 I suggest a longitudinal study that would be able to
investigate this issue with a proper design.
General limitations
There are some general limitations for all three studies that ought to be mentioned here.
First, the patients that have been recruited for the studies suffered mostly from mild to
moderate tinnitus. There were only a few patients that suffered severely from their tinnitus
and no patient was classified as 'very severe' (more than 60 points in the Tinnitus
Questionnaire). Thus, the conclusions derived from these studies cannot be generalized to
the very severe types of tinnitus. Second, there was no screening for psychiatric disorders
or other pathologies in the control group. Participants were asked about their medical
condition but no explicit testing was performed. Though, I want to emphasize that this point
does not necessarily limit the interpretation of the results. A number of 'non-healthy
controls' would rather add noise to the data set and render the statistical effects smaller
than they are. Third, the associations between the long-range couplings and the tinnitus
perception are only correlative. Further analyses are needed to investigate the causal
relationship.

74

3.2 Towards a Global Model of Tinnitus Perception
In this chapter I want to outline a model of how hyperactivity in the central auditory system
eventually leads to a perception of tinnitus (figure 15). This model is based on the abovementioned studies on long-distance cortical coupling and extends earlier tinnitus models
by Jastreboff (Jastreboff, 1990), Eggermont and Roberts (Eggermont and Roberts, 2004),
and Weisz (Weisz et al., 2007). Two levels of tinnitus-related neuronal processing are
distinguished in this framework:
1. The sensory level. Tinnitus is frequently associated with hyperactivity of the auditory
system and this hyperactivity is most likely caused by damage to the hearing system.
Animal studies have shown a systematic enhancement of spontaneous neuronal activity of
the dorsal cochlear nucleus, the inferior colliculus, the primary, and the secondary auditory
cortex (see Eggermont & Roberts, 2004 for an excellent review). Also, studies in humans
with chronic tinnitus revealed tinnitus-related changes in oscillatory activity of the temporal
cortex (Lorenz et al., submitted; Weisz et al., 2005; Müller, 2007; Kahlbrock and Weisz,
2008). In a very recent study together with Magdalene Ortmann 6 I investigated rock
musicians that perceive a transient tinnitus after a loud music practice. Resting-state
activity in the MEG was recorded at two timepoints: Immediately after the practice and at a
another day without exposure to loud music. We found a strong enhancement of gamma
frequency power (55-85 Hz) in the right temporal cortex during the perception of transient
tinnitus. This gamma power increase was also observed on the single subject level in 13 of
14 cases (figure 14).

6

Parts of this data set is reported in Magdalena Ortmann's Diploma Thesis "Neuromagnetic Investigation of
Transient Tinnitus" (2008).
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100%

0
Figure 14. Enhancement of gamma frequency power (55-85 Hz) in transient tinnitus. The color bar
denotes the percentage of the participants showing an increase of gamma power.

Damage to the hearing system might lead to an imbalance of inhibitory mechanisms in the
central auditory system and this is the most likely cause for the hyperactivity therein
(Eggermont and Roberts, 2004). The network of the central auditory system can be
described as a system of rich feed forward and feed back connections. Once any part of
this network becomes hyperactive, this activity spreads over the entire network and it
becomes almost impossible to assign the origin of the pathological activation (Eggermont,
2008). Therefore it doesn't make sense to differentiate the hyperactivity at various levels in
the central auditory system. Here I suggest that the hyperactivity of the entire central
auditory system is one prerequisite for the perception of tinnitus.
2. The global level. A second requirement for the conscious perception of the tinnitus is a
global network of long-range coupling between distant cortical regions. The brain contains
a highly organized pattern of functional connectivity and in the studies of this thesis I report
multiple evidence for disturbances of this system in tinnitus. Based on these studies I
suppose that the tinnitus-related global network spreads over the entire cortex. However,
three regions are particularly emphasized: a) the dorsolateral prefrontal cortex (DPFC), b)
the orbitofrontal cortex (OF) and c) the precuneus/posterior cingulate cortex (PCC)7. Topdown influence from the global network on the auditory cortices modulates the neuronal
activity therein. The prefrontal cortex and the precuneus/PCC region are the main areas
for this top-down modulation7 . This idea of a tinnitus-related global network is related to
the global workspace hypothesis as suggested by Dehaene and colleagues (Dehaene and
Changeux, 2004; Dehaene et al., 2006). They supposed the existence of global
workspace neurons that are distributed over distant areas of the cortex and connected via

7

These regions are mostly derived from study 3, but also in concordance with study 1 and 2.
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long-range excitatory axons. Information that is processed within this network can be
easily accessed by various brain systems and it is hypothesized that this workspace is the
basis for conscious perception. According to this model, conscious perception of a sensory
stimulus needs 1) activation of the respective sensory system and 2) and entry into the
global workspace. Long-distance cortico-cortical connections originate mainly from
pyramidal cells in the layers II and III and these layers are thicker in prefrontal and parietal
cortices. It has been shown in the monkey that these regions are strongly interconnected
and entertain also connections to the anterior and posterior cingulum, as well as to
temporal regions, the hippocampus, and subcortical regions (Goldman-Rakic, 1988). Thus
it is hypothesized that the global workspace neurons are mainly localized in the sensory
areas and additionally in the prefrontal, parietal and cingulate cortices. According to the
Dehaene-model the mere activation of sensory areas is not sufficient for entering
consciousness; it rather needs to be amplified and maintained over a sufficient amount of
time to become accessible for other neuronal processors. Thus, top-down amplification of
the sensory cortices by the global workspace is needed. Two modes of conscious access
are distinguished: 1) A top-down mode in which a small sensory signal is amplified by the
workspace neurons. 2) A bottom-up mode in which strong activation in the sensory system
reaches a certain threshold and attracts the global workspace itself leading to a reorienting
of the top-down amplification towards it.
I suppose that the top-down mode accounts for chronic tinnitus in a way that the tinnitusrelated global network amplifies the neuronal activity in the auditory cortices. Support for
this assumption comes from study 3 where I found significant correlations between the
strength of the inflow hubs and the tinnitus distress. The inflow to the auditory cortex
originated from the global network that is associated with tinnitus and the strength of the
information flow from the global network to the auditory cortex was associated with the
strength of the tinnitus distress. This is in line with a very recent model by Weisz et al.
(Weisz et al., 2007) who suggested a top-down modulation of higher order brain areas on
the inhibitory interneurons in the auditory cortex.
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Low Distress:

High Distress:

Weak Top-Down Amplification

Strong Top-Down Amplification

Global Level:
Global Network with
Top-Down Amplification
on the Auditory Cortex

Sensory Level:
Hyperactivity of the central
auditory system

Figure 15. Global Model of Tinnitus Perception. Abnormal activity at the sensory level and at the
global level is required for a perception of tinnitus. The global network amplifies the neuronal
activity by top-down influence. Higher tinnitus distress is associated with stronger top-down
amplification.

3.3 Open Questions, Future Directions, and Implications
of the Model
Open Questions and Future Directions
The suggested global model of tinnitus perception (GMTP) is able to explain why not all
patients with a substantial damage to the hearing system report a perception of tinnitus. In
all cases, hearing loss should lead to plastic reorganization of the auditory system and
these changes potentially lead to hyperactivity within the system. However, if the second
requirement according to the GMTP is not fulfilled and the auditory hyperactivity does not
enter the global network, no tinnitus should be perceived. But what are the reasons for the
inter-subject variability of the top-down amplification on the auditory cortex? With the
studies reported above I cannot derive an explanation for this. Personality traits,
knowledge and beliefs about the tinnitus are likely candidates to modulate the top-down
influence but more research is needed to investigate this relationship. With the method
developed in study 3 this can be tested straight-forward in experiments manipulating the
mental state of the patient. For instance, many patients report an enhancement of tinnitus
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loudness when they are shifting their attention to it. It can be hypothesized that this would
strengthen the top-down influence of the global network on the auditory cortex and
enhance the neuronal activity therein.
It needs to be mentioned that study 3 did not reveal any sign for bottom-up connectivity
from the auditory cortex to the global network. This suggests that the tinnitus-related
information reverberates in the global network without input from the sensory cortex. I
suppose that this could be a reason for the robustness of the chronic tinnitus against any
kind of treatment approach. It can be hypothesized that the bottom-up connectivity
distinguishes between chronic tinnitus and transient tinnitus: Thus, the transient tinnitus
would be characterized by hyperactivity in the auditory cortex and bottom-up activation of
the global network. This assumption can be easily tested with the recently collected data
set of the transient tinnitus that was described above.
The model presented here is based on correlative data and does not allow any inferences
regarding causal mechanisms. Further studies are needed to scrutinize the dependence
between global coupling and the perception of tinnitus. This could be done e.g. by
investigating the Residual Inhibition (RI) effect in chronic tinnitus (Roberts, 2007). There
are two known ways to induce RI: 1) Auditory stimulation with broad band noise can lead
to a suppression of the tinnitus that lasts for a couple of seconds or minutes after the noise
is switched off. 2) The use of hearing aids can reduce the tinnitus intensity and in some
patients this reduction lasts for a considerable amount of time after the hearing aid is
switched off. Another way to investigate the causal relationship could be to track the
changes of cortical coupling in patients with a sudden onset of tinnitus. Measures in the
acute phase and a second measure six months later can be compared using a withinsubject design. It is likely that tinnitus vanishes in some of these patients. A comparison
between patients that develop chronic tinnitus and those that don't could help to identify
early neuromagnetic indicators for tinnitus. Furthermore, this study idea could be extended
to a longitudinal study by tracking the chronic patients for a third measurement and
investigate the relationship between the tinnitus duration and the directed cortical coupling.
Implications of the model for the treatment of tinnitus
The proposed model explains the partial success of current therapies for tinnitus like
repetitive Transcranial Magnetic Stimulation, and cognitive therapies. Repetitive
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Transcranial Magnetic Stimulation (rTMS) aims to reduce the hyperactivity in the auditory
cortex which leads to a reduction of tinnitus loudness (De Ridder et al., 2004; De Ridder et
al., 2005; Kleinjung et al., 2007; Plewnia et al., 2007; Khedr et al., 2008), however a
complete relief of tinnitus is rare. With the global model of tinnitus perception this is not
surprising. Even if rTMS successfully reduces the hyperactivity in the auditory cortices, the
amplification by the global network would constantly fight against it. On the other side, it
has been shown that cognitive therapies also reduce tinnitus symptoms to some extend
(Jastreboff, 2007; Kaldo et al., 2008). It can be argued that cognitive therapies are able to
alter the tinnitus-related global network by changing the conscious elaboration of the
tinnitus percept. This can potentially reduce the top-down amplification of the global
network on the temporal lobe and thus lower the hyperactivity therein. Though, there is still
an untreated abnormal pattern of spontaneous activity in the temporal cortex that results
from damage to the hearing system. If this abnormal spontaneous activity reaches a
certain threshold it can again enter the global network as explained above with the
"bottom-up mode". Here I want to stress the importance of a combination of both branches
in tinnitus therapy: Reducing the hyperactivity in the auditory cortex on the one hand (e.g.
via rTMS) and changing the global network on the other hand (e.g. via cognitive
therapies). I strongly suggest combining both treatment approaches and expect synergy
effects that improve the benefit from current tinnitus therapies.
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Figure 2
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Figure 3
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Figure 4

Schematic display of the alpha and the gamma network

Figure 5
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Figure 6
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Figure 7
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Study 3

Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Summary

Figure 14
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Figure 15

Global Model of Tinnitus Perception
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Appendix
A1: Supporting Information Figure 1, Study 1
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Figure S2.
Degrees of the phase differences for the Right Parietal-ACC connectivities. There is a rose plot of the directionalities over
30 trials for each tinnitus subjects. Rose plots are sorted according to the tinnitus intrusiveness.

A2: Supporting Information Figure 2, Study 1
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Figure S1.
Degrees of the phase differences for the Right Frontal-ACC connectivities. There is a rose plot of the directionalities over
30 trials for each tinnitus subjects. Rose plots are sorted according to the tinnitus intrusiveness.
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Top-down modulation of the auditory steady-state response in a
task-switch paradigm
Nadia Müller1*, Winfried Schlee1, Thomas Hartmann1, Isabel Lorenz1 and Nathan Weisz1
Abstract
Auditory selective attention is an important mechanism for top-down selection of the vast
amount of auditory information our perceptual system is exposed to. In the present study, the
impact of attention on auditory steady-state responses is investigated. This issue is still a matter
of debate and recent findings point to a complex pattern of attentional effects on the aSSR. The
present study aimed at shedding light on the involvement of ipsilateral and contralateral
activations to the attended sound taking into account hemispheric differences and a possible
dependency on modulation frequency. In aid of this, a dichotic listening experiment was
designed using amplitude-modulated tones that were presented to the left and right ear
simultaneously. Participants had to detect target tones in a cued ear while their brain activity was
assessed using MEG. Thereby, a modulation of the aSSR by attention could be revealed,
interestingly restricted to the left hemisphere and 20 Hz responses: Contralateral activations
were enhanced while ipsilateral activations turned out to be reduced. Thus, our findings support
and extend recent findings, showing that auditory attention can influence the aSSR, but only
under specific circumstances and in a complex pattern regarding the different effects for
ipsilateral and contralateral activations.
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1. Introduction
In daily life our brain is constantly exposed to a huge amount of sensory information which our
perceptual system has to deal with. Due to limited processing capacities the sensory input has to
be selected and structured, so that the brain becomes able to effectively cope with its
environment. Selective attention is a key mechanism realizing these selection processes and has
been intensively studied in the past 11. Accordingly, neuronal activity of the relevant stimuli or
stimuli features needs to be enhanced and processing facilitated whereas activity of distracting
components ought to be suppressed. Indeed, attention to auditory stimuli was shown to induce an
amplification of neuronal activity elicited by relevant stimuli 20,33 and an inhibition of neuronal
activity related to irrelevant stimuli 3 in auditory brain regions. Even though abundant evidence
exists demonstrating the modulation of neuronal activity by attention in the auditory system, it is
not clear at what level of the auditory system this happens. Empirical data from neuroimaging as
well as electrophysiology has not been conclusive and only few studies were able to find
involvement of auditory cortex where low-level features of auditory stimuli are processed 3,8,14.
Thus, for a better understanding of the mechanisms involved in auditory attention, it remains
interesting if and how primary and secondary auditory cortices are contributing.
An elegant way of studying attentional effects in the auditory cortex is examining the auditory
steady state response (aSSR). ASSRs are evoked by rapid periodic stimulus sequences in
contrast to transient evoked responses. Usually, aSSRs are elicited by sequences of clicks 9,
amplitude modulated tones 21 or tone pulses 19.
The generation of the aSSR was pinpointed to the auditory cortex. Studying this more precisely,
it turned out that different parts of the auditory cortex are activated according to different
modulation frequencies 12. Liegeous-Chauvel and colleagues systematically studied the origin of
steady-state responses generated by different AM frequencies 16: When looking at the left and
right primary auditory cortex the amplitude of the steady-state response decreases continuously
with higher modulation frequencies. The power of aSSRs modulated by 16 Hz or more are close
to zero in the right secondary auditory cortex. In the left secondary auditory cortex, however, the
major power decline starts at 30 Hz – pointing to an impact of the left secondary auditory cortex
in the generation of aSSRs with frequencies below 30 Hz. These findings are in line with the
intracranial studies conducted by Bidet-Caulet and colleagues who localized 21 Hz and 29 Hz
responses to primary and secondary areas of the auditory cortex. Furthermore, magnetic source
imaging studies pinpoint the origin of the 40 Hz aSSR to the primary auditory cortex 13,19,30,32.
Thus, steady state responses of higher frequencies (gamma range) seem to be mainly generated
in the primary auditory cortex whereas aSSRs of lower frequencies (< 30 Hz) seem to have an
origin in primary as well as secondary auditory cortex.
The analysis of the aSSR entails several advantages due to the characteristics of the resulting
neuronal response: ASSRs closely follow the rhythm of the tone. Hence, knowing the
modulation frequency, data analysis can be based on this predefined frequency. Since the noise is
not phase-locked to the modulation frequency of the stimulus, averaging several responses leads
to suppression of noise and thus to a strong signal-to-noise ratio. For MEG data in the auditory
system it has been found that modulation frequencies around 40 Hz result in the strongest signalto-noise ratio 24. According to the original work of Galambos and colleagues, the steady-state
response amplitude peaks between 15 Hz and 20 Hz and again between 30 Hz and 50 Hz with
the major peak at 40 Hz (Galambos 1981). Thus, the signal-to-noise ratio and the power of
steady-state responses vary with the modulation frequency.
A further advantage of the aSSR is that multiple auditory stimuli with different modulation
frequencies can be presented simultaneously leaving different traces in the recorded signal at the

96

respective modulation frequencies. This technique termed 'frequency tagging' has been
successfully employed in auditory neuroscience such as binaural integration 7, aversive
conditioning 31 or auditory stream segregation 3. This approach is especially interesting as in real
life situations usually various auditory stimuli reach both ears at the same time, so that our brain
has to focus on essential parts of the auditory information while ignoring distractor auditory
stimuli. Using frequency-tagged stimuli, it is possible to simultaneously expose the auditory
system to different tones and estimate the accordant power changes in dependence of the
attentional load. Hence, for a better understanding of attentional processes in the primary and
secondary auditory cortex, the investigation of if and how the aSSR is modulated by attention is
essential.
Until now, little evidence exists in favour of an attention-mediated influence on the aSSR. In a
pioneering EEG study, Linden and colleagues 17 have not been able to disclose an attentional
impact on the amplitude of the aSSR (stimulus rates: 37 - 41 Hz) despite a large variety of
different employed paradigms. After this first authorative attempt, it took more than 20 years to
show that it is indeed possible to modulate the 40 Hz aSSR by directed attention. In a MEG
study, Ross and colleagues 25 found an enhancement of the aSSRs amplitude by attention in the
left hemisphere, contralateral to the auditory stimulation. Though the work of Ross and
colleagues represents a significant step concerning the investigation of the attentional affect on
the aSSR, their results are only informative to some extent. Thus, in their experimental setting,
the aSSR may be affected by attentional changes that are not specific to the processed
information but could result from more general changes in arousal or alertness. Moreover,
selective attention could not be investigated within the auditory modality as the control task
merely required attention to the visual domain. Finally, as they exclusively stimulated
monaurally hemispheric differences could not be derivated.
Recently, Bidet-Caulet and colleagues 3 did an illuminating study clarifying most of these open
questions. Recording intracranial EEG in epilepsy patients they studied the mechanisms of
selective attention in the primary auditory cortex. Their subjects were exposed to two competing
auditory streams (stimulus rates: 21 and 29 Hz) and had to indicate the spatial direction of one of
these two streams. The authors found an enhancement of the aSSR elicited by the attended
stream and a reduction for the ignored stream. Interestingly, these results were restricted to the
left hemisphere while the findings in the right hemisphere were more ambiguous. In line with
this, accumulating evidence demonstrated that the left hemisphere appeared to be more sensitive
to attentional modulation than the right hemisphere 3 20. Furthermore, Skosnik and colleagues 28
recently performed a study that investigated the impact of attention on 20 Hz and 40 Hz
responses. Click trains were presented binaurally in an oddball discrimination task and
participants had to count targets (20 % of the stimuli). When the 40 Hz clicks were defined as
targets the 40 Hz responses were enhanced while the amplitude of the 20 Hz responses did not
change at frontocentral electrodes. In contrast, when participants were attending the 20 Hz
responses, no significant power changes were observed for none of the responses.
Based on these recent results, it becomes clear that the aSSR is indeed modifiable by attention
contrary to former assumptions of an insusceptibility of the aSSR to attention. Thereby, the
modulation frequency, kind of task, experimental design or hemispheric differences turned out to
be crucial for the attentional modulation of the aSSR. Nevertheless, various questions, clarifying
the complex pattern of aSSRs and attention, are still open: The role of contralateral and
ipsilateral activations contributing to the changes in the aSSR amplitude by attention is not
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solved yet. Furthermore, the susceptibility of the aSSR to attention is likely to change according
to different modulation frequencies. This is interesting with regard to the varying impact of
primary and secondary auditory cortex in the generation of steady-state responses elicited by
different modulation frequencies.
In the present study, subjects were exposed to tones modulated by 20 and 45 Hz which were
delivered to the right and left ear simultaneously. Subjects were cued to attend to a cued ear. In
this way, both hemispheres were activated at the same time and changes in the aSSR amplitude
could be derivated. These changes in amplitude were exclusively due to whether the respective
AM tone was attended or not. Thus, our experimental design allowed for studying auditory
selective attention within the auditory system in a situation of sound rivalry and to scrutinize on
a possibly different behaviour of ipsilateral and contralateral activations. Furthermore, a possibly
different sensitivity of the two hemispheres to attentional processes could be investigated.
Finally, we were able to study attentional differences of the 20 Hz and 45 Hz responses what is
especially informative with respect to the different generators of these two steady state
responses.
2. Methods
2.1. Participants
15 participants who reported normal hearing were included in the current study (9 male, 6
female). Mean age was 25 years (range: 20 -28 years). All participants were right handed
according to the Edinburgh Handedness Inventory 18 and free of psychiatric or neurological
disorders according to the M.I.N.I. (Mini International Neuropsychiatric Interview, German
Version 5.0.0). Subjects were informed about the experimental procedure approved by the
Ethical Committee of the University of Konstanz and signed a consent form before participating.
After the experiment they were paid for participation. Two subjects had to be excluded because
of too many artefacts in the MEG.
2.2. Stimuli
We exposed the participants to sinusoidal amplitude-modulated tones, modulated by 20 or 45
Hz, respectively. The carrier frequency of both stimuli was set to 655 Hz. Stimulus duration was
800 ms. Tones were presented with a sampling rate of 44100 Hz and a modulation depth of
100%. To avoid clicks at the on- and offset of the stimuli we included a 50 ms fade-in period at
the beginning of the tone and a 50 ms fade-out period at the end of the tone. Participants listened
to tones on both ears simultaneously in a way that the 20 Hz modulated tone was presented to
one ear and the 45 Hz modulated one to the other ear. The side of stimulation was alternated
randomly and equally balanced between tones and ears. As a result, in half of the trials, the 20
Hz modulated tone was presented to the left while the 45 Hz modulated one was given to the
right ear. Accordingly, for the other half of the trials the configuration of the stimuli was
reversed. In 10 percent of the cases one of the tones was replaced by a target. A target was
defined as a tone that altered its modulation frequency during stimulation. To clarify, the tone’ s
amplitude was modulated by either 45 Hz or 20 Hz, changed after 0.2 seconds to 25 Hz or 12.5
Hz respectively and returned to its initial modulation rate after 0.6 seconds.
To provide the same intensity to each ear and each person, tones were adjusted to the
individual hearing level in both ears separately. Loudness was chosen 50 dB above sensation
level.
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2.3. Experimental design and procedure
The experimental configuration resulted in a 2x2 design: Two attentional conditions (attend
tone vs. ignore tone) and two conditions arising from the different modulation frequencies
(20 Hz vs. 45 Hz) of the steady-state tones.
For attentional modulation a task-switch paradigm was used. Subjects saw an arrow pointing
randomly to the left or to the right that told them to shift their attention to the designated ear.
Subjects’ task was to detect target tones (10%) that were defined as tones altering their
modulation frequency in between presentation in the attended ear. Trials with target tones were
later excluded from statistical analysis.
The different conditions were equally weighted and a total of 200 trials presented during the
course of the experiment. The presentation order of the trials was randomized. Each trial
commenced with a cross in the middle of the screen that subjects had to fixate for 1 to 1.5
seconds. Subsequently, an arrow, pointing to the right or left side, was shown to indicate the
focus of attention. After 1 to 1.5 seconds subjects were exposed to the auditory stimulus.
Directly afterwards, subjects were asked if they could detect a target or not by displaying the
question in the screen. Thereupon subjects had to respond with a right-hand button press; left
key meant “target” and right key “no target”. Consequently, if the tone in the designated ear
altered its modulation frequency in between presentation subjects had to respond by pressing the
left button, otherwise by the right button. Subjects were not forced to respond as fast as possible.
The intertrial interval (ITI) varied between 2.5 and 3.5 seconds. During the ITI, subjects saw a
pair of eyes that encouraged them to blink so that blinking was avoided during task performance.
The time intervals, which the fixation cross, the arrow or the pair of eyes appeared in, differed
slightly in a randomised manner to prevent expectation effects. The procedure of one trial is
illustrated in figure 1.

!

Figure 1: Illustration of a target trial used in the experiment.
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2.4. Data Acquisition
Stimulus presentation and presentation of the instructions was programmed using Psyscope X,
Version Dep. 37 6, an open-source environment for the design and control of behavioural
experiments (http://psy.ck.sissa.it/). Triggers were generated in Psyscope and sent to the data
acquisition system via the trigger box of the MEG. Tones were generated outside of the magnetic
shielded chamber (ASG-BTI) and delivered to the subject’s ear via flexible plastic tubes of the
sound system. Instructions and visual stimuli were presented by a video beamer (JVCTM, DLAG11E) outside of the MEG chamber and projected to the ceiling in the MEG chamber by means
of a mirror system. For their responses subjects used a response pad that recorded the responses
separately. Individual head shapes were collected from all subjects using a digitizer. The MEG
recordings were accomplished with a 148-channel magnetometer system (MAGNESTM
2500 WH, 4D Neuroimaging, San Diego, USA), installed in a magnetically shielded chamber
(Vakuumschmelze Hanau), while participants lay in a supine position. MEG signals were
recorded with a sampling rate of 678.17 Hz and a hard-wired high-pass filter of 0.1 Hz.
2.5. Data Analysis
Data sets were exported to Matlab (The MathWorks, Natick, MA, Version 7.5.0 R 2007b) for
processing. Epochs of two seconds pre and two seconds post-stimulus were cut out of the
continuous data streams. This was done for different conditions separately, so that there were
45 trials for each of the four conditions. Target trials were excluded from statistical analysis.
The resulting trials were visually inspected for artefacts and bad ones rejected. As subjects
were asked to restrain blinking to the intertrial intervals and not to move during the experiment,
the trials that had to be rejected were very limited. The signal of the 148 channels of the MEG
was projected onto a montage of eight regional sources according to Weisz and colleagues 31; for
a general description of the concept of source montages see Scherg (2002) 27. In their approach a
source model is generated consisting of eight sources, including the two sources of interest (left
temporal: -0.68 0.00 0.06 and right temporal: 0.68 0.00 0.06, coordinates in unit spheres) and six
sources distributed over the remaining cortex. The sources outside of the regions of interest acted
as a kind of spatial filter reducing the influence of non-auditory sources on the sources of
interest. Thus, for further analysis of the aSSRs only the locations of interest (left and right
temporal sources) were regarded. The location of the temporal sources was guided by previous
localization works of the aSSR by our group 31. After source projection data sets (containing
three orthogonal dipoles) were oriented by performing a principal component analysis. For
further analysis only the first orientation was taken into account.
Prior to the calculation of the aSSR Fast Fourier Transformation (FFT) was applied to the
average of all unfiltered trials (i.e. the event-related field, ERF) for each condition and source.
As time window an interval from 200 ms to 700 ms after tone onset was chosen, corresponding
to the maximal steady-state activation revealed by an exploratively performed wavelet analysis
(Morlet wavelet with an m-factor of 7; this factor regulates the "compromise" between time and
frequency resolution) applied to the ERF 2. Both Fast Fourier Transformed data and Wavelet
transformed data were baseline corrected by subtracting the power values in the baseline interval
from the power values during tone stimulation. As baseline served an interval prior to cue
presentation (from 700 ms to 200 ms before cue onset) while subjects were regarding a fixation
cross.
For statistical analysis, a 2 x 2 Analysis of Variance (ANOVA) was performed using a nonlinear
mixed effects model 22. The factors ‘attention’, ‘hemisphere’, ‘laterality’ and ‘modulation
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frequency’ were defined as fix factors, whereas the factor ‘subject’ represented the random
factor. Thereby, the amplitudes of the steady-state responses in dependence of the hemisphere
(left vs. right), laterality (ipsilateral vs. contralateral), modulation frequency (20 Hz vs. 45 Hz)
and attention (attend vs. ignore) were analysed. Attention was defined as attention to a specific
modulation frequency. Additionally, paired student’s t-tests were performed for a post-hoc
analysis of the effects. Significance level was set at 5 %.
3. Results
3.1. Behavioural results
The experimental task was challenging for the participants as can be demonstrated by the
behavioural results. Over all subjects and trials 74 percent of the tones were identified correctly.
Thus, subjects were able but had to make an effort to distinguish targets from standard tones.
Subjects showed the same behavioural performance for the fast (mean ± standard deviation: 76
% ± 18) and the slow tones (72 % ± 23). Likewise, attending to the left (73 % ± 20) or to the
right ear (76 % ± 18) did not affect the respective response patterns. The equivalence was
confirmed statistically by the appropriate Student’s t-tests. Both tests verified the absence of
differences between means (each p > 0.5).
3.2. Electrophysiological data
An explorative time-frequency analysis of the ERFs showed prominent power increases at the
modulation frequencies. The 20 Hz and 45 Hz responses peaked around 200 and 700 ms poststimulus. An illustration of the power distribution of the mean steady state response over all
subjects and conditions is shown in Figure 2.

!

Figure 2: Mean Power Values over all subjects and conditions for left temporal activations. The left panel
shows the power values (relative changes) obtained by wavelet analysis. The two panels on the right
show the corresponding temporal profiles for 20 Hz and 45 Hz. Steady-state responses peak between 200
to 700 ms.
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As the outcome of time-frequency analyses always is a compromise between time versus
frequency resolution a smearing of nearby frequencies could not be ruled out, e.g. between the
45 Hz response and the harmonics of the 20 Hz responses at 40 Hz. Therefore, the time window
(200-700 ms post stimulus) of relevant energy increase identified by this step was used and FFTs
producing power estimates for discrete frequencies were applied to our data sets (with the cost of
losing time information). Thereby, we could infer frequency-specific activations more precisely:
Neuronal activity was significantly enhanced at the frequencies of modulation and its first
harmonics. Thus, besides the 20 Hz and 45 Hz responses, neuronal activity was augmented at 40
Hz, the first harmonic of the 20 Hz response. For an illustration see Figure 3.

!
Figure 3: Power spectra obtained from FFTs. The two upper panels show left temporal activations
whereas the lower ones depict right temporal activations. The two panels on the left show conditions with
the 20 Hz modulated tone presented to the left and the 45 Hz modulated tone to the right ear (20Hz/
45Hz). The right panels show activations elicited by the 45 Hz modulated tone presented to the left ear
and the 20 Hz modulated one to the right ear (45Hz/20Hz). The steady state response prominently peaks
in the hemisphere contralateral to the stimulation side. Moreover, concurrently with the 20 Hz response,
the 40 Hz response is significantly augmented.

For a detailed investigation of the attentional effects on the aSSR the possibly different effect of
ipsilateral and contralateral activations, 20 Hz and 45 Hz responses as well as left hemispheric
and right hemispheric activations were taken into account by calculating a nonlinear mixed
effects model including these factors. Thereby we revealed two main effects: Contralateral
activations were significantly larger than ipsilateral activations (F = 8.23, p = .005) and left
hemispheric activations significant larger than right hemispheric activations (F = 7.26, p = .008).
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There were no main effects for modulation frequency and attention. To find out if the significant
main effects are due to attentional processes we looked at the accordant interactions: There was a
first order interaction for laterality X attention, showing that aSSRs contralaterally to tone
presentation are enhanced by attention and aSSRs ipsilaterally to tone presentation reduced by
attention. When looking closer at higher order interactions (laterality X attention X hemisphere:
F = 4.51, p = .035) it becomes clear that attention seems to act differently depending on the
interplay between ipsilateral and contralateral as well as right temporal and left temporal
activations. Even the fourth order interaction is close to significant (laterality X attention X
hemisphere X modulation frequency: F = 3.58, p = .060). Therefore, we assessed differences in
the aSSR amplitude due to attention for left hemispheric and right hemispheric as well as at 20
Hz and 45 Hz responses separately by calculating the accordant student’s t-tests. Thereby, a
hemispheric and frequency specific impact of attention on the auditory steady-state response
could be disclosed. First, the power of the 20 Hz responses was not affected by attention in the
right hemisphere. In contrast, looking at the left hemisphere, the 20 Hz response was shown to
be significantly modulated by attention: Regarding 20 Hz responses contralateral to tone
presentation in the right ear we could demonstrate a significant enhancement of the auditory
steady state response caused by attention. That is, attending to a specific tone in the right ear led
to an enhancement of the amplitude of the 20 Hz steady state responses in the left hemisphere. In
contrast, if the attended sound was presented to the left ear the 20 Hz activations appeared to be
significantly reduced by attention in the left hemisphere. The suppression-effect was even more
pronounced than the enhancement-effect. See Figure 4 for an illustration.

!

Figure 4: Differences in mean power values between the attended and ignored 20 Hz aSSR (attend ignore). Activations in the left temporal cortex are significantly modulated by attention: Following a right
cue the steady-state amplitude is enhanced in the left hemisphere. For a left cue, however, the left
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temporal 20 Hz responses are reduced. In the right hemisphere no differences due to attention could be
revealed.

Looking at the 45 Hz responses it seems at a first glance that the aSSRs are enhanced when
attending to the contralateral right ear. However, the accordant student’s t-test could not reveal
any power changes due to attention (all p > .1). This was the case for both hemispheres.
Figure 5: Differences in mean power values between the attended and ignored 45 Hz aSSR (attend ignore). No statistical significant differences due to attention were found neither for the left nor for the
right hemisphere.

4. Discussion
With the present work we demonstrate that top-down modulated auditory spatial selective
attention affects the power of the aSSR in a specific pattern: Attending to the right ear resulted in
a contralateral enhancement of the 20 Hz aSSR in the left hemisphere while attending to the left
ear led to an ipsilateral reduction of the 20 Hz aSSR in the left hemisphere. The right
hemisphere was unaffected by attention. Furthermore, no significant effects were found for 45
Hz neither in the left nor in the right hemisphere. This complex pattern supports previous studies
and might help to explain some of the inconsistencies in the existing literature.
4.1. Attentional modulation of the aSSR
The present study addresses several aspects concerning attentional processes in the auditory
cortex and thereby adds to previous findings. As has been illustrated in the introduction part
some recent studies 325,28 indicate that it is indeed possible to modulate the aSSR by attention.
This was not obvious as after negative results in a very early study 17 the aSSR was thought to be
insusceptible to attention.
This insusceptibility, however, was later substantiated in the experimental task used by Linden
and colleagues: Their subjects solely concentrated on changes in carrier frequency. In contrast,
forcing subjects to attend to the stimulus rhythm was an important factor in the modulation of
the aSSR. Thus, by using an appropriate task, that means a task that makes subjects attending to
the modulation frequency of the stimulus, it was possible to show a susceptibility of the aSSR to
attention.
But still, the pattern of significant findings appears to be too complex to be explained by some
unspecific attentional influences. Attentional modulation is highly dependent on experimental
factors, e.g. the features to-be-attended or the modulation frequency of the steady-state sound, as
well as on the characteristics of our auditory system like the hemispheric specialization. In the
course of this discussion it therefore seems to be essential to scrutinize on the factors that
influence the attentional impact on the aSSR. Our experimental design allowed for investigating
top-down modulation of the aSSR with respect to different modulation frequencies and to
ipsilateral and contralateral activations within the auditory modality.
4.2. Enhancement versus suppression of the aSSR
Until now, only few studies exist investigating the relationship between attention and the aSSR.
To our knowledge, none of these studies have reported effects on ipsilateral and contralateral
activations separately. By our experimental design, however, it is possible to dissolve the
apparently complex activation patterns during top-down processes and scrutinize on ipsilateral
and contralateral as well as left hemispheric and right hemispheric activations. The 20 Hz
responses are significantly enhanced in the left hemisphere when subjects had to attend to the

104

right ear. This is in line with the findings of Ross and colleagues who showed a left hemispheric
enhancement of the aSSR following contralateral right ear stimulation 25. It furthermore supports
the results of Bidet-Caulet et al. 3, Skosnik et al. 28 and Weisz (submitted) who all report an
amplitude augmentation of the attended aSSRs.
Additionally to this enhancement effect, the 20 Hz responses were significantly suppressed in
the left hemisphere when subjects had to attend to the ipsilateral left ear. As depicted above there
is no study investigating selective attention in the auditory domain with respect to ipsilateral and
contralateral activations. In the somatosensory modality, however, Staines and colleagues 29
revealed note-worthy results concerning ipsilateral inhibition of relevant information. The
experimental design used by Staines and colleagues was similar to the one used in the present
experiment. Subjects were exposed to vibrating little hammers at a frequency of 25 Hz and had
to detect targets defined as brief changes in frequency. The authors could reveal two main
effects: A facilitation of activity in the primary somatosensory cortex contralateral to the
stimulated hand and an inhibition ipsilateral to the stimulation side. This is in line with our
findings of ipsilateral suppression and contralateral enhancement. Apart from this study little is
known about suppression of SSRs when attending to ipsilaterally presented stimuli. However,
the principle of enhancing relevant and suppressing irrelevant neuronal activity for a better
signal-to-noise ratio is not new and represents a key mechanism for effective information
processing. This issue is further addressed in the next section.
4.3. Competition of neuronal resources and suppression of activity
Competing for neuronal resources seems to be a basic principle in the organisation of neuronal
systems. Competition is found on the single cell level of neurons’ receptive fields 23, on the
intrahemispheric level within modalities 15, between the two hemispheres 1,4 and between
different modalities 10. Thus, it is not surprising that if the aSSR is affected by attention, this topdown modulation not simply results in an enhancement of the steady-state response, but also
involves suppression processes. Enhancing relevant and suppressing irrelevant input in the
processing of aSSRs is in line with the recent findings of Bidet-Caulet and colleagues 3 who
found an augmentation of the relevant and a reduction of the irrelevant aSSR in the left
hemisphere during a situation of sound rivalry. In contrast to Bidet-Caulet’s study our
experimental task required attention to a given ear instead of attention to a given stimulus. Thus,
it is plausible that in this case neuronal activity in the contralateral hemisphere where main
processing takes place is highlighted while possibly interfering activity in the ipsilateral
hemisphere is suppressed. In situations of high competition as sound rivalry 3 or task-switching
26 the suppression of interfering activity is at least as crucial as the enhancement of relevant
information for effective information processing. This is reflected by our data showing an even
stronger suppression than enhancement effect.
4.4. Left hemispheric dominance in attentional processes
The 20 Hz responses were significantly modulated by attention, but this was only the case for the
left hemisphere. In the right hemisphere no significant differences due to attention could be
revealed. This appears surprising at a first glance, but corroborates previous reports in the
literature: All existing studies looking at aSSRs and attention report a more pronounced and
consistent modulation in the left hemisphere than the right hemisphere 3,25. Bidet-Caulet and
colleagues even found paradoxical effects pointing to a reversed pattern of steady-state
modulation in the right hemisphere. Moreover, a left-hemispheric dominance in top-down
selection processes in the auditory system was found in various studies 5,20. Petkov and

105

colleagues (2004) conducted a fMRI study using high-resolution surface mapping techniques
and have shown that attended stimuli elicited larger enhancements of neuronal responses in the
left hemisphere whereas unattended stimuli displayed greater activations in the right hemisphere.
Attentional modulations were specific to non-primary auditory regions. In a study of Weisz &
Bertrand (submitted) enhancements of aSSRs due to attention were also particularly observed for
the left hemisphere. Thus, in the auditory modality, the left hemisphere seems to be more
susceptible to attentional selection processes than the right hemisphere what is confirmed by our
principle findings.
4.5. Modulation frequency dependency of attentional effects
As stated above the 20 Hz response was modulated by attention in a way expected from previous
studies 3. The 45 Hz response, however, was not modulated by our experimental design. This
does not contradict previous positive findings with modulation frequencies around 40 Hz of
Ross and colleagues25, Skosnik and colleagues 28 and Weisz and colleagues (submitted) as our
experimental design differed in various aspects:
By presenting an informative versus an uninformative cue Weisz and colleagues manipulated the
attentional load prior to tone presentation, but subjects had to detect and thus attend to the 42 Hz
tone in both conditions. Consequently they never really ignored the 42 Hz tone as subjects had to
in our experiment. In the present study attention switched between ears and all cues were
predictive of target location, i.e. no comparison can be made between informative and
uninformative cueing as in the Weisz et al. study. These differences in design obviously can lead
to different results. Skosnik and colleagues binaurally presented click trains that were modulated
by either 20 Hz or 40 Hz and found attentional effects exclusively for the 40 Hz responses. This
was in contrast to our results that showed the 20 Hz responses being modulated by attention.
However, as they did not present the 20 Hz and 40 Hz click trains simultaneously, they did not
elicit a situation of sound rivalry as it was induced in the present design. Moreover, as the
authors selected an oddball paradigm to modulate attention, attended tones (targets) were at the
same time novel. Thus their effects could also be caused by bottom-up processes as Skosnik and
colleagues already stated. The described differences to our study could explain the different
results. The findings of Ross and colleagues cannot be paralleled to our experimental design
either as they used a visual control task which did not allow for investigating attention within the
auditory modality. Thus, all these findings do not contradict the present results.
The only experimental design that could be paralleled to ours is the investigation of Bidet-Caulet
3. However, they found attention mediated effects for the 21 Hz and 29 Hz responses and did not
look at higher frequencies.
Thus, the question why 20 Hz responses are differently modulated by attention than 45 Hz
responses using the present experimental design remains a matter of further investigation: At this
point some speculations will be made in an attempt to resolve this issue: First, different parts
within the auditory system contribute to the generation of the 20 Hz response and the 45 Hz
response 12. According to Liegeous-Chauvel and colleagues 45 Hz responses are generated
mainly in the left and right primary auditory cortex 16. The 20 Hz responses, however, are
generated in the left and right primary and left secondary auditory cortex. Moreover, intracranial
data 3 demonstrated that the 40 Hz response is exclusively found in the medial part of Hesch’l
Gyrus while the 20 Hz response stems from medial and lateral parts of the Hesch’l Gyrus.
The studies of Liegeous-Chauvel and colleagues and Bidet-Caulet and colleagues definitely
support a different generation of aSSRs around 40 Hz compared to the 20 Hz response 316. This
could imply a varying sensitivity of different aSSRs to attentional modulation what can be
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translated into a different sensitivity of various auditory fields (generating the aSSR) to
attentional modulation similar to what has been reported by Petkov and colleagues (2004) in an
fMRI study. As only the left secondary auditory cortex has been shown to be a generator of the
20 Hz aSSR and as we exclusively found the 20 Hz response to be modulated by attention in the
left auditory cortex, this could hint a susceptibility of the secondary auditory cortex to attention
and at the same time an insusceptibility of the primary auditory cortex to attention.
If aSSRs with varying modulation frequencies are differently modifiable by attention due to the
respective generators has to be confirmed systematically, but - if confirmed - would open up
interesting opportunities for cognitive neuroscience to probe various auditory fields using the
excellent temporal resolution of MEG / EEG.
5. Conclusion
Our results demonstrate that top-down modulated auditory spatial selective attention affects the
power of the aSSR in a specific pattern: Attending to the right ear resulted in a contralateral
enhancement of the 20 Hz aSSR in the left hemisphere while attending to the left ear led to an
ipsilateral reduction of the 20 Hz aSSR in the left hemisphere. For the right hemisphere no
effects could be revealed supporting the left hemispheric specialization in auditory attention.
Furthermore, 45 Hz responses seemed to be invariant to attention pointing to a modulationfrequency dependency in attentional modulation of the aSSR.
Hence, the present study could elucidate the interplay of contralateral and ipsilateral steady-state
activations in auditory attention and thereby account for some of the inconsistencies in the
present research of aSSRs and attention.
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