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Abstract: Recent data suggest that chronic tinnitus is a “phantom auditory perception” caused by maladaptive
neuroplasticity and subsequent hyperactivity in an extended neuronal network including the primary audi-
tory cortex, higher-order association areas, and parts of the limbic system. It was suggested that attenuation of
this tinnitus-associated hyperactivity may offer a rational option for lasting tinnitus reduction. Here, we tested
the hypothesis that tinnitus loudness can be attenuated by low-frequency repetitive transcranial magnetic
stimulation (rTMS) individually navigated to cortical areas with excessive tinnitus-related activity as assessed
by [15O]H2O positron-emission tomography (PET). Nine patients with chronic tinnitus underwent this
combined functional imaging and rTMS-study. Group analysis of the PET data showed tinnitus-related
increases of regional cerebral blood flow in the left middle and inferior temporal as well as right temporopa-
rietal cortex and posterior cingulum. Repetitive TMS was performed at 1 Hz and 120% of the motor threshold
for 5, 15, and 30 min, navigated to the individual maximum of tinnitus-related cortical hyperactivity. A
noncortical stimulation site with the same distance to the ear served as sham control. Tinnitus loudness was
reduced after temporoparietal, PET-guided low-frequency rTMS. This reduction, lasting up to 30 min, was
dependent on the number of stimuli applied, differed from sham stimulation, and was negatively correlated
with the length of the medical history of tinnitus in our patients. These data show the feasibility and
effectiveness of rTMS guided by individual functional imaging to induce a lasting, dose-dependent attenuation
of tinnitus. Of note, these effects were related to stimulation of cortical association areas, not primary auditory
cortex, emphasizing the crucial role of higher-order sensory processing in the pathophysiology of chronic
tinnitus. Hum Brain Mapp 28:238–246, 2007. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Tinnitus, i.e., the perception of elementary sounds or noise
in the absence of auditory stimuli, is a frequent and often
severely disabling symptom of different disorders of the
auditory system [see Lockwood et al., 2002, for review].
Although specific training strategies [Flor et al., 2004; Jas-
treboff and Jastreboff, 2000] and the use of antidepressants
[Folmer and Shi, 2004] as well as benzodiazepines [Gananca
et al., 2002; Shulman et al., 2002] may offer relief to some
patients, there are currently no effective treatments based on
neurophysiological evidence. Up to now, efforts to develop
rational therapies have been constrained by fragmentary
pathophysiological knowledge.

However, recent evidence points to a pivotal role of the
central nervous system and particularly cortical functions in
the pathophysiology of tinnitus [Norena and Eggermont,
2003]. In analogy to disorders like phantom limb pain [Flor
et al., 1995] or focal dystonia [Bara-Jimenez et al., 1998],
chronic tinnitus may result from maladaptive neuroplastic
changes of the central nervous system [Moller, 2000;
Muhlnickel et al., 1998]. In this pathophysiological model,
“auditory phantom perception” is the consequence of deaf-
ferentation-induced disinhibition in the central auditory sys-
tem, reflected in irregular hyperactivity of neuronal net-
works integrated in the processing of auditory information
[Eggermont and Roberts, 2004; Rauschecker, 1999]. Accord-
ingly, recent imaging studies have focused on the role of the
cerebral cortex for the development and perpetuation of
tinnitus. Functional imaging data from [15O]H2O positron
emission tomography (PET) in patients who could alter
tinnitus loudness by voluntary movements of mouth or face
[Lockwood et al., 1998, 2001] or eye movements [Giraud et
al., 1999] have pointed toward an association of tinnitus with
increased regional cerebral blood flow (rCBF), predomi-
nantly in temporoparietal areas of the cerebral cortex. In line
with these results, PET studies using transient reduction of
tinnitus by lidocaine also revealed significantly increased
rCBF in temporoparietal cortical activity during tinnitus
perception [Andersson et al., 2000; Mirz et al., 1999; Reyes et
al., 2002]. The data on the laterality of these changes vary
between different studies with trials using lidocaine as the
method for tinnitus suppression showing preferentially
right hemispheric changes [Mirz et al., 1999; Reyes et al.,
2002] and the other studies, a left hemispheric predomi-
nance [Giraud et al., 1999; Lockwood et al., 2001]. Studies on
tinnitus using functional MRI (fMRI) are scarce. In patients
with lateralized tinnitus, Melcher et al. [2000] showed a
reduced blood oxygenation level-dependent (BOLD) signal
change in the contralateral inferior colliculus in response to
auditory stimulation, suggesting subcortical abnormalities
in chronic tinnitus. To some extent, the functional relevance
of these activations for actual tinnitus perception remained
unclear, because, for principal reasons, correlative rCBF- or
BOLD signal-based neuroimaging data are not suited to
demonstrate causal relations between “activation” and be-
havior or symptom [Cohen et al., 1997]. Functional relevance
of temporoparietal cortical areas for tinnitus perception was

first verified by a short-term suppression of tinnitus imme-
diately after interference with the activity in these areas by
high-frequency (10 Hz, 120% of the motor threshold (MT),
3 s) transcranial magnetic stimulation (rTMS) [Plewnia et al.,
2003a]. This initial finding was replicated and extended by
studies demonstrating the tinnitus-suppressing effects of
rTMS of different frequencies [De Ridder et al., 2004, 2005]
and of high-frequency rTMS as well as anodal transcranial
direct current stimulation (tDCS) [Fregni et al., 2006], a
technique to transiently modulate the excitability of cortical
areas by transcranial application of a weak direct current
(DC). In a large study of 114 patients with unilateral tinnitus,
De Ridder et al. [2005] replicated, extended, and signifi-
cantly strengthened the result that tinnitus can be transiently
suppressed by rTMS (90% MT, 1–20 Hz, 200 pulses each) to
an area near the auditory cortex on the contralateral side of
the tinnitus in �53% of the patients. Most interestingly, the
effectiveness of rTMS for tinnitus reduction decreased with
the length of the medical history of tinnitus in these patients.
Tinnitus duration correlated negatively with the stimulation
frequency inducing maximal tinnitus suppression. In a re-
cent study, Fregni et al. [2006] provided evidence that an-
odal tDCS of the left temporoparietal area may induce a
similar transient tinnitus reduction, as does high-frequency
rTMS.

Going beyond the very short-lasting “virtual lesion” ef-
fects of high-frequency rTMS, low-frequency rTMS (�1 Hz)
can be used for the induction of longer-lasting reductions
(up to 30 min) of focal cortical excitability [Chen et al., 1997;
Plewnia et al., 2003b] and activity [Lee et al., 2003]. These
long-term depression (LTD)-like changes can lead to rele-
vant behavioral modifications [Hoffman et al., 2003; Siebner
et al., 1999] and offer an interesting method for probing and
possibly treating brain hyperexcitability syndromes [Hoff-
man and Cavus, 2002].

Recently, analogous procedures have also been applied in
tinnitus. In a first case series of three subjects, five daily
sessions of low-frequency rTMS were applied to a location
near the primary auditory cortex [Eichhammer et al., 2003].
The study was performed in a crossover design with a
sham-coil mimicking the noise of rTMS. A specific benefit of
rTMS could be demonstrated in one out of three patients.
The other two patients showed a reduction of tinnitus in
both the true rTMS and the sham condition. A 4-week rTMS
treatment of the one responding subject did not yield a
further amplification of this effect [Langguth et al., 2003]. In
another study by the same group [Eichhammer et al., 2003;
Kleinjung et al., 2005; Langguth et al., 2003], 1 Hz rTMS was
applied on 5 days to a temporal stimulation site. This inter-
vention showed a discrete but lasting reduction of the sub-
jective burden of tinnitus as quantified by a tinnitus ques-
tionnaire. No significant change was found after treatment
with the placebo coil. The mean change in tinnitus score
after stimulation was �8% (reduction). The general concept
that cortical brain stimulation could ultimately provide an
effective treatment to selected patients with otherwise un-
treatable tinnitus is further supported by a case report on the
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implantation of extradural electrodes over the auditory cor-
tex of one subject resulting in permanent suppression of
tinnitus [De Ridder et al., 2004]. However, the immediate
effects of low-frequency rTMS on tinnitus loudness, linking
the tinnitus suppression with the excitability-modulating
properties of rTMS, have not been explored yet. Further
evidence for the effectiveness of low-frequency rTMS in
chronic tinnitus is needed and can be gained by applying a
technologically optimized approach with PET-guided indi-
vidual neuronavigation and testing for significant dose–
effect relations. To this end, we used functional information
from [15O]H2O PET to navigate low-frequency rTMS of dif-
ferent durations to the area of highest tinnitus-associated
increase of rCBF in the temporoparietal cortex. A noncortical
control stimulation (lower occiput) within the same distance
to the ear served as comparably loud and uncomfortable
control stimulation. Based on the present knowledge on the
functional neuroanatomy of tinnitus and the neurophysio-
logical effects of low-frequency rTMS, we predicted that this
strategy will lead to a reduction of tinnitus loudness that
depends on the dose of rTMS (�number of stimuli) and
outlasts the time of stimulation in the order of the known
LTD-like effects of rTMS (i.e., 30 min or more). Thus, we set
out to provide further evidence for the significance of focal
cortical hyperactivity as a relevant neurophysiological basis
of tinnitus and a potential pathophysiology-based target for
novel treatment approaches.

MATERIALS AND METHODS

Study Design

In the present study, individuals with chronic tinnitus
were (1) screened on the effect of an intravenous (i.v.) bolus
of lidocaine on tinnitus loudness. In subjects who reported a
transient reduction of tinnitus this intervention was used to
obtain (2) individual and (3) general patterns of tinnitus-
related neuronal activity by [15O]H2O PET. Then, (4) in a
randomized, controlled, crossover design low-frequency
rTMS was navigated to the maximum of individual tinnitus-

related activity and to a noncortical (sham) position. Inten-
sity and duration of changes in tinnitus loudness were as-
sessed after different numbers of rTMS stimuli. This
randomized, placebo-controlled, crossover trial was ap-
proved by the local ethics committee and was in accordance
with the Declaration of Helsinki.

Screening Procedure

Sixteen patients were recruited from a general community
sample, gave informed consent, and were screened for tin-
nitus suppression in response to a bolus injection of lido-
caine in order to use this suppression as a control condition
in PET perfusion-imaging [Reyes et al., 2002]. Lidocaine (1.5
mg/kg) was injected i.v. over 1 min under ECG monitoring
by a cardiologist because of the risk of lidocaine-induced
cardiac arrhythmia. Only patients with unequivocal tinnitus
reduction were included in the further study.

Study Participants

Nine subjects (2 women, 7 men, 49–68 years old) with
chronic (�1 year) compensated subjective tinnitus were in-
cluded in the further study at the local PET center and the
Hertie-Institute for Clinical Brain Research. Detailed histo-
ries, otolaryngologic examinations, and standard audiomet-
ric measures were obtained by an otolaryngologist (Table I).
Heart disease, previous history of seizures or brain lesions,
metal implants, cardiac pacemaker, and current use of psy-
chotherapeutic drugs were exclusion criteria.

[15O]H2O PET

Neuronal activity, reflected in changes of rCBF associated
with tinnitus perception, was assessed with [15O]H2O PET.
Since it is a quiet method, it is especially suited for the
investigation of central auditory functions, particularly tin-
nitus. All PET scans were acquired on 2 days with two
conditions each: first scan at rest (“tinnitus-ON”), then im-
mediately after i.v. injection of lidocaine (“tinnitus-OFF”).

TABLE I. Patient data

Subject Age/sex
Duration
(years) Laterality

Audiometric
measures* Stimulation site

rTMS
intensity

1a 59/m 10 Bilateral 69 dB HL, pan Right BA 39 91%
2 59/m 10 Bilateral 55 dB HL, pan Left BA 39 74%
3 58/m 2 Bilateral 7 dB HL, hf Right BA 39 58%
4 49/m 4 Bilateral 12 dB HL, hf Left BA 22 82%
5 57/f 9 Bilateral 15 dB HL, hf Left BA 39 96%
6 68/m 4 Bilateral 6 dB HL, hf Right BA 22 55%
7a 68/m 15 Right 6 dB HL, hf Left BA 39 60%
8 53/f 4 Bilateral 15 dB HL, hf Left BA 39 77%
9b 59/m 10 Bilateral 21 dB HL, pan Right BA 39 67%

* Hearing level (pure tone average � hearing loss at [0.5�1�2�3 kHz]/4); hf: high-frequency hearing loss; pan:
pancochlear hearing loss.
a Nonresponder.
b Excluded due to tinnitus increase after rTMS.
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We followed this order in all subjects to avoid the contam-
ination of the control condition by residuals of the drug
effect. Earplugs were inserted and subjects were instructed
to fixate on a red LED. After bolus injection of 1.8 GB
[15O]H2O, dynamic data were acquired with a GE (Milwau-
kee, WI) Advance PET scanner in 3D mode. As an index for
tissue perfusion, we calculated the sum of counts (no decay
correction) from injection to 100 s after the turning point of
the whole brain time–activity curve. Attenuation-corrected
images were calculated with the standard software of the
scanner (FORE rebinning, 2D filtered backprojection). For
individual patient analysis, all images were realigned with
the software SPM2 (Wellcome Department of Cognitive
Neurology, London, UK) and intensity normalized. A mean
image (four scans) was calculated for anatomical orientation,
difference images (tinnitus-ON minus tinnitus-OFF) were
calculated after smoothing (10 mm Gauss) and thresholded
at 5% of mean cortical activity. These thresholded individual
difference images were used for rTMS navigation as de-
scribed below.

Group effects in rCBF measured with PET were analyzed
with the software SPM2. After realignment, all scans were
transformed into standard space using the standard perfusion
template and smoothed (12 mm Gaussian). For statistical anal-
ysis, each scan was assigned to one of two conditions (tinni-
tus-ON or tinnitus-OFF) resulting in 11 parameters (two con-
ditions, nine subjects) that were estimated within the general
linear model after proportional scaling. A voxel-level t-thresh-
old of 3.41 was selected, corresponding with an uncorrected P
� 0.001. For correction for multiple testing, we used SPM’s
built-in method that compares cluster size with estimated im-
age “smoothness.” For illustration purposes, we created max-

imum intensity projections (“glass brain”) with an extent
threshold large enough to separate significant and not signifi-
cant clusters (400 voxels, Fig. 1). To quantify the intensity of
individual tinnitus-specific patterns of neuronal activation, we

Figure 2.
A: Exemplary single-subject image (white arrow points to the area
stimulated). B: Neuronavigated rTMS. C: Mean (n � 8) reduction
of tinnitus (averaged sum scores of VAS ratings) after rTMS to the
tinnitus-related area of maximal activity after 5, 15, and 30 min. D:
Compared with sham stimulation.

Figure 1.
SPM2 analysis (n � 9) of tinnitus-related hyperactivity. Significant
tinnitus-related activity was found in the right gyrus angularis (BA 39,
corrected P � 0.001, Tmax � 5.29, MNIx,y,z [52/�66/32]), in the left

lower temporal cortex (BA 37/21, corrected P � 0.015, Tmax � 4.51,
MNIx,y,z [�54/�52/�4]) and in the posterior cingulum (BA 31, cor-
rected P � 0.01, Tmax � 5.41, MNIx,y,z [�4/�72/28]).
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calculated the mean �rCBF in a mask comprising all voxels of
the three significant SPM-clusters.

Navigated rTMS

PET images (mean and difference) were coregistered
with the individual structural MRI (Magnetom Vision,
Siemens, Germany) and fed into the neuronavigation de-
vice (Brainsight, Magstim, Whitland, UK). The target area
of rTMS was selected on the basis of the individual thresh-
olded difference images. Stimulation was navigated to the
cluster with maximal tinnitus-related rCBF increase in
both temporoparietal cortices. Repetitive TMS was carried
out continuously with 1 Hz at 120% of the individual
motor threshold (n � 9) defined as the minimal intensity
necessary to evoke motor evoked potentials (MEP) of �50
�V in a small hand muscle (m. abd. poll. brevis) in at least
5 of 10 stimuli. In two sessions (different days) and in
randomized order, stimulation was navigated either to
the individual activation maximum in the temporopari-
etal cortex or the control spot (sham stimulation) at the
lower occiput. In order to obtain a reliable sham condi-
tion, the localization of control stimulation was individ-
ually matched according to the distance to the ear result-
ing in comparable noise (between 60 and 75 dB) and
aversive sensations (pricking, muscle twitches). Due to
the limited penetration of magnetic fields produced by
standard TMS coils as used here, a functionally relevant
stimulation of cerebral cortex by the sham intervention
can be ruled out. Subjects were naive with respect to the
treatment conditions. Three stimulation trains (5, 15, 30
min, corresponding to 300, 900, 1800 stimuli) were applied
during one session with intertrain intervals of 30 min.

Outcome Measures and Statistical Analysis

Modifications of tinnitus loudness by rTMS were as-
sessed every minute after each train of stimulation by a
discrete visual analog scale (VAS) consisting of 11 steps
(primary endpoint). Subjects were instructed to remember
tinnitus loudness before each intervention. The numbers
(�5 to �5) were associated with adjectives describing
changes in the loudness of tinnitus compared to the tin-
nitus loudness before each stimulation train. Zero repre-
sented no change, �1 to �5 an increase, and �1 to �5
a decrease in tinnitus loudness. The extent of tinnitus
reduction was quantified by the sum scores over 30 min
after each train (max � �150/�150) and the sum
scores after each intervention (3 	 30 min, max � �450/
�450).

The rTMS-specific effect was determined using a Wil-
coxon nonparametric test for paired samples on the VAS
sum scores obtained after each stimulation condition (tem-
poroparietal vs. sham). Statistical testing for dose depen-
dency (effect of stimulation time) was performed by Fried-
man analysis of variance on the sum of VAS scores after each
intervention (5, 15, 30 min TMS) for verum and sham stim-
ulation separately. Correlation between rTMS effects (VAS

sum score) and duration of tinnitus was computed by Spear-
man’s nonparametric correlation analysis.

Based on the voxel-wise statistical group analysis, we
generated a post-hoc ROI comprising all voxels of significant
SPM clusters to extract an individual index of tinnitus-
related activation and to exploratively compare this index
with rTMS outcome.

RESULTS

Lidocaine Effects

In 12 of 16 subjects, lidocaine injection resulted in a tran-
sient reduction of tinnitus. The duration of this reduction
varied between 5 min and several hours. Two subjects re-
ported no or only minimal (VAS � �1) attenuation. In two
patients lidocaine induced a temporary increase of tinnitus
loudness. As substantial tinnitus reduction was the target of
the study, these subjects (n � 4) were excluded. Three of the
12 responders withdrew from the study before the PET
scans (claustrophobia in the MRI-scanner, objections to the
injection of [15O]H2O, no-show).

Imaging Data

In all subjects, at least one temporoparietal cluster with a
�rCBF greater than 5% was detected and used as stimula-
tion target (Table I). Statistical group analysis (n � 9) re-
vealed three areas of increased rCBF associated with tinnitus
perception: right gyrus angularis (Brodmann area (BA) 39,
corrected P � 0.001, Tmax � 5.29, MNIx,y,z [52/�66/32]), left
middle and inferior temporal cortex (BA 37/21, corrected P
� 0.015, Tmax � 4.51, MNIx,y,z [�54/�52/�4]) and posterior
cingulate cortex (BA 31, corrected P � 0.01, Tmax � 5.41,
MNIx,y,z [�4/�72/28]).

Adverse Reactions

All subjects (n � 16) reported mild to moderate adverse
reactions including vertigo, dizziness, and numbness or tin-
gling of mouth and tongue immediately after the injection
of lidocaine lasting up to 10 min. No cardiovascular com-
plications were observed. In one patient of the nine stud-
ied with rTMS the protocol was discontinued because
tinnitus loudness increased after 5 min of rTMS to the area
of tinnitus-related activity. It returned to baseline after
�30 min.

Navigated rTMS

Low-frequency rTMS navigated to the individual area of
maximal tinnitus-related temporoparietal cortical activation
reduced tinnitus perception up to 30 min in 6 of 8 subjects
(Table I). Group analysis (n � 8) indicated a dose-dependent
reduction of tinnitus intensity after rTMS (Friedman analy-
sis of variance [ANOVA], �2 � 7.0, P � 0.03), an effect that
was not found after sham stimulation (Fig. 2). Direct com-
parison of rTMS and sham stimulation revealed that rTMS
to the tinnitus-related maximum of activation resulted in a
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greater reduction of tinnitus loudness (Wilcoxon, Z � �2.2,
P � 0.028).

There was a negative correlation between the amount of
tinnitus reduction (VAS sum score) after verum TMS and
the duration of the illness (Spearman � �0.62; P � 0.05;
one-sided).

Two subjects reported no change of tinnitus. These pa-
tients showed excessively higher tinnitus-related �rCBF
than the patients reacting to rTMS (Fig. 3). On visual inspec-
tion of individual difference images this hyperactivity was
mainly located in the posterior cingulum.

DISCUSSION

The present study strengthens the conceptual link of
chronic tinnitus with pathologically enhanced cortical acti-
vation, provides further evidence for a causative relation
between cortical hyperactivity and disease, and verifies the
hypothesis that low-frequency rTMS guided to hyperactive

temporoparietal areas beyond the classically defined audi-
tory pathways can suppress tinnitus in a dose-dependent
manner. Finally, the longer the patients had been suffering
from tinnitus the less likely neurostimulation was to reduce
tinnitus loudness.

Rather than using imaging of baseline metabolism (e.g.,
Fluorodeoxyglucose-PET) [Eichhammer et al., 2003] or ap-
plying rTMS based on standardized coordinates on the head
surface [De Ridder et al., 2005; Plewnia et al., 2003a], we
directly combined functional imaging with [15O]H2O PET
and stereotactic neuronavigation to optimize the effective-
ness of focal modulation of cortical hyperactivity by rTMS at
the individual patient level. This approach was chosen be-
cause of an assumed high between-subject variability of
focal tinnitus-related cortical hyperactivity. Of note, by us-
ing the individual �rCBF images for targeting, stimulation
was focused predominantly to areas of higher-order pro-
cessing (BA 39, 22). The tinnitus-suppressing effects of this
intervention indicate that these structures represent critical
elements of a neuronal network subserving tinnitus percep-
tion. However, acknowledging the inherently limited signal-
to-noise ratio in individual rCBF images, some uncertainty
with respect to the exact Brodmann areas must remain. The
group data analysis, however, confirms the pivotal role of
sensory association cortex rather than primary auditory
areas.

Until now, we are aware of six studies using [15O]H2O
PET for the functional imaging of tinnitus [Andersson et al.,
2000; Giraud et al., 1999; Lockwood et al., 1998, 2001; Mirz et
al., 1999; Reyes et al., 2002]. Two of them induced the tinni-
tus-OFF condition by lateral gaze [Giraud et al., 1999; Lock-
wood et al., 2001], one by orofacial movements [Lockwood
et al., 1998], and three by lidocaine [Andersson et al., 2000;
Mirz et al., 1999; Reyes et al., 2002]. Concordantly, these
imaging studies on tinnitus indicate enhanced activation in
cortical areas involved in different levels of processing and
emotional appraisal of auditory stimuli (BA 41, 42, 21, 22, 39)
in both hemispheres. In line with these data, the brain re-

Figure 3.
Individual tinnitus-related �rCBF (tinnitus-ON minus tinnitus-
OFF, average over all significant clusters). The two subjects show-
ing no reduction of tinnitus after rTMS were those with the
highest tinnitus-related �rCBF.

TABLE II. Attenuation of tinnitus loudness after rTMS

Subject


�VAS* (max. reduction),** response duration (VAS � 0)

Verum Sham

5 min rTMS 15 min rTMs 30 min rTMS 5 min rTMS 15 min rTMS 30 min rTMs

1a 0 0 0 0 0 0
2 0 �14 (�3), 7 min �16 (�3), 8 min 0 0 0
3 �60 (�2), 30 min �75 (�5), 19 min n.o. 0 0 n.o.
4 0 0 �3 (�1), 3 min 0 0 0
5 �96 (�5), 27 min �114 (�5), 24 min �132 (�5), 30 min �36 (�3), 14 min �81 (�5), 30 min �62 (�5), 24 min
6 �17 (�5), 7 min �24 (�5), 6 min �59 (�5), 20 min 0 �6 (�5), 2 min �27 (�5), 9 min
7a 0 0 0 0 0 0
8 �24 (�2), 12 min 0 �24 (�2), 12 min 0 �19 (�1), 19 min �7 (�1), 24 min

* Sum scores of VAS after rTMS.
** Maximal tinnitus reduction (VAS).
a Nonresponder.
n.o., not obtained.
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gions activated in association with tinnitus perception in this
study extended from the middle temporal gyrus (BA 21), a
heteromodal brain region participating in auditory process-
ing [Goycoolea et al., 2005], to cortical areas involved in the
integration (BA 39, gyrus angularis; BA 37, fusiform gyrus
[Booth et al., 2003]) and emotional validation (BA 31, poste-
rior cingulate cortex [Gundel et al., 2003; Vogt et al., 1992]) of
sensory stimuli. These data complement clinical observa-
tions that tinnitus perception is tightly linked with cognition
and emotional processes [Folmer et al., 2001; Newman et al.,
1997; Zenner and Zalaman, 2004]. Like prior imaging stud-
ies, our group data showed no significant tinnitus-related
hyperactivation of the primary auditory cortex [Giraud et
al., 1999; Reyes et al., 2002]. These findings support the
notion that tinnitus-related neuroplastic changes as docu-
mented also in the primary auditory cortex by electrophys-
iological methods [Diesch et al., 2004; Muhlnickel et al.,
1998] are not necessarily associated with enhanced perfusion
or metabolism. This is in agreement with a recent study in
animals showing that an acute noise trauma (supposed to
induce tinnitus) is not immediately followed by an increase
in firing rates [Norena and Eggermont, 2003].

The present data, demonstrating suppression of tinnitus
by low-frequency rTMS navigated to areas of tinnitus-re-
lated cortical activity, add further evidence to the hypothesis
that cortical hyperactivity is functionally relevant and in a
causative relation with the perception of tinnitus. In com-
parison to the short-term effects induced by high-frequency
rTMS (the “virtual-lesion paradigm,” [Plewnia et al., 2003a]),
we were now able to prolong tinnitus suppression substan-
tially and in a dose-dependent manner with low-frequency
rTMS. Low-frequency rTMS is a well-known technique to
reduce cortical excitability up to 30 min, as demonstrated in
studies on the primary motor cortex [Chen et al., 1997;
Muellbacher et al., 2000]. Sharing central properties such as
frequency and dose dependence, spreading to functionally
linked cortical regions and continuation after stimulation,
the effects of low-frequency rTMS on neuronal excitability
are attributed to similar mechanisms as the known cellular
phenomenon “long-term depression” (LTD) [Hoffman and
Cavus, 2002; Wang et al., 1996]. Although the immediate
excitability-decreasing properties of low-frequency rTMS
are well documented by means of electrophysiological stud-
ies, data on concurrent behavioral effects with comparable
temporal dynamics as demonstrated here are still scarce. It
has been shown that low-frequency rTMS can have transient
beneficial effects on symptoms of focal dystonia [Siebner et
al., 1999] and Parkinson’s disease [Lefaucheur et al., 2004;
Siebner et al., 2000; Sommer et al., 2002]. In healthy subjects,
low-frequency rTMS modulated finger motor performance
[Kobayashi et al., 2004], and low-frequency rTMS to the
somatosensory cortex can reduce proprioceptive acuity
[Balslev et al., 2004]. It is conceivable that the tinnitus-
attenuating effect of rTMS is mediated through similar
mechanisms, i.e., the reduction of neuronal excitability in an
area of tinnitus-related hypermetabolism. This is in line with
studies on the effects of rTMS on the excitability of the motor

cortex showing that the number of stimuli influenced the
duration of after effects [Peinemann et al., 2004; Touge et al.,
2001]. At the behavioral level, our results demonstrate a
dependence of rTMS-induced tinnitus reduction on the
number of stimuli applied (“dose dependence”).

It has been hypothesized that repeated applications of
rTMS may induce long-term effects on behavioral parame-
ters. Accordingly, studies with multiple sessions of rTMS
over several days or weeks have demonstrated beneficial
effects on different neuropsychiatric disorders and symp-
toms presumably associated with a disturbance of cortical
activity, e.g., major depression [Fitzgerald et al., 2003] or
auditory hallucinations [Hoffman et al., 2005; Poulet et al.,
2005]. It must be mentioned, however, that these findings
remain controversial [Hausmann et al., 2004; Schonfeldt-
Lecuona et al., 2004] and that the consequences of repeated
rTMS on the physiological activity of cortical neurons are
still to be determined.

Different from previous studies applying low-frequency
rTMS to the area above the primary auditory cortex [Eich-
hammer et al., 2003; Kleinjung et al., 2005], our functional
PET-guided stimulation was focused to the inferior parietal
lobule (BA 39) in six subjects and to the secondary auditory
cortex (BA 22) in two subjects. In line with our previous
results [Plewnia et al., 2003a] and recent PET studies
[Andersson et al., 2000; Giraud et al., 1999; Lockwood et al.,
2001; Mirz et al., 1999; Reyes et al., 2002], the present data
provide compelling evidence for the notion that a broad
neuronal network extending beyond the primary auditory
pathways is involved in the generation and perpetuation of
tinnitus [Cacace, 2003; Moller, 2003] and integrative audi-
tory cortical areas represent essential components subserv-
ing tinnitus perception at least in a subgroup of patients
with chronic tinnitus. Since most of the participating sub-
jects had bilateral tinnitus, aspects of tinnitus laterality were
not addressed in this study. From our data, one might also
express the concern that an increasing chronification of tin-
nitus lowers the chances to successfully interfere with patho-
logically enhanced cortical activity by neurostimulation. A
similar observation has been made by De Ridder et al. [2005]
with the “virtual lesion paradigm.” Of note, the two subjects
with no response to rTMS were those with excessive tinni-
tus-related �rCBF and very long histories of tinnitus. It
seems possible that in these cases chronified extensive hy-
permetabolism exceeds the efficacy of rTMS and/or the
tinnitus-associated network is more distributed (e.g., with
prominent hyperactivity in the posterior cingulum) and thus
less accessible by rTMS. With rTMS the risk of a transient
increase of tinnitus loudness has to be taken into account,
which may be related to interindividual differences in the
susceptibility to low-frequency rTMS as demonstrated by
increased motor cortex excitability in a subgroup of subjects
after 1 Hz rTMS [Touge et al., 2001]. With respect to the
tinnitus-suppressing effect of the sham stimulation in three
subjects, it is likely that the noise of rTMS (�70 dB) induces
a transient reduction of tinnitus in terms of residual inhibi-
tion.
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In conclusion, rTMS navigated to the individual maxi-
mum of tinnitus-related cortical hyperactivity can reduce
tinnitus not only during stimulation or for seconds there-
after, but for up to 30 min. Most important, there is a clear
dose– effect relationship between TMS and tinnitus reduc-
tion. Cumulative effects from the shorter to the longer
durations of rTMS are unlikely, but cannot be completely
ruled out. Even if this were true, however, the conclusion
would be justified that an increasing amount of rTMS
causes a more pronounced suppression of tinnitus. These
findings emphasize the effectiveness of rTMS as an inter-
ventional tool and support the pathophysiological con-
cept of maladaptive plasticity reflected in focal cortical
hyperactivity in chronic tinnitus. Together with previous
data, our results make rTMS an interesting candidate for
neurophysiology-based new treatment strategies. Re-
peated application possibly furthered by priming with
high-frequency rTMS [Iyer et al., 2003] or tDCS [Fregni et
al., 2006], or combined with specific behavioral or phar-
macological interventions, may stabilize the effects of
rTMS and must be the next step.
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