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Abstract 

The continuous auditory perception of an acoustic stimulus without the existence of a 

corresponding source of sound is termed chronic subjective tinnitus and represents a relative 

common phenomenon in the global population. On the basis of varieties in phenotype and 

etiology, there is currently no effective treatment option or cure for tinnitus. Individualization 

of interventions represents a promising approach to cope with tinnitus heterogeneity. In the 

present thesis four separate experiments were conducted with a focus on transient changes in 

tinnitus perception and tinnitus-related electrophysiological brain activity caused either by 

acoustic stimulation or repetitive transcranial magnetic stimulation (rTMS). In study 1 different 

noise stimuli  were modified according to patients’ tinnitus characteristics and applied to noise-

like and tonal tinnitus patients. Besides the ability of each stimulus in brief tinnitus suppression, 

superior loudness decreases were observed in noise-like tinnitus patients. The main goal of 

study 2 was to examine the consequences of different individualized sound stimuli on tinnitus-

related electrophysiological brain activity and whether potential neural changes can be linked 

with tinnitus loudness alterations. Results indicate tinnitus-unspecific oscillatory brain activity 

changes due to sound stimulations plus an absence of behavioral and neural correlations. 

Contrasts between acoustic stimulation responders and non-responders showed enhanced alpha 

and diminished gamma band activity in the group of responders according to the current neural 

models for tinnitus. Additional analyses revealed post stimulation differences between these 

two subgroups especially in the alpha frequency band in auditory cortical regions. Study 3 and 

4 are dedicated to rTMS single sessions in tinnitus. Study 3 was conceptualized as a technical 

feasibility report using a small sample of tinnitus patients with the aim to investigate the 

feasibility and reliability of rTMS individualization for tinnitus. Another objective was to 

ascertain if specific stimulation parameters provoke consistent tinnitus loudness changes. 

Different auditory cortex positions were stimulated with various frequencies over both 

hemispheres on two days. Findings indicate consistency of several stimulation parameters e.g., 

frequency for brief tinnitus suppression. Further, it was feasible to identify an individualized 

rTMS protocol for reliable placebo-superior tinnitus suppression in each patient. Insights from 

study 3 were transferred to succeeding study 4. The aim of study 4 was to systematically 

scrutinize the reliability of rTMS effects as well as the feasibility of rTMS individualization via 

single sessions using a bigger sample size and only one temporal cortex stimulation position. 

In addition to behavioral ratings, electrophysiological brain activity was recorded. No reliable 

rTMS-induced effects neither on tinnitus loudness nor oscillatory brain activity could be 

detected. Besides rTMS individualization based on behavioral responses, electrophysiological 
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data was used to identify a patient-specific rTMS protocol provoking changes in spontaneous 

brain activity according to neurophysiological models for tinnitus. RTMS individualization via 

behavioral and electrophysiological responses was feasible, but identification of an 

individualized protocol via electrophysiological responses seemed superior. The findings of the 

present thesis not only offer profound insights behind the basic and neurophysiological  

mechanisms of brief tinnitus suppression, but also provide useful indications and suggestions 

for prospective research attempts as well as treatment approaches in the fields of acoustic 

stimulation and rTMS for tinnitus. 
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Abstract (german) 

Die kontinuierliche auditive Wahrnehmung eines akustischen Reizes in Abwesenheit einer 

entsprechenden Schallquelle wird als chronischer subjektiver Tinnitus bezeichnet und stellt ein 

global relativ häufig auftretendes Phänomen dar. Aufgrund vielfältiger Phänotypen und 

Ätiologien gibt es bis dato keine wirksamen Heilverfahren. Die Individualisierung von 

Interventionen bietet einen vielversprechenden Ansatz, um dieser Heterogenität 

entgegenzuwirken. Im Rahmen der vorliegenden Dissertation wurden insgesamt vier 

eigenständige Experimente zu akustischer Stimulation oder repetitiver transkranieller 

Magnetstimulation (rTMS) bei Tinnitus durchgeführt mit dem Ziel kurzzeitige Veränderungen 

der Tinnituswahrnehmung als auch elektrophysiologischer Hirnaktivität zu untersuchen. In 

Studie 1 wurden verschiedene rauschartige Stimuli gemäß den Tinnitus-Charakteristika von 

Patient*innen mit rauschhaftem oder tonalem Tinnitus modifiziert und für eine kurze akustische 

Stimulation verwendet. Eine temporäre Suppression des Tinnitus konnte bei allen applizierten 

Stimuli beobachtet werden. Patient*innen mit rauschhaftem Tinnitus zeigten jedoch eine 

deutlich stärkere Lautstärkeverminderung. Das Hauptziel von Studie 2 hingegen war es, die 

Auswirkungen von unterschiedlichen individualisierten rauschhaften Stimuli auf 

elektrophysiologische Hirnaktivität, assoziiert mit Tinnitus, zu überprüfen. Überdies ging 

Studie 2 der Frage nach, ob potenzielle neuronale Modulationen mit Veränderungen der 

Tinnituslautstärke in Zusammenhang stehen. Die Ergebnisse legten Tinnitus-unspezifische 

elektrophysiologische Veränderungen bedingt durch eine akustische Stimulation nahe, sowie 

keinen Zusammenhang von neuronalen und Verhaltensdaten. Patient*innen, die auf eine 

akustische Stimulation respondierten, zeigten erhöhte Alpha sowie verminderte Gamma 

Aktivität im Einklang mit den aktuellen neuronalen Modellen bei Tinnitus. Weitere Analysen 

brachten insbesondere Unterschiede im Alpha Frequenzband in auditorischen Bereichen des 

Kortex im Anschluss an eine Stimulation zum Vorschein. Studie 3 und 4 beschäftigten sich mit 

sogenannten rTMS Testsitzungen. Studie 3 wurde mit einer kleinen Stichprobe als eine 

technische Machbarkeitsstudie konzipiert. Das Ziel war es, die Machbarkeit und 

Zuverlässigkeit einer rTMS Individualisierung mittels Testsitzungen zu evaluieren. Ferner 

sollte herausgefunden werden, ob bestimmte Stimulationsparameter zuverlässige 

Veränderungen in der Tinnituslautstärke bewirken. Unterschiedliche Positionen des 

auditorischen Kortex wurden an zwei Tagen mit verschiedenen Frequenzen über beiden 

Hemisphären stimuliert. Bestimmte Stimulationsparameter wie etwa Frequenz, waren in der 

Lage konsistente Veränderungen in der Tinnituswahrnehmung hervorzurufen. Außerdem 

konnte für jede/n Patient*in ein individuelles rTMS Protokoll identifiziert werden, welches 
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zuverlässig die Tinnituslautstärke verringerte und dabei einer Placebostimulation überlegen 

war. Die gewonnen Erkenntnisse wurden zur Planung und Durchführung von Studie 4 genutzt. 

Studie 4 beabsichtigte neben der Reliabilitätsprüfung von rTMS Effekten auch die Möglichkeit 

der rTMS-Individualisierung anhand einer größeren Stichprobe und einer einzigen temporalen 

Stimulationsposition systematisch zu untersuchen. Zusätzlich zu Lautstärkebewertungen 

fanden elektroenzephalographische Aufzeichnungen statt. Es konnten weder reliable 

Veränderungen der Lautstärke noch reliable elektrophysiologische 

Hirnaktivitätsveränderungen bedingt durch rTMS nachgewiesen werden. Neben einer 

Individualisierung anhand von Verhaltensdaten wurden zudem elektrophysiologische Daten 

herangezogen. Das Ziel war die Identifizierung eines patientenspezifischen rTMS-Protokolls, 

welches neuronale Veränderungen entsprechend neurophysiologischer Modelle bei Tinnitus 

verursacht. Beide Individualisierungsansätze waren umsetzbar, wobei eine Individualisierung 

anhand von elektrophysiologischen Antworten überlegen zu sein scheint. Die vorliegenden 

Ergebnisse bieten nicht nur einen fundierten Einblick in die grundlegenden und 

neurophysiologischen Prozesse einer kurzzeitigen Unterdrückung der Tinnituswahrnehmung, 

sondern liefern auch nützliche Hinweise und Anregungen für zukünftige Forschungsarbeiten 

und Behandlungsansätze in den Bereichen akustische Stimulation und rTMS bei Tinnitus.  
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1. Introduction 

1.1. Tinnitus – definition, etiology, epidemiology and comorbidities 

“Tinnitus aurium” (latin for ringing of the ears) or simply “tinnitus” describes the phenomenon 

of an auditory perception such as ringing, hissing or buzzing without the presence of any 

external source of sound. The sensation of this sound can be unilateral, bilateral but tinnitus can 

also be perceived within someone’s head (Erlandsson and Dauman, 2013; Langguth et al., 2013; 

Roberts et al., 2010). Typically, tinnitus is classified as either subjective or objective. In the 

case of objective tinnitus an endogenous source of sound can be identified, which is perceptible 

by another person for instance an examiner (Hall et al., 2011). Objective tinnitus is rather rare 

(Tunkel et al., 2014) and can be caused for example by an abnormal blood flow or rhythmic 

muscle contractions (Langguth et al., 2013; Møller, 2007). If such an internal origin of sound 

does not exist and the sound is only perceived by the affected person, it is classified as 

subjective tinnitus (Baguley et al., 2013; Erlandsson and Dauman, 2013). A consistent 

perception of this auditory phantom sound for at least three (Hall et al., 2011) respectively six 

months (Mazurek et al., 2010) is considered as a chronification. Hereinafter, the term tinnitus 

is used synonymously for chronic subjective tinnitus. The most common causes for the 

development of tinnitus are cochlear damages towards noise trauma, presbyacusis or ototoxic 

medication (Langguth et al., 2013) and in particular hearing loss (Mazurek et al., 2010; Moore 

et al., 2017). In about 80% of cases, tinnitus is accompanied by some degree of hearing loss 

(Norena et al., 2002), whereby the frequency spectrum of maximum hearing loss usually 

overlaps with the perceived tinnitus pitch (Eggermont, 2007; Eggermont and Tass, 2015; 

Schecklmann et al., 2012). 

With a prevalence of approximately 10 to 15%, tinnitus occurs relative frequently in the global 

population, whereas the elderly generation is particularly affected. Moreover, 2 - 3% of people 

concerned are significantly suffering from this phantom sound perception (Baguley et al., 2013; 

Hall et al., 2011; Heller, 2003; Langguth et al., 2019). In many cases tinnitus is accompanied 

by comorbidities such as depression (Salazar et al., 2019), anxiety disorders (Pattyn et al., 

2016), sleep disorders (Croenlein et al., 2016), lowered quality of life (Nondahl et al., 2007; 

Weidt et al., 2016) or hyperacusis (Cederroth et al., 2020; Rosing et al., 2016; Schecklmann et 

al., 2014b) as well as altered auditory processing e.g., for speech perception (Jagoda et al., 

2018) or sound source localization (Hyvärinen et al., 2016). 
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1.2.  Pathophysiology 

Originally tinnitus was considered as a solely disease of the inner ear. Though, after a surgical 

transection of the acoustic nerve, several tinnitus patients were still able to perceive the sound 

suggesting a substantial relevance of the central nervous system in the generation of tinnitus 

(House and Brackmann, 1981). Since that time extensive research in animal and human models 

has been performed, but yet the underlying pathophysiological mechanisms are not completely 

understood. In view of present research, peripheral as well as central mechanisms are similarly 

involved (Eggermont and Roberts, 2004; Elgoyhen et al., 2015; Jastreboff, 1990). As already 

mentioned, the dominant risk factor for tinnitus is hearing loss, whether it is due to noise trauma, 

permanent exposition to noisy environments or age-related (Ferreira et al., 2009; Møller, 2007; 

Nondahl et al., 2011; Shargorodsky et al., 2010). This assumption finds support in observations 

which report the tinnitus pitch frequency within the frequency spectrum of hearing loss (Basile 

et al., 2013; Norena et al., 2002; Schecklmann et al., 2012) or temporary tinnitus development 

in healthy subjects while wearing a silicone earplug (Schaette et al., 2012). 

However, not every person with tinnitus shows hearing loss and vice versa (Norena et al., 2002; 

Roberts et al., 2008). The absence or the inability in detection of hearing deficits by audiometric 

methods (termed as hidden hearing loss), does not signify an absence of inner ear damages, 

cochlear damages respectively reduced peripheral auditory input (Kohrman et al., 2020; 

Schaette and McAlpine, 2011; Weisz et al., 2006). 

The prevailing assumption about the generation of tinnitus suggests that due to damages of 

cochlear hair cells and the accompanying absent or diminished acoustic input from the 

periphery leads to a lack of neural input to auditory pathways and provokes maladaptive 

neuroplastic changes to auditory structures in the central nervous system which are suspected 

to be responsible for the phantom sound perception termed tinnitus (Eggermont, 2007; 

Eggermont and Roberts, 2012; Eggermont and Tass, 2015; Yang et al., 2011). Similar to other 

phantom percepts such as phantom pain after limb amputation (De Ridder et al., 2011), the 

brain tries to compensate for the deprivation of auditory information (De Ridder et al., 2014), 

unfortunately with false adjustment mechanisms as shortly explained below. 

Neural alterations related to tinnitus are e.g., a dysbalance of inhibitory and excitatory 

spontaneous firing of deafferented neurons resulting in hyperactivity in auditory cortical 

structures (Noreña and Eggermont, 2006; Roberts et al., 2010; Shore et al., 2016) or abnormal 

neural synchrony and bursting along the auditory pathway (Noreña and Eggermont, 2006; 

Roberts et al., 2010). Further on, deafferentation could also manifest in a reorganization of the 
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tonotopic map of the auditory cortex. Thereby, neurons shift their characteristic frequency, 

which was initially within the frequency spectrum of hearing loss, to frequencies at the edge of 

hearing loss/ normal hearing. As a consequence frequencies at the edges are overrepresented in 

the tonotopic map (Eggermont and Roberts, 2004; Mühlnickel et al., 1998; Noreña and 

Eggermont, 2006; Roberts et al., 2010). According to Henry et al. (2014), these tonotopic map 

changes could also be responsible for aforementioned neural alterations related to tinnitus. 

However, the role of tonotopic map reorganization for the genesis of tinnitus is not clear 

(Eggermont and Roberts, 2012; Elgoyhen et al., 2015). Several neuroimaging studies were able 

to observe pathological hyperactivity in regions of the auditory cortex (Farhadi et al., 2010; 

Folmer, 2007; Langguth et al., 2006a; Weisz et al., 2007a) as well as tinnitus-related 

morphological mutations (Adjamian et al., 2014; Schecklmann et al., 2013b). This pathological 

changes are not only restricted to auditory areas, they are also observed in other, non-auditory 

regions of the brain (Adjamian et al., 2009, 2014; Lanting et al., 2009; Schlee et al., 2009a, 

2014; Vanneste and De Ridder, 2012). For instance, Schlee et al. (2009) report tinnitus-related 

alterations in a widely spread network comprised of frontal, temporal as well as parieto-

occipital cortical regions. Langguth et al. (2013) emphasize several neural networks such as the 

perceptual or salience network (conscious perception), the distress network (affective 

evaluation) or an engagement of memory mechanisms (persistent perception) involved in the 

perception of tinnitus, ultimately subsumed to a broad tinnitus brain network. 

Due to the focus of the present thesis on electrophysiological measurements in tinnitus, tinnitus-

related pathological ongoing brain activity is elucidated in more detail in the following section. 

 

1.2.1. Pathological oscillatory brain activity in tinnitus 

Tinnitus can even be associated with altered resting state brain activity patterns as measured in 

neurophysiological investigations by means of techniques like Electroencephalography (EEG) 

or Magnetoencephalography (MEG). These oscillatory aberrations were consolidated to the 

thalamo-cortical dysrhythmia model (TCD), which assumes the existence of a malfunctioning 

interaction between the thalamus and the cortex in tinnitus. According to the TCD model, 

peripheral deafferentation leads to spontaneous low frequency thalamic activity, which in turn 

results in a reduction of lateral inhibition in adjacent cortical areas causing tonotopic map 

reorganization as well as enhanced neural synchrony. Further, this translates into high 

frequency activity in auditory cortical areas, which is suspected to be relevant for the generation 

and maintenance of tinnitus (De Ridder et al., 2015b; Llinás et al., 2005, 1999). 
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Weisz et al. were able to identify deviations in tinnitus patients from healthy controls with 

respect to neuromagnetic spontaneous brain activity. In detail, increased delta and gamma 

activity plus reduced activity in the alpha frequency range over temporal regions were observed 

in individuals with tinnitus (Weisz et al., 2007b, 2005). Based upon these findings, the TCD 

model was further expanded to the “Synchronization-by-Loss-of-Inhibition-Model” (SLIM) 

(Weisz et al., 2007a). Upon the premise, that deafferentation leads to enhanced delta activity, 

the SLIM model claims that an additional suppression of inhibitory neurons leads to decreased 

alpha activity. Spontaneous activity in the alpha frequency band is considered as relevant for 

neural inhibitory processes (Klimesch et al., 2007; Weisz et al., 2011). In contrast to the TCD 

model, increased gamma activity occurs as a consequence of reduced inhibition respectively 

alpha activity, not as the product of an “edge effect”. This pathological increased gamma 

activity was proposed to represent the oscillatory signature of tinnitus perception per se (Weisz 

et al., 2007b). 

In accordance with the framework of the SLIM model, a decrease in alpha frequency band 

power along with an increase in gamma band activity was observed in tinnitus patients, whereby 

the power proportion of the frequency bands differed from a healthy control group (Lorenz et 

al., 2009). Further neurophysiological studies highlighted the relationship of enhanced delta 

and reduced alpha resting state brain activity with tinnitus perception as well as tinnitus distress 

(Adjamian et al., 2012; Balkenhol et al., 2013; Moazami-Goudarzi et al., 2010; Schlee et al., 

2014). By means of neurofeedback training it was possible to substantiate the role of altered 

delta and alpha oscillatory brain activity in tinnitus. Only a simultaneous enhancement of alpha 

and reduction of delta frequency band activity was characterized by a lowering of tinnitus 

intensity, suggesting a strong reverse interplay of delta and alpha in tinnitus (Dohrmann et al., 

2007). Tinnitus-specific activity in the gamma frequency range in auditory cortical areas 

(Ashton et al., 2007; S. Vanneste et al., 2011) as well as associations with tinnitus loudness 

(Balkenhol et al., 2013; van der Loo et al., 2009) underpin the relevance of gamma activity for 

tinnitus perception. 

However, other studies were not able to demonstrate differences in alpha and delta band activity 

(Ashton et al., 2007) or rather differences in any frequency band (Zobay et al., 2015) between 

tinnitus patients and healthy controls nor connections of psychoacoustic or psychosocial 

measures of tinnitus with electrophysiological brain activity (Adjamian et al., 2012; Pierzycki 

et al., 2016). In contrast to the prevalent neural models for tinnitus, studies also demonstrated 

higher alpha activity in tinnitus patients as compared to a matched healthy control group 
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(Moazami-Goudarzi et al., 2010) or a positive correlation of alpha activity over the auditory 

cortex and tinnitus intensity (Meyer et al., 2014).  

Additionally, the relevance of abnormal oscillatory brain activity in the theta and beta frequency 

range in tinnitus has been demonstrated (Balkenhol et al., 2013; Meyer et al., 2014; Moazami-

Goudarzi et al., 2010). Recent work compared ongoing brain activity between subjects with 

sudden sensorineural hearing loss perceiving tinnitus and those without tinnitus and observed 

higher beta and gamma activity in frontal cortical regions (Lee et al., 2020). 

Although extensive research has been carried out, discordant neurophysiological observations 

make a clear statement about pathological oscillatory brain activity associated with tinnitus 

rather difficult. 

 

1.3.  A cure for tinnitus? 

Due to varieties in phenotype and etiology, the effects of currently available treatment 

approaches for tinnitus are only observed in a small number of patients – to date there is no 

effective treatment respectively cure for tinnitus (Hesse, 2016; Kleinjung and Langguth, 2020; 

Zenner et al., 2017). Several treatment approaches exist, these range from different sound 

therapies like noise generators, maskers or hearing aids (Hoare et al., 2014; Searchfield et al., 

2017; Sereda et al., 2018) to cochlear implants (Peter et al., 2019; Ramakers et al., 2015), 

neurofeedback training (Güntensperger et al., 2017) and attempts in developing an appropriate 

drug therapy (Langguth et al., 2019) or the application of different non-invasive 

neuromodulation techniques (for an overview see Langguth, 2020). Tinnitus as a heterogenous 

condition with different causes and pathologies not fully understood yet, hampers the quest in 

finding a cure. Currently Cognitive Behavioral Therapy (CBT) is the prevailing treatment 

option with the best evidence by providing people appropriate coping strategies in order to deal 

with their tinnitus and therefore improving quality of life (Cima et al., 2012; Fuller et al., 2020).  

Personalization of treatments or individual treatment schedules might be a solution to account 

for tinnitus heterogeneity and variability in treatment effectiveness (Cederroth et al., 2019). 

The personalization of treatment approaches is already deployed in multifactorial 

neuropsychiatric diseases such as depression (Cuijpers et al., 2012) or schizophrenia (Buckley 

and Miller, 2017). Due to various phenotypes in tinnitus it has already been suggested to neglect 

treatment effects on a whole group level and rather take individual results into account (Tyler 

et al., 2007).  
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1.4. Acoustic Stimulation  

1.4.1. Sound therapy approaches 

Potential treatment approaches for tinnitus are provided by research in the field of sound-based 

interventions. The administration of a sound simply to drown out someone’s tinnitus tone is 

called tinnitus masking. The objective is to provide distraction or a short-term relief from the 

tinnitus by the application of more comfortable sounds (Hoare et al., 2014; Hobson et al., 2012). 

Tinnitus masking and even its combination with hearing aids were reported to improve tinnitus-

related suffering (Aytac et al., 2017; Henry et al., 2015). In contrast to “classic” tinnitus 

masking, sound therapy approaches aim to use specific sounds to produce long-lasting clinical 

relevant changes in the tinnitus percept (Hoare et al., 2014; Hobson et al., 2012). 

A joint application of low intensity sound stimulation alongside with counselling is termed 

Tinnitus Retraining Therapy and aims to modify pathological brain activity as well as to shift 

cognition about the tinnitus from negative to positive (Jastreboff, 2015). Various recent studies 

demonstrated positive effects of Tinnitus Retraining Therapy for the treatment of tinnitus 

(Barozzi et al., 2017; Bauer et al., 2017; Grewal et al., 2014). Likewise hearing aids (Sereda et 

al., 2018) and cochlear implants (Peters et al., 2016; Ramakers et al., 2015) are used for 

treatment and demonstrate positive effects. A further sound intervention is represented by a 

stimulation with notch-filtered music, thereby the individual tinnitus frequency (ITF) is 

removed from the music, which is then used for a long-term stimulation of several hours a day 

over a 12-month period of time. This personalized sound therapy is termed “tailor-made 

notched music training” (TMNMT) and is assumed to reverse maladaptive neuroplastic changes 

of the auditory cortex by an inhibition of neurons responding to frequencies within the notch-

filter range referred to as lateral inhibition (Pantev et al., 2012). Some studies have assessed the 

efficacy of TMNMT and observed a reduction of tinnitus loudness and annoyance as well as a 

decrease in evoked neural activity associated with tinnitus (Okamoto et al., 2010; Stein et al., 

2015; Wunderlich et al., 2015, 2015). Another form of sound therapy potentially reversing 

tinnitus-related neural pathologies is provided via acoustic coordinated reset (CR) 

neuromodulation (Tass et al., 2012; Tass and Popovych, 2012). Even though CR was reported 

as an effective treatment to reduce tinnitus-associated symptoms as well as to modulate tinnitus-

related ongoing brain activity (Adamchic et al., 2017, 2014; Tass et al., 2012), a systematic 

review reports that given the studies available, there is not enough evidence for its clinical 

efficacy in tinnitus (Wegger et al., 2017). An extensive overview of potential sound therapy 

approaches deployed in tinnitus is provided by Searchfield et al. (2017) or Wang et al. (2020). 
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Furthermore, past basic research studies in the field of sound stimulation investigated different 

kinds of short-term sound stimulation techniques and were able to demonstrate a brief 

continuing suppression towards stimulation offset as described in the next paragraph. 

 

1.4.2. Short-term acoustic tinnitus suppression – Residual Inhibition 

Already in the 1970s and 1980s, Feldmann et al. investigated the possibility of short-term 

tinnitus suppression towards acoustic stimulation with pure tones, white noise and narrow-band 

noise. The authors observed a brief suppression of tinnitus perception towards a sound 

stimulation above the individual tinnitus loudness (Feldmann, 1983, 1971). This temporary 

tinnitus loudness suppression is designated as “residual inhibition” (RI). 

RI is observed in approximately 60 – 80% of tinnitus cases with distinct suppression patterns 

per tinnitus patient, varying in depth, length and shape as a function of stimulation duration and 

intensity (Roberts et al., 2008; Terry et al., 1983; Vernon and Fenwick, 1984; Vernon and 

Meikle, 2003). To date several studies have investigated the effects of different sound 

stimulation techniques in RI. These range from an application of simple white noise (WN) or 

sine tones to the administration of particular filter techniques applied to these sound types 

(Henry et al., 2004, 2013; Neff et al., 2017, 2019b; Roberts et al., 2006, 2008). The effects of 

RI were demonstrated to be more effective with sounds close to or within the ITF spectrum 

(Roberts et al., 2008, 2006; Schaette et al., 2010; Sockalingam et al., 2007). A novel approach 

suggested by Fournier et al. (2018) not only highlights the relevance of stimulation frequency 

and intensity for RI induction, but also provides a fast and effective way of RI measurements. 

By an increasement of stimulation intensity of a customized narrowband noise until individuals’ 

tinnitus was suppressed over the course of a silent period between stimulus presentation, the 

minimum residual inhibition level was defined (MRIL). With this method it was possible to 

induce RI in 86.7% of tinnitus patients. 

Despite many research work in this field, up to now the fundamental neurophysiological 

mechanisms behind RI are not sufficiently understood (Roberts, 2007). Potential mechanisms 

of action are a momentary restoration of excitatory and inhibitory imbalances in auditory 

cortical areas or a desynchronization of tonotopic regions affected by hearing loss (Eggermont 

and Roberts, 2004; Roberts et al., 2008). Latest work from Galazyuk et al. suspects an 

attenuation of spontaneous firing neuron in the auditory system as the driving force behind 

short-term acoustic tinnitus suppression (Galazyuk et al., 2019, 2017). 

Based on the results of previous described work on RI as well as the association of tinnitus with 

certain brain activity patterns, other studies went one step further and examined the effects of 
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different modulated sounds on temporary suppression of tinnitus. Sorts of amplitude modulated 

tones have been shown to entrain or modulate distinct oscillatory brain activity (Draganova et 

al., 2008; Picton et al., 2003). In order to hypothetically modify tinnitus-related spontaneous 

brain activity or rather alleviate hyperactivity in central auditory pathways, amplitude 

modulated tones near or at the ITF are utilized and indicate greater suppressing effects (Reavis 

et al., 2012, 2010; Tyler et al., 2014). Moreover, amplitude-modulated tones at the rate of the 

alpha frequency band with a carrier frequency of the individual tinnitus pitch were 

demonstrated to be superior in short-term tinnitus suppression than their unmodulated 

equivalents, tones with other carrier frequencies or other modulation rates (Neff et al., 2017, 

2019b). Together these studies can not only provide basic insights behind the mechanisms of 

acoustic tinnitus suppression and tinnitus in general, in fact by investigation different kinds of 

filter or modulation techniques, the foundations for future potential sound therapies in tinnitus 

can be laid. However, in contrast to the large number of experiments focusing on the effects of 

several acoustic stimulation approaches on transient tinnitus loudness suppression, there is not 

much research on spontaneous brain activity patterns during RI. 

 

1.4.3. Oscillatory brain activity during residual inhibition 

Despite the importance of RI in understanding the mechanisms behind tinnitus, research 

examining oscillatory brain activity accompanying RI is rather scarce. Up to now only 5 studies 

focused on oscillatory brain activity during RI by means of EEG or MEG measurements. One 

of the first experiments in this field was conducted by Kristeva-Feige et al. (1995) and the usage 

of MEG recordings of spontaneous activity over the left auditory cortex during RI in a single 

tinnitus patient. During the periods where the patient was able to experience RI, an increase in 

low frequency spectral power (2 – 8 Hz) compared to periods without RI, was detected. 

In another work, single subject intracranial recordings were used the scrutinize the neural 

correlates of RI. In contrast to the above-mentioned observation, a reduction in the delta (1 – 4 

Hz) and theta (4 – 8 Hz) frequency bands during RI in auditory cortical regions was 

demonstrated. Further, an interaction of alpha (8 – 12 Hz), beta (20 – 28 Hz) and gamma (> 30 

Hz) band activity with this reduced low-frequency activity was revealed (Sedley et al., 2015). 

Sedley et al. (2012) were able to demonstrate positive correlations of power spectra in the delta 

(1.5 – 4 Hz), theta (4 – 8 Hz) and gamma (30 – 150 Hz) frequency range in auditory cortical 

regions with tinnitus intensity during RI by means of neuromagnetic measurements on a single 

subject level. The authors claim that these findings could be related to so-called higher states 

of tinnitus. Moreover, a negative correlation between gamma band activity and tinnitus 
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intensity during the state of residual excitation (transient tinnitus loudness increase), stresses 

the relevance of gamma for RI or rather for the perception of tinnitus per se (Sedley et al., 

2012). 

Essential work from Kahlbrock and Weisz (2008) likewise examined neuromagnetic 

spontaneous brain activity during RI. By defining RI as 50% tinnitus loudness reduction for at 

least 30 seconds towards stimulation offset, 10 out of 38 tinnitus patients exhibited RI. During 

short-term tinnitus loudness suppression, delta power (1.3 – 4 Hz) was decreased, while no 

changes in the gamma frequency (low: 30.5 – 49 Hz; high: 50.3 – 70.2 Hz) were present. The 

authors suggest that over the course of RI, pathological altered oscillatory brain activity patterns 

related to tinnitus might be briefly reversed, provoking a transient recovered balance of 

inhibitory and excitatory neural processes. In this case a reduction of tinnitus loudness is 

accompanied by a reduction of delta power (Kahlbrock and Weisz, 2008). A recent work 

examined the effects of a broad band noise stimulation on tinnitus loudness as well as 

spontaneous brain activity measured by EEG in 30 tinnitus patients. In 17 subjects it was 

feasible to induce RI. A comparison of electrophysiological brain activity during RI with a 

control condition and the absence of RI, demonstrated higher activity in the alpha and gamma 

frequency bands for the RI condition (King et al., 2020). 

Taken together, the studies mentioned above were able to detect changes in oscillatory brain 

activity patterns during the state of transient tinnitus loudness suppression, but current 

observations are heterogeneous, limited by a lack of group-level analysis plus mixed 

methodological approaches and are only partial in accordance with the prevalent 

neurophysiological models for tinnitus. 

 

1.5. Repetitive transcranial magnetic stimulation (rTMS) 

1.5.1. Basic principles 

Transcranial magnetic stimulation (TMS) represents a non-invasive brain stimulation method 

based on electromagnetic induction. Within certain guidelines, TMS is considered a safe and 

well tolerable neuromodulation technique (Lerner et al., 2019). By the application of brief 

electromagnetic pulses over the human head, electrical current transcends the cranial bone and 

depolarizes the underlying superficial neurons of the cortex perpendicular to the induced 

electrical current (Allen et al., 2007; Barker et al., 1985; Siebner et al., 2009). Extracerebral 

tissues (e.g., meninges) reduce the strength of the induced magnetic field (Klomjai et al., 2015), 



Introduction 

 Page 21 

therefore it is not possible to exceed a stimulation depth of maximum six centimeters 

(dependent on the type of stimulation coil) (Roth et al., 2007). 

The rhythmic application of TMS pulses at a certain frequency is designated as repetitive 

transcranial magnetic stimulation (rTMS). Via rTMS it is feasible to induce neural 

consequences lasting longer than the actual stimulation period – induction of changes in 

neuroplasticity, (Hallett, 2007, 2000; Siebner and Rothwell, 2003). The induced 

neurophysiological effects strongly depend on the used rTMS parameters e.g., different 

stimulation protocols induce distinct changes in cortico-spinal excitability (Rossini et al., 2015). 

Low frequency protocols (≤ 1 Hz) are capable to evoke decreases, whereas with high frequency 

protocols (≥ 5 Hz) it is possible to induce increases in cortical excitability (Fitzgerald et al., 

2006; Hoffman and Cavus, 2002; Pascual-Leone et al., 1994). However, these implications do 

not always apply and should therefore only be seen as rough guidelines (Fitzgerald, 2002; 

Fitzgerald et al., 2006; Klomjai et al., 2015; Rossini et al., 2015). Likewise the number of 

administered TMS pulses, the used stimulation intensity (Fitzgerald, 2002; Gamboa et al., 2010; 

Halawa et al., 2018; Nettekoven et al., 2014; Padberg et al., 2002) as well as the intrinsic state 

of the brain prior to stimulation (Siebner et al., 2004; Silvanto and Pascual-Leone, 2008; Weisz 

et al., 2012) might be relevant for the effect rTMS causes. Further research also highlights the 

significance of gene polymorphisms like the brain-derived neurotrophic factor (BDNF) as a 

predictor for respondence to non-invasive brain stimulation because of its connection to 

synaptic and cortical plasticity (Antal et al., 2010; Fidalgo et al., 2014; Polanía et al., 2018).  

If rTMS is administered over several days or weeks, therapeutic effects take place conceivably 

caused via long-term potentiation (LTP) or long-term depression (LTD) of synaptic strength 

(Chervyakov et al., 2015; Hallett, 2000; Lefaucheur et al., 2014). 

In the clinical context, rTMS is applied for a broad spectrum of psychiatric and neurologic 

disorders like schizophrenia, stroke, anxiety disorders or multiple sclerosis (Lefaucheur et al., 

2020, 2014). With respect to guidelines for the clinical usage of rTMS, low frequency rTMS 

applied over the left temporo-parietal cortex may be effective for the treatment of tinnitus 

(Lefaucheur et al., 2020). 

 

1.5.2. rTMS as a treatment approach for tinnitus 

Tinnitus-associated pathological alterations of the central nervous system provide a substantial 

target for non-invasive brain stimulation techniques such as rTMS (Theodoroff and Folmer, 

2013). Based on the premise, that low frequency rTMS is capable to provoke decreases in 

cortical excitability, this type of rTMS was used to counteract the dysbalance of inhibitory and 
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excitatory neural activity observed in tinnitus. In particular, 1 Hz rTMS over the left primary 

auditory cortex was utilized to diminish tinnitus-related overactivation of this brain region and 

potentially suppress individuals’ tinnitus perception. In doing so, early studies were able to 

demonstrate an amelioration of tinnitus severity (Eichhammer et al., 2003; Langguth et al., 

2003). 

Since these early attempts, a vast amount of research was conducted to examine the efficacy of 

temporal rTMS for the treatment of tinnitus. Findings of subsequent studies are heterogeneous 

and, inter alia, characterized by a high inter-individual variability in rTMS responses 

(Schoisswohl et al., 2019a). This lack of clarity is further exemplified by two placebo-

controlled, randomized clinical trials deploying the current prevalent rTMS treatment approach 

applied in tinnitus – 1 Hz rTMS over the temporal cortex on 10 days à 2000 pulses per session. 

Findings from Folmer et al. (2015) demonstrate an improvement in tinnitus severity by means 

of a higher number of stimulation responders for verum rTMS in contrast to a placebo 

stimulation condition. Improvements also continued over the follow-up period for the subgroup 

of responders. These findings are countered by the results of a multi-centre trial from Landgrebe 

et al. (2017). The authors could not observe a therapeutic advantage of verum rTMS in contrast 

to a placebo stimulation, neither directly after the end of the intervention nor during the follow-

up period. 

In light of this uncertainty about effectiveness of temporal rTMS together with the assumption 

that pathological alterations in tinnitus do not only occur in auditory regions, rather a network 

comprised of auditory and non-auditory brain regions is involved, other trials went one step 

further and examined the effectiveness of prefrontal (De Ridder et al., 2013; Sven Vanneste et 

al., 2011b) as well as a combination of prefrontal and temporal magnetic stimulations 

(Kleinjung et al., 2008; Kreuzer et al., 2011; Lehner et al., 2013; Noh et al., 2020, 2017).  

In a randomized clinical trial by Lehner et al. (2016), tinnitus patients were simultaneously 

stimulated over the left dorsolateral prefrontal cortex and bilaterally over the temporo-parietal 

cortex. Although, so-called triple-site rTMS was able to reduce tinnitus severity, no statistical 

superiority compared to a stimulation of the left temporal cortex (single-site) could be 

demonstrated. 

Other trials scrutinized the effectiveness of high frequency protocols (Forogh et al., 2014; 

Khedr et al., 2010, 2008), high frequency priming stimulations of the temporal cortex prior low 

frequency rTMS (Langguth et al., 2008), continuous theta-burst stimulations (Chung et al., 

2012; Plewnia et al., 2012; Schecklmann et al., 2016) as well as the combination of rTMS with 

certain types of psychotropic medications (Bilici et al., 2015; Kleinjung et al., 2011, 2009). 
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Alternative approaches even combined rTMS with peripheral muscle stimulations (Vielsmeier 

et al., 2018), low level laser therapy (Thabit et al., 2015) or relaxation techniques (Kreuzer et 

al., 2016). 

Despite the great number of research in this field, the clinical effectiveness of rTMS is still not 

clear yet as indicated by recent reviews and meta-analysis (Dong et al., 2020; Langguth, 2020; 

Zenner et al., 2017). In contrast, others report medium to large effect sizes (Soleimani et al., 

2016) or even potential effectiveness for its application over auditory cortical areas (Lefebvre-

Demers et al., 2020). Potential explanations for this variability in the effectiveness might not 

only derive from inter-individual responses to rTMS, but also from a lack of clarity about 

appropriate stimulation parameters for the application in tinnitus. A promising concept to 

account for this uncertainty and enhance the efficacy of rTMS as a treatment option was 

presented by Kreuzer et al. (2017) via an individualization of rTMS protocols using single 

sessions. 

The feasibility to transient suppress or diminish the perception of tinnitus with rTMS single 

sessions and only a small number of administered pulses has already been demonstrated by 

several experiments (Folmer et al., 2006; Lorenz et al., 2010; Meeus et al., 2009). 

Kreuzer et al. (2017) stimulated 25 tinnitus patients with different rTMS protocols over 

prefrontal and temporo-parietal cortical regions during single sessions prior to an actual 

treatment. The attempt was to identify the most effective rTMS protocol for brief tinnitus 

loudness suppression per patient. In case of a response, the detected protocol was used for a 

daily treatment. If such a protocol was not identifiable, patients were treated with a standard 

protocol (left frontal 20 Hz followed by left temporal 1 Hz rTMS ). In nearly half of the patients 

investigated an individualized rTMS protocol was identified. Further, a higher number of 

treatment responders in the group which received their individualized rTMS protocol could be 

demonstrated. 

These observations not only highlight the feasibility to customize rTMS for tinnitus by means 

of single sessions but could also provide a way to overcome the variability of effects observed 

in rTMS trials. Similar to research in the field of RI, additional studies took the next step and 

combined single session rTMS with measurements of spontaneous brain activity.  

 

1.5.3. rTMS effects on tinnitus-related oscillatory brain activity  

As already outlined in the pathophysiology section of the present thesis, there is no explicit 

neurophysiological marker for tinnitus. A combination of TMS with EEG or MEG recordings 

might have the potential to shed light on this discussion. It is now well established from a variety 
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of experiments, that rTMS is capable to generate changes in evoked brain activity as well as to 

produce neuroplastic consequences measured on the basis of oscillatory brain activity 

alterations. (Lorenz et al., 2010; Noda, 2020; Qiu et al., 2019; Saari et al., 2018; Thut and 

Pascual-Leone, 2010; Van Doren et al., 2015; Woźniak-Kwaśniewska et al., 2014). 

For example, TMS in the alpha frequency range is reported to induce oscillatory activity in the 

alpha band (Thut et al., 2011) or long lasting consequences in ongoing brain activity due to 

TMS were observed (Ding et al., 2014). TMS-EEG approaches are used in the clinical context 

as well. The aim is to identify potential biomarker, gain deeper insights in the pathophysiology 

as well as to uncover TMS-related neuroplastic alterations in certain types of neuropsychiatric 

diseases (Hui et al., 2019; Tremblay et al., 2019). In the context of tinnitus a comparison of 

neurophysiological activity before and after rTMS treatments revealed enhanced power in the 

alpha frequency range (Noh et al., 2019) in accordance to the SLIM model as well as decreased 

evoked activity alongside with tinnitus severity reduction (L. P.-H. Li et al., 2019). 

In addition to the well-known possibility to temporary suppress the tinnitus percept with single 

rTMS sessions, up to now two studies investigated the neurophysiological consequences of 

short magnetic stimulations in tinnitus and demonstrated the possibility to modulate tinnitus-

related spontaneous brain activity patterns. By the application of different types of rTMS 

protocols over the temporal cortex, Müller et al. (2013) found a significant increase of alpha 

band power (8 – 12 Hz) in the auditory cortex associated with strong reductions in reported 

tinnitus loudness. Interestingly, the authors also observed unspecific left frontal reductions of 

alpha and high gamma (70 – 90 Hz) band activity, which were related to increases in loudness 

ratings. Equally by means of single rTMS sessions and 1 Hz stimulations with 200 pulses over 

several positions (frontal, temporal, parietal) in tinnitus patients and healthy controls, 

Schecklmann et al. (2015) demonstrated decreases in the beta3 (21.5 – 30 Hz) and gamma (30.5 

– 44 Hz) frequency band power over temporal areas after a right frontal stimulation in tinnitus 

patients. Left temporal low frequency rTMS reduced band power in the delta (2 – 3.5 Hz) and 

theta (4 – 7.5 Hz) frequency ranges, while beta2 (18.5 – 21 Hz) band power was enhanced. 

However, no statistical relevant changes in tinnitus loudness were observed. 

Observations made by the above-mentioned single sessions experiments match the 

neurophysiological models for tinnitus established by EEG and MEG research. The 

combination of TMS-EEG in single rTMS sessions provides essential fundamental research in 

order to detect the oscillatory signature of short-term tinnitus loudness reductions and not only 

improves our understanding of neuroplastic consequences of rTMS but also provides insights 

in the pathological altered brain activity patterns underlying the tinnitus percept.  
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2. Scope and objective of the present doctoral thesis 

In the present thesis four separate yet topically interconnected experiments were conducted. All 

four studies were executed at the Centre for Neuromodulation of the University of Regensburg. 

The overarching objective was to gain more profound insights behind the mechanisms of short-

term tinnitus loudness suppression by means of short acoustic stimulation techniques (study 1 

and study 2) and short rTMS test sessions (study 3 and study 4). Each study represents an 

independent research work submitted to or already published in relevant peer-reviewed 

journals. Study 1 and study 3 are already published in suitable journals. Submitted manuscripts 

were additionally posted on the preprint servers bioR!iv	or	medR!iv. The text, tables and 

figures used are pre-copy-edited versions of the manuscripts submitted/ published. Figures and 

tables are numbered chronologically and placed in the text for the sake of readability. 

Study 1 aimed at systematically investigate the effects of several personalized noise 

stimulations to establish novel and more profound sound stimulation techniques for brief 

tinnitus suppression in tonal and in particular noise-like tinnitus. Besides the application of 

different amplitude modulation rates to white noise, stimuli were personalized according to 

participants’ tinnitus characteristics. For this purpose, stimuli were adjusted with respect to 

patients’ individual tinnitus loudness as well as filtered according to patients’ individual tinnitus 

pitch respectively noise-band characteristics. Further, these two techniques were deployed 

simultaneously in a novel combinatory approach. 

In the same vein, study 2 examined the effects of various personalized noise stimulation 

techniques on RI. However, the main goal of this experiment was to investigate the 

consequences of different noise stimuli types on tinnitus-related oscillatory brain activity 

measured via EEG and whether potential EEG changes can be associated with subjective 

tinnitus loudness alterations. Additionally, EEG activity between acoustic stimulation 

responder and non-responder was compared in order to assess if a transient suppression of the 

tinnitus percept is reflected by a temporal reversion of tinnitus-associated pathological brain 

activity as suggested by previous work. Findings and insight from this study might not only be 

useful to understand the neural mechanisms behind RI but also tinnitus in general. 

 

A potential way to overcome the variability of rTMS effects as well as the uncertainty about 

appropriate stimulation parameters in tinnitus might be the identification of a patient-specific 

rTMS protocol for short-term tinnitus suppression by means of rTMS test sessions. Such an 

rTMS individualization is reported to be a feasible and promising approach by means of a 

preceding study. Study 3 and study 4 of the present thesis intended to focus on the 
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individualization of rTMS via single rTMS sessions in more detail. Study 3 was conceptualized 

as a technical feasibility study with a sample of 5 tinnitus patients. RTMS was administered 

during single sessions on two days over different positions of the temporal cortex with various 

frequencies using a novel e-field guided neuronavigation system. The objective was to evaluate 

feasibility and reliability of an rTMS individualization as well as if certain stimulation 

parameters produce consistent changes in tinnitus loudness. Building up on the insights gained 

from study 3, the purpose of subsequent study 4 was to scrutinize rTMS individualization as 

well as test-retest reliability of rTMS-induced tinnitus loudness changes in-depth using a bigger 

sample size. Moreover, concurrent EEG measurements of patients’ brain activity, enabled an 

evaluation of test-retest reliability regarding rTMS-induced changes in oscillatory bran activity. 

Beyond the individualization of rTMS by behavioral ratings of tinnitus loudness changes, a 

novel attempt was undertaken to individualize rTMS based on electrophysiological responses 

according to the current prevalent neurophysiological models in tinnitus.  
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Noise-Like Tinnitus 
 

 

Stefan Schoisswohl1, Johannes Arnds1, Martin Schecklmann1, Berthold Langguth1, Winfried 

Schlee1 & Patrick Neff 1,2 

 
1Department of Psychiatry and Psychotherapy, University of Regensburg, Regensburg, Germany 
2University Research Priority Program “Dynamics of Healthy Aging”, University of Zurich, Zurich, Switzerland 

 

 

 

The following text, tables and figures are pre-copy-edited versions of the final article published 

on the 5th of November 2019 in Audiology & Neurotology: 

 

Schoisswohl S, Arnds J, Schecklmann M, Langguth B, Schlee W, Neff P. Amplitude Modulated 

Noise for Tinnitus Suppression in Tonal and Noise-Like Tinnitus. AUD 2019;24:309–21. 

https://doi.org/10.1159/000504593. 

 

 

 

 

 

The final publication is available at: 

https://www.karger.com/Article/FullText/504593  

 

 

 

 

 

© Open Access: Authors retain copyright. 

 

 



Study 1 

 Page 28 

Abstract 
Background: The phenomenon of short-term tinnitus suppression by different forms of 

acoustic stimulation is referred to as residual inhibition (RI). RI can be triggered in the majority 

of tinnitus cases and was found to be depending on the used intensity, length or types of sounds. 

Past research already stressed the impact of noise stimulation as well as the superiority of 

amplitude modulated (AM) pure tones at the individual tinnitus frequency for RI in tonal 

tinnitus. Recently a novel approach for the determination of noise-like tinnitus characteristics 

was proposed. Objectives: The aim of the present study was to investigate whether in 

participants with noise-like tinnitus RI can be increased by AM noise stimuli according to the 

individual tinnitus frequency range. Methods: For this purpose the individual tinnitus 

characteristics (noise-like and tonal tinnitus) of 29 people affected by tinnitus (mean age = 

55.59, 7 females, mean tinnitus duration = 159.97 months) were assessed via customizable 

noise- band matching. The objective was to generate bandpass filtered stimuli according to the 

individual tinnitus sound (individualized bandpass filtered (IBP) sounds). Subsequently, 

various stimuli differing in bandpass filtering and AM were tested with respect to their potential 

to induce RI. Participants were acoustically stimulated with 7 different types of stimuli for 3 

min each and had to rate the loudness of their tinnitus after each stimuli. Results: Results 

indicate a general efficacy of noise stimuli for the temporary suppression of tinnitus, but no 

significant differences between AM and unmodulated IBP. Significantly better effects were 

observed for the subgroup with noise-like tinnitus (n = 14), especially directly after stimulation 

offset. Conclusion: The study at hand provides further insights in potential mechanisms behind 

RI for different types of tinnitus. Beyond that, derived principles may qualify for new or extend 

current tinnitus sound therapies. 
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Introduction 

Chronic subjective tinnitus is defined as the permanent perception of a sound such as ringing 

or hissing in the absence of an external or internal source of noise. Approximately 10 – 15% of 

the population in industrial countries experience this phantom sound (Erlandsson and Dauman, 

2013; Hall et al., 2011; Heller, 2003; Langguth et al., 2013). Causes for the development of 

tinnitus are divergent and not completely understood, though most commonly tinnitus occurs 

towards cochlear damages due to noise trauma (Langguth et al., 2013). In the majority of cases, 

the perceived tinnitus pitch is in accordance with the frequency spectrum of hearing loss (HL) 

(Basile et al., 2013; Roberts et al., 2008). As a consequence of decreased or absent auditory 

input and the subsequent deficiency of neural input, maladaptive pathological changes in the 

auditory pathway are formed, which lead to the perception of a “phantom sound” defined as 

tinnitus (Eggermont, 2007; Eggermont and Roberts, 2012; Eggermont and Tass, 2015). 

Neurophysiological investigations of tinnitus were able to demonstrate hyperactivity in 

auditory brain areas (Farhadi et al., 2010; Folmer, 2007) as well as aberrant oscillatory brain 

activity and connectivity patterns (Moazami-Goudarzi et al., 2010; Mohan et al., 2016; Schlee 

et al., 2009a, 2014). Available treatment options have only limited efficacy and to date there is 

no cure available (Baguley et al., 2013). 

Auditory stimulation is one potential treatment approach for tinnitus, but also provides insights 

to basic mechanisms of tinnitus (Fournier et al., 2018; Roberts et al., 2008). Almost half a 

century ago, Feldmann (Feldmann, 1983, 1971) investigated the phenomenon of short-term 

tinnitus suppression after sound stimulation. This temporary suppression is referred to as 

“residual inhibition” (RI), which manifests in individual suppression patterns (i.e., duration, 

depth and shape) and can be triggered in 60 – 80% of tinnitus cases (Roberts, 2007; Vernon and 

Meikle, 2003). Various recent studies scrutinized RI in more depth. Data from several 

investigations suggest the effects of RI to be more prominent with sounds close or within the 

individual tinnitus frequency spectrum (Roberts et al., 2006; Schaette et al., 2010). Factors 

including duration or intensity of the stimuli also affect RI (Neff et al., 2017; Norena et al., 

2002; Terry et al., 1983; Vernon and Fenwick, 1984). 

In contrast, the underlying neurophysiological mechanisms of RI are not clearly understood yet 

(Galazyuk et al., 2019; Roberts, 2007). Most recent work suggests that tinnitus suppression 

through sound stimulation is related to reduced spontaneous firing of central auditory neurons 

(Galazyuk et al., 2019, 2017). The importance of stimulation intensity and frequency was 

verified in a recent work from Fournier et al. (Fournier et al., 2018), who developed a novel 

approach for RI testing described as Minimum RI Level. Thereby, people had to adjust the 
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intensity of customized stimuli up to the point where their tinnitus is suppressed during a given 

interval after the offset of the stimulus. Results show an occurrence of RI in 86.7% of people 

with tinnitus by using this method (Fournier et al., 2018). Despite noise-like tinnitus perception 

in many cases, to the best of our knowledge, none of the previous mentioned studies included 

a genuine matching for noise-like tinnitus, that is, determination of noise band-width (Fournier 

et al., 2018; Roberts et al., 2006). Recently Henry et al. (2013) proposed a novel approach for 

tinnitus matching procedures taking into consideration the tinnitus type. In addition to the 

determination of the centre frequency, people with tinnitus were also able to adjust the band-

width of their tinnitus (Henry et al., 2013). 

Here we aim to use both frequency and band-with information to develop individualized 

stimuli, especially for people with noise-like tinnitus, for the investigation of RI. Previous 

studies investigating the effects of differently modulated sounds on RI revealed that amplitude 

modulated (AM) tones near or at the individual tinnitus frequency result in larger RI (Reavis et 

al., 2012; Tyler et al., 2014). Furthermore, differential results for specific amplitude modulation 

rates were observed (Neff et al., 2017, 2019b). The experiment aims at investigating the effects 

of different noise stimuli with and without AM on RI. The overarching goal is to establish new 

acoustic stimulation techniques for basic RI research as well as generating principles for 

possible future sound stimulation concepts with the AM stimulus class. For this purpose, the 

individual tinnitus characteristics are assessed via noise-band matching as suggested by Henry 

et al. ( 2013) in order to create personalized stimuli for RI examination. 

Previous studies in the field of RI already emphasized the impact of noise stimulation on 

tinnitus perception in tonal tinnitus (Fournier et al., 2018; Henry et al., 2013; Roberts et al., 

2008, 2006). To the best of our knowledge, none of the existing experiments systematically 

investigated these noise stimulation methods, in particular the application of AM or bandpass 

filters (BP) to noise stimuli, in noise-like tinnitus. According to this, the current experiment 

represents the first attempt to investigate the effects of an administration of individualized BP 

settings (IBP) and different rates of AM (10 and 40 Hz) to white noise (WN) on RI. These 

stimulation methods are furthermore merged to a novel combinatory approach to apply IBP and 

AM to WN simultaneously and scrutinize its efficacy in RI. Additionally, each of the used 

stimuli was examined with regards to induced arousal and valence as rated by the participants, 

since differences in stimuli evaluation could potentially affect tinnitus suppression. Besides the 

assumption of the efficacy of all deployed noise stimuli in short-term tinnitus inhibition (in both 

noise-like and tonal tinnitus), we expect that IBP differs in its effects on RI from unadjusted 

WN. We hypothesized that the IBP would result in different strengths of residual tinnitus 
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suppression compared to WN. Yet, given the lack of previous studies we are not able to define 

a directed hypothesis here. Furthermore, building on the insights of previous work, we 

hypothesize that stimulations with AM noise (filtered or unchanged) result in larger RI than 

their unmodulated counterparts.  
 
 

Methods 

Participants 

The sample for this experiment consisted of 29 participants (7 female) between 18 and 75 years 

with noise-like (n = 14) or tonal tinnitus (n = 15) with a tinnitus duration of > 6 months. 

Participants were recruited from the Interdisciplinary Tinnitus Centre in Regensburg, Germany. 

For detailed sample characteristics see Table 1. Primary inclusion criteria were no somatic, 

mental health or neurological conditions and no current intake of psychotropic medications or 

substances. Alike, participants were not allowed to participate in other tinnitus-related studies. 

The methods and the procedures used in this study were examined and approved by the local 

Ethics Committee of the University of Regensburg (16-101-0061). All participants were 

sufficiently informed about the aim, methods, and duration of the study, possible side effects, 

and gave written informed consent prior to the start of the experiment. 

 

Psychometry 

Each participant filled in an online survey composed of German versions of the Tinnitus 

Handicap Inventory (Kleinjung et al., 2007a; Newman et al., 1996), the Tinnitus Questionnaire 

(TQ) (Goebel and Hiller, 1994; Hallam et al., 1988), a brief version of the Hyperacusis 

Questionnaire (mini-HQ9) (Goebel et al., 2013) and the Tinnitus Sample Case History 

Questionnaire for tinnitus-related clinical and demographic information (Langguth et al., 2007).  

 

Audiometry 

For the purpose of individual hearing threshold determination, frequencies ranging from 125 

Hz to 8kHz in octave steps including semi-octave steps between 0.5 and 1 (i.e., 0.75 kHz), 1 

and 2 (i.e., 1.5 kHz), 2 and 4 (i.e., 3 kHz) and 4 and 8 kHz (i.e., 6 kHz) were quantified with a 

clinical audiometer (Madsen Midimate 622D; GN Otometrics, Denmark). Sennheiser HDA 

2000 headphones (Sennheiser, Germany) were used for audiometric measurements, subsequent 

tinnitus matching and acoustic stimulation. Minimum masking level (MML) was assessed by 

increasing the loudness of a WN sound (Madsen Midimate 622D; GN Otometrics, Denmark) 

until their tinnitus was completely masked. 
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Table 1. 
Sample characteristics. 

Md = median; Min = minimum; Max = maximum; TQ = tinnitus questionnaire; THI = tinnitus handicap inventory; Mini-HQ9 = mini Hyperacusis questionnaire; VAS loudness = 
Visual Analog Scale tinnitus loudness.  

 

 Total sample Noise-like tinnitus Tonal tinnitus  p 

N (female) 29 (7) 14 (6) 15 (1)  .03 

Tinnitus laterality 

(left/ right/ both) 

4/ 4/ 21 4 / 3/ 7 0/ 1/ 14  .13 

 Mean ± SD Md Min Max Mean ± SD Md Min Max Mean ± SD Md Min Max t(df)/ U p 

Age (years) 55.59 ± 9.51 57.00 22.00 71.00 58.50 ± 7.81 60.00 45.00 71.00 53.07 ± 10.44 54.00 22.00 66.00 1.59 (25.83) .12 

Tinnitus duration (months) 159.97 ± 92.72 161.00 20.00 420.00 119.86 ± 80.28 102.00 20.00 240.00 197.40 ± 90.00 190.00 60.00 420.00 -2.45 (26.95) .02 

Center frequency (Hz) – matching 1     5404.21 ± 1618.94 5399.00 1684.00 8301.00       

Center frequency (Hz) – matching 2     5483.07 ± 3748.85 4280.00 523.00 13298.00       

Tinnitus frequency (Hz) – matching 1         5395.27 ± 1893.54 5501.00 2796.00 9334.00   

Tinnitus frequency (Hz) – matching 2         5683.73 ± 1980.87 5617.00 2471.00 9766.00   

Tinnitus loudness (dBA) – matching 1 65.08 ± 13.41 69.56 40.75 84.61 55.98 ± 10.98 53.44 40.75 73.86 73.57 ± 10.29 75.15 52.36 84.61 -4.66 (26.94) < .01 

Tinnitus loudness (dBA) – matching 2 63.23 ± 14.14 63.54 36.88 84.61 53.87 ± 11.64 51.28 36.88 76.44 71.97 ± 10.93 71.71 45.91 84.61 -4.31 (26.52) < .01 

Matching 1 length (min) 11.07 ±4.46 11.00 4.00 19.00 13.50 ± 3.59 15.00 6.00 17.00 8.8 ± 4.06 8.00 4.00 19.00 170.00 < .01 

Matching 2 length (min) 5.17 ± 2.45 5.00 2.00 14.00 6.29 ± 2.95 5.50 3.00 14.00 4.13 ± 1.25 4.00 2.00 6.00 158.00 .02 

Hearing loss left (dB) 17.98 ± 9.99 17.27 2.73 38.64 19.16 ± 11.45 18.64 2.73 38.64 16.88 ± 8.67 17.27 4.09 33.18 .60 (24.19) .55 

Hearing loss right (dB) 17.27 ± 10.32 15.91 3.18 40.45 18.67 ± 11.79 15.91 3.64 40.45 15.97 ± 8.96 15.91 3.18 32.27 .69 (24.25) .50 

Minimum masking level (dB) 54.17 ± 16.84 55.00 20.00 80.00 47.43 ± 17.90 40.50 20.00 76.00 60.47 ± 13.47 57.00 41.00 80.00 -2.20 (24.12) .04 

Sensation level (dB) (1 missing value) 32.50 ± 19.08 35.00 5.00 70.00 31.54 ± 21.74 35.00 5.00 70.00 33.33 ± 17.18 35.00 5.00 55.00 -.24 (22.79) .81 

TQ total score (0-84) 33.28 ± 16.97 32.00 7.00 60.00 32.07 ± 16.03 31.00 7.00 60.00 34.40 ± 18.28 35.00 10.00 58.00 -.36 (26.90) .72 

THI total score (0-100) 39.03 ± 22.56 34.00 4.00 98.00 40.00 ± 24.09 36.00 6.00 98.00 38.13 ± 21.85 34.00 4.00 70.00 .22 (26.26) .83 

HQ9 (0-27) 11.31 ± 5.76 11.00 1.00 24.00 11.21 ± 4.81 11.50 5.00 20.00 11.40 ± 6.71 8.00 1.00 24.00 -.09 (25.28) .93 

VAS loudness (0-100) 45.00 ± 22.81 36.00 8.00 82.00 35.79 ± 21.90 30.00 8.00 82.00 53.60 ± 20.77 61.00 14.00 77.00 57.00 .04 
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Tinnitus Matching 

In order to ascertain participants individual tinnitus pitch, the Method of Adjustment approach 

(Henry et al., 2013) was performed with a custom-made MAX application (MAX 7; 

Cycling’74, USA) together with a modular hardware controller (Palette Expert Kit; Palette, 

Canada). The matching procedure’s steps were in accordance with the order within the Tinnitus 

Tester procedure (Roberts et al., 2008) with an additional test for octave confusion at the end. 

Prior to tinnitus matching, participants were asked to vocalize or describe their tinnitus to 

distinguish between noise-like and tonal tinnitus types as indicated in the recruiting process. 

Following on that, they were instructed and trained for the process of tinnitus matching. 

Parameters examined by the matching procedure were as follows: tinnitus frequency, 

respectively centre frequency for noise-like tinnitus (Hz), tinnitus loudness (dB) and tinnitus 

laterality (0 = left ear; 127 = right ear; thus a value of 63 describes a bilateral tinnitus). Control 

units of the matching controller were labelled accordingly. The step size of frequency dial was 

marginally below a semitone and ranged from 40 Hz to 16 kHz. For tonal tinnitus matching, a 

3 kHz pure tone with comfortable loudness was set as a starting point, followed by an 

adjustment of the frequency by the participants to determine their individual tinnitus frequency. 

Finally, tinnitus loudness and laterality were adjusted with the matching controller to complete 

the matching procedure. In case of noise-like tinnitus, the starting sound was a filtered 

broadband noise (bandwidth: 1/3 octave of centre frequency). Participants were able to adjust 

the centre frequency of the noise and also the bandwidth of the filter settings according to their 

individual tinnitus noise. Subsequently, loudness and laterality were identified just as with the 

pure tone matching. Finally, participants rated the agreement of their tinnitus with the matched 

sound on a 1–10 scale. To assess individuals’ sensation level (SL), the hearing threshold of the 

frequency next to the individual tinnitus frequency or centre frequency was used (i.e., stepping 

down to the next lower frequency. For example, if the individual tinnitus frequency was 7.4 

kHz, the hearing threshold at 7 kHz was investigated). The matching procedure was repeated 

after the acoustic stimulation block of the experiment.  

 

Acoustic Stimulation 

Seven different modified noise stimuli were created in MATLAB (Matlab R2015a; Mathworks, 

Natick, MA, USA) and utilized for a 3 min acoustic stimulation with an intensity of 60 dB SL. 

Stimuli set consisted of unmodified WN, WN with AM rates at 10 Hz (WN10) and 40 Hz 

(WN40), as well as a IBP with the same modulation rates (IBP, IBP10, IBP40). BP width was 

set according to the matching results in noise-like tinnitus participants. In participants with tonal 
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tinnitus, the previously matched individual tinnitus pitch was used to deploy an IBP to WN with 

a range of one octave (Pantev et al., 2012). Furthermore, an IBP WN with 10 Hz AM rates at 

MML intensity (IBP10_MML) was used for acoustic stimulation in order to contrast SL and 

MML. Acoustic stimulation was conducted in a randomized order for each session with a 

maximum loudness of 80 dBSPL diotically over the headphones. If participants experienced 

discomfort, they were able to stop the stimulation and experimental procedures at any time. 

Following a 3-minute stimulation for each stimulus, participants evaluated their tinnitus 

loudness (%) in comparison to prior the particular stimulation on a numeric rating scale (0% up 

to 140% in 10% steps) at 7 different points in time (0, 30, 60, 90, 120, 150 and 180 s after 

stimulation offset). Moreover, participants rated the induced valence and arousal of each single 

stimulus with pictorial manikin scales (Bradley and Lang, 1994).  

 

Statistical Analysis 

All statistical analyses were performed using the statistic software R (R version 3.4.3; R 

Foundation for Statistical Computing, Austria) and the packages “psych,” “emmeans,” 

“sjstats,” and “lme4.” Tinnitus loudness and stimulus evaluation data were analysed by means 

of linear mixed effect models for each dependent variable denoted as response (tinnitus 

loudness, valence, arousal). Potential Models were compared with Likelihood Ratio Tests in a 

step-wise selection approach (Harrison et al., 2018). Following predictors as well as their 

interactions were tested in the model fitting procedure: condition (stimuli used; see acoustic 

stimulation section), group (noise-like tinnitus, tonal tinnitus), time (0, 30, 60, 90, 120, 150, 

180 s after stimulation end), gender (male, female), age, tinnitus duration, tinnitus loudness 

(according to first tinnitus matching), MML and tinnitus distress (TQ sum score). The 

proportion of explained variance was identified by marginal (variance of the fixed effects) and 

conditional (variance of fixed and random effects) R2 (Nakagawa et al., 2017). In any of the 

fitted models, the participant (id) was treated as a random effect. Fixed effects of the final model 

were tested via expected mean square approach. Post-hoc Tukey tests were calculated to 

contrast responses for condition and group. In order to test for a potential bias due to the 

sequence of the stimuli used for acoustic stimulation (position effect), a median split was 

conducted on the positions variable and differences in means were then tested with Student t-

tests.  

Analysis of descriptive group differences (noise-like vs. tonal tinnitus) for parametric variables 

was done by the means of two-sample t-tests. In case of violation of normal distribution and 

homoscedasticity, non-parametric testing via independent sample Mann-Whitney U-tests was 
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used. Categorical data was analyzed by Fisher’s exact tests, due to cell frequencies below 5 in 

all variables.  

Reliability for the matching procedure (between first and second matching round) was assessed 

via Pearson correlations, or rather Spearman correlations in case of a violation of normal 

distribution, for tinnitus loudness and tinnitus or centre frequency. Statistical significance was 

defined as p ≤ .05 for all analysis.  
 
 

 

Results 
Participant Characteristics 

Demographic and clinical characteristics for the whole study sample and for tinnitus sub-groups 

(noise-like and tonal tinnitus) can be found in Table 1. A Fisher’s exact test was able to identify 

a significant association between gender and the type of tinnitus. In the group with tonal tinnitus 

the proportion of female participants was significantly lower (p = .03). Statistical testing 

revealed significant differences in terms of tinnitus duration and subjective rating of tinnitus 

loudness (VAS loudness), with the noise-like tinnitus group showing a shorter duration of 

tinnitus (t(26.95) = -2.45, p = .02) and evaluating their tinnitus loudness lower (U = 57.00, p = 

.04). Further, no differences were found in TQ (t(26.90) = -.36, p = .72), Tinnitus Handicap 

Inventory (t(26.26) = .22, p = .83) or HQ9 (t(25.28) = -.09, p = .93) scores among the 2 subgroups.  

 

Audiometry and Tinnitometry 

Table 1 shows audiometric and tinnitus matching results with a significant lower tinnitus 

loudness (corresponding with subjective loudness rating; see the descriptives section above) for 

both matching procedures (matching 1: t(26.94) = -4.66, p < .01; matching 2: t(26.52) = -4.31, p < 

.01) and MML (t(24.12) = -2.20, p = .04) in the group of noise-like tinnitus. On the basis of a 

consolidation of these audiometric and tinnitometric findings, Figure 1 indicates an overlap of 

tinnitus frequency with the frequency of HL. As might be expected, the length of the first and 

second matching process was significantly shorter in the tonal tinnitus group (cf. Table 1). 

Mean HL difference for both ears were not significantly different between groups (left: t(24.19) 

= .60, p = .55; right: t(24.25) = .69, p = .50). In both groups, the HL was more pronounced on the 

left side. There were positive significant correlations between the first and the second matching 

for tinnitus loudness (noise-like: r = .77, p < .01; tonal: r = 0.73, p = < .01) in both groups. With 

respect to tinnitus/ centre frequency a positive significant correlation was only observed in the 

tonal tinnitus group (noise-like: r = .14, p = .64; tonal: r = .65, p = < .01).  
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Figure 1. Audiometry and Tinnitometry. 
Audiometric measurement results for both ears together with individual tinnitus frequency (i.e., centre frequency 
of the IBP) and loudness as identified by tinnitus matching split for noise-like and tonal tinnitus. It should be noted, 
that tinnitus/ centre frequency overlaps with the frequencies of HL. HL = hearing loss.  
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Figure 2. Tinnitus loudness time curve split by group. 
For each stimulus the tinnitus loudness rating over all time points is plotted separated for noise-like and tonal 
tinnitus (CIs at 95% shown as brackets). Overall, each stimulus was able to suppress tinnitus loudness (cf. 
supplemental material Table S1). In terms of suppression averaged over time but also at T0, stimulus IBP appeared 
to produce the strongest. 
 

Acoustic Stimulation 

Prima facie, the stimulus IBP40 appeared to produce the strongest tinnitus suppression 

regardless of group and time (M = 86.16, SD = 25.60), whereas at time point T0 (immediately 

after stimulation offset), WN40 induced the lowest tinnitus loudness (M = 73.10, SD = 41.76). 

Descriptive statistics for the 7 utilized stimuli averaged over time and for time point T0 are 

listed in supplementary Table S1 for the whole sample and divided for subgroups. Figure 2 

shows the time curve for all stimuli with respect to tinnitus loudness ratings, in the same manner 

supplementary Figure S1 provides information about single subject responses for each 

stimulus. No confounding effect caused by the order of the stimuli in the stimulation sequence 

was detected by our analysis (t(1215.60) = .09, p = .93) and therefore stimuli order was not entered 

in the final model fitting procedure. In accordance with the previous described model fitting 

approach (cf. section statistical analysis in methods part), we were able to identify the following 

model with the best fit to our data: response ∼ condition + time*group + (1|id). Detailed results 

of the model fitting are outlined in supplementary Table S2. By testing the fixed effects of the 
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model via expected mean square approach, significant effects for condition, time, group and for 

the interaction time*group on tinnitus loudness were observed (cf. Table 2). Subsequent post-

hoc contrasts for condition failed to find statistically significant differences in tinnitus loudness 

ratings with respect to the applied stimuli (Table 3).  
 

Table 2. 
Fixed effect testing 
 numDF denDF F p 
Condition 6.00 1392.00 3.35 < .01 
Time 6.00 1392.00 39.84 < .01 
Group 1.00 29.00 5.04 .03 
Time*Group 6.00 1392.00 15.17 < .01 

numDF = degrees of freedom numerator; denDF = degrees of freedom denominator. 

 

Table 3. 
Post-hoc Tukey contrasts for condition 
Contrast Estimate t p 
IBP – IBP10 -1.53 -1.06 .94 
IBP – IBP10_MML -4.38 -3.05 .04 
IBP – IBP40 1.08 .75 .99 
IBP – WN -2.76 -1.92 .47 
IBP – WN10 -2.17 -1.51 .74 
IBP – WN40 -.34 -.24 > .99 
IBP10 – IBP10_MML -2.86 -1.98 .42 
IBP10 – IBP40 2.61 1.81 .54 
IBP10 – WN -1.23 -.86 .98 
IBP10 – WN10 -.64 -.44 > .99 
IBP10 – WN40 1.18 .82 .98 
IBP10_MML – IBP40 5.47 3.80 < .01 
IBP10_MML – WN 1.63 1.13 .92 
IBP10_MML – WN10 2.22 1.54 .72 
IBP10_MML – WN40 4.04 2.81 .08 
IBP40 – WN -3.84 -2.67 .11 
IBP40 – WN10 -3.25 -2.26 .27 
IBP40 – WN40 -1.43 -.99 .96 
WN – WN10 .59 .41 > .99 
WN – WN40 2.41 1.68 .63 
WN10 – WN40 1.82 1.27 .87 

Degrees of freedom = 1410.23; SE = 1.44; IBP = individualized bandpass filtered; MML = minimum masking 
level; WN = white noise.  
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Interestingly, a significant difference in tinnitus loudness ratings between the 2 subgroups was 

revealed independently of condition and time as exemplified in Table 4 and Figure 3 (noise-

like: M = 82.14, SD = 26.68; tonal: M = 94.79, SD = 16.44; t(31.15) = 2.17, p = .04). On the basis 

of a significant interaction among group and time, we contrasted the mean tinnitus loudness for 

each group for all 7 time points after stimulation. Our results point out a significant difference 

between the groups only at T0 (noise- like: M = 63.98, SD = 36.49; tonal: M = 90.19, SD = 

28.01; t(38.40) = 4.27, p < .01; cf. Table 5).  

 

 

Figure 3. Mean suppression differences between groups. 
Time curve of the averaged tinnitus suppression values split for tonal and noise-like tinnitus. SD for the mean 
suppression data of each group is plotted as a grey ribbon. Differences between the 2 subgroups were found to be 
significant.  
 

 

Table 4. 
Post-hoc Tukey contrasts for group. 
Contrast Estimate t p 
Tonal vs. noise-like 12.65 2.17 .04 

Degrees of freedom = 31.15; SE = 5.84.  
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Table 5. 
Post-hoc Tukey contrasts for group*time. 
Contrast  Estimate t p 
Tonal vs. noise-like Time    

 0 26.21 4.27 < .01 
 30 20.05 3.27 .10 
 60 13.61 2.22 .62 
 90 9.91 1.62 .93 
 120 7.61 1.24 > .99 
 150 5.54 .90 > .99 
 180 5.59 .91 > .99 

Degrees of freedom = 38.40; SE = 6.13.  
 

Stimulus Evaluation 

Arousal 

As pointed out in supplementary Table S3 and Figure 4, emotional stimuli evaluation for the 

whole group identified the highest arousal ratings for stimulus IBP40, while IBP10_MML 

expectably manifested in the lowest arousal values. Model fitting proceedings identified the 

subsequent model with the best fit for our arousal data: response ∼ condition + (1|id) (cf. 

supplemental Table S4). Fixed effect testing detected a significant effect for condition (cf. 

Table 6). Ensuing post-hoc contrasts revealed significant differences in arousal ratings for IBP 

versus IBP40 (t(180.21) = -3.08, p = .04), IBP10 vs. IBP10_MML (t(180.21) = 2.98, p = .05), 

IBP10_MML versus IBP40 (t(180.21) = -4.33, p < .01), IBP10_MML versus WN10 (t(180.21) = -

3.66, p < .01), and IBP10_MML vs. WN40 (t(180.21) = -4.04, p < .01). Post-hoc analysis results 

are reported in Table 7; relevant significant results are highlighted in bold.  

 

Valence 

In line with the descriptive arousal results, IBP10_MML had the highest ratings for valence, 

whereas stimulus WN40 was evaluated with the least valence (cf. supplemental material Table 

S3; Figure 4). Same model structure was fitted as for the arousal data (cf. supplemental material 

Table S4) and likewise a significant effect of condition was found (cf. Table 6). Post-hoc 

results are listed in Table 7 and demonstrate a significant difference for IBP10_MML versus 

WN40 (t(180.21) = 3.78, p < .01). 
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Figure 4. Valence and arousal rating per stimuli. 
Parentheses show 95% CI for arousal and valence ratings for all stimuli. Lowest tolerability was found in WN40 
as indicated by high arousal and low valence stimulus evaluation, whereas stimulus IBP10_MML shows the 
highest tolerability. WN = white noise; MML = minimum masking level; IBP = individualized bandpass filtered. 
 
 
 
Table 6. 
Fixed effect testing – arousal and valence. 
 numDF denDF F p 
Arousal     
Condition 6.00 174.00 5.17 < .01 
Valence     
Condition 6.00 174.00 3.25 < .01 

numDF = degrees of freedom numerator; denDF = degrees of freedom denominator.  
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Table 7. 
Post-hoc Tukey contrasts for condition. 
 Arousal Valence 
Contrast Estimate t p Estimate t p 
IBP – IBP10 -.62 -1.73 .60 -.17 .39 >.99 
IBP – IBP10_MML .45 1.25 .87 -.48 -1.08 -93 
IBP – IBP40 -1.10 -3.08 .04 .59 1.31 .85 
IBP – WN -.38 -1.06 .94 .14 .31 >.99 
IBP – WN10 -.86 -2.41 .20 .79 1.77 .57 
IBP – WN40 -1.00 -2.79 .08 1.21 2.70 .10 
IBP10 – IBP10_MML 1.07 2.98 .05 -.66 -1.47 .76 
IBP10 – IBP40 -.48 -1.35 .83 .41 .93 .97 
IBP10 – WN .24 .67 .99 -.03 -.08 >.99 
IBP10 – WN10 -.24 -.67 .99 .62 1.39 .81 
IBP10 – WN40 -.38 -1.06 .94 1.03 2.32 .24 
IBP10_MML – IBP40 -1.55 -4.33 <.01 1.07 2.39 .21 
IBP10_MML – WN -.83 -2.31 .25 .62 1.39 .81 
IBP10_MML – WN10 -1.31 -3.66 .01 1.28 2.86 .07 
IBP10_MML – WN40 -1.45 -4.04 <.01 1.69 3.78 <.01 
IBP40 – WN .72 2.02 .41 -.45 -1.00 .95 
IBP40 – WN10 .24 .67 .99 .21 .46 >.99 
IBP40 – WN40 .10 .29 >.99 .62 1.39 .81 
WN – WN10 -.48 -1.35 .83 .66 1.47 .76 
WN – WN40 -.62 -1.73 .60 1.07 2.39 .21 
WN10 – WN40 -.14 -.38 >.99 .41 .93 .97 

Arousal: degrees of freedom = 180.21; SE = .36; Valence: degrees of freedom = 180.21; SE = .45 
IBP = individualized bandpass filtered; WN = white noise; MML = minimum masking level.  
 
Discussion 
The aim of the present study was to investigate the effects of different IBP and AM noise stimuli 

on RI in people with tonal and noise-like tinnitus. To the best of our knowledge, no former 

study has systematically investigated the deployed acoustic stimulation procedures, especially 

neither AM nor IBP sounds, in noise-like tinnitus cases. A parametric noise-band matching 

approach was applied in order to personalize BP settings in accordance with the tinnitus 

characteristics in the group with noise-like tinnitus, whereas the group with tonal tinnitus 

matched their tinnitus via the centre frequency of a fixed filter band-width. Taken together, all 

these aspects constitute novel lines of investigation within tinnitus research. Omnibus results 

of our experiment emphasize the ability of all used noise stimuli in inducing RI (cf. Table 2). 

The time courses and different suppression patterns for each stimuli appear in a similar manner 

as in previous studies, in that they generally converge over time after an initial maximum of 
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suppression (Feldmann, 1983; Neff et al., 2017, 2019b; Roberts, 2007; Roberts et al., 2008; 

Vernon and Meikle, 2003).  

Contrary to our hypotheses, no statistically significant differences between the various stimuli 

and their impact on tinnitus perception respectively RI was observed. In more detail, neither 

the customization of the noise bands nor the AM resulted in significant differences between the 

conditions (i.e., stimuli). This outcome is in conflict with findings of earlier studies, which have 

suggested advantages of AM pure tones for RI (Neff et al., 2017, 2019b; Reavis et al., 2012; 

Tyler et al., 2014). Yet, looking at these studies, pure tones were only compared to AM pendants 

with the exception of Tyler et al. (2014), who contrasted AM pure tones with unmodulated 

broadband noise.  

A potential explanation for the lack of advantage of AM stimuli could be attributed to the 

circumstances, that noise is inherently composed of a wide spectrum of frequencies and signal-

inherent amplitude modulation rates. These may cover up or neutralize the potential effects of 

certain AM rates for RI.  

To the best of our knowledge, no former study specifically tested RI or sound therapies in 

entities with noise-like tinnitus. Of special interest, our analysis revealed statistical differences 

in RI for the subgroups noise-like and tonal tinnitus, with the noise-like group demonstrating 

larger RI than the tonal group. These significant differences were only observed immediately 

after the stimulation, suggesting a time-limited advantage of noise stimuli for RI in noise-like 

tinnitus. The reason for this group-difference is not clear, and a possible rationale may be due 

to physiological differences between these two groups with a supposed additional contribution 

of the extralemniscal system in noise-like tinnitus (Møller, 2006). A further potential 

confounding factor for this group effect might be the fact that tinnitus loudness as elicited by 

MML, tinnitus matching and also in subjective ratings via VAS scales was found to be 

significant higher in the tonal subgroup. On the other hand, with no meaningful difference in 

HL between the groups and in consequence similar SLs, the putative confounding influence of 

these measures may play a negligible role. An in-depth analysis of the noise-like tinnitus group 

exclusively, demonstrated no statistical differences in tinnitus loudness ratings with respect to 

the used stimuli in a similar fashion as the analysis of the whole study sample.  

However, since the bandwidth of BP filter settings in participants with tonal tinnitus was set to 

a range of one octave around the individual tinnitus frequency, whereas participants with noise-

like tinnitus were able to individually adjust the BP filter settings, the differences in the 

subgroups may also derive from discrepancies in stimuli creation. It was expected that a 

stimulation with noise is more pleasant or tolerable than a stimulation with pure tones. Unlike 
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this assumption, our findings reveal a similar tolerability pattern for AM noise stimuli as Neff 

et al. (Neff et al., 2019b) on the basis of AM pure tones (cf. Figure 4). The analysis conducted 

also show, that AM might lead to more arousal as indicated on a descriptive level as well as the 

significant difference between IBP and IBP40 (cf. Table 7). As must be expected, the lower 

intensity stimulus (IBP10_MML) had the lowest arousal and highest valence ratings.  

Our results indicate that the used matching method is feasible for determining tinnitus 

characteristics. In detail there was good consistency for both tinnitus loudness and frequency 

for both matching trials in noise-like and tonal tinnitus groups. These findings are in line with 

Henry et al. (Henry et al., 2013), who already reported test-retest reliability for noise-band 

tinnitus matching.  

 

Limitations 

The generalizability of these results is subject to certain limitations. As already discussed above, 

the significantly lower tinnitus loudness in the group of noise-like tinnitus could weaken our 

findings of subgroup differences in short-term tinnitus suppression.  

However, as no difference in HL and equality in SL were observed, this may not play a 

significant role. Likewise, the sample size of this experiment is rather small and gender ratio in 

the subgroups is unbalanced. One main issue is the impossibility to control for potential 

participant-related failures in noise-band matching. But for all of that, unavailable validation of 

the quantification of peoples’ tinnitus characteristics represents a common problem in tinnitus 

matching approaches, as it is a subjective phenomenon. Future studies should strive for new 

possibilities in verifying tinnitus matching results, as well as optimization of given 

methodological approaches.  

Since we did not compare tonal and noise stimuli, it is not possible to make a statement about 

a general superiority of noise stimuli in short-term tinnitus suppression in noise-like tinnitus.  

 

Conclusion 
The current study demonstrates a general efficacy of noise stimuli with different AM rates and 

filtering strategies for RI. Contrary to our expectations, no differences between the types of 

stimuli were observed. There were differences in RI among the subgroups of noise-like and 

tonal tinnitus, with better performance directly after the stimulation in the noise-like tinnitus 

group, were observed. Although, no stable rationale for the group differences can be provided, 

the findings may provide insights in the mechanism of RI for different tinnitus types. Future 

studies with larger sample sizes, improved matching/ audiometry procedures and more acoustic 
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stimulation repetitions per stimuli are needed to investigate these potential differences in more 

detail in order to enhance our understanding of the effects of acoustic stimulation on tinnitus 

perception. Taken together these results illustrate the potential of noise-stimuli in short-term 

tinnitus suppression, especially in entities with noise-like tinnitus.  
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Abstract 
Background: Magneto- and electroencephalography (M/EEG) investigations in tinnitus 

patients demonstrated anomalous oscillatory brain activity patterns compared to healthy 

controls. A well-established phenomenon in tinnitus is the possibility to temporary suppress 

tinnitus following acoustic stimulation, which is termed residual inhibition (RI). The few former 

neurophysiological investigations of RI reported partly conflicting results hampering consensus 

on tinnitus-specific brain activity and basic neural models. Objectives: Hence, our objective 

was to investigate RI-specific oscillatory brain activity changes and whether these changes can 

be associated with behavioral measures of tinnitus loudness. Further, contrasts between acoustic 

stimulation responders and non-responders provide further insights in RI-related spontaneous 

brain activity. Methods: Three different types of noise stimuli were administered for acoustic 

stimulation in 45 tinnitus patients. Subjects resting state brain activity was recorded before and 

during RI via EEG alongside with subjective measurements of tinnitus loudness. Results: On 

the whole-group level, tinnitus-unspecific changes were observed which fit established 

knowledge about basic neural responses after acoustic stimulation. Responder non-responder 

contrasts revealed differences in alpha and gamma band activity in line with the proposed neural 

models for oscillatory brain activity in tinnitus. Further analysis of sample characteristics 

demonstrated divergences between responders and non-responders notably for tinnitus 

duration. During RI, distinct differences between responders and non-responders were 

exclusively observed for alpha band activity in auditory cortical areas. Neither correlations of 

behavioral tinnitus measures nor differences between stimulus-induced changes in ongoing 

brain activity could be detected. Conclusion: Taken together, our observations might be 

indicative of trait-specific forms of oscillatory signatures in different subsets and chronification 

grades of the tinnitus population possibly related to acoustic tinnitus suppression. Results and 

insights are not only useful to understand basic neural mechanisms behind RI but are also 

valuable for general neural models of tinnitus. 
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Introduction 
Subjective tinnitus is defined as the perception of a ringing or hissing without the presence of 

a corresponding internal or external source of sound. If this phantom sound perception is present 

over a period of at least six months, it is considered as chronic (Mazurek et al., 2010). About 

10 – 15% of the global population suffers from tinnitus, whereas in 1 – 2% it represents a severe 

burden (Erlandsson and Dauman, 2013; Heller, 2003; Langguth et al., 2013) with comorbidities 

such as depression, anxiety disorder, sleep disorder or reduced quality of life (Croenlein et al., 

2016; Nondahl et al., 2007; Trevis et al., 2016; Weidt et al., 2016). Currently there is no 

treatment option for tinnitus available. A major challenge towards an identification of a 

treatment is related to heterogeneity in tinnitus phenotypes (Cederroth et al., 2019; Hesse, 2016; 

Kleinjung and Langguth, 2020; Zenner et al., 2017). Up to now, cognitive behavioral therapy 

represents the treatment option with the best available evidence for tinnitus (Cima et al., 2012; 

Fuller et al., 2020; Landry et al., 2020; J. Li et al., 2019). 

In the majority of cases, tinnitus develops as a consequence of cochlear damages subsequent to 

noise trauma or hearing loss (HL) (Langguth et al., 2013). Typically, the perceived tinnitus 

pitch corresponds to the frequency range of maximum HL (Basile et al., 2013; Norena et al., 

2002; Roberts et al., 2008; Schecklmann et al., 2012). Theories about the generation of tinnitus 

commonly suggest that the reduced or missing auditory input triggers maladaptive alterations 

along the auditory pathway and the central auditory system, which may lead to the sensation of 

a phantom sound in the frequencies of the peripheral HL (Adjamian et al., 2009; Eggermont, 

2007; Eggermont and Roberts, 2012; Eggermont and Tass, 2015). 

On a macroscopic level tinnitus was associated with anomalous oscillatory brain activity 

patterns such as enhanced activity in the delta and gamma frequency range alongside with 

reduced alpha activity over temporal regions (Weisz et al., 2007b, 2005). As observed in several 

neurophysiological investigations, this delta increase and alpha decrease appears to be closely 

linked to tinnitus perception as well as tinnitus distress (Adjamian et al., 2012; Balkenhol et al., 

2013; Moazami-Goudarzi et al., 2010; Schlee et al., 2014; Weisz et al., 2005). Due to relations 

with tinnitus loudness as defined via tinnitus pitch matching (Balkenhol et al., 2013), subjective 

tinnitus loudness (De Ridder et al., 2015a; van der Loo et al., 2009) or tinnitus-specific 

increased activity in the auditory cortex (Ashton et al., 2007; S. Vanneste et al., 2011), high 

gamma activity was proposed to represent the oscillatory signature of tinnitus perception per se 

(Weisz et al., 2007b).  

These tinnitus-specific spontaneous brain activity patterns were subsumed under the framework 

of the thalamo-cortical dysrhythmia model (TCD) (De Ridder et al., 2015b; Llinás et al., 2005, 
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1999), which was further expanded to the “Synchronization-by-Loss-of-Inhibition-Model” 

(SLIM) (Weisz et al., 2007a). 

Conversely, some studies neither observed altered delta and alpha activity in tinnitus (Ashton 

et al., 2007) any power spectra differences compared to healthy controls (Zobay et al., 2015) 

nor correlations between electrophysiology and psychoacoustic or psychosocial tinnitus 

measures (Pierzycki et al., 2016). In the same vein, further studies report higher alpha activity 

in tinnitus (Moazami-Goudarzi et al., 2010), a relationship of enhanced alpha and tinnitus 

intensity (Meyer et al., 2014) or emphasize the relevance of other frequency bands like beta and 

theta in neural activity related to tinnitus (Balkenhol et al., 2013; Meyer et al., 2014; Moazami-

Goudarzi et al., 2010). Considering these observations, assumptions about abnormal tinnitus-

specific respectively tinnitus-related spontaneous brain activity are not so conclusive as 

presumed initially. 

The phenomenon of short-term tinnitus suppression following acoustic stimulation was first 

studied almost 50 years ago (Feldmann, 1983, 1971). This phenomenon was defined as 

“residual inhibition” (RI) and can be observed in 60 – 80% of tinnitus sufferers, whereby depth 

and duration of suppression patterns vary among individuals (Roberts, 2007; Roberts et al., 

2006; Vernon and Meikle, 2003). Since that time several experiments already examined the 

impact of various auditory stimulation techniques on RI. These vary from simple white noise 

(WN) or pure tones, to the application of specific filters or modulation rates, up to the 

combination of both modulation techniques applied to WN (Fournier et al., 2018; Henry et al., 

2013; Neff et al., 2017, 2019b; Reavis et al., 2012; Roberts et al., 2006, 2008; Schoisswohl et 

al., 2019b; Tyler et al., 2014). It has been suggested that stimulation intensity, duration, specific 

modulations as well as stimuli including the individual tinnitus frequency (ITF) facilitate short-

term acoustic tinnitus suppression. 

Another approach to reduce subjective tinnitus loudness for a longer period of time is provided 

via long-term stimulation with notch filtered music (individual tinnitus pitch is removed from 

the signal), referred to as “tailor-made notched music training” (TMNMT). The supposed 

underlying physiological effect behind TMNMT takes place through an inhibition of 

frequencies within the notch filter called lateral inhibition. By means of long term applications, 

maladaptive pathological reorganization of the auditory cortex in tinnitus may be reversed 

(Okamoto et al., 2010; Pantev et al., 2012).  

Nevertheless, little is known about the basic neurophysiological processes behind RI (Roberts, 

2007). Reduced firing rates of neurons in the central auditory pathway are theorized to play a 
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key role in RI (Galazyuk et al., 2019, 2017) which covers subcortical structures of the auditory 

system. 

There is a paucity in experimental studies examining oscillatory brain activity after acoustic 

stimulation or rather during RI. With the help of neuromagnetic measures in one tinnitus subject 

(Kristeva-Feige et al., 1995) observed an increase in low frequency (2 – 8 Hz) spectral power 

during RI. Contrary to this observation, single-subject intracranial recordings showed a 

reduction of low frequency (delta: 1 – 4 Hz; theta: 4 – 8 Hz) activity in the auditory cortex 

during RI. These tinnitus-related low frequency oscillations also interacted with alpha (8 – 12 

Hz), beta (20 – 28 Hz) and gamma (> 30 Hz) activity (Sedley et al., 2015). Beyond that, tinnitus 

intensity during RI was identified to be connected to delta (1.5 – 4 Hz), theta (4 – 8 Hz) and 

gamma (30 – 150 Hz) oscillatory activity in the auditory cortex by the use of single patient 

measurements of neuromagnetic brain activity. 

The relevance of auditory gamma band activity for RI respectively tinnitus perception could be 

further corroborated by means of an inverse correlation with tinnitus intensity exclusively in 

tinnitus subjects experiencing residual excitation (Sedley et al., 2012). 

Kahlbrock and Weisz (2008) evaluated neuromagnetic activity in 10 tinnitus patients 

experiencing RI, defined as 50% of tinnitus loudness reduction for 30 seconds after stimulation 

offset. A reduction of delta (1.3 – 4 Hz) activity in temporal areas was observed during RI, 

whereas the gamma band (low: 30.5 – 49 Hz; high: 50.3 – 70.2 Hz) was not affected (Kahlbrock 

and Weisz, 2008). 

The authors conclude that during a short-term reduction of tinnitus intensity, tinnitus-related 

abnormal oscillatory activities are temporary reversed resulting in a restored balance of neural 

inhibitory and excitatory processes. A recent study from King et al. (2020) investigated ongoing 

electrophysiological brain activity of 30 tinnitus subjects following broad band noise 

stimulation. 17 participants were able to experience RI, whereby a comparison of RI with a 

control auditory stimulation condition without the ability to induce RI revealed differences with 

respect to ongoing brain activity. In detail, the authors report higher power in the alpha and 

gamma frequency bands over the course of RI compared to the control condition.  

To the best of our knowledge, the above mentioned five studies represent the only attempts to 

investigate resting state oscillatory brain activity in the context of RI. The fact that available 

findings are inconsistent and that merely two experiments - one utilizing 

magnetoencephalography (MEG) and one Electroencephalography (EEG) - analyzed 

spontaneous brain activity during RI on a group level indicates an urgent need for respective 

research whether it is by means of MEG or EEG. Besides single subject analysis, group level 
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analyses represent a basic pillar in science in order to make more general statements about the 

investigated population e.g., ongoing brain activity associated with RI. Previous research 

utilizing neurophysiological measurements, used only one type of non-personalized sound and 

did not compare participants with and without RI. 

In the course of this study we are employing an extended set of modified and personalized noise 

stimuli targeting putatively differential neural mechanisms (i.e., RI and lateral inhibition). Thus 

the main purpose of this EEG experiment was to examine oscillatory brain activity changes 

during RI (pre vs. post) following a stimulation with different types of noise. Moreover, we 

aimed to investigate, whether these changes are related to subjective tinnitus loudness ratings. 

Since RI is a phenomenon which cannot be induced in all people with tinnitus, differences in 

spontaneous brain activity between people who reported RI and those who didn't were analyzed 

(responders vs. non-responders). Apart from the efficacy of each used stimulus type in short-

term tinnitus suppression on a group level, we hypothesize that filtered noise would result in 

stronger suppression patterns compared to unfiltered noise. 

In detail, bandstop-filtered noise is assumed to produce the strongest effect via a potentially 

suppression of neurons reacting to frequencies within the filter range as already shown in long-

term applications via TMNMT (Okamoto et al., 2010; Pantev et al., 2012). Due to the lack of 

past research in this field, we have no direct stimulus-specific a priori hypothesis about the 

types of changes from pre to post auditory stimulation in ongoing brain activity. However, we 

assume that potential changes in spontaneous brain activity can be associated with subjective 

tinnitus loudness ratings after stimulation. In accordance to Kahlbrock and Weisz (2008) we 

expect a decrease in delta and gamma activity as well as an increase in alpha activity from pre 

to post auditory stimulation in tinnitus cases experiencing RI (responders). 

Further we anticipate spectral power differences in the respective frequency bands between 

acoustic stimulation responders and non-responders. In order to link these differences to 

auditory cortical activation, source localization of the EEG data was performed. 
 

Methods 
Participants 

In the course of this study, N = 45 (14 female) patients with chronic subjective tinnitus (> 6 

months tinnitus duration) were recruited from the Interdisciplinary Tinnitus Centre Regensburg, 

Germany. For participation, patients had to fulfill the following primary inclusion criteria: age 

between 18 and 75 years; absence of  other causes for tinnitus e.g., Meniere’s disease, 

otosclerosis or acoustic neurinoma; no infection of the oropharynx; no present somatic, 
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neurological or psychiatric disorder; no intake of psychoactive medication (e.g., antidepressants 

or anticonvulsant drugs), respectively substance or alcohol abuse at least 12 weeks before the 

start of the experiment; no hypersensitivity to sound; no tinnitus frequency < 1 kHz; no 

concurrent participation in other tinnitus-related studies or start of any other tinnitus-related 

treatment in the last three months prior study start. Ethical clearance with respect to 

methodological approach and design was sought from the ethics committee of the University 

of Regensburg, Germany before commencing the experiment (ethical approval number: 17-

819-101). For a detailed descriptive overview and clinical characteristics of the sample see 

Table 8. All participants received detailed information about objective, methods, duration and 

potential side effects of the study. Every participant gave written informed consent before the 

start of the study and received an appropriate expense allowance after completion of the 

experiment. 

 

Table 8. 
Sample characteristics. 

N (female) 45 (14)    
Tinnitus side (left/ right/ bilateral) (5/ 8/ 32)    
Tinnitus loudness fluctuation (yes/ no) (24/ 21)    
Tinnitus maskability (yes/ no/ don’t know) (31/ 5/ 9)    
Musician (yes/ no) (4/ 41)    
 M ± SD Md Min Max 
Age (years) 52.29 ± 11.81 55.00 23.00 69.00 
Tinnitus duration (months) 111.04 ± 72.90 96.00 18.00 280.00 
Tinnitus frequency (Hz) 6251.09 ± 2811.38 5887.00 1020.00 15524.00 
Tinnitus loudness (dB SPL) 51.38 ± 16.05 50.00 27.00 85.00 
Hearing loss left (dB) 17.26 ± 13.61 14.69 -5.72 55.00 
Hearing loss right (dB) 17.48 ± 11.52 17.43 -8.71 45.87 
LDL left (dB) (25 missing values) 86.25 ± 3.21 85.50 81.00 90.00 
LDL right (dB) (28 missing values) 85.06 ± 3.96 87.00 78.00 90.00 
Minimum masking level (dB) 63.82 ± 14.60 60.00 37.00 90.00 
Sensation Level (dB) 47.58 ± 17.49 45.00 21.00 86.00 
TQ total score (0-84) 40.73 ± 15.70 40.00 17.00 71.00 
THI total score (0-100) 35.91 ± 21.38 34.00 4.00 80.00 
VAS awareness (%) 64.62 ± 29.62 70.00 8.00 100.00 
VAS loudness (%) 61.11 ± 24.19 65.00 15.00 100.00 
VAS bothersome (%) 38.20 ± 29.29 30.00 .00 100.00 
GUF total score (0-45) 10.73 ± 6.45 10.00 .00 23.00 

M = mean; SD = standard deviation; Md = median; Min = minimum; Max = maximum; LDL = Loudness 
Discomfort Level (missings in LDL are due to values over 90 dB); TQ = Tinnitus Questionnaire; THI = Tinnitus 
Handicap Inventory; VAS = Visual Analog Scale; GUF = Questionnaire on Hypersensitivity to Sound.  
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Psychometry 

Prior to the start of the experiment, participants were requested to answer a set of questionnaires 

compiled of German versions of the Tinnitus Handicap Inventory (THI) (Kleinjung et al., 

2007a; Newman et al., 1996), the Tinnitus Questionnaire (TQ) (Goebel and Hiller, 1994; 

Hallam et al., 1988), the Tinnitus Sample Case History Questionnaire (TSCHQ) (Langguth et 

al., 2007), visual analog scales (VAS, %) for tinnitus awareness, loudness and bothersome, as 

well as the Questionnaire on Hypersensitivity to Sound (GUF) (Bläsing et al., 2010) 

(participants with a score of > 23, which constitutes a very severe impairment, were excluded 

from our analysis). The survey was performed with SoSci Survey (Leiner, 2016).  

 

Audiometry 

Participants hearing thresholds were examined with the toolbox MultiThreshold (University of 

Essex, United Kingdom) using the implemented paradigm absolute threshold (absThreshold) 

in Matlab (Matlab R2017a; Mathworks, USA). This paradigm is an implementation of the two-

alternatives forced-choice threshold estimation algorithm by Green (1993). Sine tones (0.5 

seconds) were used to test participants hearing level for frequencies from 250 up to 8000 Hz on 

an octave scale for each ear separately. Starting loudness level was 30 dB SPL, which was 

increased by 10 dB steps until the participants were able to perceive the sound. The loudness 

level was raised by 2 dB steps between trials. 

ER-2 Insert Earphones (Etymotic Research Inc., USA) together with an external soundcard 

(RME Fireface UCX; Audio AG, Germany) were used for hearing assessment, subsequent 

matching of the ITF, definition of the sensation level (SL), minimum masking level (MML) 

(compare section tinnitometry) as well as the proper auditory stimulation.   

 

Tinnitometry 

Individual tinnitus pitch matching was carried out using a Method of Adjustment approach  

modified from Henry et al. (2013) and Roberts et al. (2008) and implemented in a custom 

software tool (MAX 7; Cycling'74, USA). A custom-built hardware controller was used 

comprising a Teensy 3.2 USB-based micro-controller (PJRC, USA) and industrial-grade 

rotating knobs, switches and motor faders. Detailed information about the used tinnitus 

matching procedure is described in Neff et al. (2019). The starting frequency was defined as 

one frequency group below the frequency with the highest HL and a start loudness of 10 dB 

above the particular hearing threshold. Participants tried to match their tinnitus four times as 
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good as possible and rated the accordance of the matched sound with their perceived tinnitus 

on a 1 – 10 scale (1 = no accordance; 10 = perfect accordance) after each attempt. 

The tinnitus matching trial with the highest rating was subsequently defined as the participants 

ITF. If participants rated different matching attempts similarly, the frequency closest to the 

mean frequency of the four attempts was chosen. The ITF was then used for the evaluation of 

further audiometric parameters. Similarly, the MML was defined by increasing the loudness of 

WN to the point of complete tinnitus masking. Assessment of the loudness discomfort level 

(LDL) of participants ITF was executed with the discomfort paradigm of the MultiThreshold 

toolbox with Sennheiser HDA 2000 headphones (Sennheiser, Germany). 

 

Acoustic stimulation 

Three different types of noise stimuli with a duration of three minutes each were created in 

Matlab (Matlab R2017a; Mathworks, USA) with an intensity of 65 dB SL (defined as the 

loudness level of participants first-time tinnitus pitch perception; maximum loudness of 85 dB 

SPL) for acoustic stimulation. For this purpose a genuine WN was used to produce 

individualized noise stimuli through the implementation of bandpass (IBP) and bandstop (IBS) 

filters with one octave width around the ITF (Pantev et al., 2012). Each stimuli was composed 

of a 1000 ms linear fade-in and fade-out phase and underwent a root-mean-square correction to 

balance levels between stimuli. 

Diotic acoustic stimulation was performed at a maximum loudness of 85 dB SPL and each 

stimuli was presented only once. The presentation sequence of the stimuli was randomized. 

Before and after the presentation of each stimuli (3 minutes), participants were requested to sit 

quietly, focus on a white fixation cross on a black screen and avoid extensive eye-blinks and 

movements while their brain activity was recorded via EEG for three minutes respectively 

(compare section electrophysiological data acquisition and analysis). 

After the presentation of each noise stimulus, patients had to rate the loudness of their tinnitus 

at seven different time points (0 sec, 30 sec, 60 sec, 90 sec, 120 sec, 150 sec and 180 sec after 

stimulation offset) on a customized keyboard strip (X-Key-Stick-16-USB, XK-0981-UCK16-

R; P.I. Engineering, USA) with a numeric rating scale from 0% to 110%, whereas 100% 

signified no tinnitus loudness changes, 0% a total absence of tinnitus and 110% a tinnitus 

loudness increase by 10%. For an illustration of the acoustic stimulation procedure please see 

Figure 5. The whole experimental stimulation procedure was implemented with the 

Psychophysics Toolbox Version 3 (Brainard, 1997; Kleiner et al., 2007) in Matlab (Matlab 

R2017a; Mathworks, USA) and double-blinded. 
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At the end of the experiment, the three stimuli were again presented in a randomized order for 

10 seconds each and participants were requested to rate the valence and the arousal of each 

stimuli via pictorial manikin scales (Bradley and Lang, 1994) on a 9-point Likert Scale, whereas 

the value 0 indicated a neutral stimulus evaluation (Valence: -4 unpleasant, 4 pleasant; Arousal: 

-4 relaxing, 4 upsetting). 

 

 

 
 
 
 
 
Figure 5. Acoustic stimulation procedure. 
Prior and post of acoustic stimulation (3 minutes), participants resting state brain activity was recorded via EEG 
(3 minutes). Participants were instructed accordingly and requested to focus on a white fixation cross on a black 
screen during the whole experiment. Following acoustic stimulation, participants were requested to rate the current 
loudness of their tinnitus (”Please rate the loudness of your tinnitus.”) at seven points in time (0, 30, 60, 90, 120, 
150 and 180 seconds towards stimulation offset) on a numeric rating scale from 0% to 110% (0% - total absence 
of tinnitus; 100% - no tinnitus loudness changes; 110% - 10% tinnitus loudness increase). This acoustic stimulation 
procedure was repeated for each of the three used types of noise stimuli (white noise, individualized bandpass 
filtered white noise, individualized bandstop filtered white noise).  
 

Behavioral analysis 

Behavioral data was analyzed with the statistic software R (R version 3.4.2; R Foundation for 

Statistical Computing, Austria) and the packages "psych", "emmeans", "sjstats" and "lme4". 

Linear mixed effect models were used to analyze tinnitus loudness ratings and stimuli 

evaluation (valence, arousal) separately. The following predictors were tested for the model  

fitting procedure of tinnitus loudness ratings: condition (stimuli, compare section acoustic 

stimulation, time (0 sec, 30 sec, 60 sec, 90 sec, 120 sec, 150 sec, 180 sec towards stimulation 

offset), tinnitus bilaterality (yes/ no), sex (male/ female), tinnitus duration and stimuli position 

in the auditory stimulation sequence. The predictors condition, gender and tinnitus duration 

were tested for the model fitting procedure of stimuli evaluation data. 

Other potential predictors such as tinnitus loudness (dB), MML, SL or HL were not included 

in the model fitting procedure, since they were experimentally controlled e.g., by the creation 

of tailored stimuli. Participant (id) was considered as a random effect in all model fitting 

procedures. 

In order to identify the model with the best fit for the data, the step function of the lme4 package 

was deployed. Thereby, a backward elimination of non significant predictors as well as a 

forward addition of significant predictors is conducted by comparing the models with 



Study 2 

 Page 56 

Likelihood Ratio Tests (Harrison et al., 2018). Marginal (variance of the predictors) and 

conditional (variance of predictor and random effect) R2 were computed to provide the amount 

of the explained variance of the respective model (Nakagawa et al., 2017). For each final model, 

fixed effects were examined via Expected Mean Square Approach. Potential differences in 

tinnitus loudness and stimuli evaluation within predictors were analyzed with post-hoc Tukey-

tests. Analysis of descriptive differences between HL and LDL between the left and right ear 

were tested by the means of two-sample t-tests. Normal distribution (Shapiro-Wilk-Test) and 

homoscedasticity (F-test) were examined and if violated, non-parametric testing with 

independent sample Mann-Whitney U-tests were conducted. To evaluate effect size of 

significant differences, Cohen’s d was calculated. The level of statistical significance was set 

to p ≤ .05 for all analyses. 

 

Electrophysiological data acquisition and analysis 

EEG recording 

EEG data was recorded with a BrainAmp DC system, EasyCap electrode cap with 64 

electrodes, and Brain Vision Recorder 1.20 software (Brain Products GmbH, Germany). The 

sampling rate was 500 Hz and electrodes were referenced to FCz during recording. Impedances 

were kept below 10 kΩ. 

 

Preprocessing 

Raw EEG data was preprocessed with a custom-built semi-automatic pipeline using the 

Fieldtrip toolbox (Oostenveld et al., 2011) in Matlab (Matlab R2017a; Mathworks, USA). EEG 

data was filtered between 0.5 Hz and 45 Hz with a 4th order Butterworth bandpass filter. 

Hereafter, an independent component analysis (ICA, fastICA 

http://research.ics.aalto.fi/ica/fastica/index.shtml) was used to identify and remove components 

with horizontal and vertical eye movement. Noisy or aberrant channels were interpolated using 

weighted neighbors. Neighboring channels were defined via a triangulation of 2D sensor 

position projection and channels identified for interpolation were replaced with the mean of 

neighboring sensors. 

In a next step, average referencing was performed and the recording reference electrode FCz 

was added as a data channel. In order to control for noisy channels introduced by the rating 

procedure of the post stimulation conditions, posterior (Iz, TP9, TP10) as well as frontal 

channels (FPz, FP1, FP2, AF3, AF4, AF7, AF8) were discarded from subsequent analyses steps. 

Data was then segmented into 2 seconds segments. All segments during which participants 
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rated the loudness of their tinnitus were rejected. Additionally, one segment before and after 

the rating was excluded as well. Segments with remaining artifacts were rejected with combined 

automatic identification via a z-score (μV) threshold of -2/ +2 and visual inspection in a final 

step. Average number of valid segments was different (U = 1970.50, p = .001) between pre (M 

= 78.93, SD = 6.48) and post (M = 60.37, SD = 6.19) acoustic stimulation. 

 

EEG analysis 

Power analysis – whole group 

Frequency power spectra of pre and post auditory stimulation datasets per subject and condition 

(compare section acoustic stimulation) were calculated using multitaper frequency 

transformation (mtmfft) and a hanning window with a spectral smoothing of 1 Hz. Next, grand 

averages were created for pre and post stimulation datasets per condition by computing power 

spectra averages across all valid segments and all subjects. Potential changes in EEG power 

spectra were analyzed with a 2 x 3 repeated measurement ANOVA and the within subject 

factors time (pre, post) and condition (WN, IBP, IBS), which was implemented in Fieldtrip. 

The main effects for time and condition were tested with paired two-sided t-tests via non-

parametric cluster-based permutation tests with 10.000 iterations. In order to test for an 

interaction effect of time and condition, a dependent samples multivariate ANOVA was 

conducted using a non-parametric cluster-based permutation test with 10.000 iterations as well. 

We were primary interested in an interaction effect of time and condition. 

In case of a significant time x condition interaction, effects were followed up using post-hoc 

contrasts. Pre vs. post contrast per condition were analyzed with dependent samples t-tests, 

whereas potential differences in stimuli-induced power spectra changes from pre to post 

stimulation as well as post stimulation differences (inter-stimulus contrasts), were contrasted 

via independent samples t-tests using non-parametric cluster-based permutation test as 

described above. 

Additionally, Pearson correlations between post stimulation power spectra and pre-post power 

spectra differences with averaged tinnitus loudness ratings (over all 7 time points) as well as 

directly after stimulation offset (T0) were computed via cluster-based permutation tests. 

Significance level was set to p ≤ .05 for all EEG analyses and p < 0.1 was defined as a statistical 

trend. Significant clusters were defined as a minimum of two significant neighboring channels 

for all analysis. For the purpose of interpretation, EEG frequency bands were defined as 

follows: delta 1 – 4 Hz, theta 5 – 7 Hz, alpha 8 – 12 Hz, beta 13 – 29 Hz, gamma 30 – 45 Hz. 
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Power analysis – responder 

Furthermore, we compared frequency power spectra of participants who exhibited RI with those 

who did not experience RI after auditory stimulation. For this purpose RI was defined as ≤ 50% 

of tinnitus loudness directly after stimulation offset resulting in a subset of n = 12 further 

indicated as responders. Within this subgroup of responders, n = 5 participants each, responded 

to a stimulation with WN or IBP, whereas only n = 2 participants reported RI after a stimulation 

with IBS. A second subgroup of participants without RI (non-responders) were matched to 

responders according to the following criteria: gender; mean HL; age and absence of RI 

(tinnitus loudness of ≥ 100% after stimulation offset) in the same stimulus type as matched 

patient exhibited RI in the responders group. Sample characteristics for both subgroups can be 

seen from Table 9. 

Associations of categorical variables with stimulation response (responder or non-responder) 

were analyzed with "2-tests or Fisher’s exact tests if cell frequencies were below 5. Differences 

in numerical variables between the two subgroups were analyzed by two-sample t-tests. In case 

of violated statistical assumptions, Mann-Whitney U-tests were performed. Significance levels 

were set to p ≤ .05 and a statistical trend was defined as < 0.1. 

Power spectra for pre and post auditory stimulation EEG datasets were averaged over all 

subjects within the respective subgroup (responders and non-responders). Analyses were 

conducted using normalized EEG datasets by dividing power spectra for each single frequency 

through the mean power of the entire frequency spectrum. Illustrated power spectra per 

frequency were transformed according to 10 * log10(x).  

EEG power spectra were analyzed with a 2 x 2 repeated measures ANOVA and the factors time 

(pre, post) and group (responders, non-responders). The main effects for time and group were 

evaluated with dependent sample respectively independent sample t-tests according to the same 

approach as already described in the power analysis section for the whole group. Likewise, a 

potential interaction effect of time and group was analyzed with an independent samples t-test. 

In the case of a significant interaction effect, post-hoc dependent samples t-tests for pre vs. post 

within subgroup contrast and independent samples t-tests for between subgroup contrast 

(responders vs. non-responders) separated for pre and post stimulation measurements are 

conducted. Regardless of an observed interaction effect, an exploratory contrast of post 

stimulation power spectra differences between responders and non-responders is performed. 

Equal to the whole group analysis, Pearson correlations were calculated with cluster-based 

permutation tests for post stimulation power spectra and pre-post power spectra differences 

with averaged tinnitus loudness ratings or rather directly after stimulation offset (T0). 
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Additionally, a correlation of post stimulation power spectra and pre-post power spectra 

differences with tinnitus loudness rated via VAS (%) was computed. In order to explore 

differences in cortical alpha variability between responders and non-responders a coefficient of 

variance was calculated by dividing the standard deviation of the alpha frequency power (8 – 

12 Hz) by its mean power. 

 

Source space analysis 

Source localization of frequency data was performed using a standard boundary element 

headmodel (Oostenveld et al., 2003) and the dynamic imaging of coherent sources algorithm 

optimized for EEG frequency data (Dynamical Imaging of Coherent Sources, (Gross et al., 

2001). Inter-subgroup source contrasts (responders vs. non-responders; responders vs. non-

responders post stimulation) of peak frequencies received from sensor-level cluster analysis 

(maximum value) were analyzed via non-parametric cluster-based permutation tests with 

10.000 iterations using normalized EEG datasets. Normalization procedure was identical to the 

sensor level analysis. 

 

Results 
Sample characteristics 

Table 8 summarizes the descriptive statistics and tinnitus-related questionnaire scores of the 

present sample. In the majority of participants, tinnitus was perceived bilaterally (n = 32) and 

featured loudness fluctuations (n = 24). The possibility to mask their perceived tinnitus was 

reported by n = 31 participants. Moreover, n = 4 participants claimed to be musicians and the 

average duration of tinnitus perception was 111.04 months (SD = 72.90). 

Stimulation with either WN, IBP and IBS resulted in n = 12 responders, who showed RI with 

at least one stimulus type. A weak association of stimulation response (responders or non-

responders) and tinnitus maskability (yes, no, don´t know) was found with the group of 

responders exhibiting no participant who reported an absence of tinnitus maskability (cf. Table 

9).  
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Table 9. 
Sample characteristics - responders vs. non-responders. 
 Responders Non-responders  p 
N (female) 11 (1)    11 (1)      
Tinnitus side (left/ right/ bilateral) (0/ 5/ 7)    (3/ 2/ 7)     .189 
Tinnitus loudness fluctuation (yes/ no) (7/ 5)    (6/ 6)     .682 
Tinnitus maskability (yes/ no/ don’t know) (7/ 0/ 5)    (7/ 2/ 3)     .063 
Musician (yes/ no) (3/ 9)    (1/ 11)     .590 

 M ± SD Md Min Max M ± SD Md Min Max t (df)/ U p 
Age (years) 54.17 ± 12.14 48.00 31.00 66.00 54.38 ± 6.98 52.00 49.00 69.00 83.00 .540 
Tinnitus duration (months) 77.00 ± 69.48 66.00 24.00 280.00 159.58 ± 75.91 165.00 51.00 252.00 26.00 .008 
Tinnitus frequency (Hz) 5271.58 ± 1985.77 5878.00 2250.00 9488.00 6661.75 ± 2451.11 6842.00 3226.00 10136.00 -1.53(21.30) .142 
Tinnitus loudness (dB SPL) 53.25 ± 14.78 54.00 32.00 72.00 53.92 ± 12.30 54.00 35.00 74.00 -.12(21.30) .905 
Hearing loss left (dB) 19.75 ± 14.70 17.00 6.47 46.64 20.61 ± 11.17 18.20 6.62 38.78 65.50 .729 
Hearing loss right (dB) 19.89 ± 7.89 21.43 7.37 30.52 19.95 ± 11.25 21.20 5.88 38.31 -.01(19.83) .988 
LDL left (dB) (5 missing values/ 
11 missing values) 

85.71 ± 2.93 84.00 84.00 90.00 90.00 - - - 1.00 .302 

LDL right (dB) (7 missing values/ 
8 missing values) 

83.04 ± 6.15 81.00 78.00 90.00 86.25 ± 3.77 87.00 81.00 90.00 -.85(6.68) .422 

Minimum masking level (dB) 56.33 ± 13.15 53.00 44.00 79.00 72.92 ± 15.19 74.50 54.00 90.00 28.00 .012 
Sensation Level (dB) 46.00 ± 15.85 46.50 24.00 66.00 52.58 ± 8.84 53.00 39.00 70.00 -1.26(17.24) .225 
TQ total score (0-84) 28.00 ± 10.87 23.50 19.00 55.00 49.00 ± 15.20 43.50 30.00 71.00 14.50 <.001 
THI total score (0-100) 22.83 ± 16.37 14.00 4.00 52.00 48.00 ± 23.34 40.00 14.00 76.00 -3.30(19.71) .004 
VAS awareness (%) 50.00 ± 28.92 30.00 20.00 90.00 80.83 ± 25.75 100.00 30.00 100.00 26.50 

 
.008 

VAS loudness (%) 48.75 ± 16.25 52.50 30.00 75.00 73.33 ± 16.65 80.00 50.00 100.00 22.50 
 

.004 

VAS bothersome (%) 21.33 ± 21.98 20.00 .00 75.00 45.83 ± 29.99 45.00 10.00 100.00 34.00 .029 
GUF total score (0-45) 6.00 ± 5.48 5.00 .00 20.00 12.17 ± 5.37 11.50 1.00 20.00 28.50 .012 

M = mean; SD = standard deviation; Md = median; Min = minimum; Max = maximum; df = degrees of freedom; LDL = Loudness Discomfort Level (missings in LDL are due to 
values over 90 dB); TQ = Tinnitus Questionnaire; THI = Tinnitus Handicap Inventory; VAS = Visual Analog Scale; GUF = Questionnaire on Hypersensitivity to Sound.  
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Statistical testing for differences between the subgroups of responders and non-responders 

revealed differences in terms of tinnitus duration, MML and questionnaire data with the group 

of responders showing shorter tinnitus duration (U = 26.00, p = .008, d = 1.135), lower MML 

(U = 28.00, p = .012. d = 1.168) as well as lower sum scores in TQ (U = 14.50, p < .001, d = 

1.159), THI (t(19.71) = -3.30, p = .004, d = 1.249) and GUF (U = 28.50, p = .012, d = 1.137). 

Likewise, responders reported lower values in subjective measurements of tinnitus awareness 

(U = 26.50, p = .008, d = 1.126), loudness (U = 22.50, p = .004, d = 1.494) and bothersome (U 

= 34.00, p =.029, d = .931) as indicated by VAS (in %). Detailed sample characteristics and 

statistical comparisons for the two subgroups are shown in Table 9. 

 

Audiometry and tinnitometry 

Results from audiometric assessment and tinnitus matching are outlined in Table 8 as well as 

illustrated in Figure S2. The investigated sample featured a mean tinnitus frequency of 6251.09 

Hz (SD = 2811.38), whereas the average tinnitus loudness was 51.38 dB SPL (SD = 16.05). 

Initial perception of the individual tinnitus pitch (SL) appeared at a mean volume level of 47.58 

dB (SD = 17.49). Mann-Whitney U-tests found no differences with respect to HL (U = 941.50, 

p = .569) and LDL (U = 199.50, p = .361) between the left and the right ear. 

 

Acoustic stimulation 

Table S5 lists the descriptive statistics for tinnitus loudness ratings for each stimuli on average 

as well as time point T0. Tinnitus suppression time curves, including all seven time points, are 

illustrated in Figure 6 for each stimuli. Model fitting procedure of behavioural data was able to 

identify the following model with the best fit for the data: response ~ condition + (1|id). Table 

S6 lists detailed results of the model fitting proceeding. A significant effect of condition was 

observed (cf. Table S7). Succeeding post-hoc contrasts found differences between stimulus 

WN vs. IBS, as well as IBP vs. IBS (cf. Table 10). A potential confounding caused by the 

position of the stimuli in the acoustic stimulation sequence could be excluded, since position 

did not appear as a significant predictor in the final model. 
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Figure 6. Tinnitus loudness time curve per condition. 
WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered 
white noise. Tinnitus loudness ratings are illustrated on a single participant level for all rating timepoints separated 
for each stimuli. Thick lines show the mean tinnitus loudness (%) per stimulus, standard deviations are illustrated 
as grey ribbons.  
 

 

Table 10. 
Post-hoc tukey contrasts for condition.  
Contrast Estimate t p d 
Total sample     
WN – IBP 1.05 1.20 .451 .057 
WN – IBS -4.32 -4.96 <.001 .251 
IBP – IBS 5.37 -6.17 <.001 .328 

WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered 
white noise; degrees of freedom = 902.00; standard error = .87.  
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Stimulus evaluation 

Stimulus evaluation outcomes in terms of valence and arousal can be seen from Table S8 and 

Figure S3. Model response ~ condition + (1|id) was identified to have the best fit for the 

valence data with condition as a significant fixed effect (cf. Tables S9 and S10). Post-hoc tests 

were able to reveal differences for valence evaluations of stimuli WN vs. IBS and also IBP vs. 

IBS as can be seen from Table S11. Subsequent model was identified by our model fitting 

approach for arousal data: response ~ condition + gender + (1|id) (cf. Table S9). Fixed effect 

testing revealed significant effects for condition and gender (cf. Table S10). Post-hoc analysis 

showed differences between stimuli IBP and IBS as well as male and female participants (cf. 

Table S11). 

 

Electrophysiology 

Results of whole sample EEG power spectra analysis are outlined in Table 11. A significant 

main effect of time was observed, indicating higher spectral power for 1 – 7 Hz and 26 – 45 Hz 

plus lower spectral power for 7 – 28 Hz after auditory stimulation. Further, a significant 

interaction of condition and time was found in the frequency spectra 1 – 7 Hz and 36 – 45 Hz. 

Succeeding post-hoc contrasts revealed higher power in lower frequencies towards stimulation 

across all stimuli (WN: 1 – 7 Hz; IBP: 1 – 6 Hz; IBS: 1 – 6 Hz) as well as higher gamma activity 

after a stimulation with IBP (32 – 45 Hz) and IBS (37 – 45 Hz). A power decrease following 

IBS stimulation was found for the frequency cluster 11 – 19 Hz. In addition, statistical trends 

towards power reductions in the frequency clusters 10 – 12 Hz and 14 – 19 Hz were observed 

for pre-post comparisons of stimulus WN. Differences between the applied types of stimuli 

with respect to pre-post power spectra changes or post stimulation power spectra were not 

detected. Electrodes within frequency clusters as outlined in Table 11 can be found in the 

supplemental material in Table S12 grouped by brain areas. 

No correlations were found on the cluster level for post stimulation EEG power or pre-post 

power spectra changes with averaged tinnitus loudness ratings or rather tinnitus loudness ratings 

immediately after stimulation end (T0) for any of the used stimuli. 

Table 12 provides the results obtained from the responder EEG power spectra analysis 

(compare section EEG analysis). A significant main effect of time was observed, indicating a 

power reduction from pre to post stimulation in the frequency cluster 6 – 32 Hz for responders 

as well as non-responders.  
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Table 11. 
Electrophysiology - results of cluster-based permutation test for the total sample analysis.  

 Frequency (Hz) Cluster statistic (df) p Peak frequency (Hz) Peak electrode Max. statistic 
Time       
Positive cluster 1 – 7 t(134) = 1047.88 <.001 4 PO8 7.68 
Positive cluster 26 – 45 t(134) = 893.13 <.001 41 POz 4.89 
Negative cluster 7 – 28 t(134) = -1150.64 <.001 12 T8 -5.33 
Condition x Time       
Positive cluster 1 – 7 F(5,40) = 3437.77 .002 4 PO8 51.28 
Positive cluster 36 – 45 F(5,40) = 2783.52 .002 42 F6 34.09 
Post-hoc - pre vs. post stimulation per stimulus      
Positive cluster       
WN 1 – 7 t(44) = 482.28 .006 5 O1 4.81 
IBP 1 – 6 t(44) = 696.17 .002 3 O1 5.90 
IBP 32 – 45 t(44) = 460.98 .007 41 F3 4.44 
IBS 1 – 6 t(44) = 398.13 .006 3 O2 4.20 
IBS 37 – 45 t(44) = 199.09 .026 45 P2 3.54 
Negative cluster       
WN 10 – 12 t(44) = -132.92 .058 11 T8 -4.24 
WN 14 – 19 t(44) = -123.90 .064 19 C3 -3.95 
IBS 11 – 19 t(44) = -242.31 .016 13 T8 -4.20 

WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered white noise; df = degrees of freedom; Max = maximum. Positive 
clusters indicate increased power spectra whereas negative clusters indicate decreased power spectra from pre to post stimulation, in the respective frequency ranges. Peak frequency 
(Hz) and peak electrode represent the particular frequency and electrode featuring the maximum value obtained from cluster statistics.  
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Table 12. 

Electrophysiology - results of cluster-based permutation test for the responder analysis analysis.  

 Frequency (Hz) Cluster statistic (df) p Peak frequency (Hz) Peak electrode Max. statistic 
Time       
Negative cluster 6 – 32 t(11) = -1539.00 <.001 18 TP7 -6.77 
Group       
Positive cluster 7 – 12 t(22) = 246.27 .082 9 F4 4.35 
Negative cluster 22 – 45 t(22) = -573.34 .024 31 P5 -4.06 
Exploratory post-hoc contrast - responders vs. non-responders post stimulation   
Positive cluster 5 – 17 t(22) = 549.39 .035 9 F4 4.94 

Df = degrees of freedom; Max = maximum. Positive clusters indicate increased power spectra, whereas negative clusters indicate decreased power spectra for responders compared 
to non-responders respectively from pre to post stimulation (effect of time) in the respective frequency ranges. Peak frequency (Hz) and peak electrode represent the particular 
frequency and electrode featuring the maximum value obtained from cluster statistics.  
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Likewise, a significant effect of group demonstrates lower power in higher frequency ranges 

(22 – 45 Hz; t(max) = -4.06, over electrode P5 at 31 Hz; cf. Figure 7 A and B) as well as a 

statistical trend towards higher power in the alpha frequency range (7 – 12 Hz; t(max) = 4.35, 

over electrode F4 at 9 Hz; cf. Figure 7 A and B) for the subgroup of responders. There was no 

significant interaction of time and group. Electrodes within frequency cluster presented in 

Table 12 can be found in Table S13 in the supplemental material. Coefficient of variance 

calculation exclusively for the alpha frequency band (8 – 12 Hz) exposed a higher variation in 

frequency band power for the subgroup of responders (responders: 61.04%; non-responders: 

50.03%).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Responders vs. non-responders - contrast of power spectra at the sensor and source level. 
A: Power spectra differences for responders and non-responders for the frequencies 1 – 45 Hz. Significant positive 
cluster 5 – 17 Hz and negative cluster 22 – 45 Hz as well as the respective peak frequencies (9 Hz and 31 Hz) are 
highlighted. Grey ribbons represent the standard deviation for each subgroup. B: Cluster statistic results (t-values) 
of power spectra contrasts between responders and non-responders are presented as topographic plots per 
frequency for a positive cluster of 5 – 17 HZ and a negative cluster of 22 – 45 Hz. Significant cluster electrodes 
are accentuated in bold and labeled per frequency. Peak frequencies of 9 Hz and 31 Hz, representing the maximum 
values obtained from the cluster statistics, are highlighted with dashed line rectangles. C: Source localization of 9 
Hz EEG power peaking in the right inferior temporal gyrus (BA 20).  
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Correlations of EEG power towards stimulation or pre-post power spectra changes on the 

cluster level with subjective tinnitus ratings for the group of responders showed no significant 

results for mean tinnitus loudness or tinnitus loudness at T0. Further no correlation with tinnitus 

loudness rated via VAS (%) was observed. 

Subsequent exploratory analysis of post stimulation power spectra differences between 

responders and non-responders, exhibited increased activity in the frequency cluster 5 – 17 Hz 

in the subgroup of responders (t(max) = 4.94, over electrode F4 at 9 Hz; cf. Table 12 and Figure 

8 A and B). Projecting peak frequencies of sensor-level power differences of responders and 

non-responders contrasts in source space exposed differences solely for 9 Hz (t(cluster) = 13.07, 

p =  .004) with maximum differences (t(max) = 2.70) localized in the right inferior temporal gyrus 

(MNI: 60, -10, -30) shown in Figure 7 C). However, no difference at the peak frequency 31 

Hz could be observed in source space. Source localization of the peak frequency received from 

sensor-level contrast between responders and non-responders post acoustic stimulation 

exhibited differences at the frequency of 9 Hz (t(cluster) = 31.95, p = .032) localized in the right 

superior temporal gyrus (MNI: 40, -30, 10) presented in Figure 8 C. 

 

Discussion 

The main objective of the present study was to investigate the effect of different types of noise 

stimuli on short-term tinnitus suppression and corresponding electrophysiological brain 

activity. Moreover, we wanted to elucidate if electrophysiological changes are a function of 

tinnitus loudness ratings and if differential activation patterns arise from the different stimuli 

putatively triggering RI or lateral inhibition, respectively. Finally, we aimed at examining 

potential differences in ongoing brain activity between responders and non-responders. To the 

best of our knowledge, this presentation of notch- and bandpass-filtered WN sounds is novel in 

its application in tinnitus research. Similarly, we are the first group which elucidated 

neurophysiological differences between acoustic stimulation responders and non-responders. 

In the following, the results of our study are thus critically discussed in the light of current 

knowledge and with respect to future research outlook. 
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Figure 8. Responders vs. non-responders - post stimulation power spectra contrast at the sensor and source 
level. 
A: Power spectra differences for responders and non-responders for the frequencies 1 – 45 Hz. Significant positive 
cluster 5-17 Hz with the respective peak frequency of 9 Hz is highlighted. Grey ribbons represent the standard 
deviation for each subgroup. B: Results of cluster statistics (t-values) of power spectra contrasts between 
responders and non-responders following acoustic stimulation are presented as topographic plots per frequency 
for a positive cluster comprised of 5-17 Hz. Significant cluster electrodes are accentuated in bold and labeled per 
frequency. Peak frequency of 9 Hz is highlighted with a dashed line rectangle. C: Source localization of 9 Hz EEG 
power peaking in the right superior temporal gyrus (BA 41).  
 

Behavioral results 

The behavioral analyses demonstrate similar suppression patterns as past studies in this field 

with only a subset of the study population reporting a considerable tinnitus loudness reduction 

after acoustic stimulation. On a group level all of the used stimuli induced short-term tinnitus 

suppression. Contrary to our hypothesis IBS appeared to produce the fewest reduction in 

tinnitus loudness rating, whereas IBP resulted in the strongest suppression pattern. A potential 

explanation for this difference might derive from the ability of IBP/ WN in stimulating a 

broader range of frequencies around the ITF leading to a reduction of neural response gain and 

tinnitus-related hyperactivity and as a result facilitating short-term tinnitus suppression (cf. 
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Schaette et al., (2010)), whereas suppressing effects of IBS via lateral inhibition might only 

appear after long-term application. However, it is also possible that so called feed-forward 

inhibition is responsible for the superiority of stimuli containing signal in frequency ranges 

affected by hearing loss (cf. Roberts (2007); Roberts et al. (2010)). These explanations remain 

highly speculative and currently we are not able to provide a suitable explanation for these 

observed differences. Interestingly, stimulus IBP was evaluated with the lowest tolerability as 

indicated by the highest arousal and lowest valence ratings. This finding is contrary to one of 

our previous experiments which reports low arousal and high valence ratings for IBP 

(Schoisswohl et al., 2019b). 

Generally, about 50 to 90% of the studied individuals report some level of tinnitus suppression 

after acoustic stimulation (Fournier et al., 2018; Kahlbrock and Weisz, 2008; Neff et al., 2017; 

Schoisswohl et al., 2019; Sedley et al., 2012). Given the skewed distribution of RI responses 

on the group level in previous and this study as well as the need for a reliable threshold for 

strong tinnitus suppression, we opted to define a reduction in tinnitus of 50% after acoustic 

stimulation as the threshold for the responder classification akin to Kahlbrock and Weisz 

(2008). Applying this threshold, we can report an absolute number of 12 responders (with any 

stimulus type) out of 45 participants (26.67% responder rate) which is comparable to relative 

numbers reported by Kahlbrock and Weisz (2008) (26% responder rate), but below the quantity 

of responders reported by King et al. (2020) (56.67% responder rate; the threshold for RI in this 

study is currently unknown due to publication status). 

 

Electrophysiology 

Since only a handful of studies evaluated neural activity during RI, no specific hypotheses were 

generated about oscillatory changes from pre to post stimulation. In light of past 

neurophysiological research and the assumptions that tinnitus is accompanied by abnormal 

delta, alpha and gamma activity (Adjamian et al., 2012; Ashton et al., 2007; Balkenhol et al., 

2013; van der Loo et al., 2009; Moazami-Goudarzi et al., 2010; Weisz et al., 2007a, 2005) as 

well as a putative brief inversion of altered spontaneous brain activity during RI (Kahlbrock 

and Weisz, 2008), it can be supposed that observed group-level changes in tinnitus loudness 

(RI) are also reflected in electrophysiological measures. Namely, a reduction in delta and 

gamma and an increase in alpha power spectra from pre to post stimulation is to be expected 

given these assumptions. 
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Whole group analysis 

Analysis of whole group pre-post stimulation changes in ongoing brain activity revealed 

increases in the delta, theta and gamma frequency range as well as decreases in alpha and beta 

frequency bands. This increase in low frequency activity is in direct contrast to past 

observations, which report a reduction of delta and theta power spectra during RI in accordance 

with the current neurophysiological models for tinnitus (Kahlbrock and Weisz, 2008; Sedley et 

al., 2015, 2012). In contrast, an earlier study using neuromagnetic measures in a single subject 

during short-term tinnitus suppression likewise reports an enhancement of low frequency 

activity (Kristeva-Feige et al., 1995). Gamma band activity was suggested to represent a 

spontaneous brain activity pattern related to the actual tinnitus perception (Weisz et al., 2007a), 

therefore it is assumed that during a potential suppression of tinnitus after acoustic stimulation, 

activity in the gamma band will be suppressed. 

The current findings revealed an increase in gamma power after auditory stimulation, similar 

to findings from King et al. (2020) or Sedley et al. (2015, 2012), who observed an increase in 

gamma band activity during RI. Consistent with the current literature, we observed a decrease 

in alpha frequency band power from pre to post stimulation (Kahlbrock and Weisz, 2008; 

Sedley et al., 2015). However, a recent study was able to demonstrate an increase in alpha 

frequency band power during RI in accordance with the given neurophysiological models in 

tinnitus (King et al., 2020). 

No relationship of pre-post power spectra changes, neither with tinnitus loudness ratings 

averaged over all time points nor directly after stimulation offset was observed in our data. 

Past neurophysiological research was not able to produce consistent findings in terms of 

correlations with behavioral measures of tinnitus respectively RI (e.g., intensity, loudness). 

Besides observed positive correlations of low and high frequency activity (Balkenhol et al., 

2013; van der Loo et al., 2009; Sedley et al., 2012) or alpha activity with tinnitus intensity 

(Meyer et al., 2014; Sedley et al., 2015), the current findings are in accordance with other 

studies which report an absence of any relationship (Adjamian et al., 2012; Kahlbrock and 

Weisz, 2008; Pierzycki et al., 2016). 

In consideration of missing correlations as well as power spectra changes in conflict with 

current neurophysiological models for tinnitus, we suggest that the present findings do not 

indicate oscillatory patterns related to tinnitus loudness suppression, rather constitute a tinnitus-

unspecific neurophysiological reaction to an external acoustic stimulus. Oscillatory activity in 

the alpha frequency range is supposed to be relevant for inhibitory processes of the brain 

(Klimesch et al., 2007) thus a sound stimulation exceeding the individual tinnitus loudness level 
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produces excitation and consequently alpha decreases. It has already been shown, that 

spontaneous activity in the alpha (6 – 12 Hz) and beta (~ 20 Hz) frequency bands desynchronize 

after sound stimulation (for an overview see Weisz et al. (2011)). Likewise, gamma band 

activity (30 – 45 Hz; 80 – 100 Hz), which is associated with cortical activation like attention or 

perception, was observed to be enhanced after the presentation of sound stimuli (Crone et al., 

2001; Joliot et al., 1994) comparable to the present and recent findings (King et al., 2020). 

In order to distinguish spontaneous brain activity related to tinnitus suppression from tinnitus-

unspecific neurophysiological consequences to a sound stimulation, future research should not 

only compare acoustic stimulation responders and non-responders (RI vs. absence of RI) but 

also strive for a comparison with healthy control groups. 

 

Responder analysis 

Another objective of this study was to compare acoustic stimulation responders with non-

responders, in order to point out potential differences in regards to ongoing brain activity. 

To the best of our knowledge this is the first study, which compares oscillatory activity of 

acoustic stimulation responders and non-responders. Interestingly, we observed reduced 

gamma band activity and a trend for enhanced alpha activity (peak frequency of 9 Hz localized 

in the right inferior temporal gyrus; BA 20) for the group of responders in contrast to non-

responders. This result may corroborate the premise that gamma might be related to tinnitus 

perception (Ashton et al., 2007; De Ridder et al., 2015a; van der Loo et al., 2009; Weisz et al., 

2007b). Given the fact, that responders generally reported their perceived tinnitus loudness level 

lower than non-responders, the question arises if the perceived tinnitus loudness rated via VAS 

can be associated with ongoing brain activity e.g., lower tinnitus loudness related to reduced 

gamma power or enhanced alpha. Yet, a respective correlation analysis failed to show an 

association. As already shown by Schlee et al. (2014), tinnitus sufferers exhibited a blunted 

alpha peak and more importantly reduced alpha variability (8 – 10 Hz). This finding could be 

reflected by our data in a similar way as non-responders had a lower alpha peak and lower alpha 

variability (8 – 12 Hz). In further support for this argumentation, the data of the former study 

as well as our present findings show longer tinnitus duration for subjects with reduced alpha 

power, whereas we assume that these insights from case-control contrasts can be applied to the 

responder analysis at hand. 

The observed reduction in gamma power may be interpreted along similar veins as the findings 

in alpha power by applying insights from case-control studies. Responders with a less 

chronified and intense tinnitus in our study are thus comparable to healthy controls in some 
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case-control designs with reported lower gamma power values (Ashton et al., 2007; Vanneste 

et al., 2011c). In further analogy, our findings of diminished gamma band activity together with 

a decrease in tinnitus loudness for the subgroup of responders can be linked to observations of 

past studies, namely a positive correlation of gamma with tinnitus loudness (Balkenhol et al., 

2013; De Ridder et al., 2015a; van der Loo et al., 2009). We theorize that this trend for blunted 

alpha as well as lower gamma activity may be indicative of a trait as a consequence of tinnitus 

chronification. A related observation was made by Neff et al. (2019) where active listening to 

tinnitus and consequential increase in tinnitus intensity did not lead to any neural alterations, 

which fits the reasoning about a trait-like neural representation of chronified tinnitus. However, 

it is also possible that this pattern of reduced gamma and enhanced alpha activity represent a 

genuine neural trait related to acoustic stimulation response more specifically the possibility to 

induce RI in tinnitus sufferers. 

Our exploratory analysis of post acoustic stimulation contrasts revealed higher spectral power 

in the theta, alpha and beta frequency range with a peak in the alpha band (9 Hz) localized in 

the right superior temporal gyrus (BA 41) in acoustic stimulation responders. This increased 

alpha in auditory fields is in line with our hypothesis of a brief inversion of altered oscillatory 

power during RI and is consistent with past research examining disparities between tinnitus and 

healthy controls (compare introduction). Notably, this supports our assumptions about 

responders and related trait-like neural signatures of tinnitus in that it surmises that only 

responders can exhibit neural responses which are specific to RI induced by acoustic 

stimulation. 

Finally, a lack of correlations between loudness ratings and ongoing brain activity in the present 

study does not allow for a conclusive interpretation with regards to tinnitus. Past studies 

examining correlates of tinnitus suppression and neural activity have been able to demonstrate 

a relationship of low and high frequency activity with tinnitus intensity (Sedley et al., 2015, 

2012). Nevertheless Kahlbrock and Weisz (2008) were not able to demonstrate a correlation of 

tinnitus suppression and ongoing neural activity in agreement with the present findings. To 

further investigate these observed differences, it is recommended to optimize future study 

designs with respect to a parametric analysis of tinnitus duration and RI-related neural activity. 

 

Limitations 

Our study has several limitations which might be informative for future research in the specific 

subfield of acoustic stimulation and general research in tinnitus. No correlations between 

neurophysiological changes and changes in behaviorally assessed self-report tinnitus loudness 
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were found in our data. Given the narrow and skewed distribution of the behavioral data and 

the consequential arbitrary choice of a RI threshold of 50% for the responder group contrast, 

correlation analysis might neither way be informative with the current data. This negative result 

is in line with the former study of Kahlbrock and Weisz (2008). 

Moreover, full and prolonged RI could only be studied in a small subset of the participants.  

Finally, heterogeneity of tinnitus loudness suppression curves between participants and the 

general low reliability and validity of tinnitus self-report data may further contribute to these 

absent findings. 

As in many previous studies, it is challenging to recruit a large enough study sample from the 

locally available tinnitus population for the extensive experimental procedures. Additionally, 

tinnitus suppression responses, especially the parameters of RI depth as well as duration, can 

not be properly assessed in established screening procedures. This selection bias is hard to come 

by and potentially distorts results. Future studies could thus profit from internet-based 

prescreening. Beyond that, multi-center studies could help to further increase the validity of 

results aside from increasing the sample size. 

 

Conclusion 

The main goal of the current study was to unveil the oscillatory signature of RI and see how 

this relates to established neurophysiological models of tinnitus. In contrast to former studies, 

we used an extended set of modified noise stimuli targeting putatively differential neural 

mechanisms (i.e., RI and lateral inhibition). Furthermore, we explicitly investigated responder 

profiles of RI. Similar to former studies, merely a quarter of tested participants exhibited 

pronounced RI. 

Looking at the oscillatory signature of acoustic stimulation responders and non-responders, 

results are indicative of decreased gamma and increased alpha power for responders. These 

findings are in line with both the proposed models of SLIM and TCD, respectively. These 

observations might be indicative of trait-specific forms of oscillatory signatures in different 

subsets of the tinnitus population possibly related to acoustic tinnitus suppression. In agreement 

with a potential transient reversal of tinnitus-specific abnormal ongoing brain activity over the 

course of tinnitus suppression, alpha power was enhanced in the group of responders after 

stimulation similarly compared to non-responders. Source localization of the sensor-level 

differences emphasizes the involvement of auditory cortical systems. Given the lack of 

correlations between tinnitus loudness and oscillatory power in this study, which was also 

reported by former studies, results do not allow for a conclusive interpretation with respect to 
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these models. The identified tinnitus patient profile experiencing RI, which mainly features less 

tinnitus chronification, could serve as a selection criterion to identify individuals for successful 

acoustic tinnitus suppression and putatively for acoustic treatments (e.g., treatment start in early 

stages of chronification). 

Further research examining oscillatory activity during RI should strive for a healthy control 

group as well as control sounds not inducing RI in order to separate the neural signature of 

tinnitus suppression from tinnitus-unspecific neurophysiological effects. 
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Abstract 

Background: Past research highlighted the benefits of personalized rTMS for the treatment of 

chronic subjective tinnitus. Objective/ Hypothesis: The objective was to investigate the 

feasibility of rTMS personalization by identifying individually optimal stimulation parameters 

in test sessions. Particularly, effectiveness and retest-reliability of different stimulation 

parameters were examined. Methods: Via electric-field guided rTMS, 5 patients were 

stimulated with different frequencies on three positions of the left and right superior temporal 

gyrus on two separate days. After each stimulation the patients had to evaluate tinnitus loudness 

and discomfort of the used protocol. Results: Individualization of rTMS was possible in all five 

patients. Significant lower tinnitus loudness was found for 1 Hz stimulation. Positive 

correlations between two days were observed for hemisphere (left, right), position (mSTG, 

pSTG) and frequency (1, 10, 20 Hz). High frequency stimulation produced high discomfort. 

Conclusion: Personalization of rTMS is considered as feasible. Consistency of parameter-

specific tinnitus suppression is demonstrated. 
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Introduction 

Current research findings in the field of neurostimulation and tinnitus are still ambiguous with 

respect to effectiveness of repetitive transcranial magnetic stimulation (rTMS) for the treatment 

of chronic subjective tinnitus (Lefaucheur et al., 2014). It remains unclear, which stimulation 

parameters e.g., stimulation positions or frequencies are most effective. To combat this 

uncertainty and also to enhance the potential efficacy of rTMS for tinnitus, two promising 

approaches are provided by the personalization of rTMS treatments. First, usage of 

neuronavigation or electric-field (e-field) guided rTMS is a putative candidate as coil positions 

can be defined and tracked in the range of mms over the intended target area by means of 

individual anatomical MRI scans (Sahlsten et al., 2017; Schoisswohl et al., 2019a). Second, 

during test sessions using short stimulations with reduced number of pulses, several different 

frequencies and positions can be tested in order to detect a patient-specific rTMS protocol for 

the most appropriate short-term tinnitus suppression. Compared to other neuropsychiatric 

disorders like depression, tinnitus offers the advantage of an immediate response to an 

intervention – namely changes in tinnitus loudness. The possibility to briefly suppress tinnitus 

by single session rTMS for a short period of time is considered as feasible (Müller et al., 2013). 

Identified protocols can then be used for daily treatment. The approach to focus on individual 

results in tinnitus research (in this case patient-specific rTMS protocols for short-term tinnitus 

suppression) was already emphasized by Tyler et al. (2007). So far, the concept of rTMS 

personalization has only been examined in a study from Kreuzer et al. (2017). Patients were 

stimulated throughout test sessions with 1, 5, 10 and 20 Hz, continuous theta burst stimulation 

along with a sham condition (200 or 50 pulses each) over the left and right dorsolateral 

prefrontal cortex and left and right temporo-parietal junction on both hemispheres. Responders 

(sham-controlled and stimulation-specific reductions) were identified and stimulated with their 

most effective prefrontal and temporo-parietal rTMS protocol over the course of a two-week 

period (4000 pulses per session). Non-responders received the standard stimulation protocol for 

the particular brain region. Better improvements in tinnitus-related questionnaires were found 

for the group which received individualized treatment as compared to the group receiving the 

standard protocol. This confirms the ability to identify personalized rTMS protocols and 

suggests the superiority of this approach for the treatment of chronic tinnitus with rTMS.  

Following on from findings of this study, the hereafter reported feasibility trial investigates 

whether it is possible to personalize e-field guided rTMS and examines the effectiveness and 

retest-reliability of certain stimulation parameters in short-term tinnitus suppression. For this 

purpose, three different stimulation positions of the left and right superior temporal gyrus (STG) 
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are stimulated by an e-field guided neuronavigation rTMS system with different frequency 

protocols on two different days.  

 

Material and Methods 

This trial was approved by the local ethics committee of the University of Regensburg, 

Germany (17-820-101). 

 

Sample characteristics 

Five patients (1 female) with chronic subjective tinnitus (> 6 months tinnitus duration) and 

rTMS experience were enrolled in this feasibility trial. Mean age was 51.6 years (SD = 10.92), 

all of them were right-handers, two experienced unilateral right-sided tinnitus, whereas three 

suffered from bilateral tinnitus. Primary inclusion criteria were as follows: age 18 – 75; 

subjective chronic tinnitus; no serious medical, neurological or psychiatric disorders; stable 

medication; no contraindication for magnetic resonance imaging (MRI), no current tinnitus 

treatment or participation in other tinnitus-related experiments. All patients gave written 

informed consent prior to the experiment. 

 

rTMS test session 

T1 weighted MRI brain scans conducted by a MAGNETOM 1.5 tesla scanner (Siemens, 

Germany) preceded the experiment. Individual anatomical images in combination with an e-

field guided neuronavigation rTMS system (NBT System 2; Nexstim Plc., Finland) facilitated 

a stimulation of patient’s superior temporal gyrus (STG) with millimeter accuracy. Besides 

visualization and information on the strength of the induced e-field (V/m) in real time, the usage 

of an e-field guided rTMS system offered the opportunity to control for the direction of the 

induced electric current (for a detailed description of e-field guided rTMS see Sahlsten et al., 

2015). Before the test sessions, patient’s resting motor threshold (RMT) was defined via 

stimulation of the left primary motor cortex and simultaneous recordings of motor evoked 

potentials (MEP) from the thenar muscles of the right hand. Individual motor hotspots were 

detected by the administration of single pulses (maximum 30 pulses) over different positions 

of the left primary motor cortex, until several MEPs with a peak-to-peak amplitude of > 50 µV 

were detectable. The position with the highest amplitude threshold was repeated with the aid of 

an aiming tool implemented in the neuronavigation system (same coil orientation and tilting). 

Subsequently, RMT determination was performed by applying single pulses with automatically 

varying intensity shifts (2.5% steps up and down). RMT was specified as the minimum 
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stimulation intensity needed to produce MEPs with a minimum of 50 µV amplitude in at least 

50% of applied pulses. 

Six stimulation positions for rTMS were localized in reference to Sahlsten et al. (2017). 

Stimulation positions consisted of anterior (aSTG), middle (mSTG) and posterior (pSTG) parts 

of the left and right STG. Anterior parts were localized about one centimeter in posterior 

direction from the junction of sulcus centralis with the STG. PSTG was set at the temporo-

parietal junction, whereas the mSTG was selected in the middle of those two points. During the 

test sessions, patients were stimulated with 200 pulses of 1, 10, 20 and 0.1 Hz (20 pulses, active 

control condition, no neuroplastic effects expected due to few pulses and long pulse intervals) 

rTMS with 110% RMT. Each stimulation was executed with the coil placed in such a way, that 

the direction of the induced e-field was perpendicular to the sulcus of the target area. The order 

of stimulation frequency, hemisphere and positions was randomized. After each of the 24 

protocols, the patients had to rate the loudness of their tinnitus on a numeric rating scale from 

0 to 110% of baseline loudness (0% represents a total absence of tinnitus, 100% no change in 

tinnitus loudness, whereas 110% signified an increase of tinnitus loudness by 10%) and the 

degree of discomfort from 0 to 10 (10 signified intolerability) induced by the rTMS 

interventions. To investigate reliability, the test session was repeated on a second day with a 

minimum interval of one day and a new randomization (in addition reversed order of 

hemisphere). The most suitable rTMS protocol for short-term tinnitus suppression was 

identified individually for each patient with respect to the induced tinnitus loudness reduction 

as well as discomfort rating of the respective rTMS protocol. 

 

Statistical Analysis 

Tinnitus loudness ratings for all patients were averaged for the stimulation parameters 

frequency, position and hemisphere and analyzed with the statistic software SPSS (SPSS vers. 

24; IBM, USA). Differences in tinnitus loudness and discomfort ratings for stimulation 

positions and frequencies were analyzed by Friedmann tests. Significant effects were followed 

up by Wilcoxon tests. Wilcoxon tests were conducted to examine differences in the stimulation 

hemisphere. Reliability of stimulation parameters in short-term tinnitus suppression (day one 

and day two) was analyzed by Kendall’s Tau correlations with averaging the parameters of non-

interest. Statistical significance was set at p ≤ .05. Plots were created in R (R version 3.4.3; R 

Foundation for Statistical Computing, Austria) with the package “ggplot2”. 
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Results 
As shown in Table 13, an individual best protocol for brief tinnitus suppression could be 

identified for each patient. Statistical analysis showed a significant effect of frequency (!2(3) = 

9.98, p = .02). Post-hoc tests revealed significant lower tinnitus loudness ratings of 1 Hz 

compared to 0.1 Hz (z = -2.02, p = .04), 10 Hz (z = -2.02, p = .04) as well as 20 Hz (z = -2.02, 

p = .04) with no differences between the other contrasts (all p-values > .05). No significant 

effects were found for stimulation position (!2(5) = 1.60, p = .45) and hemisphere (z = -.67, p 

= .50) (compare Figure 9a, 9d, 9g). Statistical tests for the discomfort ratings exposed a 

significant effect of frequency (!2(5) = 9.98, p = .02). Post-hoc Wilcoxon tests revealed 

significant differences between 0.1 Hz and 1 Hz (z = -2.04, p = .04), 0.1 Hz and 10 Hz, 0.1 Hz 

and 20 Hz, 1 Hz and 10 Hz as well as 1 Hz and 20 Hz (z = -2.02, p = .04). The sham condition 

followed by 1 Hz produced the least discomfort ratings. Further analysis indicated significant 

lower discomfort levels for left hemispheric rTMS (z = -2.02, p = .04). Near-significant 

differences were found for the stimulation positions (!2(5) = 5.20, p = .07) (compare Figure 

9b, 9e, 9h). Tests for loudness rating reliability discovered a positive correlation between day 

one and day two for the left and right hemisphere (r! = .80, p = .05) and also for the stimulation 

positions mSTG (r! = .80, p = .05) and pSTG (r! = 1.00, p = .05). Likewise, significant positive 

correlations were found for the frequencies 1 Hz (r! = .80, p = .05) 10 Hz (r! = .80, p = .05) and 

20 Hz (r! = .95, p = .05). Figure 9c, 9f and 9i illustrates individual tinnitus loudness ratings for 

stimulation frequency, position and hemisphere over the two days. 

 

Table 13. 

Individual rTMS protocol per patient. 
 Patient No. 

 1 2 3 4 5 

Stimulation intensity (%) 36 24 51 30 30 
Hemisphere Right Left Left Right Right 
Position mSTG pSTG pSTG aSTG pSTG 
Frequency (Hz) 1 1 10 1 1 
Tinnitus loudness (% from baseline loudness) 80 90 50 80 50 
Discomfort rating of rTMS protocol  3 1 3 2 0 

aSTG = anterior superior temporal gyrus; mSTG = middle superior temporal gyrus; pSTG = posterior superior 
temporal gyrus. 
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Figure 9. Tinnitus loudness and discomfort ratings. 
Tinnitus loudness and discomfort ratings for rTMS parameters stimulation frequency (a, b), stimulation position 
(d, e) and stimulation hemisphere (g, h) are illustrated. Error bars represent standard deviations. Significant 
differences (p < .05) are highlighted by *. Reliability results for the two days are outlined in c), f) and i). Tinnitus 
amelioration lies within the grey rectangle. Tinnitus loudness ratings for rTMS over the aSTG for day 2 are missing 
for one patient due to painfulness. 
 

Conclusion 

The aim of this study was to examine if a personalization of rTMS with e-field guided 

neuronavigation is feasible and reliable. We tested the impact of various stimulation parameters 

(position, frequency, hemisphere) on short-term tinnitus suppression. Since none of the patients 

reported superior tinnitus reduction for the sham condition, together with the possibility to 

identify an individual protocol for each patient, customization of rTMS protocols by performing 

test sessions with different protocols is considered as feasible. 

With respect to retest-reliability for stimulation parameters, we demonstrated consistent tinnitus 

loudness ratings for hemisphere (left, right), stimulation position (mSTG, pSTG) and frequency 

(1, 10, 20 Hz) in tinnitus suppression. Therefore, consistency of parameter-specific tinnitus 

suppression can be assumed.  
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We also observed a significant group effect of protocol with superior effects for 1 Hz suggesting 

the superiority of 1 Hz over the other tested frequencies (10 Hz, 20 Hz) as a general effect, 

which does not depend on individual differences in susceptibility to rTMS effects. 

Discomfort ratings indicate stimulations over the aSTG (one patient dropout; aSTG < mSTG < 

pSTG), of the right hemisphere and with high frequency protocols (0.1 Hz < 1 Hz < 10 Hz < 

20 Hz) as most unpleasant. These discoveries underline the usefulness of test sessions in order 

to identify a rTMS protocol with best tolerability and best tinnitus suppression. On the other 

hand, influence of local side effects on loudness reduction cannot be excluded. 

The cooling-noise of the TMS coil made it rather difficult for some patients to accurately rate 

loudness changes of their tinnitus during the test sessions. It is conceivable, that tinnitus 

loudness ratings and thereby parameter effectiveness would be different with a silent coil. Since 

the same coil was used for the whole trial, reliability results should not be affected. However, 

future test session trials should strive for bigger sample sizes, implementation of silent or 

uncooled TMS coils and focus either on other brain regions or one stimulation position to tackle 

the huge testable parameter space in rTMS. 
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Abstract 

Background: Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain 

stimulation tool potentially modulating pathological brain activity. Its clinical effectiveness is 

hampered by varying results and characterized by inter-individual variability in treatment 

responses. RTMS individualization might constitute a useful strategy to overcome this 

variability. A precondition for this approach would be that repeatedly applied protocols result 

in reliable effects. The condition tinnitus provides the advantage of immediate behavioral 

consequences (tinnitus loudness changes) after interventions and thus offers an excellent model 

to exemplify TMS personalization. Objective: The aim was to investigate the test-retest 

reliability of short rTMS stimulations in modifying tinnitus loudness and oscillatory brain 

activity as well as to examine the feasibility of rTMS individualization in tinnitus. Methods: 

Three short verum (1Hz, 10Hz, 20Hz; 200 pulses) and one sham (0.1Hz; 20 pulses) rTMS 

protocol were administered on two different days in 22 tinnitus patients. Before and after each 

protocol, oscillatory brain activity was recorded with electroencephalography (EEG) together 

with behavioral tinnitus loudness ratings. Stimulation responders were identified via consistent 

and sham-superior behavioral or electrophysiological responses according to the prevalent 

neurophysiological models for tinnitus. Results: It was feasible to identify individualized rTMS 

protocols featuring reliable tinnitus loudness changes (55% responder), alpha increases (91% 

responder) and gamma decreases (100% responder) respectively. Contrary, test-retest 

correlation analyses per protocol on a group-level were not significant neither for behavioral 

nor for electrophysiological effects. No associations between behavioral and EEG responses 

were given. Conclusion: RTMS individualization via behavioral and electrophysiological data 

in tinnitus can be considered as a feasible approach to overcome low reliability on group-level. 

The present results open the discussion favoring personalization utilizing neurophysiological 

markers rather than behavioral responses. These insights are not only useful for the rTMS 

treatment of tinnitus but also for neuromodulation interventions in other pathologies as our 

results suggest that the individualization of stimulation protocols is feasible despite absent 

group-level reliability. 
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Introduction 

With a prevalence of about 10% of the population tinnitus is a rather common condition, 

characterized by the permanent perception of ringing or hissing in the absence of a 

corresponding external stimulus. The majority of tinnitus cases are caused by cochlear damages 

respectively hearing loss (Baguley et al., 2013; Langguth et al., 2013; McCormack et al., 2016), 

whereby the absence of auditory input from the periphery provokes maladaptive neural changes 

which ultimately manifest in hyperactivity of auditory and non-auditory cortical regions. These 

pathological alterations of the central nervous system are assumed to underly the perception of 

tinnitus (Eggermont, 2007; Eggermont and Roberts, 2012; Eggermont and Tass, 2015; Henry 

et al., 2014; Roberts et al., 2010). 

Recent neuromodulation techniques attempt to reverse or modulate these pathological 

alterations (for a recent overview see Langguth, 2020). One of these is repetitive transcranial 

magnetic stimulation (rTMS), a non-invasive brain stimulation tool with the capability to evoke 

neuroplastic changes by a rhythmic administration of brief electromagnetic pulses (Hallett, 

2007; Hoogendam et al., 2010; Siebner and Rothwell, 2003). By means of low frequency rTMS 

it is possible to inhibit cortical excitability whereas high frequency protocols are assumed to 

increase cortical excitability. These statements should be seen as a rule of thumb as several 

findings show high inter- and intra-individual variability of rTMS with a lot of subjects not 

behaving accordingly (Fitzgerald, 2002; Fitzgerald et al., 2006; Klomjai et al., 2015; Rossini et 

al., 2015). 

On this account, temporal 1Hz rTMS was applied in order to inhibit tinnitus-associated 

hyperactivity of the auditory cortex and consequently suppress the tinnitus percept 

(Eichhammer et al., 2003; Langguth et al., 2003).  

For many years various treatment trials deployed left temporal low frequency rTMS showing 

greatly varying findings and high inter-individual variability in responses (for an overview see 

Schoisswohl et al., 2019). Given this backdrop, additional studies also examined the 

consequences of other rTMS approaches such as multi-site stimulation protocols (Lehner et al., 

2016, 2013), prefrontal cortex stimulation (De Ridder et al., 2013; Noh et al., 2017; Vanneste 

and De Ridder, 2013) or high frequency rTMS (Forogh et al., 2014; Khedr et al., 2010, 2008) 

as well as continuous theta-burst stimulations (Forogh et al., 2014; Plewnia et al., 2012; 

Schecklmann et al., 2016) as a treatment option for tinnitus. Nevertheless, its clinical 

effectiveness is still not obvious. Recent reviews and meta-analyses conclude that there is no 

clear indication for an effect (Dong et al., 2020; Langguth, 2020; Zenner et al., 2017), while 

others report potential effectiveness for its clinical administration (Lefaucheur et al., 2014; 
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Londero et al., 2018), especially over the auditory cortex (Lefebvre-Demers et al., 2020). This 

lack of evidence may be explained by the fact that there is still a certain ambiguity concerning 

the correct rTMS parameters (e.g., frequency or position) for the application in tinnitus. 

Admittedly, the effects of non-invasive brain stimulation methods in general are subject to 

rigorous intra- and inter-individual variability, conceivably caused by a complex interplay of 

technical and physiological parameters (Guerra et al., 2017; López-Alonso et al., 2014; Polanía 

et al., 2018; Terranova et al., 2019). 

A personalization of stimulation protocols might provide remedy and further enhance efficacy. 

Individualization of magnetic stimulation might be capable of resolving the issue of effect 

variability within the same type of pathology. Its implementation in neuropsychiatric research 

is highly dependent on phenotypes as well as the identification of appropriate and valid clinical 

or physiological outcome measures (Cocchi and Zalesky, 2018; Garnaat et al., 2019). However, 

tinnitus provides the tremendous benefit of direct reactions from the patients’ side by virtue of 

changes in tinnitus perception and can therefore function as a kind of role model in rTMS 

personalization. 

Test sessions (i.e., short stimulations with recording of immediate responses) and an 

administration of different protocols offer the opportunity to examine the ability of the different 

protocols to suppress tinnitus loudness in an individual. In several studies it has been 

demonstrated that tinnitus loudness can be suppressed by means of single rTMS sessions for 

some minutes (Folmer et al., 2006; Fregni et al., 2006; Lorenz et al., 2010; Meeus et al., 2009; 

Plewnia et al., 2003), and that suppression patterns vary among patients (Müller et al., 2013). 

The concept of rTMS personalization in the clinical context of tinnitus was first introduced by 

Kreuzer et al. (2017). By dint of rTMS test sessions with different types of frequencies and 

positions, individualized protocols for brief tinnitus suppression were identified and further 

used in the course of a daily treatment. These findings emphasize the feasibility of rTMS 

individualization and imply superiority over a standard treatment protocol by means of a higher 

number of treatment responders, even if no statistical differences between the standard and the 

individualized treatment were detected in this relatively small pilot study. In another 

preliminary work from our group using an e-field guided system we were able to demonstrate 

reliable tinnitus loudness decreases for certain stimulation parameters as well as the possibility 

to individualize rTMS characterized by a consistent and sham-controlled tinnitus loudness 

suppression in five out of five individuals (Schoisswohl et al., 2020a). Nonetheless, behavioral 

responses are governed by certain limitations such as their highly subjective matter and the 
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difficulty to accurately evaluate minor changes in the tinnitus percept in many cases, which 

might constitute an additional reason for variability in responses. 

It is widely established, that tinnitus is accompanied by pathologically altered oscillatory brain 

activity patterns. According to the “Thalamo-cortical Dysrhythmia Model” (TCD), the assumed 

mechanism behind these changes are peripheral deafferentation causing thalamic low frequency 

activity which in turn provokes a boost in neural synchrony and increased gamma activity in 

auditory regions of the cortex (De Ridder et al., 2015b; Llinás et al., 2005, 1999). An expansion 

of the TCD model termed “Synchronization-by-Loss-of-Inhibition-Model” (SLIM), presumes 

that an ancillary suppression of neurons relevant for inhibition additionally causes diminished 

activity in the alpha frequency range. Moreover pathological gamma in tinnitus is prompted by 

this alpha decrease and the concomitant loss of inhibition (Weisz et al., 2007a). 

Several neurophysiological investigations using electro- or magnetoencephalographic 

measurements revealed decreased activity in the alpha band and increased activity in the delta 

and gamma frequency ranges (Adjamian et al., 2012; Balkenhol et al., 2013; Moazami-

Goudarzi et al., 2010; Schlee et al., 2014; Weisz et al., 2007b, 2005). In particular, gamma is 

suggested to be closely related to the actual tinnitus perception (De Ridder et al., 2015a; van 

der Loo et al., 2009; Weisz et al., 2007b). These altered spontaneous brain activities might 

provide a potential indicator to examine the effect of rTMS in tinnitus.  

TMS-EEG investigations have already demonstrated, that rTMS successfully modulates 

evoked and ongoing brain activity with effects exceeding the stimulation offset (neuroplastic 

consequences) (Noda, 2020; Qiu et al., 2019; Thut and Pascual-Leone, 2010). In the clinical 

context, TMS-EEG approaches are already used for several neuropsychiatric conditions such 

as schizophrenia, depression or Alzheimer’s disease in order to identify and investigate the  

relevance of neurophysiological markers as well as to provide a more profound insight into the 

neuroplastic consequences of rTMS (Hui et al., 2019; Tremblay et al., 2019). In case of tinnitus, 

a combination of rTMS and EEG might not only help to improve our understanding of the 

pathophysiology and altered ongoing brain activity patterns behind tinnitus but also shed light 

on neurophysiological markers for tinnitus suppression. As of yet, only a handful of studies 

investigated the consequences of single rTMS sessions on spontaneous brain activity in tinnitus. 

Müller et al. (2013) applied different stimulation types (1 Hz, continuous theta burst, 

intermittent theta burst and individual alpha frequency rTMS) over the temporal cortex and 

aimed to detect the most efficient protocol for transient tinnitus suppression per subject. By 

using magnetencephalography (MEG) they could detect a significant increase of alpha power 

(8 – 12 Hz) in the auditory cortex associated with tinnitus suppression. Due to the absence of 
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clear effects on a whole-group level, the authors emphasize the relevance of analysis on an 

individual subject level to unveil the key mechanisms behind tinnitus suppression. In this 

context, especially modulations in the alpha frequency band might provide a potential marker 

for future attempts in individualizing rTMS. Schecklmann et al. (2015) compared the 

neuroplastic consequences of rTMS in tinnitus patients with healthy controls and observed 

rTMS-specific modulations almost entirely for the group of tinnitus patients. A left temporal 1 

Hz stimulation with 200 pulses decreased power spectra in the delta (2 – 3.5 Hz) and theta (4 – 

7.5 Hz) frequency ranges as well as increased beta2 (18.5 – 21 Hz) frequency band power over 

frontal areas in tinnitus patients. Right prefrontal cortex 1 Hz stimulation reduced beta3 (21.5 

– 30 Hz) and gamma (30.5 – 44 Hz) band activity in tinnitus patients in temporal areas. In 

contrast the control group exhibited enhanced beta3 and gamma power. Results emphasize the 

ability to modulate tinnitus-related ongoing brain activity or rather to induce neuroplastic 

changes in tinnitus by rTMS in accordance with the TCD model. However, on a behavioral 

level reliable sham-controlled decreases in tinnitus loudness were solely present in two out of 

20 tinnitus patients (one after right prefrontal, one after left temporal rTMS). 

Considering past findings, in particular the ability of certain rTMS protocols to transiently 

decrease tinnitus loudness plus modulate tinnitus-associated oscillatory brain activity, up to 

now there is no convincing data on test-retest reliability of the effects of single session rTMS. 

A test-retest design has the potential to yield essential details about effect-consistency, more 

specifically if rTMS produces reliable and valid modulations. Findings may promote decisions 

in choosing appropriate rTMS protocols for daily treatments. Due to the overall high variability 

of non-invasive brain stimulation effects, it is of utmost importance to identify reliable brain 

stimulation techniques to cope for this variability. Hence, one of the objectives of the current 

experiment was to scrutinize the test-retest reliability of different rTMS protocols in short-term 

tinnitus suppression and modifying resting state EEG activity. For this purpose the study design 

used in Schoisswohl et al. (2020a) with pre-post rTMS tinnitus loudness ratings was expanded 

by electrophysiological measures before and after each rTMS. Furthermore, it was reduced by 

the factor stimulation position since the majority of patients (three out of five) responded to a 

stimulation over temporo-parietal regions. An e-field guided stimulation over the left and right 

temporo-parietal junction allows for a more precise investigation of the parameter frequency, 

since past studies show inconsistent results in this regard. 

Beyond that, we wanted to undertake further research on the personalization of rTMS by means 

of the model tinnitus. The aim was to assess the feasibility of identifying an rTMS protocol for 

consistent and sham-superior brief tinnitus suppression per patient (behavioral response). In 
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light of previous work from Müller et al. (2013) together with the current prevalent 

neurophysiological models in tinnitus, we wanted to go one step beyond and strive for a rTMS 

personalization based on electrophysiological responses. The specific objective was to ascertain 

a protocol per patient, which is able to produce consistent and sham-superior increases in alpha 

or decreases in the gamma frequency band (EEG response) respectively. Additionally, we were 

interested if an EEG response in the alpha or gamma band is related to a behavioral response 

and vice versa.  

 

Material and Methods 

Participants 

N = 22 patients (5 female) with chronic subjective tinnitus, recruited from the Interdisciplinary 

Tinnitus Centre in Regensburg, Germany, participated in this experiment. Participants had to 

comply to the following inclusion criteria: age between 18 and 75 years; German-speaking; no 

or stable treatment with psychoactive drugs; absence of severe somatic, neurological or 

psychiatric conditions (e.g., acute psychosis, severe depression, alcohol and/ or substance abuse 

or known brain tumor); no simultaneous participation in other tinnitus-related experiments or 

treatments. Further, participants had to exhibit no contraindications with respect to TMS (e.g., 

epilepsy or state after traumatic brain injuries; cf. Langguth et al., 2014; Schecklmann et al., 

2014) as well as magnetic resonance imaging (MRI) (e.g., heart pacemaker, vascular clamp, 

implanted insulin pump or severe claustrophobia). Each participant received detailed 

clarification about study aim, procedure and applied methods as well as potential adverse effects 

related to TMS and gave written informed consent before study start. The study was approved 

by the ethics committee of the University of Regensburg, Germany (ethical approval number: 

17-820-101). 

 

Test session procedure 

Ahead of the rTMS tests sessions, participants’ hearing thresholds for the frequency range of 

125 Hz to 8 kHz were determined by the use of a clinical audiometer (Madsen Midimate, 622D; 

GN Otometrics, Denmark). In addition, structural MRI brain scans (T1) were undertaken with 

a MAGNETOM 1.5 Tesla scanner (Siemens, Germany) for neuronavigated rTMS and 

participants were requested to complete German versions of the Tinnitus Handicap Inventory 

(THI; Kleinjung et al., 2007; Newman et al., 1996) the Tinnitus Sample Case History 

Questionnaire (TSCHQ; Langguth et al., 2007) and the European School for Interdisciplinary 

Tinnitus Research Screening Questionnaire (ESIT-SQ; Genitsaridi et al., 2019). 
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The actual rTMS test sessions lasted approximately three hours and took place on two different 

days with a maximum inter-session interval of two days, whereby daytime was always the same 

(± 1 hour). Both test session days followed the same procedure. On each day, subjects were 

stimulated with four different rTMS protocols over the left temporo-parietal junction (TPJ) and 

with the same four protocols over the right TPJ (see section repetitive transcranial magnetic 

stimulation). Thus, a total number of 8 different rTMS protocols was applied on each test 

session day. Magnetic stimulation protocols were administered in a randomized sequence on 

each day, with the exception that the order of hemisphere was inverted (if the stimulation 

sequence on the first day started over the left hemisphere, it began with a stimulation over the 

right hemisphere on the second day). During three minutes before and after each stimulation, 

patients were requested to focus on their tinnitus and verbally rate the current loudness of their 

tinnitus perception on a numeric rating scale ranging from 0% to 110% at seven different points 

in time with an inter-rating interval of 30 seconds (T0, T30, T60, T90, T120, T150 and T180). 

The numeric rating scale was anchored at 0% (absence of tinnitus) and at 100% (usually 

perceived tinnitus loudness level). Concurrent to these ratings, resting state oscillatory brain 

activity was recorded for three minutes each by means of EEG. For this purpose, participants 

were instructed to sit calmly, focus on a certain point in the room and avoid unnecessarily eye 

blinks or muscle movements. Subsequent to each post stimulation loudness rating/ EEG 

recording, participants had to evaluate the level of discomfort caused by the applied rTMS 

protocol on a numeric rating scale from 0 to 10, whereas 10 corresponds to utmost discomfort 

or rather intolerability. Figure 10 provides an illustration of the entire test session proceeding.  

 
 
 
 
 
 
 
 
Figure 10. Test session procedure. 
Test sessions were conducted on two different days according to the same procedure. Three different verum rTMS 
protocols (1 Hz, 10 Hz, 20 Hz) with 200 pulses each and one sham protocol (0.1 Hz) with 20 pulses were 
administered over the left and right temporo-parietal junction in a randomized order. Thus, a total number of 8 
different rTMS protocols was applied on each test session day. Before and after each magnetic stimulation, 
participants were requested to rate the subjective loudness of their tinnitus on a numeric rating scale from 0% to 
110% (0% - complete absence of tinnitus; 100% - no change; 110% - 10% loudness increase) at seven points in 
time (30 seconds inter-rating interval). In parallel to these ratings, resting state brain activity was recorded with 
electroencephalography (EEG) for three minutes. At the end of each rTMS protocol (pre-rating/ recording – 
stimulation – post-rating/ recording), patients had to rate the induced level of discomfort on a numeric rating scale 
from 0 to 10 (10 – utmost discomfort).  
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Repetitive transcranial magnetic stimulation (rTMS) 

An e-field guided rTMS system (NBT System 2; Nexstim Plc., Finland) together with 

individual structural MRI scans (T1) was utilized for the test sessions. Prior to the first session, 

participants’ resting motor threshold (RMT) was determined according to the same procedure 

as already described in Schoisswohl et al. (2020a). Thereby, various positions over the left 

primary motor cortex were stimulated until several motor evoked potentials (MEP) derived 

from the thenar muscles of the right hand with a peak-to-peak amplitude of > 50 μV were 

visible. The stimulation position with the highest MEP amplitude was repeated via the 

neuronavigation system and single pulses with intensity shifts were applied. The lowest 

stimulation intensity which produced MEPs with an amplitude of at least 50 μV in half of the 

administered pulses was defined as subjects’ RMT. Additionally, the RMT determination was 

repeated with a mounted EEG cap using the same motor hotspot. Magnetic stimulation 

consisted of 1 Hz, 10 Hz and 20 Hz protocols with 200 pulses each at 110% RMT, whereas a 

series of 20 pulses at 0.1 Hz was deployed as an active control condition (sham) with no 

assumed neuroplastic consequences (Chen et al., 1997; Kumru et al., 2017). Each protocol was 

administered over the left and right TPJ, resulting in a total number of eight different rTMS 

protocols. An uncooled coil was used for the test sessions, as the cooled coil produces additional 

noise and we aimed at minimizing the stimulation noise, as it could confound both behavioral 

and neurophysiological effects. Stimulation positions were localized according to the electrode 

positions CP5 and CP6 (10-20 System). By virtue of the application of an e-field guided 

neuronavigation system and the opportunity for online visualization of strength and direction 

of the TMS-induced e-field on subjects’ anatomical scans, each stimulation was administered 

with the induced e-field perpendicular to the sulcus of the brain area of interest. In order to 

ensure that the stimulation positions respectively the induced e-field remained the same over 

the two test sessions, both electrode positions were tagged with a digitization pen and marked 

on the individual anatomical images. Next, the coil was placed accordingly, a single pulse with 

an intensity of 10% RMT was given and the corresponding position of the coil was saved in the 

neuronavigation system. With the aid of a system-intern aiming tool, the exact position of the 

coil could be repeated with respect to centering, rotation and tilting. After each protocol the 

position was verified and adjusted if necessary. For safety reasons all participants were wearing 

in-ear plugs during the whole stimulation procedure.  
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Electroencephalography 

Data acquisition and preprocessing 

Participants’ electrophysiological resting state brain activity was recorded for three minutes 

before and after each of the eight rTMS protocols by means of EEG with a BrainAmp DC 

system (Brain Products GmbH, Germany) in combination with an Easycap elastic electrode cap 

(Easycap GmbH, Germany) consisting of 64 electrodes placed according to the 10-20 System 

(GND: AFz) and the software Brain Vision Recorder 1.20 (Brain Products GmbH, Germany). 

EEG measurements were online referenced to FCz and recorded at a sampling rate of 500 Hz. 

Impedances were kept lower than 10 kΩ during the whole recording. 

Preprocessing of raw EEG data was conducted with a custom-built pipeline in Matlab (Matlab 

R2018b; Mathworks, USA) by employing functions implemented in the EEGLAB toolbox 

(Delorme and Makeig, 2004). In a first step, EEG data was filtered between 1 Hz and 45 Hz 

and segmented into 2 second epochs. Afterwards the data was visually inspected and single 

epochs featuring artifacts or verbal tinnitus loudness ratings were removed from the signal. For 

each dataset, the first and last two epochs were rejected as well, and noisy or deviant sensors 

were identified for subsequent interpolation. In order to identify and reject vertical and 

horizontal eye movements, an independent component analysis (ICA; fastICA toolbox 

http://research.ics.aalto.fi/ica/fastica/) was executed. In a next step, datasets were re-referenced 

using an average reference and the online reference electrode FCz was reconstructed and added 

as a data channel. Previously identified channels with high signal-to-noise ratio were 

interpolated using the spherical spline method (Perrin et al., 1989). As a last step, preprocessed 

datasets underwent a final visual inspection. 

 

Power spectra 

Power spectra analysis was performed with the Fieldtrip toolbox (Oostenveld et al., 2011) in 

Matlab. Fast Fourier Transformation (FFT, “mtmfft”) and a hanning window with 1 Hz spectral 

smoothing was used for the calculation of pre and post stimulation power spectra for each 

channel per rTMS protocol. Obtained power spectra underwent a normalization through a 

division of the spectral power of every single frequency by the average spectral power of the 

whole frequency spectrum. Grand averages were calculated for every pre and post stimulation 

dataset per channel and the following frequency bands: delta (2 – 3.5 Hz), theta (4 – 7.5 Hz), 

alpha (8 – 12.5 Hz), beta (13 – 32.5 Hz) and gamma (33 – 44 Hz) (Schecklmann et al., 2015; 

Vanneste et al., 2011). RTMS protocol specific pre-to-post power changes in the respective 

frequency bands were obtained by subtracting the pre stimulation from the post stimulation 
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power for each channel (Δ power = post – pre). Channels Iz, TP9 and TP10 which usually 

contain noisy signal were excluded, resulting in 60 channels for further statistical analysis. 

 

Statistical analysis 

All subsequent statistical analyses were performed with the statistics software R (R version 

4.0.3; R Foundation for Statistical Analysis, Austria) using the packages “psych” and 

“ggstatsplot”. Assumptions for parametric testing were examined with Shapiro-Wilk-Tests 

(normal distribution) and F-Tests (sphericity) and if violated non-parametric tests were 

performed. Significance levels were set to ≤ .05 for all analysis, whereby < .10 was considered 

as a statistical trend. Differences between left and right hearing level, RMT as well as induced 

e-field strength with and without mounted EEG cap were analyzed with paired sample t-tests 

and Wilcoxon signed-rank tests respectively.  

 

Reliability analysis of TMS-induced tinnitus loudness changes and discomfort  

Pre stimulation ratings were averaged (T0 – T180) to receive a stable tinnitus loudness baseline 

for each protocol per subject. TMS-induced tinnitus loudness changes were calculated via a 

subtraction of the mean baseline loudness level from the mean post stimulation loudness level 

(Δ loudness = post – baseline). Test-retest reliability of TMS-induced mean tinnitus suppression 

as well as discomfort evaluation over both test session days was analyzed by means of 

Spearman correlations for each protocol. P-values were adjusted for multiple comparisons 

using the Holm-Bonferroni method (Holm, 1979).  

 

Reliability analysis of TMS-induced changes in oscillatory brain activity 

Test-retest reliability of protocol-specific pre-post power spectra changes were analyzed with 

Spearman correlations. Therefore, the obtained changes were correlated between the first and 

second test session on a single sensor level per rTMS protocol and frequency band. Thus, 300 

correlations were calculated per rTMS protocol (5 frequency bands x 60 sensors). Obtained p-

values of sensor correlations were adjusted according to the number of sensors separated per 

frequency band and protocol using the Holm-Bonferroni method (Holm, 1979). In case of 

significant results, p-values were further corrected for the number of applied protocols akin to 

an adjustment for multiple comparisons of behavioral results. We were exclusively interested 

in positive correlation outcomes, representing reliability of TMS effects. Significant positive 

correlations of channel pairs were identified via correlation matrices and projected on a 60-

channel topographical scalp map applying a color-coding for received correlation coefficients 
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(rs). A minimum number of two neighboring electrodes featuring significant positive 

correlations (electrode cluster) was considered as a reliable TMS-induced change in power 

spectra. Triangulation of 2d sensors was utilized for neighboring sensor identification. 

 

rTMS individualization via responder identification using behavioral and 

electrophysiological data 

Additional to test-retest reliability analysis, rTMS individualization was examined based on 

single subject responses concerning loudness evaluation and electrophysiological 

consequences. Behavioral response to one of the verum interventions was defined as a mean 

tinnitus loudness suppression (compare section Reliability analysis of TMS-induced tinnitus 

loudness changes and discomfort evaluation) superior to sham stimulation (Δ loudness verum 

> Δ loudness sham) on both test session days for the same rTMS protocol and stimulated 

hemisphere. EEG responders were defined for the alpha (8 – 12.5 Hz) and gamma (33 – 44 Hz) 

frequency bands separately. In particular we were interested in alpha power increases and 

gamma power decreases from pre to post stimulation. As indicated in the introduction, alpha 

increases and gamma decreases are the most valid biomarkers for tinnitus reductions as 

indicated by literature review and expert knowledge. For each subject and protocol, the top 20% 

of channels exhibiting alpha increases/ gamma decreases were detected and scrutinized with 

regards to sham-superiority per day.  

If a sham-superior alpha increase respectively gamma decrease was observed in the same sensor 

on both days plus the corresponding pattern occurred in a minimum number of two adjacent 

channels, the subject was designated as either alpha or gamma responder. Associations of a 

behavioral response to any of the eight protocols with an electrophysiological response in the 

alpha or gamma frequency band and vice versa were examined with Fisher’s exact tests due to 

cell frequencies less than five. 

 

Results 

Sample characteristics 

Participants were aged from 43 to 69 years (M = 57.05, SD = 6.79) and had an average tinnitus 

duration of 131.64 months (SD = 116.76). The majority reported a bilateral tinnitus perception 

as well as loudness fluctuations. No difference in hearing loss between the left and the right ear 

was observed, t(13) = -1.36, p = .198. THI severity grades ranged from mild (grade 2) to 

catastrophic (grade 5) and manifested in average in severe severity (grade 4) for the whole 

sample (M = 58.49, SD = 19.55). As expected, the RMTs were significantly higher with a 
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mounted EEG cap, p < .001. Unexpectedly, the corresponding strength of the induced e-field 

was similarly higher with an EEG-cap, t(21) = -6.07, p < .001. Although the motor hotspot for 

RMT determination was identical as well as coil centering and rotation, differences in the e-

field might derive from difficulties in the adjustment of coil tilting due to distances to the scalp 

as well as the concomitant stimulation at higher intensities. Information about participant 

characteristics can be seen from Table 14. Besides anticipated side effects such as discomfort 

during rTMS (in particular by rapid muscle contraction caused by high frequency protocols) or 

temporary tinnitus loudness increases after stimulation, no additional side effects could be 

observed in the current sample. Spearman correlations showed significant positive correlations 

for discomfort evaluations of each applied rTMS protocol between the two test sessions (cf. 

Figure S4 in the supplemental material).  

 

Table 14. 

Participants characteristics. 
N (female) 22 (5)    
Handedness (left/ right/ both) (4 missings) 0/ 14/ 4    
Tinnitus laterality (left/ right/ both/ inside head) 
(4 missings) 

1/ 1/ 14/ 2    

Tinnitus loudness fluctuation (yes/ no) (4 missings) 14/ 4    
 M ± SD Md Min Max 
Age (years) 57.05 ± 6.79 57.50 43.00 69.00 
Tinnitus duration (months) (2 missings) 131.65 ± 116.79 102.00 5.00 420.00 
Hearing loss left (dB) (8 missings) 23.42 ± 9.72 22.22 7.22 41.67 
Hearing loss right (dB) (8 missings) 27.87 ± 14.29 23.06 7.78 61.88 
THI score (0-100) 58.49 ± 19.55 58.00 30.00 90.00 
Tinnitus loudness (%) (6 missings) 70.31 ± 19.87 80.00 30.00 90.00 
RMT (%) 33.95 ± 5.33 33.00 25.00 46.00 
RMT (%) + EEG cap 41.91 ± 9.65 41.00 30.00 66.00 
Electrical field (V/m) 54.47 ± 13.90 52.50 27.00 86.00 
Electrical field (V/m) + EEG cap 66.66 ± 15.38 66.25 44.00 99.00 

M = mean; SD = standard deviation; Md = Median; Min = minimum; Max = maximum; THI = Tinnitus Handicap 
Inventory; RMT = resting motor threshold, EEG = Electroencephalography. 
 

 

Test-retest reliability of TMS-induced changes in tinnitus loudness and oscillatory brain 

activity 

No significant correlations were observed for the two test session days with regards to mean 

tinnitus loudness changes for any of the protocols (cf. Figure 11). It should be noted, that 

without considering corrections for multiple comparisons, a significant test-retest reliability 

was found for left hemispheric stimulation with 10 Hz and right hemispheric stimulation with 

20 Hz. 
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On the basis of our predefined reliability criteria, reliable changes in oscillatory brain activity 

were solely present for 1 Hz stimulation of the right TPJ, exclusively for the gamma frequency 

band. As can be seen from Figure 12, these reliable changes were primarily observed over 

parieto-occipital regions, whereby neighboring channels PO7 and O1 constitute a significant 

reliable cluster. If corrected for multiple comparisons, this effect disappears and is therefore 

only conditionally interpretable. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Group-level reliability of TMS-induced changes in tinnitus loudness. 
Spearman correlations of rated tinnitus suppression (%) per rTMS protocol between the first and the second test 
session day are illustrated. Colored ribbons represent confidence intervals (95%). Reliable changes were observed 
for a (b) 10 Hz stimulation over the left temporo-parietal junction and a (c) 20 Hz stimulation over the right 
temporo-parietal junction. Both correlations do not withstand a correction for multiple comparison and should 
therefore not be overrated and interpreted only exploratively. 
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Figure 12. Group-level reliability of TMS-induced changes in oscillatory brain activity 
Spearman correlations coefficients (rs) of right hemispheric 1 Hz rTMS-induced changes in the gamma frequency 
band (33 – 44 Hz) for the two test session days are projected on a topographical map per electrode. Significant 
reliable electrodes are highlighted with asterisks. Separate reliable changes are primary present over parieto-
occipital electrodes, whereby neighboring channels PO7 and O1 form a significant reliable cluster. However, this 
effect disappears after a correction for multiple comparison and is therefore only conditionally interpretable. 
 

rTMS individualization using behavioral and electrophysiological data 

In 12 out of 22 participants it was possible to identify an individualized rTMS protocol for 

short-term tinnitus suppression characterized by sham-superiority on both test session days. 

From those 12 patients 10 (83.33%) responded to more than one stimulation type. Detailed 

information about individual responses together with the induced mean tinnitus suppression 

(averaged over both test session days) can be found in Table 15. As presented in Table 16, the 

majority of subjects responded to a stimulation over the left TPJ with 20 Hz (n = 7) and 10 Hz 

(n = 6), and over the right TPJ with 20 Hz (n = 5). EEG responders were defined by sham-

superior alpha power increase or gamma power decrease in minimal two neighboring electrodes 

on both test sessions. Using this criterion 20 alpha responder were identified, showing alpha 

power increases for at least one of the six used verum protocols. Left TPJ stimulation with 10 

Hz (n = 10) or 1 Hz (n = 9) and right TPJ stimulation with 10 Hz (n = 7) produced the most 

alpha responders (cf. Table 16). Electrophysiological responses in the gamma band were 

present in each investigated subject for at least one protocol. Subjects responded mainly to left 

TPJ stimulation with 10 Hz (n = 13) or 1 Hz (n = 10) and right TPJ stimulation with 10 Hz (n 

= 8) or 1 Hz (n = 8) (cf. Table 16). Interestingly, 75% of alpha and gamma responders showed 

consistent power increases/decreases for more than one protocol. Table 15 presents an 

overview of alpha increases and gamma decreases per rTMS protocol on a single subject level. 

Fisher’s exact tests showed no significant association neither for behavioral responders with 

alpha or gamma responders nor the other way around. 
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Table 15. 

Individual test session responses per protocol – behavioral and EEG responder. 
Subject Behavioral responder Alpha (8 - 12.5 Hz) / Gamma (30.5 - 44 Hz)  

1 

 1Hz 10Hz 20Hz 
Left 12.86 - - 
Right 17.15 - - 

 

 1Hz 10Hz 20Hz 
Left - ↓γ ↑α↓γ 
Right - ↓γ - 

 

2 - 
 1Hz 10Hz 20Hz 
Left ↑α↓γ ↑α↓γ - 
Right - - - 

 

3 

 1Hz 10Hz 20Hz 
Left 3.98 - 3.71 
Right - - - 

 

 1Hz 10Hz 20Hz 
Left ↑α↓γ ↑α - 
Right ↓γ - - 

 

4 

 1Hz 10Hz 20Hz 
Left - 10.35 - 
Right - 9.28 25.71 

 

 1Hz 10Hz 20Hz 
Left ↑α↓γ - - 
Right - - - 

 

5 

 1Hz 10Hz 20Hz 
Left - 16.42 - 
Right 10.00 16.79 21.42 

 

 1Hz 10Hz 20Hz 
Left ↑α ↓γ ↑α 
Right - - - 

 

6 

 1Hz 10Hz 20Hz 
Left - 10.71 - 
Right - - - 

 

 1Hz 10Hz 20Hz 
Left ↑α - ↑α 
Right - ↑α↓γ - 

 

7 - 
 1Hz 10Hz 20Hz 
Left - ↑α - 
Right - ↑α ↑α↓γ 

 

8 

 1Hz 10Hz 20Hz 
Left - 6.07 8.93 
Right - 4.64 9.28 

 

 1Hz 10Hz 20Hz 
Left - ↑α↓γ ↓γ 
Right - ↑α - 

 

9 

 1Hz 10Hz 20Hz 
Left - - 3.93 
Right 7.55 - - 

 

 1Hz 10Hz 20Hz 
Left ↑α↓γ ↑α↓γ ↑α↓γ 
Right ↓γ - - 

 

10 

 1Hz 10Hz 20Hz 
Left 15.36 - 5.71 
Right - - - 

 

 1Hz 10Hz 20Hz 
Left ↓γ ↑α ↓γ 
Right - ↓γ ↑α↓γ 

 

11 - 
 1Hz 10Hz 20Hz 
Left ↑α - - 
Right ↓γ ↑α↓γ ↑α 

 

12 - 
 1Hz 10Hz 20Hz 
Left - - - 
Right - ↑α ↓γ 

 

13 - 
 1Hz 10Hz 20Hz 
Left ↓γ ↑α↓γ - 
Right ↑α↓γ ↓γ - 

 

14 - 
 1Hz 10Hz 20Hz 
Left ↑α ↓γ ↑α↓γ 
Right ↓γ - ↑α 

 

15 - 
 1Hz 10Hz 20Hz 
Left ↓γ ↑α - 
Right ↓γ - - 

 

16 

 1Hz 10Hz 20Hz 
Left - 5.00 12.85 
Right - - 10.00 

 

 1Hz 10Hz 20Hz 
Left - ↑α↓γ - 
Right - ↑α ↓γ 

 

17 - 
 1Hz 10Hz 20Hz 
Left - ↓γ - 
Right ↑α ↓γ ↑α↓γ 

 

18 - 
 1Hz 10Hz 20Hz 
Left ↓γ ↓γ ↑α↓γ 
Right ↑α↓γ ↑α - 

 

19 

 1Hz 10Hz 20Hz 
Left - 13.57 13.57 
Right - - - 

 

 1Hz 10Hz 20Hz 
Left ↑α ↓γ - 
Right ↑α ↓γ ↑α 

 

20 - 
 1Hz 10Hz 20Hz 
Left ↓γ ↓γ - 
Right - - - 

 

21 

 1Hz 10Hz 20Hz 
Left - - - 
Right 7.14 - 3.93 

 

 1Hz 10Hz 20Hz 
Left - - ↓γ 
Right ↓γ ↓γ ↓γ 

 

22 

 1Hz 10Hz 20Hz 
Left - - 7.85 
Right - - - 

 

 1Hz 10Hz 20Hz 
Left ↓γ ↑α↓γ - 
Right - - - 
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Table 16. 

Summary of behavioral and electrophysiological responder per rTMS protocol. 
 T0 - T180 ↑Alpha ↓Gamma 

Total number of responders 12 20 22 
Number of responders per protocol (N) 
Left 1 Hz 3 9 10 
Right 1 Hz 4 4 8 
Left 10 Hz 6 10 13 
Right 10 Hz 3 7 8 
Left 20 Hz 7 6 7 
Right 20 Hz 5 6 6 

 

Electrodes featuring sham-superior alpha/gamma modifications on both days are presented in 

Figure 13 and Figure 14 by means of topographical maps displaying the quantity of electrodes 

within alpha and gamma responders per rTMS protocol. It is apparent from Figure 13 that alpha 

responses primary appeared in parieto-occipital regions on both hemispheres, whereas 

responses in the gamma range were especially present over frontal regions bilaterally and to 

some extent over parieto-occipital parts as outlined in Figure 14. Detailed electrode 

information per subject and rTMS protocol, can be found in the supplementary material for 

alpha (Table S14) and gamma responder (Table S15). 

 

Discussion 

The goals of this experiment were to ascertain, whether it is possible to identify treatment 

protocols, that provide reliable effects both on the behavioral and on the electrophysiological 

level, as this is a precondition for individualizing treatment. We performed two test sessions at 

which six active and two sham protocols were administered. We evaluated reliability by 

comparing tinnitus suppression effects and electrophysiological effects on an individual level 

by responder identification. Moreover, we performed whole-group analysis in which we 

correlated the behavioral and electrophysiological effects of all stimulation protocols between 

both test sessions. 

The main finding of our study was, that in 12 out of 22 patients we could identify a stimulation 

protocol that reduced tinnitus loudness transiently in both sessions reliably more than sham 

stimulation. When we defined response by the effects on oscillatory brain activity, the number 

got even higher with 20 out of 22 patients in which a specific rTMS protocol increased alpha 

more than sham and with 22 out of 22 in which a specific rTMS protocol decreased gamma 

more than sham. 
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Figure 13. Topography of single-subject electrophysiological reliability – alpha responder 
Topography and quantity of significant reliable sensors per rTMS protocol within alpha responder. Responses in 
the alpha frequency band (8 – 12.5 Hz) to one of the verum protocols primarily occurred over parieto-occipital 
electrodes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Topography of single-subject electrophysiological reliability – gamma responder 
Topography and quantity of significant reliable electrodes per rTMS protocol within gamma responder. Responses 
in the gamma frequency band (33 – 44 Hz) to one of the verum protocols mostly appeared over frontal electrodes 
on both hemispheres and partially over parieto-occipital sensors. 
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Correlation analysis for the whole group revealed reliable changes in tinnitus loudness after left 

TPJ stimulation with 10 Hz and right TPJ stimulation with 20 Hz. With respect to modulatory 

effects of rTMS on oscillatory brain activity, reliable changes could be obtained after right TPJ 

stimulation with 1 Hz in the gamma frequency band over parieto-occipital regions. However, 

these findings do not withstand a correction for multiple comparison and should therefore not 

be overrated and interpreted only exploratively. 

Nevertheless, the observed effect of rTMS on gamma activity fits well with a previous TMS-

EEG study where right frontal 1 Hz rTMS decreased gamma band activity over right temporal 

regions in tinnitus patients, whereas it increased gamma activity in healthy controls 

(Schecklmann et al., 2015). Gamma activity is supposed to be strongly connected with tinnitus 

perception (De Ridder et al., 2015a; van der Loo et al., 2009; Weisz et al., 2007b). However, 

as mentioned above, the effects of the first and the second session were not significantly 

correlated when statistical corrections for multiple comparisons were performed.  

Taking our findings together we can conclude that it is possible to identify responders for 

specific rTMS protocols, who demonstrate a reliable behavioral or electrophysiologic response 

on a specific rTMS protocol. However, if we investigate the effects of a given protocol for the 

whole sample, the variability of the effect is relatively large from session to session.  

Presumably the effects depend on the brain state before or during rTMS (Siebner et al. 2004) 

and this brain state might vary from session to session. In the current study the study design 

with six active and two sham protocols per session might have increased this variability, as 

after-effects from preceding protocols cannot be excluded as confounding factors.  

The limited test-retest reliability corroborates the claim, that effects of rTMS in general (Maeda 

et al., 2000; Nettekoven et al., 2015; Polanía et al., 2018; Sommer et al., 2002; Terranova et al., 

2019) but also treatment effects in tinnitus (Langguth, 2020; Soleimani et al., 2016) are subject 

to high variability. Thus, it is most likely that single subject impacts simply do not transfer to 

statistical analysis on a group level, highlighting the need and importance of personalized rTMS 

approaches. 

On the other hand, it has been demonstrated that patients, who benefit once from rTMS have a 

high chance to benefit from repeated rTMS treatment (Lehner et al., 2015; Rachid, 2018).  

This clinical observation fits with our finding to identify treatment responders to specific rTMS 

protocols. 

Our results corroborate also findings from several previous studies in which the feasibility of a 

customization of rTMS for tinnitus via test sessions has been demonstrated (Kreuzer et al., 

2017; Schoisswohl et al., 2020a). The responder rate of 55% in our study (12 out of 22) is in a 
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similar range as in two previous studies (Kreuzer et al. (2017) - 50% responder; Schoisswohl 

et al. (2020a) - 100% responder). However, both studies deployed magnetic stimulations over 

either prefrontal cortical regions or different positions over the superior temporal gyrus, 

whereas the current study targeted only a single region of the temporal cortex. The present goal 

was to examine the parameter frequency in more detail. Interestingly the vast majority of 

participants responded to high frequency stimulations over the left TPJ. It is assumed that high 

frequency protocols produce increases of cortical excitability (Klomjai et al., 2015). 

Consequently, high frequency rTMS is most likely not able to reduce tinnitus-associated 

temporal hyperactivity. But it has been suggested, that the induced effects can vary or shift 

across different targets of the cortex (Lorenz et al., 2010) and are dependent on the intrinsic 

state of the brain region prior to stimulation (Siebner et al., 2004; Silvanto and Pascual-Leone, 

2008; Weisz et al., 2014, 2012). Based on this it could be the case that pathological auditory 

cortex hyperactivity as an intrinsic state of the “tinnitus brain” might cause a reversal of 

supposed high frequency effects (shift from excitatory to inhibitory). In accordance with the 

present results, previous studies have demonstrated responder rates between 40% and 57% in 

single session experiments with high frequency stimulation protocols (De Ridder et al., 2005; 

Folmer et al., 2006; Fregni et al., 2006; Plewnia et al., 2003). Likewise treatment studies with 

high frequency rTMS over the temporo-parietal cortex were able to show significant reductions 

in tinnitus distress (Khedr et al., 2010, 2008).  

In addition to an rTMS individualization based on behavioral responses, the current 

investigation has striven for a novel attempt in rTMS individualization with objective measures. 

By the use of TMS-EEG combinatory measurements, we wanted to overcome the limitations 

of subjective tinnitus loudness ratings and identify personalized rTMS protocols via sham-

superior increases in alpha respectively decreases in gamma frequency band power in at least 

two neighboring EEG electrodes on both test session. The utilization of especially these 

frequency bands as an electrophysiological response indicator is based on current 

neurophysiological models. In tinnitus pathological diminished alpha band activity was 

observed in contrast to healthy controls (Weisz et al., 2007b, 2005), whereby during states of 

brief tinnitus suppression either after sound stimulation (King et al., 2020) or after rTMS 

(Müller et al., 2013) increases in alpha power were detected. While gamma band activity is 

assumed to underly the actual tinnitus perception (De Ridder et al., 2015a; Weisz et al., 2007b) 

by associations with tinnitus loudness (Balkenhol et al., 2013; van der Loo et al., 2009). 

Interestingly, we were able to identify a substantially higher number of EEG responders than 

behavioral responders. For a total number of 20 participants, it was possible to detect an alpha 
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response for at least one rTMS protocol, whereas the entire sample featured responses in the 

gamma frequency band. Noteworthy, the quantity of alpha or gamma responders was almost 

twice as much as for behavioral responders. In line with our behavioral observations, a left 10 

Hz stimulation resulted in the highest quantity of alpha and gamma responders. It has been 

shown that this type of stimulation can modulate alpha oscillations (Thut et al., 2011) and that 

alpha and gamma oscillations show a strong interplay not only in tinnitus (Wagner et al., 2019; 

Weisz et al., 2007a).  

Since neurophysiological investigations were able to demonstrate relationships of the alpha and 

gamma band with tinnitus loudness (Balkenhol et al., 2013; King et al., 2020; van der Loo et 

al., 2009; Müller et al., 2013), we addressed the question if a response in the alpha or gamma 

band is associated with a behavioral response and vice versa. Our analysis did not reveal any 

relationship of EEG and behavioral responders, hampering the interpretability of our alpha and 

gamma findings as relevant for tinnitus loudness decreases in the current sample. A potential 

explanation for this lack of association could derive from the possibility, that rTMS-specific 

modulations/ neuroplastic consequences as measured with EEG simply do not instantly 

translate into behavioral responses. Consequently, longer periods of stimulation with an 

individualized rTMS protocol based on patients’ EEG response (protocol with strongest alpha 

increase/ gamma decrease) for example within the course of a daily treatment, might 

accumulate over time into behavioral effects and could tackle the deficiency of effectiveness in 

current rTMS treatment trials for tinnitus.  

Future studies should strive for a systematic implementation of test session approaches and 

investigate the therapeutic consequences of personalized rTMS in more detail. The present 

experiment underscores the feasibility of rTMS individualization via behavioral or 

electrophysiological responses. The results and methodology described in this sample of 

tinnitus patients might encourage neuromodulation attempts in other pathologies to personalize 

rTMS in order to account for inter-subject variability in rTMS response. 

 

Conclusion 

The aim of this investigation was to examine the feasibility of rTMS individualization in 

tinnitus. This involved the identification of responders to specific rTMS protocols and the 

assessment of test-retest reliability of rTMS effects in tinnitus suppression and ongoing brain 

activity. We were able to demonstrate the feasibility of rTMS individualization by using test 

sessions with different rTMS protocols. Responses to specific protocols based on 

electrophysiological signatures could be identified in all patients, responses based on behavioral 
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effects in the majority of patients. In contrast test-retest reliability as assessed with correlation 

analyses for the various rTMS protocols were rather low both for behavioral and 

electrophysiological effects. 

Taken together these findings are highly encouraging for efforts to enhance the efficacy of 

rTMS by personalizing stimulation protocols.  
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7. Concluding discussion 

 
7.1. Summary of studies and retrospective discussion 

The aim of the present thesis was to investigate the impact of various short acoustic stimulation 

techniques and short rTMS protocols on brief tinnitus loudness suppression in order to gain 

more insights behind the underlying mechanisms of tinnitus loudness reductions as well as 

tinnitus perception per se. All four experiments conducted in the present thesis furthermore 

address the subject of intervention personalization in tinnitus, whether by the adjustment of 

noise stimulation for RI induction according to the individual tinnitus characteristics or the 

identification of a patient-specific rTMS protocol for transient tinnitus suppression in test 

sessions. In the subsequent two sections, the objectives and main findings from each experiment 

are summarized and discussed in an additional joint discussion per overarching topic. 

7.1.1. Acoustic stimulation – study 1 and 2 

The aim of the first study (Schoisswohl et al., 2019b) was to assess the effects of different 

amplitude-modulations and filters applied to white noise on RI in tonal and noise-like tinnitus 

patients. Noise stimuli were personalized according to patients’ tinnitus frequency or noise 

bandwith using either pure tone or noise-band matching. It was demonstrated that each used 

stimulus provides the possibility to induce RI. No differences among stimuli in transient tinnitus 

loudness suppression were detected. However, superior loudness suppression for patients with 

noise-like tinnitus was observed directly towards stimulation. As already outlined in the 

discussion of study 1, this group difference might derive from observed differences in tinnitus 

loudness, filter adjustments or even the involvement of the non-tonotopic extralemniscal system 

in noise-like tinnitus (De Ridder et al., 2007; Møller, 2006). Similarly study 2 (Schoisswohl et 

al., 2020b) investigated the effects of different individualized filtered noise stimulations in RI. 

Moreover, the objective was to clarify if changes in spontaneous brain activity are a function 

of tinnitus loudness ratings and if different stimuli trigger different oscillatory brain activity 

patterns. Further, an additional comparison of EEG activity between acoustic stimulation 

responder and non-responder ought to provide profound insights in ongoing brain activity 

related to RI. Each stimulus resulted in brief tinnitus loudness suppression, whereby IBP 

followed by standard WN produced the strongest RI potentially caused by a decline of neural 

response gain and tinnitus-associated hyperactivity (Schaette et al., 2010) or feed-forward 

inhibition (Roberts et al., 2010). 

With respect to EEG activity, neither stimulus-specific differences in ongoing brain activity nor 

correlations of behavioral and neural data were present, suggesting tinnitus-unspecific 
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neurophysiological reactions to sound stimulation as indicated by previous work (Crone et al., 

2001; Joliot et al., 1994; Weisz et al., 2011). 

Contrasts between acoustic stimulation responders and non-responders manifested in enhanced 

alpha and diminished gamma band activity in the group of responders in line with the current 

neural models for tinnitus. In light of observed differences in sample characteristics, namely 

shorter tinnitus duration for the subgroup of responders, these electrophysiological differences 

are suggested to represent a potential neural trait of tinnitus chronification. There is also the 

possibility that the differences between responders and non-responders are simply related to a 

neural trait of acoustic stimulation response respectively ability to induce RI in a subset of 

patients. Post stimulation contrasts revealed higher theta, alpha and beta activity with the 

strongest activity in the alpha range localized in auditory cortical areas partially in accordance 

with the assumption of transient reversion of pathological oscillatory brain activity during RI 

(Kahlbrock and Weisz, 2008) or the neural models for tinnitus (Weisz et al., 2007a).  

On a whole group level, behavioral findings of both experiments appear in a similar manner. 

Averages of tinnitus suppression ratings per stimulus exhibit only moderate to little suppression 

depth. The strongest tinnitus loudness suppression took place directly after stimulation offset 

and normalized gradually with progression of time. Same observations were already made by 

previous investigations in the field (Neff et al., 2019b, 2017; Roberts et al., 2008). 

Considering single subject responses, a strong heterogeneity with respect to induced tinnitus 

loudness changes emerged, which ranged from strong suppressions even up to tinnitus loudness 

increases after stimulation. It is well-known, that RI cannot be induced in every tinnitus patient 

(Fournier et al., 2018; Roberts et al., 2008; Vernon and Meikle, 2003) and that even brief 

tinnitus loudness increases can occur referred to as residual excitation (Sedley et al., 2012).  

Given these disparities, only minor to moderate average suppression patterns can be observed 

hampering the analysis of stimulus-specific consequences on a behavioral as well as on a 

neurophysiological level in the current studies. Further, the variety of stimulation responses 

could also translate into a lack of behavioral and electrophysiological correlations in the present 

and past experiments (e.g., Kahlbrock & Weisz, 2008). Pre-screenings with respect to RI 

induction prior the actual experiments could have the potential to overcome these drawbacks 

by identifying an appropriate sample. RI is considered a reliable sensation (Deklerck et al., 

2019). The detection of patients’ MRIL recently suggested by Fournier et al. (2018) provides a 

fast and promising method for an evaluation of the possibility to induce RI in certain tinnitus 

patients. 



Concluding discussion 

 

 Page 108 

In study 2 acoustic stimulation responder were identified according to their level of RI. Based 

on a previous paper, a similar but less stringent cut-off for RI induction was used. Kahlbrock & 

Weisz (2008) defined RI as 50% tinnitus loudness suppression for a minimum of 30 seconds 

after stimulation, whereas in the present study 2 RI was defined as 50% tinnitus loudness 

suppression directly after stimulation (Schoisswohl et al., 2020b). The quantity of responders 

appears to be identical for both studies. However, it is very likely that the usage of a more strict 

threshold for RI would consequently result in a rather small group of tinnitus patients with 

acoustic stimulation response respectively experiencing RI. Currently, there is no reasonable 

and profound consensus of a definition for RI. Although RI is listed in recent guidelines for the 

diagnosis, assessment and treatment of tinnitus under further assessments (Cima et al., 2019), 

there is a lack of categorization or threshold for RI. Accordingly, temporary suppression 

patterns varying from very low (e.g., 5% tinnitus loudness reduction) to a total absence of 

tinnitus perception could potentially defined equally as RI, highlighting the need for a clear 

definition. 

In study 2 it was apparent from sample characteristic differences between acoustic stimulation 

responders and non-responders, that the group of responders showed less tinnitus chronification 

and lower tinnitus loudness  (Schoisswohl et al., 2020b). A similar pattern in sample 

characteristic differences has been observed in study 1 (Schoisswohl et al., 2019b). 

Patients with noise-like tinnitus showing stronger tinnitus loudness suppression towards 

acoustic stimulation than tonal tinnitus patients also exhibited significant shorter tinnitus 

durations or lower levels of tinnitus loudness akin to responder non-responder contrasts in 

experiment 2. This coincidence emphasizes the role of sample characteristics as a potential 

factor related to acoustic stimulation response and raises the question of whether RI can be 

predicted using patient characteristics such as tinnitus duration or tinnitus loudness. 

Using a retrospective analysis of tinnitus patients participating in a randomized clinical trial 

which evaluated the effectiveness of tinnitus masking and Tinnitus Retraining Therapy, 

differences in treatment responders and non-responders were revealed. Interestingly, 

responders were younger and showed lower tinnitus duration (Theodoroff et al., 2014) similar 

to the present findings in short-term acoustic tinnitus suppression. Likewise, age (theoretically 

accompanied by longer tinnitus durations) or noise reactiveness (highlighting the need for pre-

screenings) was identified as a significant predictor for response to sound-related treatments 

(Simoes et al., 2019). Further insights come from rTMS research, which demonstrates tinnitus 

duration as an important factor for treatment response (Khedr et al., 2008; Kleinjung et al., 

2007b) as well as short-term tinnitus suppression (De Ridder et al., 2005). Up to now, attempts 
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to predict the ability to induce RI via patient characteristics are almost non-existent. Besides 

the absence of personality as a predictor for RI, a pooled analysis with data gathered from two 

acoustic stimulation experiments (one reported in the present thesis) failed to identify tinnitus 

duration as a significant predictor (Hafner et al., 2020). This finding diminishes the relevance 

of tinnitus duration as an important factor for acoustic stimulation response, which is in line 

with the results from a predictor analysis in TMS research and the lack of tinnitus duration plus 

any demographic or clinical characteristic as a significant response factor (Lehner et al., 2012). 

Nevertheless, the present findings in RI might be exemplary for treatment onsets in early stages 

of chronic tinnitus reporting higher intervention responses as outlined above.  

It could also be conceivable that tinnitus duration is indirectly related to acoustic stimulation 

responses as demonstrated in study 2 by means of differences in tinnitus duration alongside 

with differences in spontaneous brain activity in the alpha and gamma frequency bands between 

acoustic stimulation responders and non-responders. Past neuroimaging studies already 

demonstrated pathological brain activity changes with progressing tinnitus chronification (Lan 

et al., 2021; Schecklmann et al., 2013a; Schlee et al., 2009a; Vanneste et al., 2015). 

Tinnitus patients with advanced chronification grades might feature more robust pathological 

alterations e.g., lower alpha and higher gamma power in spontaneous brain activity making it 

infeasible to temporary reverse this activity by acoustic stimulation techniques and 

consequently do not induce RI as demonstrated in the current experiments. For example Schlee 

et al. (2014) observed lower variability of alpha activity in auditory regions in tinnitus patients 

with advanced tinnitus chronification. Further, a negative relationship of tinnitus duration and 

the ability to induce RI was demonstrated in normal hearing tinnitus patients (Hu et al., 2020). 

However, recent work from Riha et al. (2020) found no impact of tinnitus duration on resting 

state EEG activity highlighting the need of further research on the changes in oscillatory brain 

activity with advancing tinnitus duration. 

In light of the differences in oscillatory brain activity between acoustic stimulation responders 

and non-responders plus the stated assumption of a trait-like oscillatory signature related to RI 

induction in a subset of tinnitus patients, future studies should strive for an in-depth 

investigation of neurophysiological predictors of RI. In a novel attempt it was feasible to predict 

the ability of RI induction using EEG measurements in a rather small sample of patients 

(Sanders et al., 2021). Moreover, future RI experiments should encompass comparisons of 

tinnitus patients with healthy controls in acoustic stimulation paradigms as already suggested 

in a study protocol by Hu et al. (2019) in order to separate the neurophysiological consequences 

related to RI from ordinary neural reactions to sound stimulation.   
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7.1.2. rTMS – study 3 and 4 

Both rTMS experiments focused on the personalization of rTMS via single sessions. 

Experiment 3 (Schoisswohl et al., 2020a) was a technical feasibility study and investigated the 

feasibility and reliability of rTMS individualization in a small tinnitus patient sample. Three 

different targets of the superior temporal gyrus over the left and right hemisphere were 

stimulated with several frequencies on two days. It was feasible to individualize rTMS for each 

patient via brief changes in tinnitus perception. Further, consistent changes in tinnitus loudness 

could be demonstrated for certain rTMS parameters in particular stimulation frequency - each 

verum stimulation frequency resulted in reliable tinnitus loudness changes. 

Succeeding study 4 (Schoisswohl et al., 2021) systematically examined the insights gained from 

study 3 using a bigger sample of tinnitus patients, focused on only one temporal cortex 

stimulation position and applied concurrent measures of electrophysiological brain activity. In 

view of high variability of rTMS effects, the specific aim was to investigate the test-retest 

reliability of certain rTMS parameters in short-term tinnitus suppression and modulating 

oscillatory brain activity as well as the feasibility of rTMS individualization via single subject 

responses. Besides rTMS personalization based on behavioral responses, electrophysiological 

data was used to personalize rTMS according to neurophysiological models for tinnitus.  

Reliable changes in tinnitus loudness after high frequency stimulations over the left or right 

TPJ as well as reliable changes in the gamma frequency band after a right-hemispheric low 

frequency stimulation were observed, which all do not withstand a correction for multiple 

comparisons and should therefore only be interpreted with caution. 

Individualization of rTMS was feasible in more than half of participants using tinnitus loudness 

ratings, whereas personalization via electrophysiological responses was found to be a superior 

approach. Almost the entire sample featured responses in the alpha and gamma frequency band. 

However, no associations of behavioral and electrophysiological responses were apparent.  

There are substantial differences in the quantity of responder between the two experiments. It 

is very probable that the examination of a bigger sample in study 4 simply entails more inter-

subject variability in rTMS response as reported in past studies (Langguth, 2020) and therefore 

resulted in a lower percentage of single session responders. Another potential reason could be 

the investigation of a reduced number of stimulation targets in study 4 compared to study 3. 

Anyhow, the present findings emphasize the ability to identify personalized rTMS for brief 

tinnitus suppression and are in accordance with previous investigations (Kreuzer et al., 2017). 
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Both experiments are the first of their kind in evaluating the test-retest reliability of rTMS-

induced effects in short-term tinnitus suppression as well as oscillatory brain activity. Study 3 

demonstrated consistent effects of certain stimulation parameters on a behavioral level, whereas 

in study 4 reliable changes were not observed. The absence of solid reliable findings in study 4 

supports the assumption that rTMS effects are subject to high inter-individual variability 

(Polanía et al., 2018; Soleimani et al., 2016). As already explained in the discussion section of 

study 4, demonstrated single case responses might not carry over to statistical analyses on a 

whole group level due to inter- and intra-subject effect variability. This observation emphasizes 

the relevance and necessity of rTMS individualization in tinnitus. 

As already mentioned above, gamma power spectra changes were observed after 1 Hz rTMS 

over the right TPJ. Although this effect disappears with a correction for multiple comparisons, 

this gamma observation could be of further relevance, in particular for treatment approaches, 

since activity in the gamma frequency range is supposed to be strongly connected with tinnitus 

perception (De Ridder et al., 2015a; van der Loo et al., 2009; Weisz et al., 2007b). Additional 

support comes from a previous TMS-EEG study showing decreased gamma band activity over 

right temporal regions after right frontal low frequency rTMS in tinnitus patients, whereas in 

healthy subjects gamma band activity was increased (Schecklmann et al., 2015). 

In a broader view, these two gamma findings over parieto-occipital and temporal areas caused 

by right frontal respectively temporo-parietal low frequency rTMS, might support the notion of 

a widely spread cortical network involved in tinnitus as postulated by Schlee et al., (2009). 

Interestingly the authors report a cortical network comprised of frontal, temporal and parieto-

occipital areas with functional alterations especially in the gamma frequency in line with the 

above-mentioned findings. Other research likewise emphasizes the involvement of other, non-

auditory cortical regions as well, and suggests an existence of inter-individual network 

characteristics in tinnitus (Adjamian et al., 2014; Elgoyhen et al., 2015; Leaver et al., 2016). 

As already mentioned by Schoisswohl et al. (2019a), there might be a prefrontal subtype in 

tinnitus patients, which preferably responds to prefrontal rTMS. An integration of prefrontal 

stimulation targets (De Ridder et al., 2013) next to temporal regions (Kreuzer et al., 2017) in 

future test sessions would be preferable to enable a systematic investigation of effect reliability 

as well as responder rates. 

Since single session effects are often very small and difficult for the patients to evaluate, we 

opted to use an uncooled rTMS coil in study 4 to minimize the stimulation noise and account 

for potential confounding effects. Though, magnetic stimulations are accompanied by loud 

click sounds making it essential for patients to wear ear protection (Koponen et al., 2020). This 



Concluding discussion 

 

 Page 112 

intensive rhythmic sound stimulation is suggested to potentially produce acoustic entrainment 

(Lorenz et al., 2010). Therefore, it is not clear if rTMS effects in tinnitus are caused by magnetic 

stimulations alone or by accompanied sound stimulations potentially inducing oscillatory 

entrainment or even RI. Prototypes of stimulation coils with decreased stimulation noise are 

under development and will hopefully be soon available in clinical research (Goetz et al., 2014; 

Peterchev et al., 2015). Such coils could facilitate completely new approaches in online 

adjustment of stimulation parameters as well as tinnitus loudness evaluations.  

A common limitation of rTMS research, not only restricted to rTMS in tinnitus, is the 

determination of inhibitory or excitatory rTMS consequences caused by certain frequency 

protocols primary via motor cortex stimulations. According to Lorenz et al. (2010) it is not clear 

if insights from the motor cortex are equally valid for stimulations of other regions of the cortex. 

In view of brain state-dependent effects of rTMS (Siebner et al., 2004) along with pathological 

hyperactivity in the auditory cortex existing in tinnitus (Galazyuk et al., 2012), intended effects 

may shift or lack. As a matter of fact, intermittent theta burst stimulation, which is known to 

enhance motor cortex excitability, was found to produce inhibitory effects when applied over 

the temporal cortex (Lorenz et al., 2010). Further on it is not clear if stimulation intensity 

definition via motor cortex stimulations and subjects’ RMTs can be effectively used for 

auditory cortex rTMS (Schoisswohl et al., 2019a). It was already proposed to determine the 

intensity for temporal rTMS via excitability measures of the auditory cortex (Meeus et al., 

2009). This could, for example, be achieved with auditory evoked activity measurements 

(Lorenz et al., 2010; Zaehle et al., 2011). 

Previous studies either used a specific sham coil (Eichhammer et al., 2003; Kleinjung et al., 

2005; Langguth et al., 2014; Piccirillo et al., 2011) or tilted the coil away from the skull during 

active stimulation (Kreuzer et al., 2017; Landgrebe et al., 2017; Müller et al., 2013; 

Schecklmann et al., 2016) to facilitate placebo rTMS. In both cases rTMS-induced muscle 

contractions are not existent, hence patients stimulated might be aware of a placebo condition. 

In the both single session experiments at hand an active sham stimulation (0.1 Hz) was used, 

which is capable to induce muscle contractions and is suspected to not induce neuroplastic 

effects (Chen et al., 1997; Kumru et al., 2017). Superiority in short-term tinnitus suppression 

of verum rTMS in contrast to active sham was observed in the present thesis. Thus, this sham 

stimulation approach is recommended for future rTMS experiments in order to keep participants 

blinded. But there are hints that this type of sham protocol may affect other rTMS protocols 

with the potential to induce plasticity (Delvendahl et al., 2010a; Delvendahl et al., 2010b). A 
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significant progression of sham rTMS would be to mimic TMS-induced muscle contractions 

via electrical stimulation.  

The most commonly used strategy to place the TMS coil for temporal stimulations in tinnitus 

is based on the 10-20 EEG system developed by Langguth et al. (2006). As new technologies 

in neuromodulation arrive, several rTMS trials employed neuronavigated rTMS in tinnitus (e.g., 

Hoekstra et al., 2013; Sahlsten et al., 2015, 2017; Schecklmann et al., 2016). In the present 

experiments a novel neuronavigation system with the possibility to control for the induced e-

field was used as well. Stimulation positions were either defined in relation to Sahlsten et al. 

(2015, 2017) or via the 10-20 EEG system (CP5, CP6). Currently it is not clear if 

neuronavigated rTMS is superior to non-neuronavigated rTMS in tinnitus (Langguth et al., 

2010; Sahlsten et al., 2019). This discrepancy could be attributed to the uncertainty about the 

correct stimulation targets/ positions of e.g., the auditory cortex. Personalization of temporal 

stimulation positions with respect to tonotopic map representations based on patients’ tinnitus 

pitch (Sahlsten et al., 2017), patient-specific source localization of acoustic tinnitus suppression 

(analog to study 2) or definition of a functional “hot-spot” of auditory activity via resting state 

MRI might be suitable approaches.  

Past research suggests that the BDNF represents the best predictor for response to non-invasive 

brain stimulation (Antal et al., 2010; Cheeran et al., 2008; Fidalgo et al., 2014; Polanía et al., 

2018). Consequently, increases in BDNF polymorphisms should go together with an 

enhancement of neuroplastic effects caused by rTMS and result in a higher number of single 

session or treatment responders. Interestingly, recent investigations in the field of sports science 

show that physical training has the potential to increase the BDNF concentration in subjects’ 

blood plasma (Nilsson et al., 2020). Parallel or pre rTMS physical activity might not only 

improve the quality of life and tinnitus severity (Carpenter-Thompson et al., 2015) but also 

enhance TMS responder rates in test sessions and treatment trials.  

 

Overall, the present findings stress the idea that an individualization of rTMS might be a 

suitable approach to counteract the existing variability of rTMS effects. In view of the current 

literature, magnetic brain stimulation appears to be an extremely complex procedure with many 

degrees of freedom. Various technical (e.g., frequency, intensity) and physiological (e.g., brain 

state) parameters as well as their interdependency need to be considered and analyzed in more 

depth for optimal rTMS applications not only in tinnitus but also in other fields.  
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7.2. Best of both worlds 

There is important evidence for the relevance of the intrinsic state of the brain before rTMS to 

be crucial for induced effect direction (Silvanto and Pascual-Leone, 2008). It was shown that 

transcranial direct current stimulation prior inhibitory low frequency rTMS is capable to reverse 

the intended consequences on motor cortex excitability (Siebner et al., 2004). Further, noise 

stimulations before temporal low frequency rTMS were similarly able to modulate auditory 

cortex excitability (Weisz et al., 2012). A combination of sound stimulation with transcranial 

direct current stimulation for the treatment of tinnitus has already been examined, showing 

inconclusive findings (Shekhawat et al., 2015; Teismann et al., 2014). 

In the context of the present thesis, acoustic stimulation test sessions (study 1 and 2) and the 

identification of an individual superior sound stimulus for RI per patient can be combined with 

rTMS test sessions (study 3 and 4). Since it is not clear how different sound stimulations interact 

with different rTMS protocols, an inclusion of individual RI-stimuli in rTMS test session- same 

sound stimulation per patient before each rTMS protocols, might hypothetically alter the neural 

intrinsic state prior rTMS and enhance rTMS effects. Moreover, source localization of RI could 

provide a potential stimulation target for rTMS.  

Alternatively, separated test sessions for acoustic stimulation response and rTMS response can 

be conducted to identify the best stimuli respectively protocol for short-term tinnitus 

suppression. Ultimately, these two can be combined to a personalized acoustic rTMS protocol. 

 

7.3. Personalized treatments in tinnitus 

Heterogeneity in tinnitus appearance among patients makes it rather difficult to find a general 

treatment option. Differences mainly occur in the dimensions tinnitus perception, causal risk 

factors, distress as well as treatment response plus various different comorbidities can be 

accompanied with the tinnitus percept. Therefor a development of a treatment for all “types” of 

tinnitus patients is rather unlikely emphasizing the need for treatment approaches which 

consider the individual patient (Cederroth et al., 2019). 

Most research on personalized treatment approaches in tinnitus comes from sound therapy 

approaches, which customize stimuli according to the patients tinnitus characteristics. (e.g., 

Okamoto et al., 2010; Pantev et al., 2012) – considering the dimension tinnitus percept. 

In the current thesis, the first two experiments are more or less associated to this field. The focus 

was to investigate the differences of personalized sound stimulations based on patients’ tinnitus 

characteristics (e.g., pitch, noise bandwidth or tinnitus loudness) for brief loudness suppression. 

A main limitation of such personalized sound interventions is their narrow focus on solely 



Concluding discussion 

 

 Page 115 

tinnitus characteristics/ percept and not taking into account the tinnitus patient as a whole entity 

comprised of multiple factors involved in the perception of tinnitus as outlined above 

(Searchfield et al., 2017).  

Another approach of treatment personalization is based on rTMS single sessions with different 

protocols as investigated in study 3 and 4 of the present thesis. Personalization of rTMS for 

short tinnitus loudness suppressions mainly focuses on the domain of response to a certain 

intervention but also partially accounts for subject-specific functional (different frequencies) 

and structural (definition of stimulation targets via individual anatomical scans) 

neurophysiological characteristics. The present experiments demonstrate the feasibility of this 

approach, but statistical superiority compared to a standard rTMS protocol is not yet provided 

(Kreuzer et al., 2017). 

Both types of studies are limited in their narrow focus on only a certain dimension of tinnitus 

heterogeneity. Currently it is not obvious which tinnitus subtypes respond to which type of 

intervention. Essential groundwork for the personalization of tinnitus interventions comes from 

Simoes et al. (2019). The authors were able to identify a substantial number of factors relevant 

for a response to various interventions commonly used in tinnitus e.g., hearing aids, sound 

interventions or antidepressants. Interestingly, for rTMS response only laterality of hearing loss 

was identified as a significant predictor (Simoes et al. 2019). Current rTMS studies mainly 

focused on the laterality of tinnitus perception and not hearing loss. However, a study dedicated 

to expose predictors for rTMS failed to identify any (Lehner et al., 2012). 

Personalization of tinnitus interventions constitutes a highly promising concept towards 

identification of a cure in the spirit of “What for Whom?!”. Future research taking into account 

a variety of dimensions in tinnitus heterogeneity as well as determining tinnitus patient 

subtypes, which are more probable to respond to a certain type of intervention, with big data 

approaches are highly needed.  

 

7.4. Need for valid objective measurements 

Tinnitus loudness assessments for used in the current thesis are premised on the subjective 

rating of tinnitus loudness changes after interventions. Attempts for an identification of 

objective tinnitus measurements or biomarkers range from research focusing on ongoing 

(Balkenhol et al., 2013; Lorenz et al., 2009; Pierzycki et al., 2016) or evoked (Cardon et al., 

2020; Jacquemin et al., 2019; Paul et al., 2018) brain activity, functional near-infrared 

spectroscopy (Shoushtarian et al., 2020), neuroimaging (Liu et al., 2019) to physiological 

marker such as blood pressure or patients’ heart rate (Aydin and Searchfield, 2019). Currently 
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there is no valid objective way to measure tinnitus (Jackson et al., 2019). One of the aims of the 

present thesis was to examine neurophysiological correlates of transient acoustic tinnitus 

suppression (Schoisswohl et al., 2020b). In line with past observations, no correlation of 

behavioral and neural data was observed (Adjamian et al., 2012; Kahlbrock and Weisz, 2008; 

Pierzycki et al., 2016). 

Pierzycki et al. (2016) even suggested to not use EEG as a biomarker for tinnitus. Though, 

contrasts of acoustic stimulation responder and non-responder in experiment 2 brought up 

differences in oscillatory brain activity in the alpha and gamma frequency range identical to 

differences between tinnitus patients and healthy subjects. Future neurophysiological studies in 

RI or other areas should keep track of this hint in systematical investigations in order to identify 

a valid neurophysiological marker for tinnitus suppression. 

 

7.5.  Further remarks 

All experiments of the present thesis are subject to a common limitation, namely the unequitable 

gender distribution. From 101 tinnitus patients participating in the present experiments, only 27 

(26.73%) participants were females. This gender ratio could be attributed to a higher prevalence 

of tinnitus in men compared to women (McCormack et al., 2016; Møller, 2011). 

Recent work on gender differences reports, that females show higher tinnitus distress but also 

have more coping strategies than men (Fioretti et al., 2020; Niemann et al., 2020). Thus, it may 

be possible that men, even though women report higher distress, are more likely to seek 

professional help in dedicated tinnitus clinics causing unequal gender distributions in study 

samples. On the basis of differences in gender-specific treatment responses (Niemann et al., 

2020; Van der Wal et al., 2020) and gender-differences in the ability to acoustically suppress 

the tinnitus percept (Hu et al., 2020), studies with balanced gender ratio are recommended. 

Since the measures used for tinnitus loudness assessment are of a subjective nature plus the 

majority of the investigated tinnitus sample stated to experience tinnitus loudness fluctuations, 

the question arises if such evaluations are reliable. Data from two studies suggests that 

subjective assessments of tinnitus loudness (e.g., via VAS) constitute reliable measures 

(Adamchic Ilya et al., 2012; Zenner et al., 2005).  

Nevertheless, it is important to identify objective measures or functional neurophysiological 

markers of tinnitus loudness alterations since loudness changes after short interventions are 

often quite small and difficult for patients to evaluate. Currently there is no clear evidence of a 

link between neural and behavioral data (Adjamian et al., 2014; Kahlbrock and Weisz, 2008; 

Pierzycki et al., 2016). 
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An important precondition for this, would be the reliability of neurophysiological 

measurements (e.g., resting state EEG) in the tinnitus population. Even though resting state 

measurements of spontaneous brain activity are reported as a reliable measure in healthy 

subjects (Gasser et al., 1985; Martín‐Buro et al., 2016; McEvoy et al., 2000), there is currently 

no sufficient data for tinnitus. A single study was able to show test-retest reliability for whole 

scalp EEG power spectra in tinnitus (Pierzycki et al., 2016). Further test retest experiments with 

healthy subject contrasts are needed to make a clear statement about the reliability of 

neurophysiological measures in tinnitus. 

 

7.6.  Final conclusion 

The purpose of the present thesis was to gain more profound insights behind the mechanisms 

of brief tinnitus suppression using personalized acoustic stimulations for RI induction as well 

as rTMS single sessions for assessment of test-retest reliability and personalization of magnetic 

stimulation protocols. Up to now, there is no overall treatment option for tinnitus on account of 

tinnitus heterogeneity. Individualization approaches as used in the present thesis potentially 

provide an appropriate way to overcome this issue. The significant findings emerged from these 

four experiments are differences in RI patterns between noise-like and tonal tinnitus patients 

and differences in tinnitus-associated spontaneous brain activity between acoustic stimulation 

responders and non-responders. Likewise, absence of test-retest reliability of rTMS effects and 

the feasibility of rTMS personalization via behavioral and electrophysiological responses were 

demonstrated. The observations and suggestions made in this thesis might provide essential 

indications and evidence points for future research attempts either in sound stimulation or rTMS 

and constitute an important next step towards a moment of silence. 
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11. Appendices 

11.1. Supplemental material – study 1 

11.1.1. Tables 

Table S1 

Tinnitus loudness per condition. 
 Total T0 
 M ± SD Md Min Max M ± SD Md Min Max 
IBP 87.24 ± 23.93  100.00 .00 120.00 77.59 ± 36.22 100.00 .00 120.l00 
IPB10 88.77 ± 20.82  100.00 10.00 140.00 77.95 ± 32.56 80.00 10.00 140.00 
IBP10_MML 91.63 ± 19.01 100.00 10.00 110.00 81.72 ± 28.17 100.00 10.00 110.00 
IBP40 86.16 ± 24.60 100.00 .00 130.00 77.59 ± 37.57 100.00 .00 130.00 
WN 90.00 ± 23.29 100.00 .00 140.00 77.59 ± 37.00 100.00 .00 140.00 
WN10 89.41 ± 20.93 100.00 .00 120.00 77.24 ± 32.28 80.00 .00 120.00 
WN40 87.95 ± 26.51 100.00 .00 130.00 73.10 ± 41.76 100.00 .00 130.00 
Noise-like         
IBP 78.98 ± 27.86 90.00 .00 120.00 61.43 ± 38.00 65.00 .00 120.00 
IPB10 80.71 ± 24.67 90.00 10.00 120.00 62.86 ± 34.96 50.00 10.00 120.00 
IBP10_MML 85.92 ± 24.49 100.00 10.00 110.00 69.29 ± 33.16 80.00 10.00 110.00 
IBP40 80.10 ± 26.81 90.00 .00 120.00 62.86 ± 37.50 55.00 .00 120.00 
WN 84.49 ± 26.56 100.00 .00 110.00 63.57 ± 37.54 70.00 .00 110.00 
WN10 84.18 ± 24.41 100.00 .00 120.00 64.29 ± 36.94  65.00 .00 120.00 
WN40 80.61 ± 31.29 100.00 .00 120.00 63.57 ± 44.13 70.00 .00 120.00 
Tonal         
IBP 94.95 ± 16.24 100.00 10.00 120.00 92.67 ± 27.89 100.00 10.00 120.00 
IPB10 96.29 ± 12.50 100.00 50.00 140.00 92.00 ± 23.36 100.00 50.00 140.00 
IBP10_MML 96.95 ± 9.11 100.00 50.00 110.00 93.33 ± 16.33 100.00 50.00 110.00 
IBP40 91.81 ± 20.93 100.00 10.00 130.00 91.33 ± 33.14 100.00 10.00 130.00 
WN 95.14 ± 18.46 100.00 .00 140.00 90.67 ± 32.40 100.00 .00 140.00 
WN10 94.29 ± 15.68 100.00 40.00 120.00 89.33 ± 22.19 100.00 40.00 120.00 
WN40 94.10 ± 19.05 100.00 .00 130.00 82.00 ± 38.77 100.00 .00 130.00 

M = mean; SD = standard deviation; Md = median; Min = minimum; Max = maximum; T0 = immediately after 
stimulation offset. 

 

 

Table S2 

Model fitting. 
 R2(marginal) R2(conditional) df AIC BIC logLik LRT p 
Intercept only: response ~ 1 + 
1|id) 

.00 .51 3 12046.00 12061.00 -6019.00   

Fitted model: response ~ 
condition + time*group + 1|id) 

.17 .60 22 11774.00 11890.00 -5865.20 309.22 <.01 

DF = degrees of freedom; AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion; logLik = 
log-likelihood; LRT = Likelihood Ratio Test. 
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Table S3. 

Stimulus evaluation. 
 Arousal Valence 
 M ± SD Md Min Max M ± SD Md Min Max 
IBP 87.24 ± 23.93  100.00 .00 120.00 77.59 ± 36.22 100.00 .00 120.00 
IPB10 88.77 ± 20.82  100.00 10.00 140.00 77.95 ± 32.56 80.00 10.00 140.00 
IBP10_MML 91.63 ± 19.01 100.00 10.00 110.00 81.72 ± 28.17 100.00 10.00 110.00 
IBP40 86.16 ± 24.60 100.00 .00 130.00 77.59 ± 37.57 100.00 .00 130.00 
WN 90.00 ± 23.29 100.00 .00 140.00 77.59 ± 37.00 100.00 .00 140.00 
WN10 89.41 ± 20.93 100.00 .00 120.00 77.24 ± 32.28 80.00 .00 120.00 
WN40 87.95 ± 26.51 100.00 .00 130.00 73.10 ± 41.76 100.00 .00 130.00 
Noise-like         
IBP 78.98 ± 27.86 90.00 .00 120.00 61.43 ± 38.00 65.00 .00 120.00 
IPB10 80.71 ± 24.67 90.00 10.00 120.00 62.86 ± 34.96 50.00 10.00 120.00 
IBP10_MML 85.92 ± 24.49 100.00 10.00 110.00 69.29 ± 33.16 80.00 10.00 110.00 
IBP40 80.10 ± 26.81 90.00 .00 120.00 62.86 ± 37.50 55.00 .00 120.00 
WN 84.49 ± 26.56 100.00 .00 110.00 63.57 ± 37.54 70.00 .00 110.00 
WN10 84.18 ± 24.41 100.00 .00 120.00 64.29 ± 36.94  65.00 .00 120.00 
WN40 80.61 ± 31.29 100.00 .00 120.00 63.57 ± 44.13 70.00 .00 120.00 
Tonal         
IBP 94.95 ± 16.24 100.00 10.00 120.00 92.67 ± 27.89 100.00 10.00 120.00 
IPB10 96.29 ± 12.50 100.00 50.00 140.00 92.00 ± 23.36 100.00 50.00 140.00 
IBP10_MML 96.95 ± 9.11 100.00 50.00 110.00 93.33 ± 16.33 100.00 50.00 110.00 
IBP40 91.81 ± 20.93 100.00 10.00 130.00 91.33 ± 33.14 100.00 10.00 130.00 
WN 95.14 ± 18.46 100.00 .00 140.00 90.67 ± 32.40 100.00 .00 140.00 
WN10 94.29 ± 15.68 100.00 40.00 120.00 89.33 ± 22.19 100.00 40.00 120.00 
WN40 94.10 ± 19.05 100.00 .00 130.00 82.00 ± 38.77 100.00 .00 130.00 

M = mean; SD = minimum; Max = maximum. 
 

 

Table S4. 

Model fitting - arousal and valence. 
Model R2(marginal) R2(conditional) df AIC BIC logLik LRT p 
Arousal         
Intercept only: response ~ 1 + 1|id) .00 .33 3 776.28 786.22 -385.14   
Fitted model: response ~ condition + 
1|id) 

.09 .42 9 759.72 789.54 -370.86 28.56 < .01 

Valence         
Intercept only: response ~ 1 + 1|id) .00 .37 3 858.16 868.10 -426.08   
Fitted model: response ~ condition + 
1|id) 

.06 .42 9 851.69 881.51 -416.84 18.84 < .01 

Df = degrees of freedom; AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion; logLik = 
log-likelihood; LRT = Likelihood Ratio Test. 
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11.1.2. Figures 

Figure S1. Tinnitus loudness time curve - single participant response. 
Tinnitus loudness ratings are illustrated on a single participant level for all rating timepoints separated for each 
stimuli. Thick lines show the mean tinnitus loudness (%) for each stimulus, standard deviations are illustrated as 
grey ribbons.  
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11.2. Supplemental material – study 2 

11.2.1. Tables 

 

Table S5. 

Tinnitus loudness per condition. 
 Total T0 
 M ± SD Md Min Max M ± SD Md Min Max 
Total sample         
WN 88.29 ± 19.26 100.00 20.00 110.00 88.00 ± 21.60 90.00 20.00 110.00 
IBP 87.24 ± 17.73 90.00 20.00 110.00 86.67 ± 21.95 90.00 20.00 110.00 
IBS 92.60 ± 14.77 100.00 50.00 110.00 93.11 ± 16.35 100.00 50.00 110.00 

WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered 
white noise; M = mean; SD = standard deviation; Md = median; Min = minimum; Max = maximum; T0 = 
immediately after stimulation offset. 
 
 
 
 
Table S6. 

Model fitting - tinnitus loudness ratings.  
 R2(marginal) R2(conditional) df AIC BIC logLik LRT p 
Total sample         
Intercept only: response~1 + 1|id) 0 .59 3 7402.10 7416.70 -3698.10   
Fitted model: response ~ 
condition + 1|id) 

.02 .61 5 7364.20 7388.50 -3677.10 41.88 <.001 

DF = degrees of freedom; AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion; logLik = 
log-likelihood; LRT = Likelihood Ratio Test. 
 
 
 
 
Table S7. 

Fixed effect testing - tinnitus loudness ratings. 
 numDF denDF F p 

Condition 2.00 900.00 21.43 < .001 
numDF = degrees of freedom numerator; denDF = degrees of freedom denominator. 
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Table S8. 

Stimulus evaluation. 
 Valence Arousal 

 M ± SD Md Min Max M ± SD Md Min Max 

WN .18 ± 1.83 0 -4.00 4.00 -.16 ± 1.68 0 -4.00 3.00 
IBP -.40 ± 2.18 0 -4.00 4.00 .51 ± 1.73 0 -3.00 3.00 
IBS 1.02 ± 2.09 2.00 -4.00 4.00 -.84 ± 1.82 0 -4.00 3.00 
Male         
WN .03 ± 1.47 0 -4.00 3.00 .19 ± 1.25 0 -3.00 3.00 
IBP -.39 ± 2.26 0 -4.00 4.00 .68 ± 1.58 0 -2.00 3.00 
IBS .87 ± 1.98 1.00 -4.00 4.00 -.52 ± 1.69 0 -4.00 3.00 
Female         
WN .50 ± 2.47 0 -4.00 4.00 .50 ± 2.47 0 -4.00 4.00 
IBP -.43 ± 2.06 0 -4.00 3.00 -.43 ± 2.06 0 -4.00 3.00 
IBS 1.36 ± 2.37 2.00 -4.00 4.00 -1.57 ± 1.95 -2.00 -4.00 2.00 

WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered 
white noise; M = mean; SD = standard deviation; Md = median; Min = minimum; Max = maximum. 
 

 

 

 

Table S9. 

Model fitting – valence and arousal ratings. 
Model R2(marginal) R2(conditional) df AIC BIC logLik LRT p 
Arousal         
Intercept only: response ~ 1 + 
1|id) 

0 .32 3 577.52 586.23 -285.76   

Fitted model: response ~ 
condition + 1|id) 

.01 .43 5 564.91 579.44 -277.46 16.60 < .001 

Valence         
Intercept only: response ~ 1 + 
1|id) 

0 .33 3 543.75 552.46 -268.87   

Fitted model: response ~ 
condition + gender + 1|id) 

.15 .35 6 526.72 544.15 -257.36 20.03 < .001 

Df = degrees of freedom; AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion; logLik = 
log-likelihood; LRT = Likelihood Ratio Test. 
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Table S10. 

Fixed effect testing – valence and arousal ratings. 
 numDF denDF F p 

Arousal     
Condition 2.00 90.00 9.12 < .001 
Valence     
Condition 2.00 90.00 9.76 < .001 
Gender 1.00 45.00 5.70 .021 

numDF = degrees of freedom numerator; denDF = degrees of freedom denominator.  

 
 
 
Table S11. 

Post-hoc Tukey contrasts for condition – stimulus evaluation. 
 Valence  Arousal  

Contrast Estimate t p d Estimate t p d 

WN – IBP .58 1.71 .209 .288 -.76 -2.15 .086 .392 
WN – IBS -.84 -2.49 .038 .428 .69 2.22 .073 .388 
IBP – IBS -1.42 -4.20 < .001 .665 1.36 4.37 < .001 .760 

Male – Female     .90 2.33 .024 .728 

WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered 
white noise. Valence: Degrees of freedom = 92.00; standard error = .34; Arousal: Degrees of freedom = 92.00; 
standard error = .31; Gender: Degrees of freedom = 47.10; standard error = .39. 
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Table S12. 
Cluster electrodes – total sample analysis. 

 Frequency (Hz) Cluster electrodes 
Time   
Positive cluster 1 – 7 frontal: F3, F4, F7, F8, Fz, F1, F2, F5, F6 central: Cz, Pz, FC1, FC2, CP1, CP2, C1, C2, P1, P2, CPz temporal: C3, C4, T7, T8, 

FC5, FC6, FC3, FC4, C5, C6, FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, O2, PO3, 
PO4, PO7, PO8, POz, Oz 

Positive cluster 26 – 45 frontal: F3, F4, F8, Fz, F1, F2, F5, F6 central: Cz, Pz, FC1, CP1, C1, P1, P2, CPz temporal: FC6, FC3, FC4 parietal: P3 occipital: 
O1, O2, PO3, PO4, PO7, PO8, POz, Oz 

Negative cluster 7 – 28 frontal: F3, F4, F7, F8, Fz, F1, F2, F5, F6 central: Cz, Pz, FC1, FC2, CP1, CP2, C1, C2, P1, P2, CPz temporal: C3, C4, T7, T8, 
FC5, FC6, FC3, FC4, C5, C6, FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: PO3, PO4, PO8, 

POz, Oz 
Condition x Time   

Positive cluster 1 – 7 frontal: F3, F4, F7, F8, Fz, F1, F2, F5, F6 central: FC1, CP1, CP2, C1, C2, P1, P2, Pz, CPz temporal: C3, C4, T7, T8, FC5, FC6, 
FC3, FC4, C5, C6, FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, O2, PO3, PO4, PO7, 

PO8, POz, Oz 
Positive cluster 36 – 45 frontal: F3, F4, F8, Fz, F1, F2, F5, F6 central: Pz, FC1, CP1, CP2, C1, P1, P2, CPz temporal: FC5 parietal: P3, P4, CP3, P5, TP7 

occipital: PO3, PO4, POz 
Post-hoc – pre vs. post stimulation per stimulus  

Positive cluster   

WN 1 – 7 frontal: F3, F4, F7, F8, Fz, F2, F5, F6 central: Cz, Pz, FC1, FC2, CP1, CP2, C1, P1, P2, CPz temporal: C3, C4, T7, T8, FC5, FC6, 
FC3, FC4, C5, C6, FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, O2, PO3, PO4, PO7, 

PO8, POz, Oz 
IBP 1 – 6 frontal: F3, F4, F7, F8, Fz, F1, F2, F5, F6 central: Pz, FC1, FC2, CP1, CP2, C1, P1, P2, CPz temporal: C3, C4, T7, T8, FC5, FC6, 

FC3, FC4, C5, C6, FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, O2, PO3, PO4, PO7, 
PO8, POz, Oz 

IBP 32 – 45 frontal: F3, Fz, F1, F2, F5 central: Cz, Pz, CP1, CP2, P1, P2, CPz temporal: FT7 parietal: P3, P5 occipital: PO3, PO4, POz 

IBS 1 – 6 frontal: F3, F4, F7, F8, Fz, F1, F2, F5, F6 central: Cz, Pz, FC1, FC2, CP1, C1, C2, P1, P2, CPz temporal: C3, C4, T7, T8, FC5, 
FC6, FC3, FC4, C5, C6, FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, O2, PO3, PO4, 

PO7, PO8, POz, Oz 
IBS 37 – 45 frontal: Fz, F1 central: Cz, Pz, FC1, CP1, CP2, C1, P1, P2, CPz temporal: FC3 parietal: P3, P4 occipital: PO3, PO4, POz 

Negative cluster   

WN 10 – 12 frontal: F3, F4, Fz, F1, F2, F5, F6 central: Pz, FC1, FC2, CP1, CP2, C2, P1, P2 temporal: C4, T7, T8, FC5, FC6, FC4, C5, C6, 
FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: PO3, PO4, POz 

WN 14 – 19 frontal: Fz, F1, F2 central: Pz, FC2, CP1, CP2, C2, P1, P2, CPz temporal: C4, T8, C6 parietal: P3, P4, P8, CP6, CP4, TP8 
occipital: POz 

IBS 11 – 19 frontal: Fz central: Cz, Pz, FC1, CP1, CP2, C1, C2, P1, P2, CPz temporal: C3, C4, T7, T8, FC5, C5, C6 parietal: P3, P4, P7, CP5, 
CP6, CP3, CP4, P5, TP7, TP8 occipital: - 

WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered white noise. Note: Electrodes within frequency clusters grouped by brain areas.  



Appendices 

 

 Page 152 

Table S13. 
Cluster electrodes – non-responder vs. responder analysis. 

 Frequency (Hz) Cluster electrodes 
Group   
Positive cluster 7 – 12 frontal: F3, F4, F8, Fz, F1, F2, F5, F6 central: Pz, FC1, FC2, CP1, CP2, C1, P1, P2, CPz temporal: C3, C4, T8, FC5, FC6, FC3, 

FC4, C6, FT8 parietal: P3, P4, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, O2, PO3, PO4, PO7, PO8, POz, Oz 

Negative cluster 22 – 45 frontal: Fz, F1, F2 central: Cz, Pz, FC1, FC2, CP1, C1, P1, CPz temporal: C3, C5 parietal: P3, P7, CP5, CP3, P5, TP7 occipital: 
PO3, PO7, POz 

Time   

Negative cluster 6 – 32 frontal: F3, F4, F7, F8, Fz, F1, F2, F5, F6 central: Cz, Pz, FC1, FC2, CP1, CP2, C1, C2, P1, P2, CPz temporal: C3, C4, T7, T8, 
FC5, FC6, FC3, FC4, C5, C6, FT7, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, PO3, PO4, 

PO7, PO8, POz 

Post-hoc – responders vs. non-responders post stimulation 

Positive cluster 5 – 17  frontal: F3, F4, F8, Fz, F1, F2, F5, F6 central: Cz, Pz, FC1, FC2, CP1, CP2, C1, C2, P1, P2, CPz temporal: C3, C4, T7, T8, FC5, 
FC6, FC3, FC4, C5, C6, FT8 parietal: P3, P4, P7, P8, CP5, CP6, CP3, CP4, P5, P6, TP7, TP8 occipital: O1, O2, PO3, PO4, PO7, 

PO8, POz, Oz 

Note: Electrodes within frequency clusters grouped by brain areas.  
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11.2.2. Figures 

 
 

 

 

 

 

 

 

 

 

 

 

Figure S2. Audiometry and Tinnitometry. 
L = left; R = right; HL = hearing loss; SPL = sound pressure level. Results of audiometric assessment for both ears 
together with tinnitus frequency and loudness. The frequencies of hearing loss overlap with tinnitus frequencies.  
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure S3. Valence and arousal evaluation per stimuli. 
WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered 
white noise. The value 0 indicates a neutral stimuli evaluation (cf. section acoustic stimulation). Highest 
tolerability was found for stimulus IBS as exemplified by high valence and low arousal ratings. While stimulus 
IBP resulted in the lowest tolerability evaluation. Parentheses display 95% confidence intervals for valence and 
arousal evaluation of the three stimuli.  



Appendices 

 

 Page 154 

11.3. Supplemental material – study 4 
11.3.1. Tables 

Table S14. 
Electrodes forming reliable, sham-controlled clusters – alpha responder 

Subject Left 1 Hz Right 1 Hz Left 10 Hz Right 10 Hz Left 20 Hz Right 20 Hz 
1 - - - - FP2, AF4 - 
2 P7, TP7 - PO7, O1 - - - 
3 PO8, P8, P6, 

TP8; 
PO7, P7, O1 - 

F8, F6; 
TP7, T7 - - - 

4 O1, Oz - - - - - 

5 T8, TP8 - - - 
Fp1, Fpz, 
AF3, AF7 - 

6 P3, P5 - - 
O1, PO3, 
PO7, Oz POz, Pz - 

7 - - 
PO3, POz, 

P3 
O1, PO7; 
O2, PO8 - PO3, POz, P1 

8 - - 
TP7, P7; 
O1, Oz 

O2, Oz, PO8, 
PO4, O1 - - 

9 FT8, T8, F8 - 
Fp2, Fpz; 
F6, FT8 - 

P5, PO3, 
PO7 - 

10 - - AF4, F4 - - CP2, CPz 
11 F4, F6 - - FP2, AF8 - POz, PO3 

12 - - - 
PO4, O2, 
PO8, Oz - - 

13 - FPz, Fp1 Fp1, Fpz - - - 

14 

P8, P6, P4, 
PO8, PO4, O2, 
P7, PO7, Oz, 

O1 - - - P7, PO7 P8, PO8, O2 
15 - - F7, AF7 - - - 
16 - - O1, PO3 AF8, Fp2 - - 

17 - 
PO7, O1, 

PO3 - - - PO8, O2 

18 - 
PO4, O2, 

PO8 - AF4, Fp2 
PO8, O2; 
O1, PO3 - 

19 F7, AF7 
FCz, Fz, F1, 

FC1 - - - F6, FT8, C6 
20  - - - - - 
21 - - - - - - 

22 - - 

O1, PO8, 
O2, Oz, 

PO7 - - - 

Note: Electrodes forming a cluster are separated by “;”. 
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Table S15. 
Electrodes forming reliable, sham-controlled clusters – gamma responder 

Subject Left 1 Hz Right 1 Hz Left 10 Hz Right 10 Hz Left 20 Hz Right 20 Hz 
1 - - Fp1, AF7 F8, FC6 FC5, F7 - 
2 T7, C5, FC3 - C4, C6 - - - 
3 AF3, F5 T8, TP8 - - - - 

4 
PO8, P8, O2; 

T7, FC5 - - - - - 
5 - - TP7, T7 - - - 

6 - - - 
Fp2, AF8, AF4, 

F6 - - 
7 - - - - - O2, PO8   

8 - - 

Fp2, Fpz, 
AF4, Fp1, 
AF8, AF3 - 

F7, F5, 
FT7, FC5, 

FC3 - 

9 PO8, P8, P6 
C6, CP6, 
TP8, C4 

Fpz, AF3, 
Fp1 - C5, TP7 - 

10 C3, FC3 - - 
Fp1, AF7, F3, 

F5 F4, F6 Fp2, AF8 
11 - Fp2, Fpz - FC6, C4 - - 
12 - - - - - Fp2, Fpz 
13 CP5, C3 C5, C3, CP3 AF3, FC3, F3 P8, TP8, PO8 - - 

14 - FT7, F7, T7 

FC6, T8, 
FT8; 

FC5, FT7 - F7, AF7 - 
15 T8, C6 Fz, F1 - - - - 

16 - - AF8, Fp2 - - 
TP8, T8, P8, 

C6 

17 - - 

FP1, AF7, 
AF3, AF8, 
Fp2, AF4 FCz, AF4, F2 - TP7, P7, CP5 

18 
F4, F3, F1, 
F2, Fz, FC4 

Fp2, AF8, 
F4 AF4, F4 - Fpz, AF3 - 

19 - - T7, FT7 Fp2, Fpz - - 

20 
F6, AF4, F4, 

F8 - 

Fp1, F3, AF8, 
AF3, AF4, 

F6, FC3, Fp2 - - - 

21 - O1, PO7 - PO8, P8 
TP8, P8; 
Oz, O1 C2, CPz 

22 FT8, F8 - 

AF8, F8; 
FT7, F5, 

AF7, F7, F3, 
FC5 - - - 

Note: Electrodes forming a cluster are separated by “;”. 
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11.3.2. Figures 

 
 
Figure S4. Group-level reliability of TMS-induced discomfort. 
Spearman correlations of TMS-induced discomfort per rTMS protocol between the first and the second test session 
day are illustrated. Colored ribbons represent confidence intervals (95%). Significant positive correlations were 
observed for each applied rTMS protocol. 
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