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Background: Tinnitus has been shown to respond to modulations of cortical activity by high-frequency and
low-frequency repetitive transcranial magnetic stimulation (rTMS).
Objective: To determine the tinnitus-attenuating effects of a 2-week daily regimen of rTMS, navigated to the
maximum of tinnitus-related increase in regional cerebral blood flow.
Methods: Six patients with chronic tinnitus were enrolled in this sham-controlled crossover study and treated
with 262 weeks of suprathreshold 1 Hz rTMS (30 min) applied to the region with maximal tinnitus-related
increase in regional cerebral blood flow delineated by functional imaging with [15O]H2O positron emission
tomography and a control area. Tinnitus-related distress was assessed before and after each treatment and
2 weeks after the end of the 4-week course of stimulation using a validated tinnitus questionnaire. Additional
self-assessment scores of tinnitus change, loudness and annoyance were obtained.
Results: In five of six patients, rTMS induced greater reduction of the tinnitus questionnaire score than sham
stimulation. In two patients, all parameters measured (tinnitus change score, tinnitus loudness, tinnitus
annoyance) showed unequivocal improvement. At the group level, the degree of response in the tinnitus
questionnaire score was correlated with tinnitus-associated activation of the anterior cingulate cortex. Two
weeks after the final stimulation, tinnitus had returned to baseline in all patients but one.
Conclusion: Tinnitus can be attenuated by low-frequency rTMS navigated to each person’s maximum tinnitusrelated cortical hyperactivity. The effects are only moderate; interindividual responsiveness varies and the
attenuation seems to wear off within 2 weeks after the last stimulation session. Notably, tinnitus-related
anterior cingulate cortex activation seems to predict the response to rTMS treatment.

innitus is the phantom perception of sound or noise in the
absence of an auditory stimulus and is a common symptom
of disorders of the auditory system.1 Its chronic form affects
between 5% and 15% of the general population.2 In 1–3% of the
population, it causes severe impairment of the quality of life.3 4
In most cases, tinnitus is associated with hearing loss that is
often induced by noise exposure or is age related.1 Nevertheless,
currently no specific pharmacological treatments are available
that provide a replicable, long-term effect on tinnitus superior
to placebo. The use of antidepressants, anticonvulsants and
benzodiazepines may offer relief to some patients, but these
treatments are largely considered palliative rather than
curative. Hearing aids or electronic devices, producing a white
noise that covers up the annoying perception, can be of help.5 6
The combination of noise generators and counselling is called
‘‘tinnitus retraining therapy’’ and is often used in the management of chronic tinnitus.7 Although psychology-based strategies effectively support the habituation and adaptation to
tinnitus,8 the development of treatments is constrained by the
limited pathophysiological knowledge.
In recent years, it has become widely accepted that
maladaptive changes of central information processing are
critically involved in tinnitus perception and generation.
Particularly, studies on positron emission tomography (PET)
have provided evidence for an association between tinnitus and
activation of areas involved in the perception and processing of
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sounds and speech.9 10 In these studies, regional cerebral blood
flow (rCBF) during tinnitus perception was contrasted with
rCBF when tinnitus was transiently reduced by lidocaine
injection,9 11 12 oral facial movements13 or gaze.10 14 These data
indicate that tinnitus corresponds to abnormally high levels of
regional cortical activity, which would increase and decrease
with tinnitus loudness. This is in line with animal studies
indicating a reduction of intracortical inhibition due to deafferentation.15 16 Nevertheless, imaging studies alone cannot
warrant the behavioural relevance of the associated activation.
In the initial studies on transcranial magnetic stimulation
(TMS), these areas were subjected to short trains of repetitive
transcranial magnetic stimulation (rTMS), interfering with the
neuronal activity in underlying areas.17 18 Indeed, a shortlasting decrease in tinnitus was observed, providing evidence
for the critical role of cortical auditory and association areas in
tinnitus perception. In contrast with short trains of highfrequency rTMS, low-frequency rTMS is suited to induce a
longer-lasting decrease in cortical activity in the stimulated
area, as shown in the motor cortex.19 We have previously
shown that this kind of stimulation can reduce tinnitus in a
Abbreviations: ACC, anterior cingulate cortex; PET, positron emission
tomography; rCBF, regional cerebral blood flow; rTMS, repetitive
transcranial magnetic stimulation; SPM, statistical parametric mapping;
TCS, tinnitus-change score; TMS, transcranial magnetic stimulation;
TQ, tinnitus questionnaire
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dose-dependent manner for up to 30 min.12 However, the
clinical use of rTMS in tinnitus would require a persistent
reduction in tinnitus loudness and its associated distress. A
prior series of experiments has provided initial evidence for the
efficacy and practicability of this treatment strategy. Repeated
sessions of rTMS directed towards the auditory cortex were
applied over 1 week in a placebo-controlled, crossover
design.20 21 After real rTMS, Kleinjung et al21 reported a
reduction of the mean tinnitus score by 7.5% (compared with
baseline). Interestingly, after 6 months the reduction was even
more pronounced (12%).
The aim of this study was to test whether a 2-week series of
low-frequency rTMS, guided to each patient’s maximum of
tinnitus-related cortical activity as assessed by [15O]H2O PET,
can induce a lasting suppression of tinnitus compared with the
control stimulation of a non-cortical site eliciting equivalent
noise and sensations.

METHODS
Six patients (one woman and five men, 49–68 years old) with
chronic (.1 year) bilateral tinnitus gave written, informed
consent and were included in this controlled, crossover study
that was conducted in accordance with the Declaration of
Helsinki and approved by the local ethics committee. All
subjects participated in a prior PET/rTMS study.12 Patients with
heart disease, history of seizures or brain lesions, metal
implants, cardiac pacemaker and current use of psychotherapeutic drugs were excluded from the study. Before experimental treatment with rTMS, all subjects underwent a standard
otolaryngological physical examination and audiological testing, including a pure-tone audiogram and subjective tinnitus
matching of loudness and frequency.22 The hearing level was
characterised by the standard ‘‘four tone average’’ in pure tone
audiometry and by audiogram shape. Audiogram shape was
defined as being predominantly high-frequency hearing loss if
the average (arithmetic mean) of hearing thresholds at 4, 6 and
8 kHz was twice as high or more than the average of 0.5, 1 and
2 kHz. In pancochlear hearing loss, the audiometric threshold
was increased throughout the entire frequency range (table 1).
To individually adjust the selection of the target area for
rTMS, the pattern of tinnitus-related rCBF was obtained by
[15O]H2O PET in each subject.12 The scanning was carried out
on 2 days, and each day before and after a lidocaine-induced
reduction of tinnitus loudness. Lidocaine was injected over
1 min under electrocardiogram monitoring by a cardiologist,
because of the risk of lidocaine-induced cardiac arrhythmia.
Dynamic data were acquired after bolus injection of 1.8 GB
[15O]H2O, with a GE Advance PET scanner (General Electrics
Medical System, Milwaukee, USA; three-dimensional mode).
As an index for tissue perfusion, the sum of counts (no decay
correction) was computed from injection to 100 s after
the turning point of the whole-brain time–activity curve.

The standard software of the scanner (FORE rebinning,
two-dimensional filtered backprojection) was used to calculate
the attenuation-corrected images. All images were realigned
with statistical parametric mapping (SPM)2 (Wellcome
Department of Cognitive Neurology, London, UK), and intensity normalised. Mean images (four scans) were calculated for
anatomical orientation; difference images were computed after
smoothing (10 mm G) and thresholded at 5% of mean cortical
perfusion. The results of the group analysis (n = 9), including
the present patients, were published previously.12
Mean and difference PET images were coregistered with
structural magnetic resonance imaging and fed into the
neuronavigation device (Brainsight; Magstim, Whitland, UK).
This approach allowed guiding of the rTMS to the individual
maximum of tinnitus-associated rCBF in the temporoparietal
cortex (see supplemental figure at http://jnnp.bmjjournals.com/
supplemental). Two subjects (1 and 6) showed a symmetrical
activation pattern in the posterior temporoparietal cortex. In
both cases, we selected the more rostral area as the stimulation
target. Brodmann areas were determined after spatial normalisation with SPM2. Stimulation was performed in a randomised, balanced and sham-controlled, crossover design with a
TMS device for repetitive stimulation with biphasic pulses
(Magstim Rapid; Magstim), with 1 Hz at 120% of the
individual motor threshold for 30 min (1800 stimuli) on 20
consecutive working days (4 weeks). Motor threshold was
defined as the minimal intensity necessary to evoke motor
evoked potentials of .50 mV in a small hand muscle (musculus
abductor poilicis brevis) in at least 5 of 10 stimuli. For sham
stimulation, the coil was placed at the lower occiput at the same
distance to the ear. In this way, the control stimulation was
accompanied by a similar noise (between 60 and 75 dB) and
comparable aversive sensation (pricking, muscle twitches).
Neither loudness nor other psychoacoustic measures of
tinnitus show a consistent relationship to perceived loudness
of tinnitus, disability or annoyance. Therefore, we decided to
not use psychoacoustic measures as the primary outcome
criteria and no post-intervention scores were obtained.23 24
As the primary outcome measure, the effect of rTMS on
tinnitus was estimated by the validated German version of the
tinnitus questionnaire (TQ)25 originally developed by Hallam et
al.26 This questionnaire is suitable for repeated measurement of
tinnitus-related distress and was completed before (TQ0) and
then after every 2 weeks of either the verum or sham
stimulation (TQ1 and TQ2, respectively), as well as 2 weeks
after the end of the 4-week course of treatment (TQ3).
Depending on the order of stimulation (verum, sham), TQ1
and TQ2 will be referred to as TQVER and TQSHA. Response to
rTMS was expressed as the percentage difference in tinnitus
questionnaire: DTQ = 100%6(TQVER2TQSHA)/((TQVER+TQSHA)/
2). The values of the tinnitus questionnaire (CONDITION, four
levels: baseline, verum, control, 2 weeks after treatment) were

Table 1 Demographic data, audiometric measures and treatment conditions

Subj

Age/sex

Duration
(years)

1
2
3
4
5
6

49/m
59/m
58/m
68/m
59/m
53/f

4
10
2
4
10
4

Pure tone
audiometric
threshold (dB HL)*

Tinnitus loudness
(dB HL)

Tinnitus frequency
(kHz) and type

Audiometric
threshold at
tinnitus (dB HL)

Stimulation site

rTMS intensity
(%)

r:
r:
r:
r:
r:
r:

r:
r:
r:
r:
r:
r:

8, SIN
3, SIN
10, SIN
6, SIN
3, NBN
10, SIN

r:
r:
r:
r:
r:
r:

l BA 22
l BA 39
r BA 39
r BA 22
r BA 39
l BA 39

82
74
58
55
91
77

12, l: 13,
55, l: 51,
6, l: 7, hf
6, l: 6, hf
69, l: 22,
15, l: 11,

hf
pan

pan
hf

35,
60,
43,
22,
75,
69,

l:
l:
l:
l:
l:
l:

49
56
58
27
no
62

32,
56,
40,
21,
70,
55,

l: 41:
l: 53
l 53:
l: 26
l: –
l: 61

BA, Brodmann area; f, female; hf, high-frequency hearing loss; HL, hearing level; l, left; m, male; NBN, narrow band noise; no, not obtained; pan, pancochlear hearing
loss; r, right; SIN, sinus tone.
*HL, hearing level in decibel (dB), provided as a standard ‘‘four tone average’’ = hearing loss at ((0.5+1+2+3 kHz)/4).
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statistically analysed by using the Friedman analysis of
variance and a retrospective Wilcoxon non-parametric test
(two sided) for paired samples. In addition, tinnitus was
evaluated by three self-assessment scales on tinnitus loudness,
annoyance and global tinnitus change similar to those
described by Zenner and De Maddalena.27 The tinnitus-change
score (TCS) was applied to rate the subjective effect of the
intervention on tinnitus using a six-point scale (3, tinnitus
disappeared; 2, greatly improved; 1, improved; 0, unchanged;
21, worse; and 22, worst).27 This was carried out after every 2week course of treatment (verum and sham). Additionally,
after each stimulation, tinnitus loudness and annoyance were
rated on a six-point and an eight-point response scale,
respectively.27
To find brain regions with tinnitus-related neural activity
predictive for rTMS response, ?rCBF images were stereotactically normalised, smoothed and statistically analysed with
SPM2 (linear regression: DTQ v ?rCBF, voxel-level threshold:
p,0.001). Clusters that survived SPM correction for multiple
comparisons were depicted as masked contrast.28

RESULTS
Clinical findings
Table 1 summarises the demographic data, audiological
characteristics and rTMS parameters for each patient.
Effects of rTMS on tinnitus questionnaire score (tinnitusrelated distress)
No side effects of stimulation were observed or reported by the
patients.
A 2-week treatment with low-frequency rTMS, guided to the
individual area of maximum tinnitus-related activation in the
temporoparietal cortex, exerted an attenuation on tinnitusrelated distress, as shown by non-parametric analysis of
variance (Friedman ANOVACONDITION, x2 = 8.0; p = 0.022) on
the tinnitus questionnaire score. Direct comparison indicated a
reduction in the tinnitus questionnaire score after verum
stimulation compared with baseline and control stimulation
(Z = 22.032; p = 0.042). Two weeks after treatment, tinnitus
distress returned to baseline in all patients but one (fig 1).
Effects of rTMS on TCS (global change)
Regarding the global tinnitus change as quantified by the TCS,
one subject reported the tinnitus as ‘‘improved’’ and another as
‘‘greatly improved’’ after 2 weeks of verum rTMS. Four subjects
did not appraise the tinnitus as changed on the TCS.

Figure 1 Tinnitus questionnaire score at baseline (TQ0), after repetitive
transcranial magnetic stimulation to the temporoparietal maximum of
tinnitus-related hyperactivity (TQVER), after control stimulation (TQSHA) and
2 weeks after the end of treatment (TQ3). Table 2 gives the order of
treatment conditions.
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Effects of rTMS on tinnitus loudness and annoyance
Table 2 lists the additional ratings of tinnitus loudness and
annoyance. Both the self-assessment scales for tinnitus loudness and tinnitus annoyance showed a tendency towards a
benefit of rTMS (median tinnitus loudness scale 4, and median
tinnitus annoyance 4) versus placebo stimulation (medians 4.5
and 4.5) when compared with baseline (medians 5 and 5).
Correlation of tinnitus-related rCBF changes and rTMS
effects
In the SPM analysis (fig 2), we found one cluster with
significant negative correlation between DrCBF and DTQ (ie
pronounced tinnitus-related hyperactivity corresponds to a
good response to rTMS), located in the anterior cingulate
(Tmax = 23.4, CONmax at MNI[24/+52/0], 154 voxel = 1.2 ml).

DISCUSSION
In this study, repeated sessions of rTMS guided to the
individual maximum of tinnitus-related cortical activity
induced a moderate reduction of tinnitus. Notably, interindividual variability was high. Compared with sham stimulation,
tinnitus distress as quantified by the tinnitus questionnaire
score was reduced in five of six patients. However, only in the
two subjects with the highest reduction of tinnitus questionnaire score (>40%) would we consider the improvements
clinically relevant, as indicated in the self-assessment scores of
tinnitus change, loudness and annoyance.
These results are an extension of our earlier studies showing
the short-term effects of high-frequency and low-frequency
rTMS on tinnitus, and point towards a pivotal role for the
secondary and integrative auditory cortical areas.9 12 17
Furthermore, they extend findings from studies on the effects
of repeated sessions of rTMS aimed towards the primary
auditory cortex in tinnitus20 21 29 in several ways. In our study:
(1) rTMS was directed to cortical areas specifically active during
tinnitus perception as assessed by functional imaging (ie
higher-order association areas (BA 39, BA 22)); (2) control
stimulation simulated loudness and the aversive sensation of
real rTMS; (3) the course of treatment was extended to
2 weeks; (4) a score of tinnitus change was obtained to shed
light on the clinical relevance of this effect; and (5) functional
imaging data were used to identify areas with potential
influence on rTMS response.
Limitations of the study, particularly the placebo control, are
the crossover design and the fact that the subjects had already
participated in a study on rTMS in tinnitus. However, subjects
were not informed about one of the two conditions being
ineffective, and the study was conducted several months after
the previous experiments.
Previous literature on the neurophysiology of tinnitus
focused on changes in the auditory system in the narrower
sense. Nevertheless, several imaging studies showed activation
of higher-order association areas and the limbic system during
tinnitus perception.10 12 30 Interference with neuronal function
in temporoparietal cortical regions can transiently suppress
tinnitus, pointing to the involvement of these areas in tinnitus
perception.17 18 31 Moreover, the attentional and emotional state
is tightly connected with tinnitus perception and the related
distress.32 33 Hence, evidence is accumulating that tinnitusrelated neuronal reorganisation occurs at various stages of the
hierarchical auditory processing, including cortical areas of
multimodal
association
and
emotional
evaluation.
Interestingly, in agreement with earlier studies,10 11 our previous
data12 did not support findings of enhanced rCBF in the primary
auditory cortex. This is in line with a study on animals showing
that an acute noise trauma (assumed to induce tinnitus) is not
immediately followed by an increase in firing rates in the
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Table 2 Effects of repetitive transcranial magnetic stimulation on tinnitus
Patient

Order

TQ0

DTQ (%)*

TQ3

TCSVER

TCSSHA

TL0

TLVER

TLSHA

TA0

TAVER

TASHA

1
2
3
4
5
6

v-p
v-p
p-v
p-v
p-v
v-p

45
43
10
60
46
3

217.70
214.40
0
242.40
22.2
240

54
37
8
45
45
3

0
0
0
22
0
21

0
0
0
21
0
0

5
5
5
5
5
4

5
5
3
1
6
3

5
5
3,5
2
6
4

5
5
4
5
6
4

6
5
3
1
6
3

5,5
5
2,5
3
6
4

SHA, sham; TA, tinnitus annoyance (median); TCS, tinnitus-change score; TL, tinnitus loudness (median); TQ, tinnitus questionnaire; TQ0 = TQ baseline score; TQ3, TQ
score 2 weeks after treatment; VER, verum.
*DTQ = 100%6(TQVER2TQSHA)/((TQVER+TQSHA)/2).

Figure 2 Explorative statistical parametric mapping (SPM) analysis of tinnitus-related change in regional cerebral blood flow (DrCBF) in comparison with
treatment response DTQ: (A) A cluster with negative correlation (tinnitus-related hyperactivity associated with good response) was found in the anterior
cingulate and adjacent BA10, surviving correction of multiple comparisons (Pcorr = 0.004). Colour codes reflect DrCBF, masked with a ‘‘regional least
significant difference’’ derived from SPM analysis. (B) Individual data, extracted from the cluster in the anterior cingulate.

primary auditory cortex,15 but does not generally preclude
maladaptive changes of function in these areas.
In terms of selecting the optimal target region for rTMS, we
assumed that interfering with tinnitus-related hyperactivity by
rTMS would be most effective. In fact, this approach seemed to
be feasible, although access to PET facilities is often limited and
a considerable group of non-responders to rTMS remain. The
lack of response in some subjects might have several reasons:
(1) a focus of hyperactivity situated in a cortical sulcus may be
out of range of rTMS; (2) between-subject variability of
response to rTMS as documented in the motor cortex34; and
(3) the distribution and accessibility of the tinnitus-related
neuronal network varies between subjects and might be related
to the duration of tinnitus history.12 18
A high tinnitus-related neuronal activity (DrCBF) in the
anterior cingulate gyrus (ACC) correlated with a good response
to rTMS. Although our sample size was limited, the cluster
survived SPM’s correction for multiple testing, justifying the
hypothesis of ACC-DrCBF being a predictor of response to
rTMS. This is not implausible, as this area is involved in
auditory attention35 and emotional control of aversive stimuli
and pain.36 37 These findings extend our previous observation12
of enhanced tinnitus-related activity in the posterior cingulate
cortex and correspond to a model of differential functions of
the cingulate cortex.36 In this model, the posterior cingulate
cortex is involved in evaluative monitoring and memorisation
of sensory input, whereas the ACC represents an executive
region related to emotional control of response to internal or
external stimuli.
Our findings do not provide clear-cut evidence for a reduction
of tinnitus outlasting the course of treatment. There is no
significant difference between the tinnitus-related distress at
baseline and 2 weeks after the end of treatment with target
rTMS. Tinnitus remained unchanged in two patients (one of

them was a non-responder) but increased again in four.
Nevertheless, the patient with the greatest reduction in tinnitus
continued to show some decreased tinnitus-related distress. In
contrast with the study of Kleinjung et al,21 our findings suggest
that the effects of repeated rTMS sessions on tinnitus wear off
with time. In light of corresponding neurophysiological data,
this seems to be plausible.19 Long-term depression-like effects
are considered to be reversible and do not increase over months
after stimulation.
It should be mentioned that May et al38 generated initial
evidence that five sessions of rTMS applied to the superior
temporal cortex might induce macroscopic changes in the
auditory cortex. This finding may represent a neurophysiological
substrate of persisting changes of cortical function. However, at
present, the neuronal underpinnings are unclear. An alternative to
prolonged rTMS for the treatment of chronic tinnitus has been
suggested with long-term electrical stimulation of the primary or
secondary through auditory cortex implantation.39
In conclusion, repeated sessions of rTMS are effective in
decreasing tinnitus-related distress in a subgroup of patients
during the course of treatment. Although the magnitude of
reduction is only moderate, this finding indicates that noninvasive or invasive brain stimulation may provide an interesting new option for a neurophysiology-based treatment of
chronic tinnitus.
.......................
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