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Abstract 
 
Subjective tinnitus is the perception of a sound in the absence of any physical sound 

source. In most cases tinnitus is accompanied by substantial damage to the 

peripheral hearing system, leading to hyperactivity within central auditory structures. 

Furthermore, tinnitus patients display abnormalities in oscillatory brain activity, 

namely an enhancement of delta and gamma band activity as well as a reduced 

alpha peak. A promising treatment approach in chronic tinnitus is repetitive 

transcranial magnetic stimulation (rTMS), a method which has been investigated 

extensively within the past decade. However, the results of rTMS studies are 

characterized by only moderate effect sizes and great interindividual variability. A 

problem rTMS-researchers are confronted with is the lack of knowledge regarding 

the exact mechanisms by which it exerts beneficial effects on chronic tinnitus. In this 

dissertation I give an account of three MEG studies that investigated abnormalities in 

auditory brain activity of chronic tinnitus patients and rTMS-induced changes therein. 

Based on the results I first critically discuss the status quo of rTMS as a treatment of 

chronic tinnitus and further present a potential new treatment option that aims at 

improving rTMS therapy in tinnitus.  

Study 1 examined resting-state oscillatory brain activity in tinnitus and control 

subjects using MEG. As has been suggested theoretically, the existence of an 

inverse relationship between auditory gamma and alpha band activity was validated 

in chronic tinnitus as well as in normal hearing control subjects. Tinnitus patients 

exhibited a significantly steeper slope of the regression line compared to controls, 

presumably because a greater number of subjects concurrently exhibited low alpha 

and high gamma power. This supports notions regarding a disturbed excitatory-
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inhibitory balance in tinnitus. In two subsequent studies I investigated to what extent 

rTMS could reestablish normal exictatory-inhibitory balance and the relation to 

clinical improvements. In Study 2 tinnitus patients were stimulated with five different 

single-session rTMS protocols. Changes in evoked auditory cortical activity (auditory 

steady state response [aSSR] and N1 response to three different amplitude-

modulated tones) were measured using MEG before and after each rTMS session. 

Furthermore, tinnitus loudness was assessed by means of a visual analogue scale. 

The results demonstrated a reduction of the aSSR after three stimulation protocols 

compared to sham. Additionally, tinnitus loudness was reduced after these particular 

protocols. The therapy Study 3 investigated the same tinnitus sample. The patients 

randomly received ten days of low-frequency (1 Hz) rTMS and ten days of sham 

stimulation in a single blind-study design. Before and after treatment (as well as upon 

follow-up) resting-state oscillatory brain activity was measured by means of MEG. 

The results displayed a normalization of activity in the delta as well as in the alpha 

frequency range directly after treatment, which no longer persisted upon follow up. 

However, high frequencies, putatively forming the basis of sound perception in 

tinnitus, were unspecifically influenced. Concomitantly, only trends of reductions in 

tinnitus-related distress were revealed that were strongly correlated to gamma power 

after treatment though: Less gamma power was related to reduced tinnitus distress. 

This study stresses the importance of the development of new rTMS strategies that 

target high-frequency oscillations more precisely. 
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Zusammenfassung 

Unter subjektivem Tinnitus versteht man die Wahrnehmung von Phantomgeräuschen 

ohne physikalische Ursache. In den meisten Fällen geht Tinnitus mit einem 

umschriebenen Hörverlust einher, der Hyperaktivität bestimmter neuronaler 

Populationen in zentralen auditorischen Arealen bedingt. Weiterhin wurden 

Abnormalitäten in der oszillatorischen Gehirnaktivität im auditorischen Kortex bei 

Tinnitus berichtet, vor allem eine Erhöhung von Delta- und Gammaaktivität, sowie ein 

reduzierter Alphapeak. Ein vielversprechender Therapieansatz bei chronischem 

Tinnitus, der in den letzten Jahren ausführlich untersucht wurde, ist repetitive 

transkranielle Magnetstimulation (rTMS). Allerdings sind bisherige 

Behandlungseffekte nur moderat und zeichnen sich durch große interindividuelle 

Variabilität aus. Ein Problem in der Behandlung des chronischen Tinnitus mit rTMS 

ist der Wissensmangel bezüglich genauer Wirkmechanismen, auf denen die 

klinischen Effekte der rTMS basieren. In dieser Dissertation präsentiere ich drei 

Studien, die abnormale auditorische Gehirnaktivität bei Tinnituspatienten – und den 

Einfluss von rTMS – mittels Magnetenzephalographie (MEG) untersuchen. Vorab 

stelle ich, basierend auf meinen Ergebnissen, eine kritische Würdigung der 

Wirksamkeit von rTMS bei chronischem Tinnitus vor und diskutiere einen neuen 

Ansatz, der möglicherweise zu einer Verbesserung der rTMS Behandlung bei 

Tinnitus führen kann.  

In Studie 1 wurde oszillatorische Ruheaktivität bei Tinnituspatienten und 

Kontrollpersonen mittels MEG untersucht und die Existenz eines theoretisch 

postulierten inversen Zusammenhangs zwischen auditorischer Alpha- und 

Gammabandaktivität – sowohl bei Tinnitus- als auch bei Kontrollpersonen – validiert. 

Tinnituspatienten wiesen im Vergleich zu Kontrollpersonen allerdings eine signifikant 
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steilere Steigung der Regressionsgerade auf, die vermutlich auf eine größere Anzahl 

von Personen mit einem Muster geringer Alpha- und hoher Gammapower 

zurückzuführen ist. Dieser Befund unterstützt die Ansicht, dass eine Störung der 

exzitatorisch-inhibitorischen Balance bei Tinnitus vorliegt. In zwei folgenden Studien 

habe ich untersucht, in welchem Ausmaß rTMS die normale exzitatorisch-

inhibitorische Balance wiederherstellen kann und wie dieses im Zusammenhang mit 

einer Verbesserung klinischer Symptome steht. In Studie 2 wurden zehn 

Tinnituspatienten mit fünf verschiedenen rTMS Protokollen stimuliert und der Einfluss 

von rTMS auf evozierte auditorische Gehirnaktivität (auditorische steady state 

response [aSSR] und N1) unter Tonstimulation wurde mittels MEG sowohl vor als 

auch nach jeder rTMS Sitzung gemessen. Des Weiteren wurde die Tinnitus 

Lautstärke mit Hilfe einer visuellen Analogskala erfasst. Es zeigte sich eine 

Reduktion der aSSR, sowie der Tinnitus Lautstärke nach drei rTMS Protokollen im 

Vergleich zur Placebostimulation. Die Therapie-Studie 3 untersuchte die gleiche 

Gruppe von Tinnituspatienten. Die Patienten erhielten zehn Tage niedrig frequente 

rTMS, sowie zehn Tage Placebostimulation in randomisierter Reihenfolge in einem 

einfach-blinden Studiendesign. Jeweils vor Beginn und nach Ende eines Blocks 

(sowie zur Nachuntersuchung) wurden die oszillatorische Ruheaktivität, sowie die 

Tinnitusbelastung der Patienten mittels MEG und Tinnitusfragebogen gemessen. Die 

Ergebnisse zeigen eine Normalisierung der Delta- sowie der Alphaaktivität direkt 

nach Ende der Therapie, die zum Zeitpunkt der Nachuntersuchung nicht mehr 

vorhanden war. Hohe Frequenzen, die vermutlich die Grundlage der 

Geräuschwahrnehmung bei Tinnitus bilden, wurden nur unspezifisch beeinflusst. 

Gleichzeitig wurden lediglich Tendenzen einer Reduktion der Tinnitusbelastung 

gefunden, die aber stark mit Gammaaktivität nach der Therapie zusammenhingen: 

Geringere Gammapower ging einher mit reduzierter Tinnitusbelastung. Diese Studie 
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unterstreicht die Bedeutung der Entwicklung von neuen rTMS Strategien, die 

hochfrequente Oszillationen auf eine präzisere Art und Weise beeinflussen.
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1. Introduction and critical reflexion 

1.1 Tinnitus definition 
 

The subjective perception of a sound (for instance, a tone, a hissing noise or a 

combination of different sounds) in the absence of any physical sound source is 

called tinnitus (derived from the Latin expression tinnire which means ‘to ring’). It is 

characterized by unstructured acoustical features appearing as similar tones or 

combined as complex sounds. Chronic tinnitus is diagnosed when a subject 

perceives the phantom sound for more than six months. Tinnitus is a widespread 

phenomenon with a prevalence of 5-15% in western societies (Eggermont and 

Roberts, 2004; Shargorodsky et al., 2010). In 1-3% of the population tinnitus is 

known as a source of great psychiatric distress for the affected persons as it may 

reduce the overall quality of life, leading to sleep disturbance, concentration 

problems, and in the worst case to depression, dysthymia, anxiety disorders, and 

work impairment (Dobie, 2003; Eggermont and Roberts, 2004; Cronlein et al., 2007). 

There is no effective treatment to date that reliably eliminates tinnitus (Eggermont 

and Roberts, 2004). However, there are numerous therapy approaches aiming to 

alleviate the phantom sound, albeit with mixed effectiveness. In the acute stadium of 

tinnitus medical treatments prevail (particularly infusions of pentoxifiline (Cesarone et 

al., 2002), oxygen therapy (Ylikoski et al., 2008; Baldwin, 2009) or treatment with 

cortisone (Mazurek et al., 2006) although usually with little or no effect. Common 

‘causal’ approaches in chronic tinnitus therapy are, for instance, transcranial 

magnetic stimulation (Langguth et al., 2006; Kleinjung et al., 2007a; Langguth et al., 

2008), auditory frequency training (Flor et al., 2004), and physical therapy (Rief et al., 

2005). However, the success rates of these treatments are limited to only small to 
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medium effect sizes and great interindividual variability (Eggermont and Roberts, 

2004). Hence, the main focus of therapy is on coping with the tinnitus with prominent 

therapy approaches such as cognitive-behavioral therapy (Andersson et al., 2002; 

Kroner-Herwig et al., 1995; Kroner-Herwig et al., 2003), tinnitus-retraining-therapy 

(Jastreboff and Jastreboff, 2006), and prolonged rest and relaxation (Weber et al., 

2002). However, coping ‘only’ changes its detrimental effect on the quality of life, if at 

all. The perception of tinnitus mainly remains the same.  

 

1.2 Pathophysiology of tinnitus 
 

The underlying neuronal mechanisms of tinnitus are still not completely understood. 

Apart from its clinical relevance, tinnitus is a fascinating phenomenon in its own right:  

How can a conscious perception emerge exclusively from intrinsic brain activity? 

A substantial body of research has been concerned with the relation between 

tinnitus characteristics (e.g., pitch or loudness) and other auditory information (e.g., 

hearing loss) (e.g., König et al., 2006; Norena et al., 2002) since a great number of 

tinnitus cases are associated with a measurable hearing impairment following 

hearing loss or noise trauma (Eggermont and Roberts, 2004). As a consequence of 

this observation, earlier research on tinnitus considered peripheral damages as the 

sole underlying mechanism in the generation of tinnitus – the sound was believed to 

be generated in the ears. This assumption was further supported by the fact that the 

components of the the frequencies making up the tinnitus sound fall into frequency 

ranges characterized by abnormally elevated hearing thresholds due to hearing loss 

(Norena et al., 2002). However, nowadays hypotheses about a peripheral generation 

of tinnitus have mainly been refuted since it has been demonstrated that even 

auditory nerve section does not eliminate the tinnitus perception (Dandy, 1941; 
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Silverstein, 1976; Baguley et al., 2002). Furthermore, findings of an enhancement of 

the spontaneous firing rate in the auditory nerve – that would exist if the tinnitus was 

generated in the periphery – are rather unsystematic (Eggermont and Roberts, 

2004). Additionally, a considerable number of persons with hearing loss do not report 

tinnitus. König and colleagues (König et al., 2006) compared two patient groups 

suffering from hearing loss, one with and one without tinnitus. They demonstrated 

that not the absolute amount of hearing loss, but rather the steepness of sloping in 

the audiogram – leading to discontinuities in activity along the tonotopic axis of the 

auditory system – could be crucial for the generation of tinnitus. These results point 

to central rather than peripheral auditory structures as a possible origin of tinnitus 

with hearing loss as a preceding factor. Central auditory structures have been 

investigated thoroughly during recent years and there is a large body of research 

demonstrating their importance in the generation of tinnitus. A proposed preceding 

mechanism of tinnitus generation is reduced central lateral inhibition. Usually auditory 

lateral inhibition works in the following way: Each neuron in the central auditory 

system responds to a characteristic frequency (CF). A neuron, activated by a lower 

level, not only projects excitatory input to higher levels, but also distributes inhibition 

via interneurons to adjacent neurons with higher or lower CFs (see Figure 1), thereby 

increasing the fine-tuning of the cell’s response. Lateral inhibition might change after 

hearing loss in a way that the neurons of lesioned areas have a reduced ability to 

activate cortical cells. Thus excitatory and inhibitory feedforward activity is limited 

(Gerken, 1996). As a result, the thalamic inputs from adjacent unaffected cells and 

the inputs from cortical cells via horizontal fibers are less inhibited and they can 

impose their own frequency-selective inputs on the cells in the hearing loss range. 

Subsequently, reorganization of the tonotopic map may result (Eggermont and 

Roberts, 2004; Mühlnickel et al., 1998; Dietrich et al., 2001). The hypothesis of map 
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reorganization in tinnitus is inspired by results in the somatosensory modality 

indicating that the origin of phantom limb sensations, which occur following the 

amputation of one limb, may be related to lesion-induced neuronal reorganization in 

the cortical somatosensory map (Flor et al., 1995). Animal research clearly 

demonstrated a reorganization of the tontopic map in the auditory cortex following 

peripheral damage (Eggermont and Komiya, 2000; Seki and Eggermont, 2003; 

Norena et al., 2006). In human tinnitus patients the results are less distinct. 

Mühlnickel and colleagues (Mühlnickel et al., 1998) examined whether the tonotopy 

in auditory cortex of tinnitus subjects diverges from normative functional organization. 

They stimulated ten tinnitus patients and 15 control subjects with pure tones of four 

different carrier frequencies and used the localization of the N1m dipole to assess the 

tonotopic organization in the auditory cortices of both hemispheres. In tinnitus 

patients a marked shift of the cortical representation of the tinnitus frequency into an 

adjacent area to the expected tonotopic location was observed, indicating cortical 

reorganization. Cortical neurons with a CF in the frequency region corresponding to 

hearing loss no longer responded according to their place on the tonotopic map, but 

their responses reflected the frequency tuning of less affected adjacent areas. 

Furthermore, the subjective strength of the tinnitus was positively related to the 

amount of cortical reorganization. Accordingly, a study by Dietrich and colleagues 

(Dietrich et al., 2001) using magnetoencephalograpy (MEG) discovered an 

expansion of the cortical representation of lesion edge frequencies possibly resulting 

from cortical reorganization. However, this study failed to find a relationship between 

the subjective tinnitus strength and the tonotopic map distortion.  

Loss of lateral inhibition is further associated with changes in the spontaneous 

firing rate. Neurons in the affected regions first show increased neuronal synchrony 

before leading to an increase of the spontaneous firing rate (SFR) in cortical and 
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subcortical auditory structures (Figure 1) (Eggermont and Roberts, 2004; Kaltenbach, 

2006). Tinnitus-related changes of spontaneous activity can be found throughout the 

central auditory system.  

Figure 1. The relation between hearing level, tonotopy in central auditory structures and change of 

neural excitation. Reduced afferent input due to hearing loss leads to incontinuities along the tonotopic 

axis and thus to changes in the inhibitory-excitatory balance between normally innervated and 

deprived neurons. As a consequence first neuronal synchronization and second the spontaneous 

firing rate are increased, leading to hyperactivity within the auditory cortex. This abnormal activity may 

then be interpreted as a sound at higher processing stages (Weisz and Langguth, 2010).   
 

In the same vein, animal studies (e.g., Chen and Jastreboff, 1995; Kenmochi and 

Eggermont, 1997; Norena and Eggermont, 2003) demonstrated rapid increases in 

synchronized firing in the deprived frequency regions after noise trauma, as well as 

enhanced burst-firing in inferior colliculus, primary, and secondary auditory cortex 

after salicylate or quinine injection (substances known to trigger tinnitus). This 

aberrant neuronal activity within the auditory pathways may have sufficient 
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postsynaptic impact to be interpreted as a sound at higher auditory processing 

stages. Thus there is a potential link between loss of lateral inhibition, reorganization 

of the tonotopic map, changes in the response properties of neurons, and tinnitus 

(Eggermont and Roberts, 2004).  

Hyperactivity in the central auditory system may be reflected in evoked potentials, 

which are elicited by a large population of synchronously active neurons. In tinnitus 

an increase of the auditory steady state response (aSSR) – an evoked oscillatory 

response driven by the modulation frequency of a given stimulus (Regan, 1982) – 

has been reported, as well as a flattened tonotopic gradient as compared to normal 

hearing controls (Wienbruch et al., 2006). Furthermore, the auditory N1 response has 

been investigated in tinnitus subjects. However, the results are ambiguous: 

Reductions (Attias et al., 1993) as well as enhancements (Dietrich et al., 2001, Weisz 

et al., 2005b) of the N1 have been described previously. Thus there is an increasing 

amount of evidence from animal as well as human studies that tinnitus is related to 

enhanced excitability of auditory cortical regions (Sun et al., 2009; Dong et al., 2010) 

- putatively leading to spurious spontaneous synchronization (Weisz et al., 2007b).  

Since synchronized activity exhibits a rhythmical pattern, oscillatory brain activity 

in chronic tinnitus patients has been investigated in recent years and has 

demonstrated an abnormal pattern. Neuronal oscillations are periodic variations of 

neurons in the brain that are deeply related to the emergence of brain functions 

(Buzaki and Draghun, 2004). Perception, memory and even consciousness could 

result from synchronized networks of oscillating neurons (Buzsaki and Draguhn, 

2004; Thut and Miniussi, 2009). Brain oscillations are categorized into five principal 

bands according to different frequency ranges: Delta (0.5-3.5 Hz), predominating 

during slow wave sleep (Steriade et al., 1993; Knyazev, 2007), theta (4-7 Hz), 

associated with working memory functions, emotional arousal and fear conditioning 
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(Knyazev, 2007; Jensen and Lisman, 2005; Engel and Fries, 2010), alpha (8-12 Hz), 

putatively reflecting the impact of inhibitory neurons (Thut et al., 2006; Klimesch et 

al., 2007; Rihs et al., 2007; Romei et al., 2008b; Sauseng et al., 2009), beta (13-30 

Hz), related to the maintenance of the current sensorimotor or cognitive state (Engel 

and Fries, 2010), and gamma (>30 Hz), associated with almost all categories of 

higher-order cognitive functions such as feature binding and attention (Gray et al., 

1989; Singer, 1999). In tinnitus patients an increase of global power in the low 

frequency range has been demonstrated (Llinás et al., 1999; Moazami-Goudarzi et 

al., 2010). Enhancements of delta (Weisz et al., 2005a; Moazami-Goudarzi et al., 

2010) and theta (Moazami-Goudarzi et al., 2010; Llinás et al., 1999) power were 

mainly found. Low frequencies are not themselves pathological and occur 

continuously as thalamocortical synchronization during sleep (Llinas and Ribary, 

1993) and transiently during wakefulness, for instance during special mental and 

emotional activity (Sasaki et al., 1996; Sarnthein et al., 1998). However, if this 

ongoing low frequency is present during the entire waking hours it modifies and limits 

the dynamic organization of the brain (Llinás et al., 1999). Furthermore, the 

abnormally enhanced low frequencies of tinnitus patients are paralleled by gamma 

band activity. Increased coherence between low- and high-frequency oscillations is 

proposed to lead to the emergence of positive clinical symptoms (‘edge effect’, 

(Llinás et al., 1999; Llinas et al., 2005)). If high frequency gamma activity is triggered 

continuously, the brain permanently generates cognitive experiences, in the case of 

tinnitus an auditory percept, without any external stimuli.  

In previous research using MEG, Weisz and colleagues (Weisz et al., 2005a; 

Weisz et al., 2007a) examined spontaneous resting state activity in chronic tinnitus 

patients compared to normal hearing controls. They investigated significant 

differences in power spectra (1-90 Hz) between tinnitus and control subjects that 
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were characterized by a significant reduction of power in the alpha frequency band 

and a concomitant enhancement in the delta as well as gamma frequency range in 

temporal cortical regions. The abnormalities in the power spectra of tinnitus patients 

were related to subjective tinnitus distress ratings. The Synchronization-by-Loss-of-

Inhibition-Model (SLIM, (Weisz et al., 2007b)) was recently proposed as a framework 

to explain the observed oscillatory changes in tinnitus and to derive scientific as well 

as clinical predictions (Figure 2). This model essentially argues that input deprivation 

(caused by deafferentation due to hearing loss) leads to reduced activity and 

therefore to an enhancement of delta power along the tonotopic axis. In addition to a 

suppression of excitatory neuron activity, the activity of inhibitory neurons, whose 

impact normally is reflected as alpha activity, is also suppressed. The assumed 

'release of inhibition' may be followed by a spontaneous synchronization of firing of 

excitatory neurons in circumscribed regions of the tonotopic axis. Increased 

synchronized neuronal activity is then reflected within the gamma frequency range 

(Figure 2). Since synchronized activity is crucial for a coherent perception, 

abnormally enhanced gamma activity in the auditory cortex might be a necessary 

requirement for the sound perception in tinnitus (Weisz et al., 2007a). The 

assumptions of the model are further emphasized by the finding of a strong inverse 

relationship between alpha and gamma power in tinnitus subjects (Lorenz et al., 

2009, see Study 1). Chronification of tinnitus could result from longer lasting 

synchronous firing, leading to enhanced synaptic efficacy within a neuronal cell 

assembly via Hebbian mechanisms. 
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Figure 2. ‘Synchronization-By-Loss-Of-Inhibition-Model’: Input deprivation due to hearing loss 

(indicated by increased threshold in dB) leading to hypoactivation and thus increased delta activity 

along the tonotopic axis. A reduced activation of inhibitory neurons leads to a reduction of alpha 

power. The probability of firing of excitatory pyramidal neurons is increased through release of 

inhibition and reflected in an enhancement of gamma activity in a circumscribed region. 

Synchronization in the gamma frequency band then underlies the auditory sound perception in 

tinnitus. Attentional processes can further modulate the connections in the model by exerting influence 

on inhibitory neurons. ExPy: excitatory pyramidal neurons, InhIn: inhibitory interneurons (Weisz et al., 

2007b). 

 

These theoretical considerations imply two different strategies to treat chronic 

tinnitus:  

1) Reduction of overexcitation within auditory cortical areas by means of 

downregulation of hyperactivity and / or reestablishment of the ongoing 

inhibitory drive.  

2) Prevention of overly synchronized activity from spreading to higher 

processing stages.  
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Indeed, modification of abnormal auditory brain activity in tinnitus patients, for 

instance by means of neurofeedback (Weiler et al., 2002; Dohrmann et al., 2007) or 

residual inhibition (Kahlbrock and Weisz, 2008) has resulted in reduction of tinnitus 

loudness / distress. Emerging treatment avenues are brain stimulation techniques, 

particularly the relatively non-invasive form of repetitive transcranial magnetic 

stimulation (rTMS), which will be described in more detail in the next section.  

 

1.3 Transcranial magnetic stimulation  
 

Transcranial magnetic stimulation (TMS) – a relatively non-invasive method for 

depolarizing cortical neurons based on the principle of electromagnetic induction 

(Barker et al., 1985) – has been investigated extensively within the past decade. A 

coil is placed on the scalp and a strong and rapidly changing magnetic field in the 

skull is produced by the coil by first charging a large capacitor to a high voltage and 

then discharging it through the coil (Malmivuo and Plonsey, 1995) (Figure 3). The 

very short lasting (100-300µs) electrical pulse at a strength of 1.5-2.0 Tesla induced 

in the brain leads to highly synchronous – though not very focal – activation of 

neurons. The initial TMS effect is an induction of synchronized high frequency 

discharges in pyramidal output neurons at frequencies around 600 Hz that last for 

10ms and are followed by long lasting GABAergic inhibition (Siebner et al., 2009). 

The brief currents of the TMS can transiently (in case of single pulse TMS) influence 

behavior by producing excitation or inhibition of the stimulated cortical area (Thut and 

Miniussi, 2009).  Although the current reaches no deeper than the cortex, it may have 

further effects trans-synaptically (Wassermann, 1998). 
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Figure 3. The principle of magnetic stimulation: A coil is placed on the scalp and a strong and rapidly 

changing magnetic field in the skull is produced by the coil by first charging a large capacitor to a high 

voltage and then discharging it through the coil (adapted from Malmivuo and Plonsey, 1995). 

 

The rhythmic application of series of single stimuli is referred to as repetitive TMS 

(rTMS), a method that has been demonstrated to induce long-term potentiation (LTP) 

or depression (LTD)-like changes of cortical excitability in the motor cortex, which 

outlasted the stimulation period (Siebner and Rothwell, 2003; Wang et al., 1996). 

This feature raised great interest in rTMS as a potential clinical tool for the treatment 

of specific disorders putatively related to hyper- or hypoactive neuronal assemblies in 

circumscribed regions. rTMS has mainly been investigated as a therapeutic tool in 

disorders characterized by functionally altered cortico-subcortical networks, such as 

depression, epilepsy, Parkinson`s disease, schizophrenia, stroke rehabilitation or 

chronic tinnitus (Ridding and Rothwell, 2007) to date. However, the exact 

mechanisms of TMS are still unknown. Thus its effectiveness in therapeutic 

application is not clear, which emphasizes the need for a basic understanding of 
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TMS mechanisms (Fregni et al., 2005). A large body of research has examined rTMS 

effects on the human motor cortex. In general, the findings demonstrate that low 

frequency rTMS (≤ 1 Hz) is followed by reduced motor cortex excitability, whereas 

high frequency rTMS (≥ 5Hz) leads to enhanced motor cortex excitability (Pascual-

Leone et al., 1994; Chen et al., 1997; Hoffman and Cavus, 2002). Thus low 

frequency rTMS has often been referred to as inhibitory, high frequency rTMS as 

excitatory. Recently, theta burst stimulation (TBS) has been introduced as a new 

stimulation paradigm. Single sessions of TBS, consisting of bursts of three pulses of 

TMS at 50 Hz repeated at theta frequency (5 Hz), have been demonstrated to induce 

more pronounced and longer lasting effects on motor cortex excitability as compared 

to tonic stimulation with rTMS (Huang and Rothwell, 2004). The exact underlying 

mechanisms of burst stimulation are not well known. Continuous theta burst 

stimulation (cTBS) has been demonstrated to have inhibitory effects on motor cortex 

excitability and intermittent theta burst stimulation (iTBS) resulted in an increase of 

motor cortex excitability (Huang et al., 2005). However, the effects of various rTMS 

protocols on cortical excitatory and inhibitory networks have been investigated mainly 

in the motor system where a direct behavioral impact can be recorded by means of 

electromyography (EMG). It is uncertain whether this knowledge can be directly 

transferred to other cortical areas such as the auditory cortex (Speer et al., 2003; 

Sparing et al., 2005; Franca et al., 2006).  

Regarding the influence of rTMS on oscillatory brain activity, mainly 

modulations of power in the alpha frequency band (e.g., Strens et al., 2002; Fuggetta 

et al., 2008; Jin et al., 2006; Brignani et al., 2008; Hamidi et al., 2009, for an overview 

see Thut and Miniussi, 2009) as well as in the gamma frequency band (e.g., Farzan 

et al., 2009; Farzan et al., 2010; Schutter et al., 2003; Ferrarelli et al., 2008) have 

been demonstrated and related to behavioral changes.  
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1.3.1 Transcranial magnetic stimulation - the magic bullet in tinnitus 

treatment? 

 
For several years rTMS has been applied as a biophysiological treatment method for 

chronic tinnitus with the aim to reduce hyperactivity within the auditory cortex. This 

excess activation in temporoparietal and temporal cortical areas may be disrupted by 

means of rTMS resulting in a suppression of the tinnitus percept (Plewnia et al., 

2003). There are two rationales for the rTMS treatment in tinnitus: High-frequency vs. 

low-frequency stimulation. Trains of high-frequency rTMS (5-20 Hz) have been 

demonstrated to induce an immediate, short-lasting interruption of tinnitus perception 

(Plewnia et al., 2003; De Ridder et al., 2005; Fregni et al., 2006). Repeated 

stimulation with low-frequency rTMS (mainly 1 Hz stimulation) on consecutive days 

has proven effective in reducing tinnitus with a longer lasting beneficial effect 

(Eichhammer et al., 2003; Langguth et al., 2003; Kleinjung et al., 2005; Londero et 

al., 2006; Kleinjung et al., 2007a; Plewnia et al., 2007). However, despite 

conceptually being the ideal tool to tackle tinnitus, clinical effects of the common 1 Hz 

stimulation on tinnitus decrease were only moderate (about 20% symptom reduction) 

and results were further characterized by great interindividual variability. In most 

studies clinical improvement has been observed in about 50% of the patients treated 

with 1200-2000 TMS pulses over five to ten days (Langguth et al., 2008). Some 

studies demonstrated long-lasting effects (up to six months) (e.g., Khedr et al., 2008; 

Khedr et al., 2010; Anders et al., 2010; Marcondes et al., 2010). However, there are 

also a number of studies that failed to demonstrate any treatment success. For 

instance, Langguth and colleagues (Langguth et al., 2007b) did not find any 

significant reduction of tinnitus distress after rTMS treatment (1 Hz, neuronavigated 

auditory cortex target) of ten chronic tinnitus patients on five consecutive days. 
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Similarly, Lee and colleagues (Lee et al., 2008) did not find any significant effects 

after application of low frequency rTMS (0.5 Hz) to the left temporoparietal cortex of 

eight chronic tinnitus patients for five consecutive days. Furthermore, Poreisz and 

colleagues (Poreisz et al., 2009) investigated the effect of three different burst 

stimulation protocols (continuous, intermittent and intermediate burst stimulation) 

applied to the left inferior temporal cortex of 20 tinnitus patients, but failed to find any 

significant reduction of tinnitus loudness or distress (for an overview of clinical effects 

of rTMS in tinnitus see Table 1).  
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Table 1. Clinical effects of studies applying high- and low-frequency rTMS in tinnitus patients (cTBS = 

continuous theta burst stimulation, iTBS = intermittent theta burst stimulation, imTBS = intermediate theta 

burst stimulation, IAF = individual alpha frequency). 
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Thus it appears to be obvious that either our theoretical models on the 

pathophysiology of tinnitus are inaccurate or that current rTMS approaches are not 

efficient enough to successfully modify tinnitus-related brain activity. Moreover, the 

great interindividual variability regarding success in rTMS treatment demonstrates 

the importance of identifying treatment predictors, such as the tinnitus duration, the 

extent of hearing impairment or tinnitus characteristics and the consideration of state-

dependency effects.    

Our group conducted two rTMS studies with chronic tinnitus patients 

investigating the effects of rTMS on auditory cortical activity measured by means of 

MEG. The aim of these studies was to improve the current knowledge of rTMS 

mechanisms on auditory brain activity and to further examine which changes are 

accompanied by a reduction of the tinnitus perception (Lorenz et al., 2010, see Study 

2; Lorenz et al, submitted, see Study 3; Müller et al, in preparation). Participants with 

chronic tinnitus (n=10) first underwent a pilot study receiving five different rTMS 

stimulation protocols (on five different days). Evoked auditory cortical brain activity 

(stimulation with three different steady state tones: 250 Hz, 1000 Hz, 4000 Hz) was 

measured by means of MEG (Lorenz et al., 2010). We found a reduction of auditory 

hyperactivity (reflected in a reduced auditory steady state response averaged across 

stimulation frequencies) after three rTMS protocols (iTBS, cTBS, 1 Hz) compared to 

sham and a concomitant short-term reduction of tinnitus loudness after these 

particular protocols compared to sham (Lorenz et al., 2010). However, the results 

demonstrated rather nonselective effects of rTMS regarding the different tone 

frequencies (Figure 4).  
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Figure 4. Change of auditory cortical activity (aSSR) in tinnitus patients after rTMS. Patients were 

stimulated with three different amplitude-modulated tones (low frequency = 250 Hz, middle frequency 

= 1000 Hz, high frequency = 4000 Hz) and evoked auditory cortical activity was measured by means 

of MEG before and after rTMS treatment (five stimulation protocols: 1 Hz, sham, continuous theta 

burst stimulation [cTBS], intermittent theta burst stimulation [iTBS], and individual alpha frequency 

stimulation [IAF]). The results demonstrated a reduction of the aSSR averaged across stimulation 

frequencies after iTBS, cTBS and 1 Hz compared to sham (see Lorenz et al., 2010). However, we 

found rather nonselective effects of rTMS regarding the different tone frequencies (error bars: 

standard error).  
 

The patients also participated in a subsequent treatment study (Lorenz et al, 

submitted) receiving 1000 pulses of 1 Hz rTMS for ten consecutive business days. 

Changes in oscillatory brain activity were measured by means of MEG before and 

after treatment. The results demonstrate a successful modulation of power in lower 

frequency bands (namely a reduction of delta and an enhancement of alpha power). 

However, high frequencies, putatively an important element for consciously 

perceiving tinnitus, were not reduced (Figure 5). Concomitantly, we only revealed 
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trends for reductions in behavioral tinnitus parameters that were strongly correlated 

to gamma power after treatment though: Less gamma power was related to reduced 

tinnitus distress (r = 0.80). 

 

 

 

Figure 5. The impact of rTMS on auditory cortical spontaneous activity. Grey bars demonstrate values 

ipsilateral to rTMS, whereas white bars represent values contralateral to rTMS directly after treatment 

as well as upon follow-up (error bars: standard error). Lower frequencies (alpha, delta) were 

successfully modulated directly after rTMS. However, higher frequencies remained unchanged or 

were unspecifically enhanced (*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, + p ≤ 0.10) (Lorenz et al., 

submitted).  

 

In conclusion, the results of rTMS studies in chronic tinnitus support current 

theoretical notions regarding tinnitus-relevant brain activity, but at the same time 

point to the need for new and innovative treatment approaches. Although we 



Introduction and critical reflexion 
 

 19 

concede that magnetic stimulation has an influence on tinnitus perception, it has 

obviously not been possible to tap the full potential of rTMS modification to date. The 

lack of better or more consistent results may be due to the fact that tinnitus-relevant 

areas are not targeted accurately enough by current stimulations. Thus it remains 

more or less coincidental if the necessary areas are reached by rTMS. Regarding the 

great interindividual variability on the one hand, as well as the non-selective effects of 

rTMS on the other hand, it has to be considered that after-effects of rTMS depend on 

a complex interplay of various factors (biological as well as stimulation factors). For 

instance, from a biological perspective the structure of the targeted neuronal region, 

the basic neuronal activity during stimulation, the cell responses (e.g., excitatory 

versus inhibitory) and the resulting biochemical or structural modifications of synaptic 

connections may play a role for the TMS outcome. Regarding stimulation 

parameters, duration, frequency, intensity, and electric field orientation may exert 

influence on the treatment outcome (Chen et al., 1997; Pascual-Leone et al., 1998; 

Pasley et al., 2009). The great variability regarding the treatment outcome of rTMS 

may be traced back to these numerous influencing factors. However, even within the 

same individual, the effects of one stimulation protocol can be different depending on 

the initial cortical activation state (for an overview see Silvanto et al., 2008; Pasley et 

al., 2009). The initial state of neurons before the brain is stimulated has hitherto 

mainly been ignored.  

 

1.3.2 State dependency as a crucial factor in clinical rTMS treatment 

 

Usually the initial cognitive state of the stimulated region is not a controlled variable 

in TMS studies. However, TMS may exert different influence on neuronal populations 

depending on the circumstances of stimulation. When single TMS pulses are applied 
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directly before a certain task (‘offline TMS’), the performance is mainly enhanced 

(which is reflected for instance in shorter reaction time or improved visual detection) 

(Topper et al., 1998; Grosbras and Paus, 2003). On the contrary so-called ‘virtual 

lesions’ or disruptions of perception are induced by simultaneous stimulation – during 

the perceptual / cognitive process (‘online TMS’) (Silvanto et al., 2008). Applying 

online TMS results in an activity imbalance in the stimulated region and neurons 

involved in the cognitive process are differently influenced by rTMS than those that 

are not involved. Therefore it has to be considered that behavioral effects of online 

TMS depend on the relative state of activity of functionally distinct neural populations 

within the stimulated region (Silvanto et al., 2008). Silvanto and colleagues have laid 

the groundwork for the state-dependency approach in studies of cognitive functions, 

mainly in the visual domain (Silvanto et al., 2007a; Silvanto et al., 2007b): A visual 

adaptation paradigm was applied to systematically manipulate activity levels of 

functionally distinct neural populations before the application of TMS. Phosphenes 

were measured that are normally colorless. Afterwards, a color adaptation paradigm 

was conducted, whereupon the TMS-induced phosphenes took on the color of the 

adaptation stimulus, demonstrating that TMS brings features signaled by less active 

neurons to perceptual threshold. Otherwise the phosphenes would have taken on the 

complementary color of the adapting stimulus (Silvanto et al., 2007b). These results 

imply that TMS facilitates the less active neural populations relatively more in 

comparison to the active neural populations (Silvanto et al., 2007b; Silvanto et al., 

2007a; Silvanto and Pascual-Leone, 2008). In this manner studies examining the 

effects of 1 Hz rTMS on motor cortex excitability also found state-dependency 

effects: When the previous level of excitability was high, a subsequent period of 1 Hz 

rTMS led to a lasting reduction in corticospinal excitability. However, with reduced 

corticospinal excitability the same 1 Hz stimulation resulted in a sustained increase in 
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corticospinal excitability (Siebner et al., 2004; Lang et al., 2004). These results 

generally confirm state dependency effects. State dependency effects may be 

explained within a homeostatic plasticity framework by means of the Bienenstock-

Cooper-Munro (BCM) theory of synaptic modification (Bienenstock et al., 1982). 

According to the BCM postsynaptic neuronal activity is influenced by previous 

neuronal firing rates inasmuch as a reduction of antecedent neuronal firing lowers the 

LTP threshold and thus raises the LTD threshold and, conversely, an antecedent 

increase in neuronal firing lowers the LTD threshold and thus raises the LTP 

threshold. A number of studies have recently demonstrated BCM-like homeostatic 

mechanisms in the primary motor cortex (e.g., Lang et al., 2004; Siebner et al., 2004; 

Pötter-Nerger et al., 2009). For instance, Pötter-Nerger and colleagues (Pötter-

Nerger et al., 2009) combined two interventional protocols (1 Hz, 5 Hz) that induced 

long-term depression (LTD)-like or long-term potentiation (LTP)-like plasticity in the 

left primary motor cortex with paired-associative stimulation (PAS). The authors 

demonstrated a preconditioning effect leading to a homeostatic response: After a 

‘facilitatory’ conditioning by means of 5 Hz stimulation further ‘facilitatory’ stimulation 

by PAS led to reduced corticospinal excitability. After ‘inhibitory’ 1 Hz stimulation 

further ‘inhibitory’ PAS resulted in enhanced corticospinal excitability. These results 

provide evidence for a homeostatic response pattern in the primary motor cortex, 

integrating plasticity changes evoked through different input channels.   

Hence, therapy strategies based on research that did not consider the initial 

state of neurons may be suboptimal. Learning about the crucial influence of state-

dependency has great implications for the clinical use of TMS: Specific neuronal 

populations within the stimulated region can be targeted more efficiently and thus the 

spatial resolution of TMS can be enhanced. By means of manipulating neural 
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activation states before the application of TMS, one can control which neural 

populations are facilitated / inhibited by TMS.  

 

1.3.3 Enhancing the spatial resolution of rTMS in tinnitus treatment 

 

Within the auditory cortex, neurons are characterized by a specific tuning curve 

exhibiting minimal threshold at a CF (Calford et al., 1983). Neurons in the auditory 

pathway are distributed according to their CFs resulting in a tonotopic organisation 

(Pantev et al., 1995; Romani et al., 1982). Studies have demonstrated that 

frequency-specific auditory attention sharpens the tuning for attended frequencies in 

comparison to unattended frequencies (Hubner and Hafter, 1995; Hafter et al., 1993). 

Not only top-down control but also bottom-up auditory input can influence neuronal 

processing in the auditory cortex. For instance, the neurons could be influenced non-

invasively by means of especially filtered noise. Sams and Salmelin (Sams and 

Salmelin, 1994) demonstrated a differential influence of band-eliminated noises with 

wide or narrow notches on the N1m response. Based on the previously outlined 

research we fathomed the question whether it is possible to selectively manipulate 

cortical excitability along the auditory tonotopic axis (see Figure 1) in order to boost 

the spatial resolution of rTMS: Does prior stimulation with varying band-eliminated 

noises lead to differential effects of rTMS on auditory cortical activity? This new 

approach would combine ‘simple’ rTMS effects (e.g., Langguth et al., 2008) with 

‘simple’ sound effects (e.g., Okamoto et al., 2010) in order to investigate if combined 

effects are stronger than those of single treatments.  

Our group conducted a proof-of-principle combined TMS-EEG study in the 

auditory domain with normal hearing controls (Weisz et al. in preparation). Subjects 

(n = 28) first underwent an auditory detection task in which different 40 Hz amplitude-
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modulated steady states tones with different carrier frequencies were presented (low 

frequency = 495 Hz, middle frequency = 990 Hz, and high frequency = 1980 Hz) (800 

ms; 135 trials; ISI 1-2s). The target stimuli (10% of the stimuli) were presented with a 

loudness of 28 dB, whereas the standard stimuli were presented with a loudness of 

40 dB over the individual hearing threshold. EEG measurements of auditory cortical 

activity were performed (128 electrode system, ANT). After the first block the 

subjects received either notch-filtered or bandpass-filtered noise (700-1400 Hz) as a 

pre-treatment of rTMS to selectively influence neurons responding to a certain CF. 

Noise was presented for ten minutes (50 dB SL). Directly after the noise pre-

treatment the subjects were stimulated with either neuronavigated 1 Hz rTMS (1000 

pulses, 50% stimulator output) targeting the left auditory cortex or received sham 

stimulation (1000 pulses, 50% stimulator output, 45° coil angulation). In the final step 

the auditory detection task and the EEG measurement were repeated (Weisz et al. in 

preparation) (Figure 6). The rationale behind this approach for the auditory cortex is 

in accordance with results by Silvanto and colleagues (Silvanto et al., 2007b; Silvanto 

and Pascual-Leone, 2008) previously outlined regarding the visual domain: On the 

one, hand stimulation with bandpass-filtered noise results in the adaptation of 

neurons responding to the middle frequency, thus leading to less active neurons in 

this area. According to Silvanto et al. TMS should preferentially facilitate less active 

neural populations. On the other hand, after stimulation with notch-filtered noise 

neurons responding to the middle frequency remain active and should hence be 

inhibited more efficiently by TMS.    
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Figure 6. The TMS-noise paradigm. A: Subjects first participated in an auditory detection task 

listening to three different steady state tones (low frequency, middle frequency, high frequency) in 

which they had to distinguish between standard (loudness of 40 dB) and target stimuli (loudness of 28 

dB). B: After the first run of the auditory task subjects were stimulated with either notch- or bandpass-

filtered noise (700-1400 Hz) for ten minutes (50 dB SL). C: Subjects received 1 Hz rTMS stimulation 

(1000 pulses, 50% stimulator output). D: Second run of the auditory detection task.   
 

However, our results are opposite to the predictions based on the adaptation logic: 

Bandpass in combination with rTMS tends to reduce evoked auditory activity, 

whereas notch combined with rTMS tends to increase evoked auditory activity both 

at middle frequency compared to the side bands. The effect was driven within the left 

(= stimulated) hemisphere. Sham stimulation did not result in any significant 

modulation of evoked activity at any frequency (Figure 7).  
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Figure 7. The stimulation with bandpass- and notch-filtered noise in combination with 1 Hz rTMS 

resulted in an opposite pattern regarding an influence on evoked auditory cortical activity: Bandpass in 

combination with rTMS tended to reduce evoked auditory activity, whereas notch combined with rTMS 

tended to increase evoked auditory activity both at middle frequency compared to the side bands. 

Stimulation with sham (+ bandpass-filtered noise) did not result in any significant modulation of 

auditory cortical activity (Weisz et al, in preparation). 

 

In this case rTMS has exerted an effect according to the baseline excitability and not 

opposing to baseline as in other studies (Siebner et al., 2004; Silvanto et al., 2007b; 

Pötter-Nerger et al., 2009). Therefore our results suggest that bandpass-filtered 

noise goes along with sensitization and notch-filtered noise with lateral inhibition at 

the middle frequency. This explanation is in accordance with previous findings 

(Pantev et al., 1999; Okamoto et al., 2010) demonstrating that listening to spectrally 

notched music (removal of a narrow frequency band) can reduce cortical activity 

corresponding to the notch center frequency. This phenomenon is possibly 
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generated through lateral inhibition: The notched sound leads to a functional 

deafferentation of corresponding auditory neurons but simultaneously to stimulation 

of surrounding neurons. Thus neurons corresponding to the notch center frequency 

were actively suppressed via lateral inhibitory inputs from surrounding neurons 

(Okamoto et al., 2010). Alternatively, bandpass noise leads to a decrease in activity 

at the middle frequency, whereas notch noise results in an increase in activity and 

rTMS then boosts this modulation. This explanation would be in accordance with 

previous findings of Pasley and colleagues (Pasley et al., 2009) regarding state-

dependency effects of rTMS: For gamma band activity in the visual cortex Pasley 

and colleagues (Pasley et al., 2009) found a positive correlation between pre-TMS 

activity and post-TMS spontaneous firing rate. Their results suggest that application 

of TMS during a high activity state is more likely to result in spontaneous discharge 

than application of the same stimulation during a low activity state (Pasley et al., 

2009). Corresponding to these findings Brighina and colleagues (Brighina et al., 

2002) found an increase of visual cortex excitability (demonstrated by means of a 

decreased phosphene threshold (PT)) in participants suffering from migraine with 

aura after stimulation with 1 Hz rTMS. Earlier studies have demonstrated 

hyperexcitability of the occipital cortex in people affected by migraine with aura (e.g., 

Aurora and Welch, 2000; Mulleners et al., 2001). In control subjects, however, 

reduced visual cortical excitability (enhanced PT) was found after rTMS – as has 

been predicted. Thus the opposing changes induced by 1 Hz rTMS could have been 

due to the pre-existing imbalance between excitatory and inhibitory circuits in the 

visual cortex of migraines. This study demonstrates that neurological conditions, 

such as migraines or, in our case, tinnitus, leading to changes in cortical excitability 

can have important impact on TMS effects.  
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In our study (Weisz et al, in preparation) we did not find a clear modulation in 

the sham condition applying only bandpass. However, auditory cortical activity is 

rather decreased corresponding to the aforementioned explanation.   

 

Conclusion 

Based on the current results of rTMS studies in tinnitus, which demonstrate only 

moderate success in reducing the tinnitus perception, and furthermore on recent 

research regarding state dependency, we conclude that a pre-treatment of tinnitus-

relevant areas may be of great importance to target neurons more specifically by 

subsequent rTMS therapy. We demonstrated that filtered noise sharpens the effects 

of rTMS on the middle frequencies relative to the side-bands as compared to 

‘bandpass only’ as well as compared to ‘rTMS only’ (Lorenz et al., 2010). The results 

demonstrate very promisingly that the spatial resolution of rTMS can be enhanced 

and thus may result in an improvement of current treatment approaches. However, 

the results were revealed investigating normal hearing control subjects. Brighina and 

colleagues (Brighina et al., 2002) demonstrated nicely that 1 Hz rTMS influenced 

control subjects differently than migraines due to pre-existing imbalances in the 

visual cortex. The same rationale may be the case in tinnitus patients. Bandpass-

filtered noise may result in a sensitization of tinnitus-relevant areas and a subsequent 

1 Hz rTMS treatment would lead to a more successful reduction of hyperactivity in 

auditory cortical areas. Yet, the most appropriate pre-treatment regarding rTMS in 

tinnitus remains to be determined by investigating tinnitus patients1. 

 

                                            
1 A short version of this discussion is currently in preparation for submission. Title: ‘Repetitive 
transcranial magnetic stimulation – promises and pitfalls in the treatment of chronic tinnitus’. Authors: 
Isabel Lorenz, Berthold Langguth, Nadia Müller, and Nathan Weisz.  
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1.4 Integration and overview of studies 
 
 

The rationale outlined in the introduction clearly points to a knowledge gap regarding 

the impact of the basic mechanisms of rTMS on abnormal auditory cortical activity in 

chronic tinnitus. Yet, this specific knowledge would be of great importance to improve 

existing therapy approaches. Hence, this dissertation aims at answering this 

particular question: Is it possible to selectively influence the hyperactivity of certain 

frequency regions or – on the level of brain oscillations – to modulate specific 

frequency bands by means of rTMS? Or is rTMS rather followed by global and 

unspecific changes? By means of MEG I investigated the influence of rTMS on 

changes in brain activity associated with tinnitus – such as auditory cortical 

hyperactivity reflected in evoked potentials and abnormalities in resting-state 

oscillatory brain activity. Due to a lack of combined TMS - EEG / MEG studies the 

exact mechanisms of rTMS protocols that successfully reduced tinnitus parameters 

(such as loudness or tinnitus-related distress) are still unknown.  

 The first study2 was based on our framework outlined in the introduction, 

which postulates that the reduction of ongoing inhibitory alpha activity in tinnitus 

subjects favors a synchronization of neurons in the gamma frequency range while in 

a resting-state. This study validated the existence of an inverse relationship between 

auditory gamma and alpha band activity in chronic tinnitus and in control subjects 

using MEG. Tinnitus subjects exhibited a significantly steeper slope of the regression 

line compared to controls, presumably because a greater number of subjects 

concurrently exhibited low alpha and high gamma power. Therefore, the modulation 

                                            
2 This study is published in Neuroscience Letters vol. 453, pp. 225-228. 2009. Title: ‘Loss of alpha 
power is related to increased gamma synchronization – A marker of reduced inhibition in tinnitus?’. 
Authors: Isabel Lorenz, Nadia Müller, Winfried Schlee, Thomas Hartmann, and Nathan Weisz.   
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of abnormal oscillatory brain activity by means of rTMS seems to be a promising 

avenue in tinnitus treatment. 

 The second study’s3 objective was to systematically examine changes in 

auditory responses (N1, aSSR) measured by means of MEG after single sessions of 

stimulation with different rTMS paradigms. Subjects with chronic tinnitus (n=10) 

underwent five sessions of repetitive transcranial magnetic stimulation in which they 

received one of five different stimulation protocols (1 Hz, IAF, cTBS, iTBS, and sham) 

in randomized order using a single-blind study design. Cortical steady state 

responses to 40 Hz amplitude-modulated tones were measured before and after 

each magnetic stimulation protocol. The results demonstrate a reduction of the aSSR 

after magnetic stimulation, whereas the N1 response was slightly enhanced or 

remained unchanged. Furthermore, the reduction of the aSSR was driven by effects 

of iTBS, cTBS, and 1 Hz stimulation. Correspondingly, behavioral measures 

demonstrated the greatest reduction of tinnitus loudness after the respective rTMS 

protocols. This study provides the first evidence of rTMS effects on auditory cortical 

activity and a concomitant reduction of tinnitus symptoms.  

The third study4 aimed at elucidating the underlying mechanisms of tinnitus on the 

level of brain oscillations in the resting-state. Patients with chronic tinnitus (n=10) 

participated in a crossover sham-controlled rTMS treatment study using a single-

blind study design. Resting-state oscillatory brain activity was measured by means of 

MEG and analyzed on the level of auditory sources before and after treatment as 

well as three months later (follow-up). The results demonstrate a significant 

                                            
3 This study is published in the Journal of Neurophysiology vol. 104, pp. 1497-1505. 2010. Title: 
‘Short-term Effects of Single rTMS Sessions on Auditory Evoked Activity in Chronic Tinnitus Patients’. 
Authors: Isabel Lorenz, Nadia Müller, Winfried Schlee, Berthold Langguth, and Nathan Weisz. 
 
4 This study is currently under review. Title: ’A glimpse into the black-box: The impact of rTMS on 
auditory cortical activity in chronic tinnitus’. Authors: Isabel Lorenz, Nadia Müller, Berthold Langguth, 
and Nathan Weisz. 
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modulation of power in lower frequency bands (namely a reduction of delta and an 

enhancement of alpha power). Yet, high frequencies, putatively an important element 

for consciously perceiving tinnitus, were not reduced. Concomitantly, we only 

revealed trends for reductions in behavioral tinnitus parameters that were strongly 

correlated to gamma power after treatment: Less gamma power was related to 

reduced tinnitus distress. Our results offer an interesting insight into the effects of 

rTMS on oscillatory brain activity, but also outline the limitations of current treatment 

approaches. In the future, new rTMS strategies will have to be developed that impact 

gamma activity more efficiently.  

 

 



Study 1: Loss of alpha power is related to increased gamma synchronization – A marker of reduced 
inhibition in tinnitus? 
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2.  Studies 

2.1 Study 1: Loss of alpha power is related to increased gamma 

synchronization – A marker of reduced inhibition in tinnitus? 

 

Authors: Isabel Lorenz, Nadia Müller, Winfried Schlee, Thomas Hartmann, and 

Nathan Weisz 

 

Introduction 

Tinnitus is the subjective perception of sound (e.g., a ringing or hissing noise) in the 

absence of any external stimulus. The condition affects approximately 5-15% of the 

population in western societies (Eggermont and Roberts, 2004) and to date the 

underlying neuronal mechanisms of tinnitus are still not completely understood. One 

likely trigger of tinnitus is damage to the peripheral hearing system. This damage 

leads to aberrant central auditory activity, i.e. an overall increase in the firing of 

neurons, especially in the dorsal cochlear nucleus (Kaltenbach, 2006), the inferior 

colliculus, the primary and the secondary auditory cortex (Eggermont and Roberts, 

2004). Furthermore, it has been shown that populations of neurons with an increased 

firing rate locally synchronize their activity (Norena and Eggermont, 2003).  

In previous research using Magnetoencephalography (MEG), our group 

demonstrated abnormalities in the power spectrum of chronic tinnitus patients while 

in the resting state (Weisz et al., 2005a). These changes were characterized by a 

noticeable reduction of power in the alpha (8-12 Hz) frequency band and a 

concomitant enhancement in the delta (0.5-4 Hz) as well as the gamma (> 30 Hz) 

frequency range in temporal cortical regions. To further examine these abnormalities 
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we are going to concentrate on the interaction of alpha and gamma power in the 

present work. 

In recordings of spontaneous activity, alpha usually dominates the power 

spectrum since alpha rhythms can be found in virtually all sensory and motor areas 

while subjects are at rest (Berger, 1929). However, this does not mean that alpha 

rhythms are the neural code of ‘doing nothing’ as the frequently-used term 'idling-

rhythm' may imply. Based on studies of event-related alpha reductions ('Event-

Related Desynchronization'; ERD) and enhancements ('Event-Related 

Synchronization'; ERS) Klimesch and colleagues (Klimesch et al., 2007) 

hypothesized that oscillations in the alpha frequency range emerge from rhythmical 

fluctuations of inhibitory neurons. This notion finds support in recent studies which 

combine Electroencephalography (EEG) with Transcranial Magnetic Stimulation 

(TMS) (Hummel et al., 2002; Klimesch et al., 2003; Rihs et al., 2007). 

Neuronal activity in the gamma frequency range, however, has been 

demonstrated to be associated with almost all categories of higher-order cognitive 

functions such as feature specification and cognitive binding (Pulvermüller et al., 

1999; Tallon-Baudry and Bertrand, 1999; Hannemann et al., 2007). Gamma activity 

has been associated with synchronization of firing within (Gray et al., 1989) as well 

as between neuronal cell-assemblies (Singer, 1999).  

The existence of an antagonistic nature of alpha and gamma rhythms has been 

indicated, for example, by fMRI studies relating signal changes in blood oxygen level-

dependent (BOLD) to changes in electrophysiological responses (Logothetis et al., 

2001; Laufs et al., 2003): Gamma activity is positively correlated with the BOLD 

signal (Logothetis et al., 2001), whereas alpha activity exhibits a negative relationship 

(Laufs et al., 2003). 
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From a clinical perspective, enhanced neuronal activity in the gamma frequency 

range in the resting state has been linked to positive symptoms in some 

neuropsychiatric disorders, including tinnitus (Llinás et al., 1999).  

With the Synchronization-by-Loss-of-Inhibition-Model (SLIM) (Weisz et al., 

2007b) we recently proposed a framework to explain the observed oscillatory 

changes in tinnitus and to derive scientific as well as clinical predictions. This model 

essentially argues that input deprivation (caused by deafferentation due to hearing 

loss) leads to reduced activity and therefore to an enhancement of delta power along 

the tonotopic axis. In addition to a suppression of excitatory neuron activity, the 

activity of inhibitory neurons, whose impact normally is reflected as alpha activity 

(Klimesch et al., 2007; Min and Herrmann, 2007; Romei et al., 2008b) is also 

suppressed. The exact origin of alpha is still a matter of ongoing debate, yet recent 

findings (Bollimunta et al., 2008) indicate that at least some forms of alpha emerge 

from the intracortical interactions of neurons, rather than just being passively driven 

by thalamic afferents. The assumed 'release of inhibition' may indicate a 

spontaneous synchronization of firing of excitatory neurons in circumscribed regions 

of the tonotopic axis. Increased synchronized neuronal activity is then reflected within 

the gamma frequency range. Since synchronized activity is crucial for a coherent 

percept, abnormally enhanced gamma activity in the auditory cortex might be a 

necessary requirement of the sound perception in tinnitus (Weisz et al., 2007b). 

Chronification of tinnitus could result from longer lasting synchronous firing leading to 

enhanced synaptic efficacy within a neuronal cell assembly via Hebbian 

mechanisms. 

If dominant resting alpha activity reflects a mechanism that suppresses 

undesirable ‘spontaneous’ high-frequency synchronization, as postulated by SLIM 



Study 1: Loss of alpha power is related to increased gamma synchronization – A marker of reduced 
inhibition in tinnitus? 

 

 34 

(Weisz et al., 2007b), then one prediction, which has been untested to date, would be 

that levels of auditory alpha and gamma activity are inversely related. The purpose of 

the present MEG study was to test this hypothesis of an inverse relationship between 

alpha and gamma activity in tinnitus and control subjects. Furthermore, the influence 

of tinnitus on such a relationship is examined more closely. 

 

Methods 

 

Subjects 

Twenty-six subjects suffering from chronic tinnitus participated in the study (20 male, 

6 female). The mean age was 45 years (range: 20-65 years); the mean tinnitus 

duration 6.75 years (+/- 1.01). Subjects were recruited via advertisements in the local 

newspaper and flyers at the University of Konstanz. Nine subjects reported dominant 

left, 10 bilaterally equal, and 7 dominant right lateralized tinnitus. Tinnitus distress 

was assessed using the German version of the Tinnitus Questionnaire (Goebel and 

Hiller, 1998). The average distress score was 27.48 (+/- 3.54), corresponding to mild 

distress. Twenty-one subjects without tinnitus or other hearing disorder served as a 

control group (16 males, 5 females, mean age: 35 years; range: 23-78 years). None 

of the subjects had participated in an MEG study before. The experiment has been 

conducted in accordance with the declaration of Helsinki and with adequate 

understanding and written informed consent of the subjects.  

 

Procedure and data acquisition 

Five minutes of MEG under a resting condition were recorded (sampling rate: 678.17, 

0.1-200 Hz band-pass) using a 148-channel whole-head magnetometer (Magnes 
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2500 WH; 4-D Neuroimaging, San Diego, CA) in a magnetically shielded chamber 

(Vakuumschmelze, Hanau, Germany). Participants lay in a supine position and were 

requested to keep eyes open and to focus on a fixed point on the ceiling. Four 

electrodes were used to record eye movements (electrooculogramm, EOG): two 

electrodes were positioned at the left and right outer canthi (horizontal EOG) and two 

were placed above and below the right eye. Additionally, electrocardiogram was 

recorded from two electrodes on the left and right forearm. For the MEG 

measurement the head position within the MEG helmet had to be assessed, thus 

positions of five index points and individual head shapes were sampled using a 

digitizer. 

 

Data analysis 

Data were corrected for eye and heartbeat-related artifacts using a multiple source 

approach (Berg and Scherg, 1994) implemented in BESA (MEGIS Software, 

Gräfeling, Germany). Afterwards the data were projected from the 148 sensors onto 

a source montage consisting of eight regional sources analogously to our previous 

work (Weisz et al., 2005a). A source model was generated using so-called regional 

sources consisting of two orthogonal dipoles (the radial source is discarded) in order 

to capture global activity independent of the orientation. Two of the eight sources 

were placed symmetrically and bilaterally in the auditory cortex, which was the region 

of interest. The other six sources were distributed over the cortex: left and right 

prefrontal cortex, left and right parietal cortex, anterior cingulum, and occipital cortex. 

The locations of sources were predefined by the authors, however, and should 

therefore not be confused with the more precise activity localizations drawn from 

functional neuroimaging studies. The strength of applying a source montage is that 
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the activity of brain regions of interest (i.e. left and right auditory cortex) can be 

captured with a considerably reduced contribution of other concurrently active brain 

regions. Hence, the other six sources acted as a kind of spatial filter, sharpening the 

activity from the regions of interest. The location of sources was identical for all 

subjects (adapted to the radius of the single-sphere fitted to the headshape of the 

individual) and covered roughly the whole volume (for detailed information 

concerning source montages see Scherg et al., 2002). The leadfield was computed 

for the regions of interest and its pseudo-inverse was used for calculation of the 

source strength. Data were then downsampled to 450 Hz and exported to Matlab 

(The MathWorks, Natick, MA) for further analysis. For data analysis the entire five 

minutes length were used, analogously to our previous work (Weisz et al., 2005a; 

Weisz et al., 2007a). The powerspectra for each source were averaged across 

orientations to yield a global estimate of the energy at that specific brain region. 

There was no difference in the global power between tinnitus and control subjects. 

Normalized power was computed to minimize variance resulting from strong 

interindividual variability. Linear regressions were calculated for the left and the right 

hemisphere between alpha (8-12) and gamma (40-90 Hz; excluding 49-51 Hz) 

power. Additionally, group membership was considered as a factor in order to 

uncover potential differences in regression slopes. The significance level was set to 

0.05 in all analyses. 

  

Results 

 

A strong negative correlation between temporal alpha and gamma power existed for 

tinnitus subjects (r = - 0.70, p < 0.0001) as well as for controls (r = - 0.74, p < 0.001). 
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These results are averaged across both temporal sources (Figure 1). Results for 

each side, respectively, are for tinnitus subjects left temporally (r = - 0.72, p < 

0.0001), right temporally (r = - 0.63, p < 0.001) and for control subjects left temporally 

(r = - 0.79, p < 0.0001), right temporally (r = - 0.65, p < 0.01). Furthermore, the 

steepness of the regression lines for tinnitus and control subjects was compared to 

examine differences in the alpha-gamma relationship between tinnitus and control 

subjects. A significantly steeper slope was revealed for the tinnitus subjects (F = 

4.48, p < 0.05) averaged across both temporal sources (left temporally separately: F 

= 4.22, p = 0.05, right temporally separately: F = 3.82, p = 0.06).   

 

 

Figure 8. Correlation between temporal alpha and gamma power averaged across both temporal 

sources. Black dots indicate values of tinnitus subjects; grey dots display values of controls. 
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Discussion 

 

With the present work we demonstrated the existence of an inverse relationship 

between auditory gamma and alpha activity in resting tinnitus as well as in control 

subjects using MEG. This finding is in line with a prediction derived from the SLIM 

model outlined in the introduction. The steepness of the regression lines was 

compared for both groups to examine differences between tinnitus and control 

subjects regarding the alpha-gamma pattern. Tinnitus subjects demonstrated a 

significantly steeper slope of the regression line compared to controls, putatively 

caused by the fact that a greater number of tinnitus subjects concurrently exhibit low 

alpha and high gamma power (Figure 8). However, Figure 8 clearly depicts a strong 

overlap between tinnitus and control subjects and shows that – despite being 

statistically significant – the group difference in slope is quite small. Hence, the 

question arises why some subjects experience tinnitus while others with a similar 

alpha-gamma pattern do not. Different explanations are conceivable for this 

phenomenon and would require further investigation: 1) Alpha does not solely reflect 

the impact of an ongoing inhibition, but a complex mixture of several activities. 

Viewed from a macroscopic level it would not be possible to discern the various 

mechanisms for resting data. 2) As suggested by SLIM, the combination of enhanced 

slow-waves (most likely due to deafferentation) combined with a reduction of alpha-

power (suggested to be inhibitory) leads to enhanced gamma synchronization. Since 

there is no increase of slow-wave power in the healthy control subjects, a reduction 

of alpha does not lead to an increase in gamma. 3) A continuously enhanced level of 

synchronized activity (via reduced inhibition) within the auditory cortex enhances the 

baseline sensitivity for neurons to synchronize via neuroplastic processes (e.g. 
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enhanced synaptic strength), leading to a stabilization of the tinnitus- related activity. 

4) The degree of synchronization / inhibition within the auditory cortex is influenced 

by the dynamics in a widespread neuronal network exceeding the auditory cortex. 

Thus, whether one is experiencing a conscious percept such as tinnitus depends 

strongly on how auditory cortical regions are likely to affect downstream higher-order 

brain regions. This could be achieved, for instance, by a higher output of auditory 

cortical regions (e.g. reflected in gamma activity) and / or a higher sensitivity of 

downstream brain regions to process the input from auditory regions. In order to 

examine this issue further, studies investigating the connectivity pattern between 

brain regions in tinnitus as compared to controls will be highly informative. Some 

evidence for this explanation has recently been found in a study by our group that 

revealed a functional cortical architecture with altered inter-areal synchronization in 

the alpha and gamma frequencies in tinnitus subjects (Schlee et al., 2008). Low inter-

areal synchronization in the alpha network – as in the case of tinnitus – is 

accompanied by high synchronization in the gamma network. 5) A further 

phenomenon potentially influencing the current results, which has been unaccounted 

for, are the individual differences between tinnitus subjects. These subjects may 

differ according to their hearing loss, their tinnitus duration or the quality of their 

tinnitus (pure tone or white noise tinnitus) just to name a few. To our knowledge, 

there is no work correlating these factors to abnormal neuronal oscillations. However, 

there is evidence from different TMS therapy studies that the amount of hearing loss, 

the tinnitus duration and the quality of the tinnitus seem to play an important role for 

the treatment outcome (Kleinjung et al., 2007b; De Ridder et al., 2005). 6) Our data 

only reflect a ‘snapshot’ of cortical activity within a single subject. Therefore, not only 

the interindividual, but also the intraindividual variability comes into play. A steeper 
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slope in the alpha-gamma relationship could indicate an altered gain within tinnitus 

sufferers, which is also suggested by evoked auditory data (Wienbruch et al., 2006; 

Diesch et al., 2004). As the level of inhibitory drive is downregulated in tinnitus, 

neurons in the auditory cortex synchronize in a disproportionate manner. Thus, 

applied to spontaneous data, repeated measurements within one subject would need 

to be carefully investigated.  

Generally, despite confirming the notion that alpha is crucial in regulating cortical 

excitability as well as the synchronization within cell assemblies, our results indicate 

that a dysfunction of the mechanisms underlying alpha could be a necessary but not 

a sufficient prerequisite for the development of tinnitus. 

A further question regarding our outcome is that the effect is clearly more 

pronounced within the left temporal source, whereas in the right temporal source only 

a trend could be revealed. These results may be traced back to lateralization effects 

of the tinnitus. Nevertheless, this topic certainly requires further research.  

We did not find a linear correlation between changes in oscillatory power and 

tinnitus symptoms (distress measured with the Tinnitus Questionnaire Goebel and 

Hiller, 1998). It should be noted, however, that the subjective distress level in tinnitus 

is not correlated to psychoacoustic measures (Jakes et al., 1985; Newman et al., 

1997; van Veen et al., 1998). Hence, we consider alpha reductions and gamma 

enhancements in auditory brain regions not to be influenced by the distress level 

related to the tinnitus. Nevertheless, it would be interesting in the future to employ 

adequate psychoacoustic measures of tinnitus in order to investigate whether the 

abnormal oscillatory patterns are related to basic psychoacoustical features of the 

tinnitus sensation.  
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Another aspect that has to be taken into consideration regarding reduced alpha 

power in tinnitus subjects is that these subjects may have had a higher general 

arousal during the measurement due to their knowledge that potential causes of their 

discomforting ear noise will be examined. This may have resulted in decreased alpha 

power. However, we consider it to be highly unlikely that this has caused a significant 

group effect regarding the slopes of the alpha and gamma relationship. Furthermore, 

we have examined auditory alpha and gamma power, whereas arousal / relaxation 

would rather be reflected in decreased / enhanced posterior alpha power (van Dijk et 

al., 2008). Furthermore, the fact that the overall distress level is not related to alpha 

or gamma power is an indicator for the effects not to be resulting from arousal 

differences (assuming that distressed participants should be more aroused).   

Within our framework, which was delineated in the introduction (SLIM) (Weisz et 

al., 2007b), our current findings support the notion that reduced ongoing inhibition is 

associated with enhanced gamma synchronization in tinnitus and in control subjects. 

Our results are in line with previous research conducted by our group which 

demonstrated aberrant patterns of spontaneous neuronal activity in tinnitus subjects, 

namely reduced alpha and enhanced delta and gamma power (Weisz et al., 2005a). 

Since alpha has been described as an inhibitory mechanism for the synchronization 

of power in higher frequencies (Klimesch et al., 2007; Romei et al., 2008b; Rihs et 

al., 2007), the strong reduction of alpha power in tinnitus subjects probably increases 

the likelihood of ‘spontaneous synchronization’ macroscopically reflected in 

increased gamma power. As mentioned above, however, this local type of 

synchronization is not sufficient to fully explain the conscious perception of the 

tinnitus sound because it will also have to be taken into account to what extent these 
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processes affect downstream (higher-order) brain regions. This is an important issue 

when further developing the SLIM model. 

In conclusion, the present MEG study provides support for an inverse 

relationship between auditory alpha and gamma band activity in resting spontaneous 

neuronal activity. This finding provides direct support for our model (SLIM) inasmuch 

as an interruption of the inhibitory function of the alpha rhythm is associated with 

synchronization in the gamma frequency range. With these novel findings regarding 

the strong negative association between gamma and alpha band activity in general, 

further – more targeted – investigations (e.g., in animals) concerning the alpha-

gamma pattern in tinnitus would be important.  
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2.2 Study 2: Short-term effects of single rTMS sessions on 

auditory evoked activity in chronic tinnitus patients.  

 

Authors: Isabel Lorenz, Nadia Müller, Winfried Schlee, Berthold Langguth, and 

Nathan Weisz 

 

Introduction 

Tinnitus, the subjective perception of a sound in the absence of any physical sound 

source, is characterized by simple acoustical features, for instance, a pure tone or a 

narrow-band noise. Up to 15% of the general population experiences such a 

phantom sound (Eggermont and Roberts, 2004). In most cases tinnitus is associated 

with hearing loss induced by noise exposure or the aging process as has been 

demonstrated in animal models of hearing loss (Rajan and Irvine, 1998; Salvi et al., 

2000). It is widely assumed that deprivation of afferent input caused by hearing 

damage leads to reduced inhibition in central auditory structures, which results in 

hyperexcitability of circumscribed regions of the central auditory system. This is 

reflected in an increase in the spontaneous firing rate (SFR) in cortical and 

subcortical auditory structures (Eggermont and Roberts, 2004; Kaltenbach, 2006). 

Furthermore, rapid increases in synchronized firing in the deprived frequency regions 

after noise trauma (Norena and Eggermont, 2003), as well as enhanced burst-firing 

in inferior colliculus, primary, and secondary auditory cortex after salicylate or quinine 

injection (substances known to trigger tinnitus) have been demonstrated in animal 

studies (e.g., Chen and Jastreboff, 1995; Kenmochi and Eggermont, 1997; Norena 

and Eggermont, 2003). This aberrant neuronal activity within the auditory pathways 
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may have sufficient postsynaptic impact to be interpreted as a sound at higher 

auditory processing stages.  

The direct measurement of neuronal spiking in humans is only possible using 

invasive methods. For the assessment of altered neuronal activity in the human 

central auditory system evoked potentials have been examined, which are elicited by 

a large population of synchronously active neurons. An interesting technique in this 

context is the so-called auditory steady state response (aSSR), an evoked oscillatory 

response driven by the modulation frequency of a given stimulus (Regan, 1982). In 

tinnitus an increase of the aSSR amplitude has been reported (Diesch et al., 2004; 

Wienbruch et al., 2006) as well as a flattened tonotopic gradient as compared to 

normal hearing controls (Wienbruch et al., 2006). Since the aSSR has its main 

generators in the primary auditory cortex (A1) (Bidet-Caulet et al., 2007; Galambos et 

al., 1981), the results imply an enhanced excitability of neuronal cell assemblies in 

primary auditory areas of tinnitus sufferers, which may stem from reduced inhibition 

leading to an increased ongoing synchronization. In a recent treatment study 

Okamoto and colleagues demonstrated a reduction of the perceived tinnitus 

loudness after individualized auditory stimulation accompanied by reduced aSSR 

amplitudes (Okamoto et al., 2010). Transient auditory evoked potentials, the most 

dominant one being the N1, originating mainly from secondary auditory (A2) and 

association cortices (Liegeois-Chauvel et al., 1994), have also been investigated 

previously in tinnitus subjects. However, results from these studies have been 

inconsistent. An early study found a reduction in ERP amplitudes (N1, P2, and P3) in 

the tinnitus group compared to hearing loss and age-matched controls (Attias et al., 

1993). More recent studies have reported increased N1 either for sounds with 

frequencies at the audiometric edge (Dietrich et al., 2001) or at lower (non deprived) 
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frequencies (Weisz et al., 2005b). One single study using magnetic source imaging 

reported abnormal tonotopic organization in tinnitus patients with a linear correlation 

between the deviation of the N1 generator of the tinnitus frequency and the 

subjective tinnitus strength (Mühlnickel et al., 1998). 

Thus there is an increasing amount of evidence from animal as well as human 

studies that tinnitus is related to enhanced excitability of auditory cortical regions 

(Sun et al., 2009; Dong et al., 2010) - putatively leading to spurious spontaneous 

synchronization (Weisz et al., 2007b). Despite the current knowledge about its 

pathophysiological mechanisms, tinnitus treatment is still elusive. Transcranial 

magnetic stimulation (TMS) - a minimal invasive method for depolarizing cortical 

neurons based on the principle of electromagnetic induction (Barker et al., 1985) - 

has recently gained popularity as a research tool as well as a possible treatment for 

chronic tinnitus. The rhythmic application of series of single stimuli is referred to as 

repetitive TMS (rTMS), a method that has been demonstrated to induce long-term 

potentiation (LTP) or depression (LTD)-like changes of cortical excitability, which 

outlast the stimulation period (Siebner and Rothwell, 2003). Based on its ability to 

focally modulate cortical excitability rTMS has been investigated as a therapeutic tool 

in disorders characterized by functionally altered cortico-subcortical networks, such 

as depression, schizophrenia, stroke or tinnitus (Ridding and Rothwell, 2007). After-

effects of rTMS depend on a complex interplay of various factors, including 

stimulation frequency, number of pulses, and stimulation intensity, but also the 

history of synaptic activity of the stimulated brain region (Ridding and Rothwell, 

2007).  

Based on the finding that 1 Hz rTMS in general reduces cortical excitability (Chen 

et al., 1997), 1 Hz rTMS over the temporo- or temporoparietal cortex has been 
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studied extensively as a treatment tool for chronic tinnitus during recent years. Even 

if it has overall demonstrated statistically significant reductions of tinnitus, the effect 

sizes are only moderate (~20% symptom reduction) and interindividual variability is 

high (for an overview see Kleinjung et al., 2007b; Londero et al., 2006). Thus, despite 

being conceptually an ideal tool for tackling tinnitus, the clinical impact of the 

currently used stimulation protocols is limited. Recently, theta burst stimulation (TBS) 

has been introduced as a new stimulation paradigm. Single sessions of TBS, 

consisting of bursts of three pulses of TMS at 50 Hz repeated at theta frequency (5 

Hz), have been demonstrated to induce more pronounced and longer lasting effects 

on motor cortex excitability as compared to tonic stimulation with rTMS (Huang and 

Rothwell, 2004). However, the effects of various rTMS protocols on cortical excitatory 

and inhibitory networks have been investigated mainly in the motor system where a 

direct behavioral impact can be recorded by means of EMG. It is uncertain whether 

this knowledge can be directly transferred to other cortical areas such as the auditory 

cortex (Speer et al., 2003; Sparing et al., 2005; Franca et al., 2006). 

Surprisingly, the influence of rTMS on auditory responses in tinnitus patients has 

not yet been investigated although an enhancement of the aSSR has been 

demonstrated in chronic tinnitus patients compared to controls. Our current 

knowledge of the influence of rTMS on auditory cortex activity can only be indirectly 

inferred from rTMS studies in non-auditory modalities, particularly the motor system. 

Learning more about the impact of rTMS on auditory cortical activity is necessary in 

understanding how this technique may alleviate tinnitus symptoms, how to further 

improve its efficacy, and about current limitations of this method. Thus the primary 

goal of the present study is an advancement of our understanding of the short-term 

influence of different rTMS protocols on the hyperactivity within the auditory cortex in 
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tinnitus patients and thus on short-term changes of tinnitus loudness. Furthermore, 

the frequency selectivity of the rTMS effects will be investigated. However, we do not 

aim at replicating clinical improvements related to rTMS, which would require larger 

sample sizes.  

Based on the current notion relating tinnitus to hyperexcitability in auditory cortical 

regions we hypothesize that enhanced auditory cortical activity (reflected in the aSSR 

and the N1) is reduced after rTMS. 

 

Methods 

 

Subjects 

Ten patients with chronic tinnitus participated in the study (seven males, three 

females). The mean age was 49.8 years (21-70 years); the mean tinnitus duration 

was 1.8 years (0.5-3 years). Five patients reported unilateral tinnitus (4 left sided 

tinnitus, 1 right sided tinnitus), 5 patients experienced bilateral tinnitus. Mean tinnitus 

severity according to the German version of the Tinnitus Questionnaire (Goebel and 

Hiller, 1998) was relative low (mean: 29.9, range: 8-59). Patients were recruited via 

advertisements in the local newspaper and flyers at the University of Konstanz. None 

of them had any experience with rTMS before. All patients have been investigated 

thoroughly regarding a previous personal or family history of epileptic seizures. 

Patients with relevant neurological or psychiatric co-morbidity (assessed using the 

Mini International Neuropsychiatric Interview (Sheehan et al., 1998)), those with 

contraindications for TMS (e.g., epilepsy, cardiac pacemaker, pregnancy, 

neurodegenerative diseases), as well as patients taking anticonvulsant or tranquilizer 

medication were excluded from the study. Since rTMS in chronic tinnitus has been 
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demonstrated to be more promising with short tinnitus duration (De Ridder et al., 

2005; Kleinjung et al., 2007b) we only included patients with maximum tinnitus 

duration of 4 years. All participants were informed about the content of the study prior 

to participation and signed a written informed consent. The study conformed to the 

Declaration of Helsinki and was approved by the Ethics Committee of the University 

of Konstanz. 

 

Measurement of tinnitus loudness 

Before the first and after the second magnetoencephalography (MEG) measurement 

(see Figure 1) patients had to rate their tinnitus on a visual analogue scale (VAS) 

assessing the current loudness on a scale ranging from 0 (minimal) to 10 (maximal) 

(How loud is your tinnitus?).  

 

MEG procedure and data acquisition 

During the MEG measurement, the participants were stimulated with three 40 Hz 

amplitude-modulated (AM) tones (250 Hz, 1000 Hz, 4000 Hz) appearing in 

randomized order and presented monoaurally to the ear affected by the tinnitus 

(right-sided in the case of bilateral tinnitus). In the following the AM tones will be 

referred to as ‘low frequency tone’ (250 Hz), ‘middle frequency tone’ (1000 Hz), and 

‘high frequency tone’ (4000 Hz). The auditory stimulation procedure consisted of 210 

stimuli (i.e., 70 stimuli per frequency), each stimulus lasting 800 ms (75 ms rise / fall 

time). The inter-stimulus interval varied randomly from 2800 to 3100 ms. 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). The head position within the MEG helmet had 
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to be assessed, thus positions of five index points and individual head shapes were 

sampled using a digitizer. Participants lay in a supine position and were requested to 

keep their eyes open during the measurement and to focus on a fixed point on the 

ceiling. To ensure that all stimuli were perceived at the same subjective loudness 

level, each stimulus was individually matched to the loudness of a reference tone (1 

kHz, 50 dB SL) for each patient. The auditory stimuli were conducted to the patient’s 

ear via a flexible tubing sound delivery system. The whole procedure, including 

sending markers to the data acquisition system, was implemented in Psyscope X 

B53 for Mac OS X (http://psy.ck.sissa.it).  

MEG measurements were conducted before and after rTMS; the interval 

between the end of stimulation and the start of the second MEG measurement did 

not exceed 3 minutes. Since we measured resting state brain activity for 5 minutes 

first (reported in a companion paper), the measurement of evoked data was started 

about 8 minutes after the end of rTMS.   

 

rTMS stimulation 

Five rTMS sessions were applied with a minimum interval of one week between 

sessions using a randomized, single-blind, sham-controlled design. Biphasic 

magnetic pulses were administered with a figure-of-eight coil (coil winding diameter 2 

x 75mm; Magnetic Coil Transducer C-B60, Medtronic) connected to a MagPro X 100 

TMS stimulator (Medtronic A/S, Skovlunde, Denmark). Patients were seated in a 

comfortable chair. The coil was placed over left Heschl’s Gyrus by moving 2.5 cm 

upwards from T3 on the line between T3 and Cz and then 1.5 cm in posterior 

direction perpendicularly to the line T3-Cz (in case of right-ear or bilateral tinnitus), 

analogously over right Heschl’s Gyrus (in case of left-ear tinnitus). This procedure 
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has been proven to position the TMS coil reliably over the auditory cortex (Langguth 

et al., 2006). The handle of the coil was pointing upwards. During stimulation the coil 

was held by a mechanical arm. 

The following stimulation protocols were applied in randomized order: 1 Hz 

rTMS (1 train with 1000 pulses), individual alpha frequency rTMS (IAF, 20 trains with 

50 pulses and 25 seconds inter-train-interval, frequency ranging between 8 and 12 

Hz), intermittent theta burst stimulation (iTBS, 10 trains of 10 bursts at a frequency of 

5 Hz with an 8 second inter-train-interval interval and bursts consisting of three 

pulses at 50 Hz), continuous theta burst stimulation (cTBS, bursts at a frequency of 5 

Hz with bursts consisting of three pulses at 50 Hz), sham stimulation (45° coil 

angulation (one wing), applying the IAF protocol). The patients were blind to the TMS 

condition.  

The intensity of the stimulation was expressed as a percentage of the 

maximum output of the stimulator (0-100%) and was adjusted according to the 

resting motor threshold (RMT) – a common procedure in rTMS studies (Pridmore et 

al., 1998). The RMT was measured by delivering single pulses at the optimal place 

over the motor cortex to produce visible hand muscle contractions. Resting motor 

threshold was defined as the lowest stimulation intensity for producing a visible hand 

muscle contraction in at least five out of ten trials. For 1 Hz, IAF, and sham 

stimulation an intensity of 110% RMT was applied, whereas an intensity of 80% RMT 

was employed for iTBS and cTBS (according to Huang et al., 2005). Earplugs were 

provided to the patients to prevent hearing damage due to the loud clicking sound of 

the TMS. For an overview of the study outline please see Figure 9.  
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Figure 9. Outline of experimental sessions: Tinnitus loudness was assessed followed by an MEG 

measurement of auditory cortical activity while patients were stimulated with three different AM tones 

(70 stimuli in each condition) each lasting 800 ms. Subsequently, one of five rTMS protocols (including 

a sham stimulation) were applied in a randomized order. After TMS the MEG procedure and the 

tinnitus loudness measurement were repeated.   

 

Data analysis 

Continuous data were epoched (-2000 to 2000 ms relative to sound onset) and 

downsampled to 300 Hz. Epochs containing artifacts such as eye-blinks were 

excluded via visual inspection. Since the experimental procedure required the 

participant to leave the MEG (within one experimental session, as well as between 

sessions), all comparisons were performed in source space using the 'lcmv' 

beamformer (Van Veen et al., 1997). A multisphere model was fitted to the 

headshape collected in the first measurement yielding a grid of dipoles with a 10 mm 
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resolution. This assured that the same grid was used across all measurements for a 

single subject. The lead field for each grid point was calculated for each 

measurement separately, however. Time windows representing the early transient 

response (oversimplified called the N1-period here due to the dominance of the N1m; 

0-300 ms) and the steady state field (SSF) (400-700 ms) were defined by inspection 

of the grand average of the sensor-level activity across all participants. Furthermore, 

we determined a pre-stimulus baseline period of equal length (-300-0 ms). The 

general source analysis strategy for one measurement was to first calculate spatial 

filters for each grid point via the lcmv-beamformer, by using a common time-period 

that encompassed baseline and activation periods. In order to optimize spatial filters 

for the relevant activity, epochs were low-pass filtered (20 Hz) for the N1 and band-

pass filtered (30-50 Hz) for the SSF prior to calculation of the sensor-level 

covariance. After deriving the common spatial filter, dipole moments were estimated 

for the aforementioned activation and baseline periods and relative changes of brain 

activity were calculated: (activation-baseline) / baseline. These measures of evoked 

brain activity were then interpolated onto individually collected MRIs and 

subsequently spatially normalized to the Montreal Neurological Institute (MNI) brain 

using SPM2  (www.fil.ion.ucl.ac.uk/spm/software/spm2). 

We defined two regions of interest (ROI) for data analysis – namely, the 

auditory cortices ipsi- and contralateral to the TMS stimulation side (Figure 10). 

Therefore, source activity (as described above) was averaged across all pre MEG 

measurements for each subject. Subsequently, source activations were averaged 

across all participants of each stimulation side separately. The whole procedure was 

applied for the N1 and the aSSR, respectively. A cluster of voxels with high activation 

was defined in each hemisphere by applying a threshold (85% of the maximum). The 
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masks derived from the N1 and the aSSR were combined for both hemispheres 

resulting in two auditory regions of interest. Thereafter, the activity from the 

respective ROIs was extracted and averaged across all voxels of interest, leading to 

one single value each ipsi- and contralateral to TMS stimulation side for each patient. 

This procedure was applied for each stimulation parameter, for each of the three AM 

tones, for each measurement time and for N1 and aSSR, respectively, resulting in 60 

values per patient, hence 600 values overall. 

All aspects of analysis of the MEG data were performed using the Fieldtrip 

toolbox (http://fieldtrip.fcdonders.nl) in Matlab 7.6.0 (The MathWorks, Natick, MA). 

  

Figure 10. Regions of interest of right and left auditory cortices, respectively, computed by averaging 

auditory cortical activity across all PRE measurements. A threshold with 85% of the maximum was 

defined and values below this threshold were set to 0, whereas values above the threshold were set to 

1.  

 

Statistical analyses 

Statistical analyses were performed using R version 2.6.0 for Mac OS X (www.r-

project.org). Normalized power was computed by means of a (post-pre)/pre (relative 
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to rTMS intervention) ratio to minimize variance resulting from strong interindividual 

variability. Bilateral auditory evoked responses were not clearly identifiable in all 

subjects. This may be attributed to the use of monaural rather than binaural auditory 

stimulation. Datasets without a clear N1 or aSSR were treated as outliers and 

removed from the data. Outliers were defined according to the boxplot criterion as a 

data point falling more than 1.5 times the interquartile range above the third quartile 

or below the first quartile (Hoaglin, 1986). With the remaining values a linear mixed 

effect models statistic (LME) was computed, which is an appropriate method for 

representing data from repeated measures on the same statistical units and is 

furthermore particularly suitable for analyses with missing values due to removal of 

outliers (Pinheiro, 2000). The following variables were entered as fixed effects: 

Stimulation protocol, auditory response, tone frequency and region of interest. 

Subjects were defined as random effects. LME analysis was performed using the 

nlme-library of R (Pinheiro, 2000). If significant results were detected in the ‘omnibus’ 

LME statistic, post-hoc planned contrasts (paired t-tests) were computed. Since 

auditory cortical activity underlies natural changes we compared auditory activity 

after active rTMS protocols to auditory activity at baseline, but also to auditory activity 

after sham stimulation (as a control variable). The significance level was set to 0.05 

in all analyses.  

 

Results 

 

None of the patients reported relevant side-effects of rTMS, apart from transient mild 

discomfort due to cutaneous sensations and muscle contractions. One patient 

reported periods of complete absence of tinnitus lasting for several minutes after 1 
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Hz stimulation. Three patients reported a very loud tinnitus after IAF stimulation 

lasting for several hours up to a few days. None of the other stimulation parameters 

were associated with spontaneously reported increase of tinnitus loudness. 

 

Effects of rTMS on auditory cortical activity 

The results of an ‘omnibus’ LME statistic demonstrate a significant main effect for the 

factor auditory response (N1 or aSSR) (mean N1 = 0.077, mean aSSR = -0.256, F = 

16.159, p = 0.0001). Since the N1 and the aSSR display an opposite reaction pattern 

after rTMS we divided the data according to the auditory response for further 

analyses.  

A significant stimulation * ROI interaction for the auditory steady state 

response (F = 3.310, p = 0.011) was found. Post hoc analyses for each stimulation 

parameter ipsi- and contralateral were performed. Intermittent theta burst stimulation 

led to a significant reduction of the aSSR compared to baseline (t = -3.813, p = 

0.0005) as well as compared to sham (t = -3.525, p = 0.0005) in the stimulated 

auditory cortex (ipsilateral to rTMS). Furthermore, 1 Hz rTMS resulted in a significant 

reduction of the aSSR ipsilateral to rTMS compared to sham (t = -1.687, p = 0.049) 

and a trend was revealed for the aSSR after cTBS ipsilateral to rTMS compared to 

sham (t = -1.533, p = 0.064) (Figure 11). The aSSR contralateral to the stimulation 

side was reduced significantly compared to baseline after sham stimulation (t = -

2.997, p = 0.003) (Figure 11).    



Study 2: Short-term effects of single rTMS sessions on auditory evoked activity in chronic tinnitus 
patients. 

 

 56 

 

Figure 11. Comparison between the effects of different stimulation protocols on the aSSR regarding 

different stimulation sides (ipsi- vs. contralateral) (shaded bars represent sham control). Intermittent 

theta burst stimulation is the only active stimulation parameter significantly reducing the aSSR in the 

stimulated auditory cortex (ipsilateral to rTMS) compared to baseline as well as compared to sham. 

However, compared to sham 1 Hz also significantly reduced the aSSR. For cTBS a trend was 

revealed. Stars demonstrate significance (*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, + p ≤ 0.1), bars 

represent standard errors.   

 

Furthermore, a trend was revealed for a stimulation * frequency interaction regarding 

the N1 (F = 1.972, p = 0.051) (Figure 12). Post hoc analyses revealed a significant 

enhancement of the N1 for the low frequency tone after IAF stimulation (t = 2.402, p 

= 0.014) as well as after sham (t = 2.12, p = 0.024) compared to baseline. Compared 

to sham as a control variable we found a significantly reduced N1 after iTBS (t = -

1.696 p = 0.049) as well as after cTBS (t = -1.82, p = 0.038). Regarding the middle 

frequency tone a trend was revealed for a reduction of the N1 after sham (t = -
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1.444, df = 17, p = 0.083) compared to baseline. For the high frequency tone a 

significant reduction of the N1 was found after sham (t = -2.564, p = 0.010), as well 

as a significant enhancement of the N1 after iTBS (t = 1.872, p = 0.041) compared to 

baseline. Compared to sham we found a significant greater N1 after iTBS (t = 3.136, 

p = 0.002) as well as after cTBS (t = 2.062, p = 0.024). A trend was revealed for a 

greater N1 after 1 Hz stimulation (t = 1.508, p = 0.070) compared to sham.  

 

 

Figure 12. Comparison between the effects of different stimulation protocols on the N1 regarding 

different tone frequencies (250 Hz, 1000 Hz, 4000 Hz) (shaded bars represent sham control). Stars 

demonstrate significance (** p ≤ 0.01, * p ≤ 0.05, + p ≤ 0.10), bars represent standard errors.   

 

No significant interaction effects were revealed for the aSSR regarding the different 

tone frequencies.  
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Effects of rTMS on tinnitus loudness  

Regarding the behavioral data (measurement of tinnitus loudness (VAS)), an LME 

model revealed a significant effect for the factor stimulation (F = 3.665, p = 0.013). 

Post hoc tests demonstrated a significant reduction of tinnitus loudness after cTBS (t 

= -3.312, p = 0.005) compared to baseline (compared to sham: t = -1.496, p = 0.080) 

as well as after 1 Hz stimulation (t = -2.008, p = 0.037) compared to baseline 

(compared to sham: t = -1.750, p = 0.048). Trends were revealed for a reduction of 

tinnitus loudness after iTBS (t = -1.583, p = 0.073) compared to baseline (compared 

to sham: t = -1.325, p = 0.100) and for an enhancement of tinnitus loudness after IAF 

stimulation (t = 1.609, p = 0.071) compared to baseline (compared to sham: t = 

1.301, p = 0.108) (Figure 13). 
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Figure 13. Comparison between tinnitus loudness (VAS) measured after different active rTMS 

protocols compared to baseline and to sham. Tinnitus loudness was significantly reduced after 1 Hz 

stimulation and cTBS compared to baseline, a trend was revealed for the reduction of tinnitus 

loudness after iTBS. Compared to sham tinnitus loudness was reduced significantly after 1 Hz 

stimulation, trends were revealed for cTBS and iTBS. Stars demonstrate significance (** p ≤ 0.01, * p 

≤ 0.05, + p ≤ 0.1), bars represent standard errors. 

 

 Besides, linear relationships between the behavioral data and the aSSR were 

computed. We detected a positive correlation between the aSSR in the stimulated 

auditory cortex (ipsilateral to rTMS) and tinnitus loudness after rTMS (r = 0.475, p = 

0.0006) (Figure 14).  
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Figure 14. Positive correlation between the aSSR ipsilateral and tinnitus loudness after rTMS (r = 

0.475, p = 0.0006). Colored points represent the different stimulation protocols (red = cTBS, blue = 

iTBS, green = 1 Hz, yellow = IAF, black = sham), dashed colored lines demonstrate the respective 

individual correlations for cTBS (red), iTBS (blue), and 1 Hz stimulation (green).  

 

Discussion 

 

The current study examined the short-term influence of different rTMS stimulation 

protocols on auditory cortical activity (aSSR, N1) in chronic tinnitus patients 

measured by means of MEG. In general, we found a significant reduction of the 

aSSR after rTMS. The results demonstrate that significant changes after active 

stimulation occur mainly in the directly stimulated auditory cortex ipsilateral to the coil 

placement. Intermittent theta burst stimulation and 1 Hz stimulation had the greatest 
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effects on the aSSR compared to sham stimulation, however, for cTBS a trend was 

revealed as well. The effects of rTMS on the N1 regarding the different tone 

frequencies demonstrated quite a complex pattern: Sham stimulation enhanced the 

N1 for the low frequency tone and concurrently reduced the N1 for the middle as well 

as for the high frequency tone. This pattern greatly differed from the active 

stimulation protocols in which only IAF stimulation enhanced the N1 for the low 

frequency tone and iTBS enhanced the N1 for the high frequency tone.  

Regarding the behavioral results 1 Hz stimulation and cTBS resulted in a 

significant reduction of tinnitus loudness; a trend was revealed for iTBS. This 

corresponds nicely to the aSSR data, exhibiting a reduction of the aSSR precisely 

after these stimulation protocols. Thus our data are in line with a recent treatment 

study demonstrating a reduction of the perceived tinnitus loudness after 

individualized auditory stimulation accompanied by reduced aSSR amplitudes 

(Okamoto et al., 2010). 

 

Stronger effect of rTMS on the auditory steady state response 

Our results demonstrate a greater influence of the active stimulation protocols on the 

aSSR compared to the N1. This phenomenon suggests that rTMS effects occur 

preferentially in A1, which is supposed to play an important role for the generation of 

the aSSR (Bidet-Caulet et al., 2007; Galambos et al., 1981; Liegeois-Chauvel et al., 

1994) and only to a lesser extent in A2. The coil was localized directly above the ear 

according to the international 10/20 system – a position that was validated before by 

means of neuronavigation to mainly target the A1 (Langguth et al., 2006). Hence, our 

results indirectly confirm this coil positioning method. For the first time 

neurophysiological data are provided for the debate about the exact cortical region in 
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which rTMS exerts clinical effects in tinnitus patients (Langguth et al., 2010). It has 

been argued that A1 is difficult to reach by TMS, since it is located far from the brain 

surface in the sylvian fissure in lateromedial direction. Furthermore, patients with low 

frequency tinnitus (cortical activation is expected to be more superficially located) did 

not respond better to rTMS than those with high frequency tinnitus (Frank et al., 

2010). Our results also did not demonstrate any frequency specific effects regarding 

the aSSR. Thus, even if our data suggest that the rTMS effects occur predominantly 

in A1, this may not be a direct stimulation effect but rather transsynaptically mediated 

via more superficial cortical areas, either by cortico-cortical connections or by cortico-

thalamo-cortical transmission. 

Intermittent theta burst stimulation turned out to be the parameter leading to 

the greatest reduction of the aSSR, although iTBS has been demonstrated to induce 

excitatory effects on the motor cortex (Huang et al., 2005). Thus our results 

underscore that specific rTMS protocols may have different effects on various cortical 

areas (Speer et al., 2001, Poreisz et al., 2008). Furthermore, it has to be considered 

that rTMS effects were investigated in tinnitus patients who differ from healthy 

controls presumably by increased auditory cortex activity. Since the excitability state 

of the stimulated area has been repeatedly shown to have important impact on rTMS 

effects (Lang et al., 2004; Siebner and Rothwell, 2003; Siebner et al., 2004; Pötter-

Nerger et al., 2009) the reduction of aSSR after iTBS may reflect iTBS-induced 

homeostatic plasticity. The homeostatic plasticity rule predicts that the greater the 

ongoing activity, the less effective are processes leading to LTP, while processes 

leading to LTD are enhanced (Bienenstock et al., 1982). Our results of strongly 

reduced auditory excitability after iTBS are also in line with recent animal data 

demonstrating a significant increase of the inhibitory transmitter γ-aminobutyric acid 
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(GABA) in the rat cortex acutely (within 30-45 minutes) after stimulation with iTBS 

(Trippe et al., 2009). However, due to the pioneering aspect of our work these 

assumptions are mere speculative and would have to be validated by means of 

examining a healthy control group.  

 Regarding the N1 we found different results. In general there was a slight 

enhancement of the N1 after rTMS. After both sham and IAF rTMS the N1 for the low 

frequency tone was significantly enhanced, whereas the N1 for the middle and high 

frequency tone was reduced after sham. In contrast, after the burst protocols (cTBS, 

iTBS) a converse pattern was observed. At this stage it is unclear why such a distinct 

frequency specific pattern was observed both for sham as well as for IAF stimulation. 

Since for sham and IAF rTMS the same stimulation protocol was applied, both 

produced acoustic artifacts (due to the clicking sound of the TMS machine) in the 

individual alpha frequency. Furthermore, the effects on the N1 were not laterality 

specific, thus, it is tempting to speculate that the observed changes of the N1 after 

these protocols are a mere consequence of the rhythmic sound stimulation at the 

individual alpha frequency. Massive sound stimulation at the individual alpha 

frequency may be capable to induce alpha entrainment and as a consequence 

inhibitory effects (Mathewson et al., 2009; Sauseng et al., 2009). This explanation is 

further supported by the fact that the N1 is assumed to be generated in secondary 

auditory areas (Liegeois-Chauvel et al., 1994) which have not been directly 

magnetically stimulated in the current study, but which were activated by the TMS-

related sound stimulation. If sham and IAF stimulation have a specific frequency 

effect on the N1 due to acoustic artifacts in the alpha frequency, it remains unclear 

whether the effects of the burst protocols on the N1 are also a mere consequence of 

the acoustic stimulation or whether they result from the magnetic effects on 
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corticocortical connections to A2. Disregarding the exact mechanisms at this point 

the sham findings for the N1 raise awareness that neurophysiological effects may not 

only be induced directly by magnetic stimulation, which necessitates further research.  

 

Spatial Resolution of rTMS regarding different tone frequencies 

The influence of rTMS on auditory cortical activity regarding the three different tone 

frequencies (i.e., the fine tuning within the auditory cortex) clearly demonstrates 

diverse results. As mentioned above, the converse pattern is strongest pronounced 

for the N1 after sham stimulation suggesting primarily that the specific sound 

stimulation of the TMS at the alpha frequency is responsible for the frequency-

specific effects on the N1. In contrast, the lme model did not reveal any significant 

interaction effects regarding the aSSR for the different tone frequencies. Hence, our 

results demonstrate an impact of rTMS on auditory cortex excitability, however this is 

rather non-frequency-specific. Assuming that in tinnitus patients not the entire 

auditory cortex exhibits hyperactivity / -synchrony but circumscribed parts affected by 

deprivation (Weisz et al., 2007b), calls for more precise targeting of neuronal 

assemblies along the tonotopic map. The pivotal question is if an improvement of the 

spatial resolution of TMS regarding the auditory cortex would lead to greater 

treatment effects (e.g., Silvanto and Pascual-Leone, 2008; Silvanto et al., 2008). 

 

Limitations 

The sample size of the current study was small because of the time-consuming 

measurements (2.5 hours per session, 5 sessions per person). Nevertheless, due to 

the numerous MEG measurements (100 recordings) providing the data, the statistical 

power should be sufficient and the data reliable. Anyway, our study should be 
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regarded as a precursor in this research field and thus conclusions from the current 

results for the general tinnitus population are limited and require further research with 

greater sample sizes and non-tinnitus controls (regarding protocols that exhibited the 

greatest neurophysiological effects, for instance, iTBS).  

An important aspect regarding transcranial magnetic stimulation of the 

auditory cortex is the concomitant massive (non-intentional) sound stimulation of 

auditory cortical areas due to the loud clicking sound of the TMS machine when the 

pulse is generated. By tilting the coil for sham stimulation the magnetic field produced 

by the TMS is greatly reduced, thus a depolarization of neurons is impossible. 

However, auditory stimulation by the clicking sound of the TMS still exists. The IAF 

protocol was applied for sham stimulation, which turned out to be the loudest 

stimulation paradigm (about 93 dB subtracting 30 dB attenuation by means of 

earplugs). During active rTMS depolarization caused by the magnetic pulse and 

depolarization related to the processing of the clicking sound may interact and 

contribute to synaptic plasticity due to associative learning mechanisms (Stefan et 

al., 2000). This learning process is missing in the case of sham stimulation since 

there is no induced current. Yet, at least for the visual modality it has been 

demonstrated that by entrainment of the visual cortex via 10 Hz stimulus presentation 

functional inhibition can be observed on a short-term basis (Sauseng et al., 2009). It 

is unknown whether a prolonged (several minutes) stimulation of, for instance, visual 

or auditory stimuli would lead to longer-lasting changes in respective sensory brain 

regions. If this was the case, however, then this massive sound stimulation at the IAF 

may have resulted in considerable inhibitory effects. It is important to emphasize that 

in both cases (associative learning, IAF-entrainment) sham cannot be considered as 

a completely "inactive" control condition.  
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Another problem we had to face, especially concerning the data analysis, was 

the application of TMS (and accompanying the application of the sound stimulation) 

on different sides, since we decided to stimulate contralateral to the tinnitus side. Our 

approach to divide the activity according to regions of interest ipsi- and contralateral 

to rTMS stimulation side functioned as a good compromise for the current study. Yet, 

statements for subgroups of tinnitus (e.g., laterality, gender) cannot be drawn. 

Furthermore, it still remains a matter of debate to what extent tinnitus related 

changes are predominantly located in the auditory cortex contralateral to the 

perceived tinnitus (Weisz et al., 2007a) or whether alterations of neural activity in the 

central auditory system are independent from the perceived tinnitus laterality (Arnold 

et al., 1996; Langguth et al., 2006).  

Moreover, it has not been possible to measure auditory cortical changes 

directly after rTMS since there was a delay of about 8 minutes until the measurement 

started again. The loudness rating on the VAS has been conducted after the second 

MEG measurement, thus loudness has been gathered only 20 minutes after rTMS, 

which clearly limits conclusions on the prompt effects of rTMS on tinnitus. However, 

studies regarding rTMS effects on the human motor cortex (Chen et al., 1997; Huang 

et al., 2005) demonstrate that even effects of single rTMS sessions are lasting for up 

to 15-60 minutes. Accordingly, we were still able to demonstrate changes regarding 

the aSSR as well as the tinnitus loudness after active rTMS protocols compared to 

sham stimulation, which further argues for extended effects even of single rTMS 

sessions. Nevertheless, differences between burst and tonic stimulations have to be 

interpreted with care, since burst stimulation was demonstrated to have longer lasting 

effects on the human motor cortex (Huang et al., 2005). 
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Conclusions 

 

The results of the current study demonstrate stronger effects of rTMS on the aSSR 

compared to the N1, which possibly argues for a greater influence on A1 using a coil 

placement approach that was supposed to target the A1 (Langguth et al., 2006).  

The results of the present study are promising: Auditory cortex excitability 

(reflected in the aSSR) is reduced after iTBS, cTBS and 1 Hz and these particular 

protocols were followed by a reduction of tinnitus, thus confirming our assumptions 

outlined in the introduction. Yet, the spatial resolution of rTMS regarding the 

frequency specificity of the auditory cortex is low, which is reflected in unspecific 

results regarding the stimulation with three different tone frequencies.   

Since the current study does not claim to be a therapy study regarding a 

treatment of tinnitus further research concerning longer rTMS periods distributed 

across several days is required.  

Besides the above-mentioned limitations the current study is the first to 

demonstrate rTMS effects on evoked auditory cortical activity. A greater number of 

corresponding studies will improve insights into possible mechanisms of different 

TMS protocols on auditory activity potentially leading to advances in applying this 

technique as a treatment of chronic tinnitus. 
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2.3 Study 3: A glimpse into the black-box: The impact of rTMS on 

auditory cortical activity in chronic tinnitus 

 

Authors: Isabel Lorenz, Berthold Langguth, and Nathan Weisz 

 

Introduction 

Tinnitus, the subjective perception of sound or noise in the absence of any external 

acoustical stimulation, affects approximately 5-15% of the population (Shargorodsky 

et al., 2010). In about 1-3% of the population the phantom sound seriously affects the 

quality of life involving sleep disturbance, work impairment and psychological distress 

(Heller, 2003). Although there is a substantial body of research, the underlying 

neuronal mechanisms of tinnitus are still not completely understood to date. In most 

cases tinnitus is accompanied by audiometrically measurable hearing loss in 

circumscribed regions of the cochlea (Eggermont and Roberts, 2004). This peripheral 

damage leads to aberrant central auditory activity, and more precisely an increase in 

neuronal synchrony (Norena and Eggermont, 2003) followed by an overall increase 

in the firing of neurons throughout the auditory pathways (Kaltenbach, 2006; 

Eggermont and Roberts, 2004). 

Studies applying magnetoencephalography (MEG) or electroencephalography 

(EEG) found abnormal spontaneous neuronal activity in tinnitus patients. Power 

increases in delta (Weisz et al., 2005a), theta (Moazami-Goudarzi et al., 2010), and 

gamma (Weisz et al., 2007a; van der Loo et al., 2009; Ashton et al., 2007) frequency 

ranges were reported compared to normal hearing controls. Our group further 

demonstrated a reduced alpha peak in temporal cortical regions (Weisz et al., 

2005a). Oscillations in the alpha frequency range are an important indicator of 
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normal resting-state activity in sensory cortical areas and are putatively linked to 

inhibitory mechanisms (Klimesch et al., 2007; Hanslmayr et al., 2007; Romei et al., 

2008a; Sauseng et al., 2009; Weisz et al., 2007b). Fast oscillations in the gamma 

frequency range are generally linked to higher-order functions such as feature 

binding and attention (Gray et al., 1989; Singer, 1999). 

Recently, our group proposed a framework to explain the observed oscillatory 

changes in tinnitus and to derive scientific as well as clinical predictions 

(Synchronization-by-Loss-of-Inhibition-Model – SLIM (Weisz et al., 2007b)). The 

model assumes that input deprivation due to hearing loss and subsequent 

deafferentation leads to reduced activity in the concerned frequency representations 

resulting in an enhancement of delta power along deprived tonotopic regions. 

Concomitantly, alpha power – putatively reflecting the impact of inhibitory neurons 

(Klimesch et al., 2007; Hanslmayr et al., 2007; Romei et al., 2008a; Sauseng et al., 

2009; Weisz et al., 2007b) – is suppressed. This ‘release of inhibition’ may be 

followed by synchronization of firing of excitatory neurons in circumscribed regions of 

the tonotopic axis – reflected in abnormally enhanced gamma band activity (Weisz et 

al., 2007a). Gamma has been associated with synchronization of firing within as well 

as between neuronal cell assemblies (Singer, 1999) and may thus be a crucial 

prerequisite for conscious tinnitus perception (Weisz et al., 2007a). In the same vein 

the thalamocortical dysrhythmia (TCD) model of Llinas and colleagues (Llinás et al., 

1999) regards abnormally synchronized gamma band activity as the underlying 

neuronal mechanism leading to the emergence of positive clinical symptoms such as 

neurogenic pain and tinnitus. 

Based on findings of altered neuronal activity in auditory areas of tinnitus 

patients, repetitive transcranial magnetic stimulation (rTMS) has been proposed as a 
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potential treatment option (Langguth et al., 2003). TMS applies magnetic field pulses 

of very short duration (100-300 µs) at the strength of 1.5-2.0 Tesla (Barker et al., 

1985) to superficial brain regions. The magnetic field passes largely undistorted 

through the scalp and scull and induces an electrical current in superficial cortical 

neurons resulting in neuronal depolarisation (Barker et al., 1985). 1 Hz rTMS has 

been demonstrated to induce long-term depression-like effects in motor cortical 

areas (Chen et al., 1997; Hoffman and Cavus, 2002). Applied to the temporo- or 

temporoparietal cortex 1 Hz rTMS has been investigated as a treatment tool for 

chronic tinnitus, generally demonstrating statistically significant reductions of tinnitus. 

However, effects sizes are only moderate (~20% symptom reduction) and 

interindividual variability is high (for an overview see Londero et al., 2006; Kleinjung 

et al., 2007a; Langguth et al., 2008). Furthermore, it is not exactly known how rTMS 

interferes with abnormal brain activity in tinnitus patients and which changes in 

neuronal function are responsible for clinical improvement. As described before, 

abnormal resting-state oscillatory brain activity has repeatedly been found in tinnitus. 

To our knowledge, there are no neurophysiological studies investigating the influence 

of rTMS on resting-state oscillatory brain activity in tinnitus. More detailed knowledge 

of how rTMS impacts auditory cortical activity and how this relates to symptom 

changes is, however, of great conceptual importance in generally understanding 

tinnitus and fundamental for the further development of brain stimulation methods. 

This study presents the first data regarding rTMS effects on neuronal oscillations in 

tinnitus. Based on former research of our group, we hypothesize that a reduction of 

tinnitus severity after rTMS is paralleled by a normalization of abnormal oscillatory 

brain activity, namely a reduction of delta and gamma band activity as well as an 

enhancement of alpha power. The hypotheses for delta, alpha, and gamma 
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frequency were based on a-priori knowledge according to the findings of previous 

work (Weisz et al., 2005a; Weisz et al., 2007a) and were further specified by applying 

a data-driven approach.      

 

Methods 

 

Subjects 

Ten participants suffering from chronic tinnitus were investigated in this study (7 

males, 3 females, mean age 50.3 years, range: 21-71 years). The tinnitus duration 

was at least 6 months, with a mean duration of 2.45 years (range: 1-4 years). Four 

patients reported unilateral tinnitus (3 left-sided tinnitus, 1 right-sided tinnitus) and six 

patients experienced bilateral tinnitus. Mean tinnitus severity according to the 

German version of the Tinnitus Questionnaire (TQ, Goebel and Hiller, 1998) was 

relatively low (mean: 26, range: 5-50) (Table 2). This study’s sample has previously 

participated in a single session TMS pilot study examining the effects of different 

rTMS parameters on auditory evoked activity (Lorenz et al., 2010). All patients have 

been investigated thoroughly regarding a previous personal or family history of 

epileptic seizures. Patients with neurological or psychiatric indications (assessed 

using the Mini International Neuropsychiatric Interview (Sheehan et al., 1998)), those 

with contraindications for TMS (e.g., cardiac pacemaker, pregnancy, 

neurodegenerative diseases, epilepsy), as well as those patients taking 

anticonvulsant or tranquilizer medication were excluded from the study. Furthermore, 

we only included patients with tinnitus duration of four years or less, since rTMS in 

chronic tinnitus has been demonstrated to be more beneficial with shorter tinnitus 

duration (De Ridder et al., 2005; Kleinjung et al., 2007b). All participants were 
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informed about the content of the study prior to participation and gave written 

informed consent.  

 

Table 2. Demographic and tinnitus information of the patients. Tinnitus distress (before participating in 

the study) was assessed by the German version of the Tinnitus Questionnaire (Goebel and Hiller, 

1998). Age and tinnitus duration are quoted in years. 
 

PATIENT AGE IN 
YEARS 

GENDER TINNITUS  
SIDE 

TINNITUS 
DURATION 
IN YEARS 
 

TINNITUS 
DISTRESS 

ETIOLOGY 

 
1 
 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
 
8 
 
9 
 
10 

 
47 
 
46 
 
45 
 
57 
 
21 
 
55 
 
68 
 
71 
 
44 
 
49 

 
M 
 
M 
 
M 
 
F 
 
F 
 
F  
 
M 
 
M 
 
M 
 
M 

 
Left 
 
Left 
 
Left 
 
Left 
 
Bilateral 
 
Right 
 
Bilateral 
 
Bilateral 
 
Bilateral 
 
Bilateral 

 
1.5 
 
1 
 
3.5 
 
3.5 
 
1 
 
1.5 
 
4 
 
3 
 
2 
 
3.5 

 
5 
 
32 
 
17 
 
50 
 
20 
 
21 
 
25 
 
53 
 
14 
 
23 

 
Unknown 
 
Sudden hearing loss 
 
Sudden hearing loss 
 
Sudden hearing loss 
 
Noise trauma 
 
Otitis media 
 
Unknown 
 
Unknown 
 
Sudden hearing loss 
 
Noise trauma 
 

 

Study design 

A pseudo-randomized sham-controlled crossover design was applied and patients 

were blinded to stimulation conditions. Each patient received two stimulation series 

separated by an interval of three months to avoid potential carry-over effects. 

Tinnitus assessment included psychoacoustical tinnitus matching, rating of tinnitus 

loudness and annoyance, measurement of tinnitus-related distress and 

measurement of brain activity by means MEG (Langguth et al., 2007a) before and 

after each treatment series as well as three months later. The study conformed to the 
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Declaration of Helsinki and was approved by the Ethics Committee of the University 

of Konstanz. 

 

Coil localization 

For an exact localization of the TMS coil we applied a neuronavigational system 

(Advanced Neuro Technology, Enschede, Netherlands). This technique offers the 

option to position the coil according to the patients’ individual brain anatomy 

(acquired using Philips New Intera Version 10). The targets for the neuronavigation 

were defined for each subject individually, whereby the focus of the magnetic field 

was directed at the localization of the individual N1  (Figure 15), which was obtained 

from a former pilot study (Lorenz et al., 2010). The N1 is mainly generated in 

secondary auditory areas (A2) (Liegeois-Chauvel et al., 1994), which have been 

demonstrated to be a successful target for reducing tinnitus parameters such as 

loudness and distress (e.g., Plewnia et al., 2007). We stimulated the auditory cortex 

contralateral to the perceived tinnitus based on previous findings that tinnitus-related 

changes were predominantly located in the auditory cortex contralateral to the 

tinnitus perception (Weisz et al., 2007a). 
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Figure 15. For an exact localization of the TMS coil a neuronavigational system was applied 

(Advanced Neuro Technology, Enschede, Netherlands); individual target for the neuronavigation 

projected onto the MRI of one example patient (top); headmodel created from the individual MRI, 

showing the individual target (bottom).    
 

Repetitive transcranial magnetic stimulation 

Ten sessions of rTMS were conducted on ten consecutive working days using a 

biphasic MAGSTIM system (Rapid², MAGSTIM Co.,Whitland, Dyfed, UK) and an air-

cooled figure-of-eight coil (Magstim Air Film Coil, 70 mm). The handle of the coil was 

pointing upwards. Each rTMS session consisted of 1000 pulses administered at a 

frequency of 1 Hz with an intensity of 50% of the maximum output of the stimulator 

(Meeus et al., 2009). Earplugs were provided to the patients to prevent hearing 
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damage due to the loud clicking sound of the TMS. For the sham condition the same 

parameters were applied. However, the coil was tilted by 45° over one wing.  

 

Measurement of tinnitus loudness and distress 

The psychoacoustic measurement consisted of computer-assisted matching of 

tinnitus loudness and spectrum (Norena et al., 2002) and was performed in a sound-

attenuated room using a Mac OS 9.2, Matlab® 5.2.0 (The MathWorks, Natick, MA) 

and headphones (Sennheiser, HD 280 pro). Pure tones of varying frequencies (250 

Hz, 500 Hz, 1000 Hz, 1500 Hz, 2000 Hz, 3000 Hz, 4000 Hz, 5000 Hz, 6000 Hz, 7000 

Hz, 8000 Hz) were presented to the participants (duration = 1 s). First, the 

participants were requested to adapt the loudness of each tone so that it matched the 

perceived tinnitus loudness. Second, they had to rate how much the tone frequency 

contributes to the individual tinnitus spectrum (0-10). Overall each frequency was 

presented four times in a pseudo-randomized order. The loudness of those tones 

that received a tinnitus spectrum rating of at least 8 was averaged and included in 

the further statistical analyses. Tinnitus loudness and annoyance were further 

assessed by visual analogue scales (VAS) ranging from 0 (least value) to 100 

(highest value), tinnitus-related distress was gathered by means of the German 

version of the Tinnitus Questionnaire (TQ; Goebel and Hiller, 1998). 

 

MEG procedure and data acquisition 

Five minutes of resting oscillatory brain activity were measured by means of MEG. 

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). The head position within the 
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MEG helmet had to be assessed. Thus the positions of five index points and 

individual head shapes were sampled using a digitizer. Participants lay in a supine 

position and were requested to keep their eyes open during the measurement and to 

focus on a fixed point on the ceiling. 

 

Data analysis 

MEG data were exported to Matlab 7.6.0, downsampled to 600 Hz, cut into 2s non-

overlapping epochs and corrected for eye and heartbeat-related artifacts using the 

fieldtrip toolbox (http://fieldtrip.fcdonders.nl). The artifact rejection was performed in 

several steps: In a first step raw data were processed using an Independent 

Component Analysis (ICA; http://sccn.ucsd.edu/eeglab/). In order to optimize the 

performance of the ICA, we conducted an initial "coarse" artifact rejection excluding 

epochs / channels with large artifacts of mainly non-physiological origins (e.g. 

channel jumps, dead channels, etc.). Following this step 80 randomly sampled trials 

were entered into an ICA. This analysis yields the same amount of maximally 

independent components as the number of sensors entered, each with a distinct time 

course of activity and spatial topography. By visual inspection we identified those 

components that captured eye-movements, heartbeat-related and large muscular 

activity. Afterwards, the ICA weights were applied to the entire data set, and artifact 

components were removed and the raw data were finally reconstructed without 

artifacts. In order to warrant an equal signal-to-noise ratio for all data sets, we 

determined the minimal trial number within a data set and randomly chose that 

amount of trials from the other data sets (80 trials). For the later source analysis (see 

below), all non-ICA corrected epochs were visually inspected for eye-movement and 

muscle artifacts and from the remaining data 80 trials were chosen randomly. The 



Study 3: A glimpse into the black-box: The impact of rTMS on auditory cortical activity in chronic 
tinnitus 

 

 77 

non-ICA corrected, but artifact-cleaned data was then used for the calculation of 

spatial filters for the beamformer analysis, thereby avoiding rank deficiency issues 

during the inversion of the covariance matrix. 

Since the experimental procedure required the participant to leave the MEG 

(between pre and post sessions), analysis on a sensor level is complicated due to 

altered head positions in the sensor-helmet. Therefore, all comparisons were 

performed in source space using the 'lcmv' beamformer (Van Veen et al., 1997). A 

multisphere model was fitted to the headshape collected in the first measurement 

yielding a grid of dipoles with a 10 mm resolution. This assured that the same grid 

was used across all measurements of a single subject. However, the leadfield for 

each grid point was calculated for each measurement separately, taking into account 

the altered positioning of the sources with respect to the sensors.  

Data was further analyzed for two regions of interest (ROIs) – the auditory 

cortices ipsi- and contralateral to the TMS stimulation side. We applied the ROIs from 

the pilot study that was conducted with the same participants (for further information 

please see Lorenz et al., 2010). In order to estimate power spectra for these regions 

we employed a multitaper spectral estimation method (Percival and Warden, 1993) 

on the ICA-corrected raw data (80 trials) and kept the complex Fourier coefficients. 

Parameters of the multitaper analysis differed for lower and higher frequencies. For 

low frequencies (2-20 Hz) a single hanning taper was applied to the epochs, whereas 

for the higher frequencies (25-100 Hz) data were multiplied with a set of orthogonal 

Slepian tapers yielding a frequency smoothing of +/- 10 Hz. Separate spatial filters 

yielding a fixed orientation for each source were calculated via the lcmv-algorithm for 

the high and low frequencies by filtering the non-ICA corrected data in the 

corresponding frequency ranges. Besides spatial filters, an estimate of the spatially 
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inhomogenous noise was obtained for each source on the basis of the smallest value 

of the covariance matrix, later used for removing the depth-bias of the beamformer 

algorithm and in order to normalize across participants. For source power spectra, 

sensor Fourier coefficients were multiplied with the respective spatial filter and the 

complex modulus was calculated yielding a magnitude value. This value was 

averaged across all sources of a ROI and divided by the noise estimation before 

squaring. This procedure led to one single value for each ROI and frequency, ipsi- 

and contralateral to the stimulation side for each patient, respectively, and was 

applied for active stimulation as well as for sham regarding each measurement time 

(pre, post, and follow-up). Finally, spectral estimates were normalized by means of a 

(post-pre)/pre ratio (relative to rTMS intervention) to further minimize variance 

resulting from strong interindividual variability. 

All aspects of analysis of the MEG data were performed using the Fieldtrip 

toolbox (http://fieldtrip.fcdonders.nl) in Matlab 7.6.0 (The MathWorks, Natick, MA). 
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Figure 16. Regions of interest of right and left auditory cortices, respectively, computed by averaging 

auditory cortical activity of all PRE measurements of a pilot study (Lorenz et al., 2010). Values = 1 

were part of the ROI, whereas all values = 0 were masked. 
 

Statistical analysis 

Statistical analyses were performed using R version 2.11.1 for Mac OS X (www.r-

project.org). Outliers were defined according to the boxplot criterion as a data point 

falling more than 1.5 times the interquartile range above the third quartile or below 

the first quartile (Hoaglin, 1986). Based on previous studies (Weisz et al., 2005a; 

Weisz et al., 2007a) we were mainly interested in changes regarding the delta, alpha 

and gamma frequency bands. However, uncertainties existed regarding the exact 

frequency ranges to be investigated. Thus we applied a data-driven approach in 

order to receive more detailed frequency bands of interest: First, the frequencies in 

the range of 2-100 Hz were analyzed by means of a linear mixed effect models 

statistic (LME), which is an appropriate method for representing data from repeated 

measures on the same statistical units and is furthermore particularly suitable for 

analyses with missing values due to removal of outliers (Pinheiro, 2000). Second, 
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based on the results of the first global analysis frequencies of interest (those sections 

exhibiting the greatest changes) were subsumed resulting in the following frequency 

ranges for lower frequencies: delta (3-3.5 Hz) and alpha (10-11 Hz). Regarding 

gamma frequency, the data-driven approach revealed similar trends over the entire 

frequency range. Hence, we further divided gamma band activity into low-gamma 

(25-45 Hz) and high-gamma (55-100 Hz) power excluding 50 Hz power line noise. 

Since the data-driven approach did not reveal any mentionable results regarding the 

theta or beta frequency band analyses, we do not report any data for other frequency 

bands. The frequency bands of interest were further analyzed by means of LME 

statistics. The following variables were entered as fixed effects: Condition (1 Hz vs. 

Sham), Time (pre-post ratio vs. pre-follow-up ratio), and Side (ipsi- vs. contralateral 

to rTMS). Random effects were defined as subject variability for the fixed 

parameters. LME analysis was performed using the nlme-library of R (Pinheiro, 

2000). When significant results were detected in the ‘omnibus’ LME statistic, post hoc 

planned contrasts were computed. Oscillatory brain activity was then compared to 

baseline activity (before treatment) as well as to activity after sham stimulation (as a 

control variable). Regarding linear relationships between neurophysiological changes 

and changes in tinnitus distress, we also first applied a global measure (LME) using 

oscillatory changes as predictors and followed up significant effects with Pearson 

correlations. The significance level was set to 0.05 in all analyses. 
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Results 

 

Effects of rTMS on tinnitus loudness and distress 

Regarding the behavioural data (TQ, Tinnitus loudness matching, VAS) the LME 

models did not reveal any significant effects (p ≥ 0.18). Among the applied 

measurements the TQ was the only instrument demonstrating tendencies of changes 

in tinnitus: Post hoc tests demonstrated a slight reduction of tinnitus distress after 

rTMS (10%) as well as upon follow-up (11%) compared to baseline. However, it did 

not reach significance (p ≥ 0.13). Although distress after active rTMS was reduced to 

a greater extent compared to sham, no significant effects were revealed compared to 

sham, neither directly after treatment nor upon follow-up (p ≥ 0.18) (Figure 17).  
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Figure 17. The change of tinnitus distress (TQ) directly after rTMS (post) as well as three months later 

(follow-up). Grey bars demonstrate values after active rTMS treatment, whereas white bars represent 

sham (error bars: standard error). 

 

We further analyzed the data according to those patients who demonstrated a 

reduction of tinnitus-related distress after rTMS of at least 20% (‘responder’). A 

significant stimulation * responder interaction was revealed for tinnitus-related 

distress (F1,11 = 6.982, p = 0.02). Distress was reduced in the responders (n = 4) 

compared to the non-responders (n = 6) after active rTMS (t5 = -4.06, p = 0.005) but 

not after sham (t4 = 0.65, p = 0.56). The responders were characterized by a shorter 

tinnitus duration (mean: 1.25 years) compared to the non-responders with longer 

tinnitus duration (mean: 3.25 years). A strong positive correlation was revealed 

between the tinnitus duration and the change of tinnitus-related distress (r = 0.75, p = 
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0.01) after active rTMS, which was absent after sham (r =  -0.17, p = 0.65): The 

shorter the tinnitus duration, the more reduction of tinnitus-related distress was 

revealed after rTMS (Figure 18). 

 

 

 

Figure 18. Significant positive correlation between tinnitus duration and change of tinnitus distress 

after active rTMS (black line, r = 0.75), which is absent after sham (grey line, r = -0.17). The 

correlation demonstrates that shorter tinnitus duration is related to a better treatment outcome.   

 

Effects of rTMS on auditory oscillatory brain activity  

We applied a data-driven approach (see Methods section) in order to improve the 

accuracy of defining our frequency bands of interest. The delta frequency band was 

defined as ranging from 3-3.5 Hz. The LME model revealed a trend regarding a main 

effect for the factor time (F(1,52) = 3.34, p = 0.07) and a significant condition * side 
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interaction for delta power (F(1,52) = 9.92, p = 0.003). Post hoc tests demonstrated a 

significant delta reduction ipsilateral after 1 Hz stimulation compared to baseline (t(9)  

= -3.73, p = 0.002) as well as compared to sham (t(9)  = -6.55, p = 0.009). 

Furthermore, delta was also reduced significantly more ipsilaterally than 

contralaterally to stimulation (t(10) = -2.27, p = 0.02) (Figure 19). We no longer found a 

reduction of delta power upon follow-up. However, we revealed an enhancement of 

ipsilateral delta power upon follow-up after sham compared to baseline (t(7)  = 2.96, p 

= 0.01) (Figure 19). 

 

 

 

Figure 19. Change of delta power (3-3.5 Hz) after rTMS. Grey bars demonstrate values ipsilateral to 

rTMS, whereas white bars represent values contralateral to rTMS (error bars: standard error). 

Ipsilateral delta power was reduced significantly directly after treatment (post) compared to baseline 

as well as compared to sham. The reduction no longer existed upon follow-up (** p ≤ 0.01, * p ≤ 0.05).  
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Based on our data-driven approach we defined the alpha frequency band of interest 

ranging between 10-11 Hz. The LME model revealed a significant main effect for the 

factor time (F(1,58) = 8.62, p = 0.005). Post hoc tests demonstrated an enhancement 

of alpha power ipsilateral directly after 1 Hz stimulation compared to baseline (t(9) = 

1.75, p = 0.05); however, this effect was not significant compared to sham (p > 0.25) 

(Figure 20). Upon follow-up we still found an enhancement of ipsilateral alpha power 

after 1 Hz stimulation compared to baseline (t(9) = 3.46, p = 0.005). Furthermore, 

ipsilateral alpha power upon follow-up was also enhanced compared to post (t(10) = 

2.40, p = 0.02). The enhancement of alpha power upon follow-up was considerably 

greater compared to sham, but only attained trend level (t(15) = 1.36, p = 0.09). 

Moreover, alpha power upon follow-up was also enhanced after sham, ipsi- (t(9) = 

2.03, p = 0.04) as well as contralateral (t(9) = 2.27, p = 0.02) (Figure 20).  
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Figure 20. Change of alpha power (10-11 Hz) after rTMS. Grey bars demonstrate values ipsilateral to 

rTMS, whereas white bars represent values contralateral to rTMS (error bars: standard error). 

Ipsilateral alpha power was enhanced significantly directly after treatement (post) as well as upon 

follow-up compared to baseline. A trend was revealed for a greater enhancement of ipsilateral alpha 

power upon follow-up compared to sham (** p ≤ 0.01, * p ≤ 0.05, + p ≤ 0.10).  

 

We divided gamma band activity into low-gamma (25-45 Hz) and high-gamma (55-

100 Hz) power (see Methods section). For low-gamma power the LME model 

analysis revealed a trend regarding a main effect for the factor side (F(1,61) = 3.12, p = 

0.08). Post hoc tests demonstrated a general enhancement of low-gamma power 

compared to baseline directly after 1 Hz stimulation ipsi- (t(9) = 4.16, p = 0.001) as 

well as contralateral (t(10) = 2.14, p = 0.03). We also found an enhancement of low-

gamma power compared to baseline after sham ipsi- (t(9) = 2.06, p = 0.03) as well as 

contralateral (t(9) = 2.27, p = 0.02). However, ipsilaterally the enhancement of low-
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gamma was greater after 1 Hz stimulation compared to sham (t(15) = 2.42, p = 0.01) 

(Figure 21). We found a slightly different pattern upon follow-up: enhancement of 

low-gamma compared to baseline after 1 Hz stimulation, but only ipsilaterally (t(9) = 

1.96, p = 0.04). There was no significant enhancement of low-gamma contralateral (p 

> 0.47). Furthermore, we did not reveal any significant enhancements after sham 

stimulation (p > 0.10). The enhancement of low-gamma after 1 Hz stimulation was 

not significant compared to sham (p > 0.32) (Figure 21). 

 

 

Figure 21. Change of low-gamma power (25-45 Hz) after rTMS. Grey bars demonstrate values 

ipsilateral to rTMS, whereas white bars represent values contralateral to rTMS (error bars: standard 

error). Directly after stimulation (post) we found a general enhancement of low-gamma power, after 1 

Hz stimulation as well as after sham. Upon follow-up a different pattern was revealed: An 

enhancement of low-gamma power was only found after 1 Hz stimulation and exclusively ipsilaterally 

to the stimulation side (*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05).  
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Regarding high-gamma power (55-100 Hz) the LME model revealed a significant 

main effect for the factor time (F(1,61) = 7.12, p = 0.01) as well as a trend for the factor 

side (F(1,61) = 3.00, p = 0.08). Post hoc tests demonstrated a significant enhancement 

of high-gamma power directly after 1 Hz stimulation compared to baseline ipsi- (t(9) = 

3.08, p = 0.007) as well as contralaterally (t(9) = 3.06, p = 0.007). A similar pattern 

was revealed after sham compared to baseline: Enhancement of high-gamma power 

ipsilaterally (t(9) = 4.96, p = 0.0004), but only a trend for an enhancement 

contralaterally (t(9) = 1.49, p = 0.09). The ipsilateral enhancement after sham was 

significantly greater compared to after 1 Hz stimulation (t(16) = 2.33, p = 0.02) (Figure 

22). Upon follow-up we again detected an enhancement of high-gamma power after 

1 Hz stimulation compared to baseline ipsi- (t(9) = 4.31, p = 0.007) as well as 

contralateral (t(9) = 3.14, p = 0.001). Enhancement of high-gamma power ipsilateral 

was even significantly greater upon follow-up than directly after 1 Hz stimulation (t(10) 

= 2.75, p = 0.009). The same pattern was revealed after sham stimulation (ipsilateral: 

t(9) = 7.90, p = 0.00001, contralateral: t(9) = 2.85, p = 0.01). However, there was no 

further enhancement of high-gamma power between post and follow-up after sham 

(p > 0.15). There was no significant difference between high-gamma power after 

sham and after 1 Hz stimulation upon follow-up, neither ipsi- nor contralaterally (p > 

0.35) (Figure 22). 
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Figure 22. Change of high-gamma power (55-100 Hz) after rTMS. Grey bars demonstrate values 

ipsilateral to rTMS, whereas white bars represent values contralateral to rTMS (error bars: standard 

error). We found a general enhancement of high-gamma power after 1 Hz stimulation as well as after 

sham and at both times (post and follow-up) (*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05). 

 

In addition, linear relationships between the change of tinnitus distress (TQ) 

and the change of oscillatory brain activity were computed by means of LME. We 

detected a significant time * condition * delta interaction for tinnitus distress (F(1,44) = 

4.25, p = 0.04). No side effect could be revealed by means of LME statistics. Post 

hoc correlation tests demonstrate a weak positive correlation between delta and 

tinnitus distress after 1 Hz stimulation: the reduction of delta power after rTMS is 

related to reduced tinnitus distress (Figure 23). However, the correlation did not 

reach significance (r = 0.24, p = 0.25). There was no positive correlation after sham (r 

= -0.42). Upon follow-up we detected an opposing correlation pattern: A significant 
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negative correlation (Figure 23) between delta and tinnitus distress was revealed 

after 1 Hz stimulation (r = -0.86, p = 0.01), which was not found after sham (r = 0.05).  

For alpha power the LME model revealed a significant side * alpha interaction 

effect for tinnitus distress (F(1,50) = 4.72, p = 0.03). Post hoc correlation tests 

demonstrated a significant negative correlation between change of alpha power 

ipsilateral and tinnitus distress directly after 1 Hz stimulation (r = -0.55, p = 0.05): 

Enhancement of alpha power is related to reduction of tinnitus distress. This relation 

was considerably weaker – and not significant – after sham (r = -0.22, p = 0.27) 

(Figure 23). Alpha power contralateral was not related to tinnitus distress (r = 0.01). 

We no longer found a negative correlation upon follow-up (r = 0.20).  
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Figure 23. Linear relationships between lower frequencies (delta, alpha) and tinnitus-related distress. 

A weak positive correlation was revealed between delta power and tinnitus distress (r = 0.25) directly 

after rTMS treatment, a pattern that changed until follow-up when a strong negative correlation (r = -

0.86) was found. Regarding alpha power ipsilateral we detected a negative correlation after 

stimulation (r = -0.55) that was no longer existent upon follow-up (r = 0.20) (** p ≤ 0.01, * p ≤ 0.05). 

 

Regarding low-gamma the LME model revealed a trend for a time * side * low-

gamma interaction for tinnitus distress (F(1,53) = 3.13, p = 0.08). Post hoc correlation 

tests demonstrated a considerable positive correlation between low-gamma 

contralateral and tinnitus distress: the reduction of low-gamma power is related to 

reduction of tinnitus distress. However, the correlation failed to reach significance (r = 

0.43, p = 0.10). A very similar pattern was revealed after sham (r = 0.43, p = 0.10) 

(Figure 24). Again we found an opposing pattern upon follow-up: A strong negative 
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correlation between low-gamma contralateral and tinnitus distress, however not 

significant (r = -0.60, p = 0.09) (Figure 24). For high-gamma power the LME model 

demonstrated a significant condition * high-gamma interaction for tinnitus distress 

(F(1,53) = 5.68, p = 0.02). Post hoc tests showed a significant positive correlation 

between high-gamma and tinnitus distress after 1 Hz stimulation (r = 0.80, p = 

0.003), which was absent after sham (r = 0.08). We revealed the same pattern upon 

follow-up after 1 Hz stimulation (r = 0.80, p = 0.004), but not after sham (r = -0.03) 

(Figure 24). Thus the lower high-gamma power after rTMS the more reduction of 

tinnitus distress was revealed. At neither time did we find any difference regarding 

the stimulation sides.  
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Figure 24. Linear relationships between high frequencies (low-gamma, high-gamma) and tinnitus-

related distress. A positive correlation was revealed directly after rTMS for low-gamma contralateral (r 

= 0.43). However, upon follow-up a negative correlation was found (r = -0.60). Regarding high-gamma 

strong positive correlations were detected directly after stimulation (r = 0.80) as well as upon follow-up 

(r = 0.80) (** p ≤ 0.01, + p ≤ 0.10). 

 

Discussion 

A changed pattern of resting-state oscillatory brain activity in tinnitus patients has 

been reported by means of MEG studies displaying abnormalities in the whole 

frequency range, for example the enhancement of temporal delta (Weisz et al., 

2005a) and theta power (Llinás et al., 1999; Llinas et al., 2005; Moazami-Goudarzi et 

al., 2010), reduction of alpha power (Weisz et al., 2005a) as well as enhancement of 

beta (Moazami-Goudarzi et al., 2010) and gamma power (Llinás et al., 1999; Llinas 
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et al., 2005; Weisz et al., 2007a; van der Loo et al., 2009; Ashton et al., 2007). 

Furthermore, several studies using a variety of methods, such as neurofeedback 

(Dohrmann et al., 2007; Weiler et al., 2002) residual inhibition (Kahlbrock and Weisz, 

2008) or tinnitus masking (Llinas et al., 2005) have demonstrated that normalization 

of abnormal activity is accompanied by tinnitus improvement. These findings argue 

for a causal relevance of abnormal oscillations in the generation and/or maintenance 

of tinnitus. Based on our model outlined in the introduction we hypothesized that a 

successful rTMS treatment would be reflected in a normalization of abnormal 

oscillatory brain activity, especially regarding delta, alpha and gamma band activity 

(Weisz et al., 2005a; Weisz et al., 2007a; Weisz et al., 2007b). Our results 

demonstrate a reduction of delta power directly after treatment in the stimulated 

auditory cortex (ipsilateral) that was not existent anymore upon follow-up. 

Furthermore, alpha power was modulated, as reflected in an enhancement of alpha 

(mainly ipsilateral) directly after treatment as well as upon follow-up. Our results were 

further emphasized by means of our findings on linear relationships between a 

modulation of oscillatory activity and tinnitus-related distress. Directly after treatment 

we found the predicted negative relation for alpha: Increase of alpha power is related 

to reduced tinnitus distress. Regarding delta power we revealed a relation in the 

predicted direction (reduction of delta after rTMS was related to less tinnitus 

distress), however, it was not significant. Interestingly these predicted relationships 

could not be observed any more upon follow-up – and were partially even replaced 

by opposing relations – suggesting that neurobiological mechanisms underlying 

improvement immediately after rTMS differ from those responsible for longer lasting 

therapeutic effects.  
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 The results regarding the gamma frequency band were more complex. After 

both active and sham rTMS we observed an increase in high-gamma and to a lesser 

extent also in low-gamma. At the same time the strongest – and longest lasting – 

correlations were revealed between high-gamma power and tinnitus distress: A 

reduction of high-gamma activity was accompanied by a reduction in tinnitus distress. 

This robust finding confirms the important role of high frequency oscillations in 

tinnitus. At the same time the question arises why we observed an increase in 

gamma band activity at the group level after both active and sham rTMS with a 

stimulation protocol that was intended to act ‘inhibitory’. A possible explanation for 

this finding is the concomitant massive (non-intentional) sound stimulation of auditory 

cortical areas due to the loud clicking sound of the TMS coil when the pulse is 

generated. By tilting the coil for sham stimulation the magnetic field produced by the 

TMS is greatly reduced, thus a depolarization of neurons is impossible. However, 

auditory stimulation by the clicking sound of the TMS still persists. The general 

enhancement of gamma power after both kinds of stimulation may be traced back to 

the processing of auditory information induced by the clicking sound. Furthermore, 

the somatosensoric stimulation occurring with both regular rTMS and with the tilted 

coil may have had an influence on auditory brain areas (Lanting et al., 2010; 

Vanneste et al., 2010).  

Thus, in summary, we observed that according to our hypotheses the 

improvement of tinnitus distress immediately after rTMS is correlated with an 

increase in alpha and a reduction in gamma – but in this study not with delta – band 

activity. At the same time we found an unexpected increase in gamma power after 

both active and sham rTMS. This unspecific effect may be due to TMS-related 

auditory or somatosensory stimulation.   
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Targeting gamma band activity more precisely – the role of state dependency in TMS  

Recently, the role of state dependency in TMS research has been a matter of debate 

(e.g., Siebner et al., 2004; Silvanto et al., 2008; Silvanto and Pascual-Leone, 2008; 

Pasley et al., 2009). In most treatment studies the initial state of neurons before brain 

stimulation has been ignored even if it can play an important role for the interaction of 

neurons with different response properties within certain brain areas (Silvanto et al., 

2008) and may thus have critical impact on treatment outcome. In a study with 

subjects affected by migraines with aura and healthy control subjects, a reverse 

effect of 1 Hz rTMS over the occipital cortex was revealed (Brighina et al., 2002): An 

increase in visual cortex excitability was detected in migraine subjects, whereas a 

decrease in visual cortex excitability was observed in normal subjects. This study 

demonstrates the importance of considering the influence of pathological conditions, 

such as migraine or in our case tinnitus, on cortical excitability and thus on TMS 

effects. Pasley and colleagues (Pasley et al., 2009) performed extracellular 

recordings of the visual cortex of anesthetized cats following TMS. They found two 

types of response patterns, which were characterized by the presence or absence of 

spontaneous discharge following stimulation. These opposing reactions can also be 

explained by means of state dependency effects: Higher pre-TMS activity is followed 

by larger post-TMS responses. For gamma band activity in the visual cortex Pasley 

and colleagues (Pasley et al., 2009) demonstrated a positive correlation between 

pre-TMS activity and post-TMS spontaneous firing rate. Their results suggest that the 

application of TMS during a high activity state is more likely to result in spontaneous 

discharge than the application of the same stimulation during a low activity state 

(Pasley et al., 2009). The already enhanced rate of gamma power in our patients 

based on the tinnitus percept in combination with auditory stimulation due to the 
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sound of the TMS may thus have resulted in the general enhancement of gamma 

power in the auditory cortex after rTMS. Results on state dependency may form the 

basis for optimizing effects of stimulation. In our study abnormal gamma band activity 

was not interrupted by TMS via the common 1 Hz stimulation. However, in future 

treatments state dependency effects may be utilized in a real time environment by 

means of direct monitoring of neural activity using non-invasive techniques, such as 

EEG, a procedure that may guide the effective use of TMS in clinical tinnitus 

research.  

 

Influence of tinnitus duration on rTMS outcome 

Our data clearly demonstrated a greater improvement of tinnitus-related distress for 

those patients who exhibit shorter tinnitus duration: The shorter the tinnitus duration, 

the more reduction of distress after 1 Hz stimulation is revealed. These results are in 

line with previous studies demonstrating a turning point around 3-4 years of tinnitus 

duration in the determination of effectiveness of rTMS treatment (De Ridder et al., 

2005; Kleinjung et al., 2007b; Plewnia et al., 2007). Based on previous studies we 

included only those tinnitus subjects with a tinnitus history of 4 years or less. 

However, our current results demonstrate that there is no “fix” cut-off value. Instead 

they stress the importance of an early treatment onset in tinnitus patients. The role of 

neuronal plasticity in tinnitus generation has been investigated extensively (see e.g., 

Robertson and Irvine, 1989; Rajan et al., 1993; Irvine and Rajan, 1997; Mühlnickel et 

al., 1998; Eggermont and Komiya, 2000; Norena et al., 2003) and can be compared 

to neuronal plasticity occurring after a stroke or limb amputations. Animal models 

regarding stroke recovery demonstrate a time-limited window of neuroplasticity that 

opens following a stroke (Murphy and Corbett, 2009). In the auditory cortex, 
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remodelling has been demonstrated after deafferentation due to hearing loss 

(Mühlnickel et al., 1998; Dietrich et al., 2001) leading to a shift of the former 

frequency representation into adjacent areas and thus an overrepresentation of edge 

frequencies at a central level. Both animal and human data indicate that the 

neuroplastic processes, which are responsible for these changes in the tonotopic 

map, also underlie tinnitus (Mühlnickel et al., 1998; Elbert and Heim, 2001; 

Eggermont and Roberts, 2004). Studies have demonstrated a prevention of cortical 

reorganizational processes directly after noise-induced hearing loss by means of 

targeted acoustical stimulation (Norena and Eggermont, 2005). In a recent treatment 

study Okamoto and colleagues (Okamoto et al., 2010) demonstrated a reduction of 

the perceived tinnitus loudness after individualized auditory stimulation accompanied 

by reduced auditory hyperactivity reflected in reductions of the auditory steady state 

response. In conclusion, the importance of an early treatment of tinnitus is apparent. 

Auditory remapping processes after deafferentation ought to be inhibited by means 

of, for instance, auditory stimulation or rTMS as quickly as possible.  

 

Limitations 

The sample-size of the current study was relatively small, resulting in low statistical 

power. This may have contributed to the lack of revealing significant changes 

regarding the behavioural data. Nevertheless, due to the numerous MEG 

measurements (60 recordings) providing the brain data, the statistical power 

regarding brain data should be sufficient and the data reliable. A comparable study of 

Langguth and colleagues (Langguth et al., 2007b) examining the effects of 1 Hz 

rTMS including 10 tinnitus patients also only revealed a trend towards improvement 

of tinnitus distress. In any case, our study should be regarded as a precursor in this 
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research field and thus conclusions from the current results for the general tinnitus 

population are limited and require further research with greater sample sizes and 

non-tinnitus controls. Another problem faced, especially concerning the data 

analysis, was the application of TMS on different sides, as we decided to stimulate 

contralateral to the tinnitus side. Our approach to divide the activity according to 

regions of interest ipsi- and contralateral to rTMS stimulation side functioned as an 

effective compromise for the current study. However, conclusions for subgroups of 

tinnitus (e.g., laterality, gender) cannot be drawn. Furthermore, it still remains a 

matter of debate to what extent tinnitus-related changes are predominantly located in 

the auditory cortex contralateral to the perceived tinnitus (Weisz et al., 2007a) or 

whether alterations of neural activity in the central auditory system are independent 

of the perceived tinnitus laterality (Arnold et al., 1996; Langguth et al., 2006). 

Stimulation intensity in this study was 50% of maximal stimulator output for all 

patients independently of the individual motor threshold. This was motivated by 

findings that motor thresholds are an inappropriate guide to the cortical excitability of 

non-motor areas of the brain (Stewart et al., 2001; Speer et al., 2003; Sparing et al., 

2005). Finally, our analysis was restricted to a region of interest approach measuring 

spontaneous activity in the auditory cortices. 

Conclusions 

With the present study we demonstrate for the first time modulations of abnormal 

resting-state oscillatory brain activity in tinnitus patients by means of 1 Hz rTMS. 

However, high frequencies, putatively forming the basis of the sound perception in 

tinnitus, were not reduced. Concomitantly, clinical effects in our study were relatively 

small. In the future, new rTMS treatment strategies will have to be developed that 

target high frequencies more efficiently, for instance by considering the current 
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activity state in auditory cortical regions. Furthermore, our study again stresses the 

great importance of an early onset in tinnitus treatment since subjects with shorter 

tinnitus duration demonstrate a considerably better treatment outcome. 
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