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Zusammenfassung 

In den vergangenen Jahren wurden vermehrt Erkenntnisse über die funktionelle Bedeutung 

kortikaler Oszillationen, speziell im Alpha Band (≈8-12Hz) gewonnen. Aktuell werden dabei 

zwei Herangehensweisen benutzt, wobei Mischformen durchaus gebräuchlich sind: Zum 

einen wird der Einfluss externer Stimulation auf oszillatorische Aktivitäten untersucht. 

Jedoch setzt dieser Ansatz voraus, dass relevante Prozesse erst nach dem Beginn der 

Stimulation stattfinden – Daten in der sogenannten Baseline werden wie Rauschen 

behandelt. Der zweite Ansatz untersucht den Zusammenhang zwischen spontanen 

Fluktuationen dieser Oszillationen und Verhalten, sowie Wahrnehmung. Neuere 

Forschungsergebnisse implizieren jedoch eine Interaktion der spontan fluktuierenden und 

der durch Stimulation induzierten Aktivität. In diesem Fall bestimmt der sogenannte „Brain 

State“, welcher durch oszillatorische Aktivität repräsentiert wird, das „Schicksal“ des 

Stimulus. Studien, die einen oder eine Kombination aus beiden Ansätzen implementiert 

haben, konnten z.B. zeigen, dass Oszillationen im Alpha Band mit der aktiven Hemmung der 

entsprechenden Areale in Verbindung gebracht werden kann. 

Diese Verfahrensweisen vernachlässigen mögliche Unterschiede zwischen den einzelnen 

Trials, da über hunderte dieser gemittelt wird. Weiterhin geschieht die Stimulation 

unabhängig des aktuellen „Brain States“. Wenn jedoch eine Hypothese über dein Einfluss 

eines „Brain States“ existiert, birgt eine Stimulation zum Zeitpunkt seines Auftretens einige 

Vorteile. a) Die dem Experiment zugrundeliegende Hypothese würde gestärkt. b) Stärker 

statistische Verfahren könnten zur Anwendung kommen. c) Der „Brain State“ könnte 

genauer untersucht werden. 
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Diese Dissertation stellt eine innovative open source Software namens ConSole vor, die es 

Wissenschaftlern ermöglicht, Echtzeitexperimente ohne fortgeschrittene IT Kentnisse 

aufzusetzen und durchzuführen. Die Software, sowie deren intensiver Validierung, einiger 

Machbarkeitsbeweise, sowie ihrer Anwendung zur Durchführung eines Neurofeedback 

Trainings werden detailliert beschrieben. 

Neurofeedback ist eine Methode, kortikale Oszillationen durch Training selbst zu 

modifizieren. Diese Methode wurde in der Vergangenheit intensiv zur Behandlung von 

Störungsbildern genutzt, von denen ein Zusammenhang mit veränderter kortikaler Aktivität 

bekannt ist, unter anderem Tinnitus. Tinnitus ist hierbei besonders interessant, da es 

Hinweise gibt, dass ein gestörtes Gleichgewicht von Erregung und Hemmung (in diesem Fall 

fehlende Hemmung in auditorischen Bereichen) mit verringerter Aktivität im Alpha Band 

zusammenhängt. Der Artikel zeigt auf, dass eine erfolgreiche Tinnitustherapie die Hemmung 

innerhalb auditorischer Bereiche erhöhen sollte, welche wiederum über eine Erhöhung der 

Aktivität im Alpha Band messbar wäre. Die Studie vergleicht die Wirkung nach 

Neurofeedback und rTMS (verum und sham) bei Tinnituspatienten. Während Neurofeedback 

sowohl die Tinnitusbelastung reduziert, als auch die Alpha Aktivität im rechten auditorischen 

Kortex erhöht, konnte keiner dieser Effekte nach rTMS Behandlung festgestellt werden. Die 

Analyse der Langstreckenverbindungen zeigte weiterhin eine erhöhte Zahl ausgehender 

Verbindungen nach Neurofeedback Training direkt neben dem Areal, in dem die Erhöhung 

der Alpha Aktivität gefunden wurde, sowie eine Verringerung der eingehenden 

Verbindungen auf der kontralateralen Seite. Beide rTMS Bedingungen zeigten Effekte für 

ausgehende Verbindungen bei rechten auditorischen Arealen, jedoch weiter posterior, 

verglichen mit den Neurofeedback Ergebnissen. Interessanterweise führt verum rTMS hier 

zu einer Erhöhung, während sich die Anzahl der Verbindungen nach sham rTMS verringerte. 
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Abstract 

Increasing knowledge has been gained during the recent years about the functional 

correlates of cortical oscillations, especially in the alpha band (≈8-12Hz). Two, not mutually 

exclusive, approaches are currently used: the first scrutinizes the impact of incoming 

stimulation on oscillatory activity, assuming that relevant processes start at stimulus onset 

and the baseline mainly consists of noise. The second approach examines the impact of the 

spontaneous fluctuations of the oscillations on behavior and perception. More recent 

research has suggested an interaction between the ongoing and spontaneously fluctuating 

oscillatory activity and activity induced by an incoming stimulus. Thus, the current brain 

state, represented by its oscillatory activity, would determine the “fate” of the stimulus. 

Studies that have used either one or a combination of both approaches have, for instance, 

shown that alpha oscillations can be related to the (active) inhibition of the respective 

cortical area. 

However, these approaches not only average over hundreds of trials, thereby neglecting 

possible modulations between those, but also stimulate the participants regardless of the 

current brain state. Yet, if a hypothesis about the impact of a certain brain state (known to 

be correlated to some neurophysiological measure, for instance, oscillations) exists a priori, 

stimulating as close as possible to the desired brain state would a) strengthen the 

hypothetical underpinning of the experiment, b) introduce the possibility for stronger 

statistical comparisons and c) would allow for a more focused scrutiny of the desired brain-

states. 

This dissertation introduces an innovative open source software called ConSole that enables 

scientists to setup and conduct real time experiments without sophisticated IT knowledge. 
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The software is described in detail together with extensive validation, several proof-of-

principles as well as its application as a software to conduct Neurofeedback, another 

application of real time EEG analysis. 

Neurofeedback exploits the fact that it is possible to train participants to modulate cortical 

oscillations. This has been used extensively in the past to treat conditions that are correlated 

with alteration in cortical activity, among them tinnitus. Tinnitus is of particular interest, as 

connections have been drawn in the past year between a disturbed excitatory-inhibitory 

balance (i.e., a lack of inhibition at auditory areas) and the relationship of alpha oscillations 

to cortical inhibition. The article argues that a successful therapy for tinnitus should increase 

inhibition at primary auditory regions, potentially detectable by increased alpha power. The 

study compares the outcome after Neurofeedback and rTMS (verum or sham) treatment of 

tinnitus patients. While Neurofeedback decreases tinnitus distress and increases alpha 

power at the right primary auditory cortex, neither effect is found in any of the rTMS 

conditions. The analysis of long range connectivity further shows increased outgoing 

connections for the Neurofeedback condition neighboring the alpha power effect as well as 

a decrease of incoming connections at the contralateral hemisphere. Both rTMS conditions 

showed effects for outgoing connectivity at right auditory areas, yet more posterior than the 

Neurofeedback effects. Interestingly, verum treatment led to an increase while sham 

treatment led to a decrease. 
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Conducted studies and own research contribution 

The studies of the current thesis were co-authored and supported by a number of 

colleagues. They are listed below together with my own research contributions. 

Study 1: Probing of brain states in real-time: Introducing the ConSole environment 

Authors: Thomas Hartmann, Hannah Schulz and Nathan Weisz 

Published in Frontiers in Psychology 

I planned and wrote the software that is introduced in the article. I performed the testing of 
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the analysis. Finally, I drafted the paper. 
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Authors: Thomas Hartmann, Isabel Lorenz, Nadia Müller, Berthold Langguth and Nathan 

Weisz 

I designed and programmed the Neurofeedback part of the study and carried out the 

measurements. The rTMS part was designed and conducted by Isabel Lorenz and Nadia 
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Abbreviations 

ADHD Attention Deficit Hyperactivity Disorder 

ANOVA Analysis of Variance 

BCI Brain Computer Interface 

CSD Cross-Spectral Density 

EEG Electroencephalography 

ERP Event Related Potential 

FDI first interosseus muscle 

FFT Fast Fourier Transform 

FIR Finite Impulse Response 

GUI Graphical User Interface 

Hz Hertz 

ICA Independent Component Analysis 

IIR Infinite Impulse Response 

LCMV Linear constrained minimum variance 

MEG Magnetoencephalography 

MEP Motor Evoked Potential 

ms milliseconds 

NFB Neurofeedback 

PC Personal Computer 

PCA Principle Component Analysis 

PSI Phase Slope Index 

QEEG Quantitative Electroencephalography 

rTMS Repetitive Transcranial Magnetic Stimulation 

TMS Transcranial Magnetic Stimulation 

TQ Tinnitus Questionnaire 

TTL Transistor-Transistor-Logic 

USB Universal Serial Bus 
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General Introduction 

Oscillatory Brain Activity 

Oscillatory brain activity is a ubiquitous phenomenon in measurements of the electrical 

activity of the brain. Already the first reports on EEG noted pronounced oscillatory activity 

that can be seen in the data without any stimulation and described ways to modulate the 

amplitude (Berger, 1929), for instance by opening and closing the eyes. Additionally, already 

Berger noticed that certain oscillatory activity corresponds to certain “brain states”. For 

instance, he reported increased beta amplitudes if participants engaged in mental tasks (like 

calculating) and it is plain textbook knowledge that the oscillatory patterns are highly 

dependent of so called global states of consciousness like being awake, asleep or in a 

comatose state but also more subtle changes in the brain state, for instance slight 

modulations of attention, are represented by changes in oscillatory patterns (for a review 

see Buzsáki & Draguhn, 2004). Just a few years later, Adrian repeated and extended the 

findings achieved by Berger. One of his most seminal findings was, for instance, that 

participants did not have to open their eyes in order to have the alpha oscillations decrease. 

It is enough just make an “effort to see” (cited after Compston, 2010). Adrian was also the 

first to extend the original concept of brain states to include, for instance, attention (cited 

after Compston, 2010), which is still under research today (see e.g., Siegel, Donner, 

Oostenveld, Fries, & Engel, 2008; Thut, Nietzel, Brandt, & Pascual-Leone, 2006; VanRullen, 

Busch, Drewes, & Dubois, 2011). 

The work that is part of this dissertation has a strong emphasis on oscillations in the alpha 

band (≈ 8-12 Hz). For the sake of clarity and brevity, this introduction will mainly focus on 

this frequency band as well. 
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In recent years, research on cortical oscillations has taken two different, yet not mutually 

exclusive, perspectives. 

The first scrutinizes the effect of incoming stimulation on oscillatory activity (see, e.g., 

Klimesch, Sauseng, & Hanslmayr, 2007; Pfurtscheller, 2001; Pfurtscheller & da Silva, 1999), 

i.e. the main interest is in the period following the stimulus. This approach is largely rooted 

in the common assumption in cognitive neuroscience that baseline activity (i.e., before 

stimulus presentation) is only affected by (irrelevant) noise and relevant processes start with 

the presentation of an event. For instance, if a stimulus is presented, the amplitude of alpha 

oscillations at respective areas decreases (Hari & Salmelin, 1997; Mimura, Sato, Ozaki, 

Honda, & Masuya, 1962; Weisz, Hartmann, Müller, & Obleser, 2011). As the EEG (and the 

MEG as well) measure the coordinated, synchronized activity of several thousands of 

neurons, amplitude decrease is synonymous for a desynchronization of the underlying 

neurons at the respective frequency band (although the neurons can still fire synchronously 

at a different frequency). Formerly attributed to “idling” of the underlying cortical area 

(Pfurtscheller, Stancák, & Neuper, 1996), recent research attributes the functional meaning 

of alpha oscillations to the active inhibition of cortical areas unnecessary to or even 

interfering with the task at hand (Jensen & Mazaheri, 2010). A recent study was even able to 

show that auditory alpha power can be modulated purely by top-down processes, just 

depending on the participants’ expectation (see Figure 1) (Hartmann, Schlee, & Weisz, 

2011). 
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Further intriguing studies have extended our knowledge about the spatial specificity of alpha 

oscillations: Rhis et al. found that alpha power is distributed retinotopically, corresponding 

to the area in the visual field to be inhibited (Rihs, Michel, & Thut, 2007) and a study by 

Jensen and Jokisch showed a dissociation between alpha and gamma power at the dorsal 

and ventral visual stream in a working memory task (Jensen & Jokisch, 2007). 

 

Until recently, only behavioral correlates were available to support this hypothesis. The 

seminal work by Haegens et al. showed for the first time that the phase and power of alpha 

Figure 1 The top row (a, b) shows the topography for the stimulus processing and pre-feedback time bins. 
Positive values denote higher synchronization for trials expected to be followed by an aversive feedback. 
a) In the stimulus-processing time bin, we found a significant cluster (p=0.04) showing a 
desynchronization in trials rated to be followed by the aversive noise over right temporal areas, 
contralateral to the presented sound between 3.25 s and 4 s post-stimulus. The plot shows the 
topography at 3.75 s, the time point yielding the highest sum of t-values in the cluster. Electrodes 
belonging to the cluster are marked with bold circles. b) In the time of pre-feedback, we found a 
significant cluster (p=0.02) in centro-parietal regions, showing an enhanced synchronization if an aversive 
feedback was expected. The cluster was found between 6.75 s and 7 s post-stimulus. The plot shows the 
topography at 7 s, the time point with the highest sum of t-values in the cluster. Bold circles mark the 
electrodes of the cluster. The bottom row (c, d) shows the time course of the relative difference between 
aversive noise expected and silence expected trials of the electrodes of the respective clusters. The black 
bar on top of the plots denotes the time bin of interest. The red part of the line signifies the time in which 
the cluster showed a significant difference between the two conditions. 
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oscillations modulate the firing rates of the respective neurons (Haegens, Nácher, Luna, 

Romo, & Jensen, 2011). 

The second perspective takes into account a different, yet very important feature of 

oscillatory brain activity: It never ceases as long as the underlying tissue is kept alive, even in 

in vitro preparations (Bremer, 1935. cited after Adrian, 1935). Moreover, all features 

currently known of cortical oscillations (e.g., amplitude, phase, but also long-range 

functional and effective connectivity) constantly change over time without the need for any 

external stimulation (Buzsáki & Draguhn, 2004). In brief: the brain is always active, never 

idling. Although it cannot be assumed that these spontaneous, ongoing oscillations are 

functionally equivalent to their induced counterparts, intriguing results exist showing at least 

similarities. In a study, stimulating participants with Transcranial Magnetic Stimulation (TMS) 

at the occipital cortex to elicit phosphenes (a visual percept generated at the cortex, not at 

the eye) at threshold level, Romei et al. were able to show that a) the threshold intensity 

correlated with the amplitude of ongoing alpha between participants (Romei, Rihs, 

Brodbeck, & Thut, 2008) and b) occipital alpha power fluctuations within participants prior 

to simulation predicted whether a phosphene would be perceived in the individual trial or 

not (Dugue, Marque, & VanRullen, 2011; Romei, Brodbeck, et al., 2008). Recent studies have 

shown that this logic also applies to higher level processes (Babiloni, Vecchio, Bultrini, 

Romani, & Rossini, 2006; Hanslmayr et al., 2007; van Dijk, Schoffelen, Oostenveld, & Jensen, 

2008) and is not limited to the oscillation’s amplitude as similar results have been found for 

its phase (Busch, Dubois, & VanRullen, 2009; Mathewson, Gratton, Fabiani, Beck, & Ro, 

2009). 
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As these ongoing and (at least partly) spontaneously fluctuating oscillations are ubiquitous in 

the brain and can be associated with function and behavioral predispositions, they can, on a 

more holistic level, be seen as representing brain states that can fluctuate strongly, even 

across a single experiment. The logic becomes clearer if the two approaches just introduced 

are brought together. It is, of course, an artificial separation as oscillations induced by some 

stimulation or even by, for instance, a shift of attention interfere with the ongoing 

oscillations. Yet, the ongoing oscillations determine the “fate” of the incoming stimulus. A 

seminal study by Händel et al. shows a good integration of both perspectives. Participants’ 

attention was drawn to either the left or right visual hemifield by a cue, a method to 

increase the lateralization of occipital alpha power (Rihs et al., 2007) in a way that alpha 

power in the hemisphere contralateral to the attended hemifield is lower. An equal task was 

presented in both hemifields and a second cue signaled to the participant which hemifield to 

use for the behavioral response. Unsurprisingly, task performance was worse if the response 

for the unattended hemifield was required (Händel, Haarmeier, & Jensen, 2000). Yet, the 

finding that task performance at the unattended hemifield varied with alpha power 

lateralization shows that brain states, whether spontaneous or induced, determine the 

system’s processing and finally reaction to incoming stimulation. 

However, the most common approach to study the impact of oscillatory activity on stimulus 

processing (including perception) or the impact of the stimulus on oscillatory activity as of 

today is to average over high amounts of trials, thereby treating any inter-trial variability as 

noise. Although this is an acceptable method to draw conclusions that are common to one 

condition compared to one or more others, significant information in the data is lost. This 

view is slowly changing, at least partly due to increasing computing capacities available to 

researchers, as single-trial analysis are more demanding in this respect. 
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However, even (offline) single-trial analysis does not exploit current knowledge, computing 

power and content of the acquired data to its fullest extent. Stimulation is still done 

completely independent of the current brain state. But if a hypothesis about the impact of a 

certain brain state, represented by cortical activity, exists, being able to stimulate as close as 

possible to the desired state bears the potential to push our knowledge about electrical 

cortical activity and its relationship to, e.g. behavior, one step beyond. Stimulating as close 

as possible to the desired brain states, represented by oscillations in the ongoing EEG (or 

MEG) signal would a) strengthen the hypothetical underpinning of the experiment, b) 

introduce the possibility for stronger statistical comparisons (e.g., T-test for high alpha vs. 

low alpha trials instead of post-hoc binning or correlations) and c) would allow for a more 

focused scrutiny of the desired brain-states. 

Acquiring and Analyzing Oscillatory Brain Activity in Real 

Time 

The real time acquisition and analysis of cortical activity measured with EEG is nothing new. 

It was first applied in the 1970s to conduct Neurofeedback training to alleviate epileptic 

seizures (Sterman & Friar, 1972) and was soon extended to the treatment of ADHS (Lubar & 

Shouse, 1976). More recently, a second application of real time EEG was developed: the 

Brain Computer Interface (BCI), helping immobilized patients to, for instance, control a 

cursor on a computer screen (Wolpaw, Birbaumer, McFarland, Pfurtscheller, & Vaughan, 

2002). 

Brain state dependent stimulation for experimental purposes is, in contrast to 

Neurofeedback, a novel method for neuroscientific research. In contrast to traditional 

experiments stimulating participants at random time points, and thus at random brain 
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states, a hypothesis about the interaction of some brain state and the stimulus has to be 

drawn beforehand. If, and only if, the hypothesis drawn is correct, the stimulus is presented 

at the most ideal moments in time. It is thus not only possible to test the initial hypothesis in 

a much more stringent way but also, for instance, to scrutinize whether other cortical areas 

react differently on the stimulus depending on the brain state at its presentation. 

The requirements for either type of real time acquisition and processing are high and the 

potential problems are numerous. In order to deliver a valid feedback, move the cursor in 

the correct direction or deliver the right stimulus at the right time, systems to conduct these 

kinds of techniques have to be fast and accurate. Unfortunately, a compromise has to be 

found between the two. More historically, a further constraint used to be limited computing 

power. But as can be seen in article one, this is only a minor issue nowadays as even the 

capacity of consumer-grade computers is high enough for most real time applications. So, 

the remaining problems are the inherent noise of the acquired data which could be 

counteracted by averaging over longer periods of time and the requirement to deliver the 

response or the stimulus as close as possible to the desired brain state. Unfortunately, 

averaging over longer periods of time interferes with the second requirement. Another 

challenge is that any analysis step has to work completely unsupervised (although 

exceptions exists under certain circumstances) and most parameters of the real time analysis 

have to be either fixed a priori or must be determined during calibration runs as adapting 

these during the actual experiment is often impossible. It must also be considered, that 

certain physical limits constrain the application of real time analysis approaches. For 

instance, the amplitude of different components of the EEG (and also MEG) signal vary 

considerably. There are several reasons for this: a) As in (almost) any dynamic system, lower 

frequency components have higher amplitudes than higher frequency components; b) The 
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signal’s amplitude at the scalp is highly dependent on the depth of its respective source and 

c) especially for the EEG, the signal’s paths includes parts that can distort the signal. For 

instance, the parts between the cortex and the electrode (skull, cerebrospinal fluid, skin) act 

like a lowpass filter as does the amplifier due to its high impedance. Furthermore, the 

parameters of faster oscillations change on a faster timescale than slower oscillations do. 

Thus, the real time analysis of faster oscillations poses much higher demands on the system 

in terms of temporal accuracy. 

So far, a few software packages for real time EEG/MEG analysis exist and all take care of the 

aforementioned special requirements (Oostenveld, Fries, Maris, & Schoffelen, 2011; Renard 

et al., 2010; Schalk, McFarland, Hinterberger, Birbaumer, & Wolpaw, 2004). However, these 

systems are all optimized for the development of BCI systems. A dedicated tool for cognitive 

neuroscience had been missing. For this purpose, I have developed ConSole, the Constance 

System for Online EEG that is published under the GPL version 2 

(http://www.gnu.org/licenses/gpl-2.0.html), an open source license. The application is 

available for free at http://console-kn.sf.net and is described in detail in the first article 

together with an evaluation of the system, several proofs of principle and current 

applications. 

Applications of Real Time EEG 

As already described above, applications of real time EEG are numerous but can be divided 

into 3 groups: Neurofeedback, Brain Computer Interface and brain state dependent 

triggering of stimulation during an experiment. Although of particular interest for completely 

immobilized patients, research on Brain Computer Interface mainly focuses on signal 

http://www.gnu.org/licenses/gpl-2.0.html
http://console-kn.sf.net/
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classification and not on the interpretation of it and thus is beyond the scope of this 

dissertation. 

The primary scope of my work that I present in this dissertation was to develop, evaluate 

and apply a method to conduct brain state dependent stimulation. Yet, I wanted to validate 

the software using one of the common applications of real time EEG: Neurofeedback. 

Further above, the relationship between cortical oscillations, in particular of the alpha band, 

and perception as well as behavior was shown. It is thus coherent that if the origin of a 

disease that includes altered behavior or perception can be attributed to the brain (as is the 

case, for instance, for tinnitus, ADHD, epilepsy, depression and many more), deviations of 

cortical activity can be found. 

The logic behind Neurofeedback is that normalizing this brain activity would help decreasing 

the symptoms of the original disease. Neurofeedback exploits the fact that autonomic 

functions can be modified by operant conditioning (Miller, 1969). Besides the first single 

case report on reducing the amount of seizures in an epileptic patient by training the 

sensorimotor rhythms (Sterman & Friar, 1972), a study done some years later in a single 

patient suffering from ADHD is of particular interest (Lubar & Shouse, 1976). Not only did the 

patient succeed in normalizing cortical activity and overt behavior. Reversing the training, 

i.e. rewarding the denormalization of the cortical activity also leads to a worsening of ADHD 

symptoms. Until today, several controlled studies have shown promising effects for epilepsy, 

ADHD, other disorders like depression (for a review see: Masterpasqua & Healey, 2003) as 

well as tinnitus (e.g., Crocetti & Forti, 2011; Dohrmann, Weisz, Schlee, Hartmann, & Elbert, 

2007), the scope of the second article. 
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As of today, it is well established that normalizing the abnormal decrease of auditory alpha 

and increase of auditory delta power (Weisz, Moratti, Meinzer, Dohrmann, & Elbert, 2005) 

leads to a decrease of tinnitus related distress (Crocetti & Forti, 2011; Dohrmann, Elbert, 

Schlee, & Weisz, 2007; Dohrmann, Weisz, et al., 2007). Yet, it has not yet been evaluated 

what neurophysiological changes occur, where they occur and whether they happen at all. 

Article two sheds a light on this question by showing that after Neurofeedback therapy that 

successfully decreased tinnitus distress, alpha power had increased at one of the trained 

areas. The article compares this technique to the application of repetitive transcranial 

magnetic stimulation (rTMS), a method that has shown promising results for the treatment 

of tinnitus distress (see, e.g., Folmer, Carroll, Rahim, Shi, & Hal Martin, 2006; Khedr, 

Rothwell, & El-Atar, 2009; Kleinjung, Steffens, Londero, & Langguth, 2007). However, we did 

find neither an effect on the tinnitus itself nor on oscillatory activity. Interestingly, the 

results for the effective connectivity did not show such a distinct picture. The Neurofeedback 

data showed an increase of outgoing connections directly neighboring the power increase as 

well as a decrease of ingoing connections contralateral to the power effect. Both rTMS 

conditions showed effects for outgoing connectivity at right auditory areas, yet more 

posterior than the Neurofeedback effects. Interestingly, verum treatment led to an increase 

while sham treatment led to a decrease. 

Brain state dependent stimulation, as already explained above, does not deliver the analyzed 

data to the participant in form of a feedback but uses exploits the relationship between 

cortical oscillations (or any other measure than can be acquired and analyzed in real time) 

and brain states to trigger stimulation as close as possible to the desired brain state. 
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For the rapid development of such experiments, a framework was needed that kept in mind 

the nontrivial compromise between functionality and ease of use. ConSole, a software 

framework published under an open source license and described in detail in the first article 

of this dissertation, provides scientists with an easy-to-use platform to conceive such real 

time experiments. It comes equipped with a set of standard methods, each in its own 

independent module, also used in the offline analysis of EEG / MEG data. Experiments are 

set up by defining which modules to use and specifying the dataflow between these. This is 

done in an easy XML dialect and plans exist for a graphical user interface (GUI) to facilitate 

conceiving experiments even further. Besides describing the framework, article one 

evaluates the temporal accuracy, shows that the software is capable of dissociating brain 

states and presents some of the current applications of the software. 

General Conclusion 

Since the window to the electrical activity of the brain has been opened in 1929, science has 

seen a fast development in our urge to understand this vastly complex system. During the 

years, the development of innovative methods together with increasing capacity in terms of 

computing power and memory has enabled us to deepen our understanding of how the 

brain is actually working and how it is able to do what it is doing all the time: perceiving 

stimuli from the outside world, filtering out what is unimportant, integrating the information 

with past and current facts from the same or different modalities, storing what is necessary 

and eventually initiating behavior. 

It is rather surprising that the concept of the brain as a dynamic system that, unlike a 

computer, more or less spontaneously modulates between several states that are highly 

influential to the “fate” of the stimulus has appeared rather recently. 
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This change in perspective slowly leads to a reinterpretation of the meaning behind the 

signals we acquire from the brain. It gets more and more accepted that brain states are 

different between trials and thus a distinct part of the inter-trial variability of the signal is 

not noise but meaningful data. In order to exploit this new notion to its fullest extent, new 

methods are necessary, amongst them the real time analysis of ongoing EEG / MEG data. 

In this dissertation, I have presented an overview of the current knowledge about the 

functional meanings of oscillatory activity. Although I have mainly focused on alpha 

oscillations, many, if not most, of the concepts presented can be adapted to the other 

frequency bands as well, although some pitfalls have to be kept in mind. The necessity of an 

appropriate tool to design and conduct these experiments is clear. ConSole, the software 

framework presented in the first article along with extensive proof-of-principle data, 

provides scientists with an easy way to scrutinize brain states in real time. In addition to the 

applications shown in the first article, article two shows how ConSole was used to conduct a 

successful Neurofeedback training for tinnitus patients. It is also the first report showing that 

the modulations induced by Neurofeedback are focused on the area to be treated and that 

long-range connectivity is affected by such a training as well. 

Focusing on brain states, either by manipulating them or by reacting on them, will open up 

new perspectives to the neuroscientific community. Yet, a better understanding of the 

neurophysiological underpinnings of these brain states via innovative methods and the 

integration of algorithms already available (e.g., multivariate statistics) is necessary. 

The road is paved. 
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Studies on the introduction, evaluation and 

application of Real Time EEG 

Probing of brain states in real-time: Introducing the ConSole 

environment 

Introduction 

Rationale 

An increasing amount of electrophysiological (EEG / MEG) studies have recently shed new 

light on our understanding of how the brain processes and represents internally and 

externally generated input. The still-dominant approach of stimulus averaging across several 

trials implicitly or explicitly assumes an invariance of a neuronal response towards a certain 

stimulus and treats trial-by-trial fluctuations as noise. This notion is particularly pronounced 

in ERP studies in which even temporally fluctuating neuronal responses ("induced activity" 

(Tallon-Baudry & Bertrand, 1999)) are removed as a consequence of averaging. However, it 

is becoming increasingly obvious that trial-by-trial fluctuations bear functionally meaningful 

information and explain a significant amount of the trial-to-trial variability observed in overt 

behavior. Evidence for this view originates in a variety of different approaches that 

encompass different levels of neuronal activity. For example, Romei et al. showed that the 

level of ongoing alpha power in visual areas interindividually predicts the intensity needed to 

elicit phosphenes at chance level (Romei, Rihs, et al., 2008). Trial-by-trial fluctuations of pre-

stimulus alpha power also predicted whether or not a phosphene would be perceived 

intraindividually, when subjects were stimulated at threshold intensity (Romei, Brodbeck, et 

al., 2008). Other studies have shown better performance in a visual detection task in trials 
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preceded by low power in the alpha band prior to stimulus onset (Ergenoglu et al., 2004; 

Hanslmayr et al., 2007; van Dijk et al., 2008). This is also the case for visual discrimination 

tasks (Hanslmayr, Klimesch, et al., 2005) and the performance can even be modulated by 

neurofeedback (Hanslmayr, Sauseng, Doppelmayr, Schabus, & Klimesch, 2005). Although 

they are the most frequently reported phenomenon, pre-stimulus effects are not restricted 

to the alpha band. Similar results have been found for beta (Schubert, Haufe, Blankenburg, 

Villringer, & Curio, 2009) and gamma (Wyart & Tallon-Baudry, 2009). Taken together, these 

results suggest that the fluctuations of ongoing cortical oscillations represent certain brain 

states that determine the “fate” of how an incoming stimulus will be further processed. Of 

interest is that the patterns of these results found on a neurophysiological as well as 

behavioral level strongly resemble the patterns found in studies in which ongoing oscillatory 

activity is modulated in a top-down manner by differential experimental conditions. 

Prominent examples include attention (Bastiaansen, Böcker, & Brunia, 2001; Klimesch, 

Doppelmayr, Russegger, Pachinger, & Schwaiger, 1998; Romei, Brodbeck, et al., 2008; 

Worden, Foxe, Wang, & Simpson, 2000) as well as working memory (Jensen & Jokisch, 2007; 

Tuladhar et al., 2007). Evidence for the significance of these fluctuations is also provided by 

studies that show that ongoing brain activity produces highly structured patterns – similar to 

those evoked by an actual stimulus – on the level of single units (Kenet, Bibitchkov, Tsodyks, 

Grinvald, & Arieli, 2003) as well as on the system level (Fox & Raichle, 2007). In functional 

terms, these findings support the aforementioned notion that fluctuations of ongoing brain 

activity represent fluctuations of brain states that are associated with differential 

predispositions for a certain cognitive performance. Instead of averaging variability away, a 

growing community of neuroscientists is realizing that understanding trial-to-trial variability 
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may hold one key to a deeper understanding of brain functions. However, this research path 

requires the challenging analysis of data on a single-trial level. 

A common approach to analyzing the contributions of trial-by-trial variability in MEG / EEG 

data involves first transforming the data from the time-domain to the time-frequency-

domain. The resulting amplitude and phase values can then be averaged over trials (e.g., 

"seen" vs. "not seen" comparison (Romei, Brodbeck, et al., 2008)) to increase the signal-to-

noise ratio or analyzed on a single-trial level (e.g., correlation of EEG with Motor Evoked 

Potential following TMS (Sauseng, Klimesch, Gerloff, & Hummel, 2009)). It is crucial to keep 

in mind that this approach assumes that oscillations are the lingua franca for establishing 

communication within and between neuronal assemblies. The simplest approach is to 

analyze the change in power of certain frequency bands while reacting to a stimulus. While 

the power of an oscillation represents the amount of local synchronization (e.g., a brain 

region or a fraction thereof), other methods can be employed to explore connectivity 

between distant brain regions (Friston, 2002). These methods either assess the statistical 

dependency between two time series of two sensors or sources on a single-trial level 

(functional connectivity; e.g., coherence or phase synchrony) (for an overview see e.g., 

Varela, Lachaux, Rodriguez, & Martinerie, 2001) or measure the "causal" association 

between two signals that yield information about the directionality of the information flow 

(effective connectivity; e.g., Partial Directed Coherence (Baccalà & Sameshima, 2001)).  

All these studies nonetheless face a major limitation: although they aim to show a direct 

relationship between certain features of cortical oscillations and an assumed functional state 

on a trial-by-trial basis, their conclusions are drawn ex post facto. Since the direct (real-time) 

control of cortical oscillations is difficult in vivo (an interesting avenue may be recently 
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reported "entrainment" paradigms, e.g., (Mathewson, Fabiani, Gratton, Beck, & Lleras, 2010; 

Romei, Gross, & Thut, 2010), even though it is not resolved how "entrained" oscillations are 

really associated to genuinely spontaneously produced oscillations), the experimental setup 

that comes closest to allowing causal inferences is to temporally trigger events as close as 

possible to the hypothetically relevant brain activity feature, which fluctuates over the 

course of an experiment. A real-time framework even holds advantages for the more 

conventional offline analysis approach, including a clearer distinction between high-alpha 

and low-alpha trials that enables a better contrast between the hypothesized brain state and 

its assumed behavioral impact (e.g., on reaction time). Currently, the presentation of stimuli 

is entirely random with respect to features of ongoing brain oscillations and the conclusions 

that can be drawn from it are correlational (see Figure 1). 

 

Figure 1: Comparison between the classic offline and the proposed online approach. By targeting the presentation of 
events and/or stimuli to hypothesized brain states, the hypothesis can be more easily verified or falsified. 

Requirements of a Real-Time Application 

In order to pursue the hypothesis-driven research approach outlined above, a system is 

needed that monitors in real time the relevant feature of ongoing oscillatory activity and 
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controls the course of the experiment dependent on certain criteria (e.g., level of power in a 

particular frequency band, level of synchrony between distinct sources) defined in advance 

by the experimenter. Such an approach would ideally complement explorative ex post facto 

studies in order to allow for stronger inference regarding the functional relevance of certain 

brain states. In this paper, we present a user-friendly and open-source software 

environment called ConSole (Constance System for Online EEG), which allows EEG/MEG 

researchers to pursue such a hypothesis-driven approach. Although some commercial and 

non-commercial (not necessarily open-source) programs exist that enable the 

implementation of some aspects of the described research approach, they are either 

targeted at clinical neurofeedback or Brain-Computer-Interfaces (BCI). Even though this kind 

of research is also feasible within the Console environment, the main intention is its use as 

cognitive neuroscientific tool — that is, to test hypotheses regarding the functional 

relevance of brain oscillations in humans. 

A few applications currently exist that make experimental setups like these possible. These, 

however, display shortcomings that cannot be neglected. Many EEG system vendors ship 

real-time software along with their products; yet these applications are closely tied to a 

specific brand or even type of amplifier and most are designed for neurofeedback. Thus, 

they do not provide the features essential for controlling the course of the experiment (e.g., 

a TMS or experimental computer). Switching to a different hardware system is virtually 

impossible—a serious limitation in cases when laboratories with different hardware have 

decided to collaborate. Moreover, these systems are mostly proprietary, meaning that one 

has to rely on the features provided by the manufacturer with no possibility to alter or add 

functionality, let alone distribute these changes so that other scientists can profit from them. 

Another option would be to use one of the two available systems targeted at Brain-
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Computer-Interface development — BCI2000 (Schalk et al., 2004) & OpenVIBE (Renard et al., 

2010). While only the first system suffers from the licensing issues described above, both 

options are primarily designed for BCI- and neurofeedback research and not for conducting 

real-time cognitive neuroscience experiments. The FieldTrip community has developed 

another promising approach by integrating their extensive Matlab routines with a real-time 

acquisition system (Oostenveld et al., 2011). As the whole toolbox is released under an open 

source license, it also offers great flexibility. It lacks however the modularity of ConSole (see 

below) and suffers from lower processing speed since it requires the Matlab environment. 

The modules of ConSole are compiled binaries written in C++, a programming language that 

can be greatly optimized for speed with modern compilers and also provides an interface to 

Matlab, thus offering the best of both worlds. 

Another important aspect sometimes neglected in software designs in this area is the 

distinction between developer, scientist and investigator, who all have different 

requirements for such an application. The available FieldTrip/EEGLAB toolboxes, for 

example, require a certain degree of proficiency in Matlab programming. However, the 

scientist who plans and sets up the experiment often has little or no programming 

experience. It is thus vital to provide an interface flexible enough to exploit all features of 

the program but still easy and intuitive enough to achieve this in a short time. Whenever the 

scientist needs a feature that is not yet available, the developer needs a clear and well-

documented framework for its rapid development. It is essential that this can be carried out 

without in-depth knowledge of the whole system as this makes the creation of new features 

easier, faster and less error-prone. A modular system consisting of independent components 

that use a standardized means of communication is the ideal solution to this problem. This 

approach leaves a consistent interface for the scientist, thus further facilitating the setup of 
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experiments. The investigator’s (not necessarily the scientist; frequently a Masters student, 

student intern etc.) needs in such a program are different, as he or she is the one using the 

application in the actual experiments. The constrained availability of laboratory time and the 

need for a professional setting for the participant place further demands on the software. 

First and most importantly, the software must be simple, fast and intuitive to use. All 

unnecessary aspects of the experiment should be hidden, as this reduces the demand on the 

investigator and thus minimizes errors. Secondly, the application must be mature enough to 

run stably and must provide a means of recovering a started session after a crash without 

intervention from the investigator. 

ConSole is an innovative system for real-time experiments in cognitive neuroscience, 

designed to meet the aforementioned demands of the software architecture. Importantly, it 

can be downloaded for free (http://console-kn.sf.net) and is released under the GPL (Free 

Software Foundation 1991), making it possible to share modifications or amendments made 

to the code. Furthermore, ConSole clearly separates between the different tasks mentioned 

above by using independent modules that can be combined to build the actual experiment. 

These modules are written in C++, which we consider to be the best compromise between 

high-execution speed and the demand for high-level programming. C++ is also a standard 

programming language and is thereby familiar to most developers. ConSole provides a set of 

built-in modules for virtually any task related to conducting real-time EEG, including 

different amplifiers, filters, FFT, source projection and stimulation (see “Method” section for 

further details). A Matlab interface allows for faster proof-of-principle checks in case a 

method is not available yet in C++ but can be found in one of the MEG/EEG Matlab 

toolboxes. Moreover, ConSole is able to control external devices via TTL-pulses (e.g., TMS 

device, Psyscope X (Macwhinney, Cohen, and Provost 1997)). To set up an experiment, an 

http://console-kn.sf.net/
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XML file is written, specifying which modules to use and how these are connected. The XML 

dialect used for this purpose is easy to understand, well documented and does not require 

prior knowledge of any programming language in order to prepare even moderately 

complex experiments. In order to make the actual runs of the experiment as easy as 

possible, ConSole provides the user with a simple and intuitive graphical user interface. No 

knowledge about the internal details of ConSole or the specific experiment is needed to run 

this.  

In the current article, we present details on the techniques used with ConSole, including 

benchmark results. To further demonstrate the capabilities of ConSole, we provide three 

examples of possible applications. The first application was inspired by a recent paper by 

Romei et al. (2008), which showed that phosphene detection not only depends on the 

correct site of stimulation and intensity but also on the current brain state represented by 

occipital alpha oscillations. Using the possibilities opened up by ConSole, we directly tested 

online whether a phosphene was more or less likely to be perceived when alpha was 

respectively low or high. This example serves as a proof-of-principle that the idea of online 

EEG experiments (see above) is feasible in practice. 

The second example is based on findings of our workgroup (Weisz, Dohrmann, and Elbert 

2007) and illustrates how neurofeedback experiments can be implemented in ConSole. 

Patients suffering from chronic tinnitus (a sound lacking a physical source, usually described 

as a tone or a hissing) learned to normalize their alpha oscillations and thereby putatively 

increased inhibitory drive in auditory regions. While our first training approach was 

conducted using proprietary software supplied by the manufacturer, the training outlined in 

this article benefited to a great extent from the flexibility of ConSole. 
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To further emphasize the flexibility of ConSole and to demonstrate the Matlab interface, we 

also present an application for measuring single-trial motor-evoked potentials elicited by a 

TMS pulse. 

Software Description 

ConSole was designed with two main goals: ease of use and flexibility. As a monolithic 

architecture is unable to provide the flexibility needed for such an application, we decided to 

adopt a modular approach, dividing the application into three distinctive parts: the GUI 

(Graphical User Interface), the framework, providing internal management functions, and 

the actual signal processing routines. While the first two parts are included in the main 

application, the signal processing (as well as drivers for amplifiers, data visualization etc.) is 

implemented using totally independent modules — so-called plug-ins. These plug-ins are 

developed independent of ConSole, which only provides the framework and basic 

algorithms. This approach eases the development of new modules, as it is only necessary to 

understand the plug-in interface and not the whole structure of ConSole. The actual 

experiment is written in an XML-dialect, describing the modules used and the connections 

between these. This further abstraction from the internal structure of ConSole hides 

irrelevant details from the designer of the experiment, thus making it possible to design a 

paradigm without programming skills. For an overview of the structure of an experiment 

designed using ConSole, see Figure 2. 

The description of an experiment for ConSole follows a hierarchical approach: the highest 

element is the paradigm, which comprises the whole experiment. The definition of the 

paradigm includes general information about the experiment, such as the patient-specific 
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information that needs to be acquired. A paradigm includes one or more Setups which 

define the signal processing and thus the logic of the experiment. 

 

Figure 2: Coarse overview over the structure of ConSole. The general purpose modules implemented in C++ are used in 
conjunction with the actual real-time paradigm. Both are joined by the framework that ConSole provides. ConSole then 
displays all necessary information on a computer screen via its GUI. 

About Modules 

To achieve our goal of writing an easy-to-use and flexible application for real-time EEG 

experiments, we decided to restrict each module to one specific task independent from 

other modules. In this regard, modules are the basic entity of ConSole. This approach is 

beneficial to both module developers and experiment designers. The experiment designer is 

provided with modules, each specialized in one specific task that mimics steps from offline 
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analysis. These modules and their connections have to be specified in order to design an 

experiment (See supplementary Figure 1 for an example). As all modules function 

independent of one another and only serve one specific purpose, the module developer only 

needs to focus on the specific function that the module is supposed to provide. 

Furthermore, all modules run in separate threads, thus making the application highly 

scalable on the multi-core PCs that have become a standard in recent years. 

The module is used as a simple concept in ConSole. Each module can have one or more input 

and/or output ports. Incoming data (EEG-data or any kind of other information-like events) 

enter the module via one of the input ports (or through an external source, e.g., modules 

receiving data from amplifiers). The internal logic processes the data and sends the results to 

the next module via one of the output ports. It must be emphasized that the individual 

module is completely agnostic of the module it receives data from or sends data to. 

Moreover, each module can provide settings such as cutoff frequency and filter order for a 

module that implements frequency filters. To use a module in an experiment, the designer 

first declares which module will be used, then adjusts the relevant settings and finally 

connects the ports. 

The following example further clarifies the use of modules in a real-time ConSole 

experiment. For simplicity, only two modules are considered: the source of the EEG data 

(i.e., the module acquiring the data from the amplifier and feeding it into the system) and a 

high-pass filter. As the source is mandatory for an experimental paradigm, it must not be 

declared (unlike, e.g., the filter module). The filter module also takes settings defining the 

cut-off frequency and the order of the filter. In this example, we use a recursive Butterworth 

filter with a cut-off frequency of 2 Hz and an order of 3. 
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<module> 

 <plugin>IIR BW Highpass</plugin> 

 <name>Highpass Filter </name> 

 <set cutoff=”2”/> 

 <set order=”3”/> 

</module> 

Afterwards, the source module is connected to the filter module. The source module 

provides an output port called “output”, while the filter module provides both an input port 

called “input” and an output port called “output”. In this fashion, data flows from the output 

port of the source to the input port of the filter. After the data is processed in the filter it is 

sent to the next module via the filter’s output port. 

<connect> 

 <input module=”Source” port=”output”/> 

 <output module=”Highpass Filter” port=”input”/> 

</connect> 

On top of providing a plug-in framework that enables the implementation of any module, 

ConSole already ships with well-tested standard modules that use methods commonly 

employed in offline analysis tools. These include: 

 Signal Acquisition for a variety of devices 

 Various signal processing modules. See table 1 for details. 

 Acquisition, processing and output of triggers 

 Graphic and Sound output 

 Raw data displays 

 Neurofeedback display 
 



36 
 

Table 1: Signal processing modules implemented in ConSole including details and references where applicable. 

Module Details References 

Average reference Re-reference data to average reference. Subtract the 
mean over all channels at each sample. 

 

Check peak Calculates the FFT on the block of data and rejects blocks 
that do not show a peak in a specified frequency range. 

 

Combine orientations Combines the orientations resulting from source 
projection by either rotating the components using a PCA 
and choosing the one with the highest eigen value or by 
calculating the total energy 

 

Complex demodulations Complex demodulation of the incoming signal.  

Distribution Calculates the percentile of the data based on a 
distribution acquired in a calibration run. 

 

FFT Fast Fourier transform using the fftw library. (Frigo & Johnson, 
2005) 

FIR filter (lowpass and 
highpass) 

Finite impulse response filter calculation using 
Windowed-Sinc algorithm with Blackman-Window. 

(Octave-Forge, 2010) 

Hilbert Calculates the Hilbert transform.  

ICA artifact correction Corrects the data for artifacts using filters calculated by 
PCA or ICA (currently only JADE is implemented) 

(Cardoso & 
Souloumiac, 1993) 

IIR filter (lowpass, 
highpass and bandpass) 

Infinite impulse response filter calculation using the 
Butterworth algorithm. 

(Octave-Forge, 2010) 

Interpolator Interpolates the signal of all channels in a block of data 
that are identified of including artifacts based on variance 
and maximum amplitude using spline interpolation. 

(Perrin, Pernier, 
Bertrand, & Echallier, 
1989, 1990) 

Matlab Sends the data to Matlab and runs a script on the data. 
The result is fed back to ConSole. 

 

Normalizer Compute z-values of the data based on a calibration run.  

RejectVarMax Rejects blocks of data that show high variance or 
amplitude specified in the paradigm. 

 

Source projection Dipole source projection using a four-shell concentric 
sphere model. Adapted from Fieldtrip (Oostenveld et al., 
2011). 

(Cuffin & Cohen, 
1979; Scherg, 1990) 
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Additional Features of the ConSole Framework 

Apart from providing modules for the most important signal-processing tasks as well as an 

easy plug-in framework for extending the functionality of ConSole, the application further 

provides the experiment designer with important features that enable simple as well as 

complex paradigms. 

Simulating a Data Source 

As with non-real-time experiments, developing an experimental design with ConSole 

includes testing the code. ConSole provides a special input source that reads data from a file. 

It is thus possible to test an experiment as well as individual modules using real and 

simulated data. Two data formats are presently supported: Simple Binary Matrix, a format 

used for example by BESA and BDF, as used by BioSemi. Future releases will feature a variety 

of supported data formats for simulating as well as for saving acquired data to disk. 

Subject and Session Management 

A very important feature of an integrated experimental framework like ConSole is a proper 

and easy-to-use subject and session management. The purpose of such a system is to 

provide standardization in terms of where to store data acquired within the experiment 

(including events and externally generated information such as, for instance, key presses), 

general subject data (e.g., subject-id, age, and other information related to the experiment) 

and log files. 

Crash Management 

Most, if not all, real-time experiments feature several runs that must be completed in one 

experimental session. It is thus vital for an efficient and unobstructed work flow that 

potential application and operating system crashes or technical issues like power failure 
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cause the least possible impact on the current session. ConSole is therefore equipped with 

an efficient crash management system. The system automatically analyzes the chosen 

subject's dataset for incomplete sessions and is able to resume the program at the point of 

the crash, thus minimizing the loss of data and time. 

Matlab Interface 

To facilitate the rapid implementation of innovative ideas, ConSole is equipped with an 

interface to Matlab. Module development can therefore be carried out using a widely 

accepted programming language familiar to many neuroscientists and innovative ideas can 

be implemented and tested very quickly. This approach, however, also faces downsides. 

Transferring data to Matlab and back produces a considerable overhead. Moreover, 

calculations in Matlab tend to be much slower compared to calculations using C++, although 

this greatly depends on the amount of optimization in the Matlab code. On the other hand, 

modules written in Matlab have access to a vast amount of functions and toolboxes not 

available to C++, such as EEGLab, FieldTrip and NutMEG. Although it is of course possible to 

port those functions to C++, this is not always feasible due to time constraints, thus further 

increasing the value of the Matlab Interface for initial testing purposes. 

Artifact Correction 

Depending on the regions of interest and the setup of a particular experiment, a powerful 

artifact correction or artifact rejection algorithm is essential to a real-time experiment. The 

impact of artifact-contaminated data on the outcome of an experiment is much greater for 

real-time, brain state-driven studies, as an artifact is not only a period of unusable data but 

might also lead to a false calculation of the current brain state and could therefore, for 

example, trigger a stimulus that should not have been triggered. The impact of certain 

artifacts of course depends to a great extent on the region of interest for the calculation of 
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the brain states and the reference used. So the choice of whether to employ artifact 

correction, rejection of contaminated trials or no correction at all in an experiment should 

be carefully considered. Artifact correction algorithms alter the data and reduce 

independence between channels. Rejecting contaminated trials is possible as long as the 

experiment does not depend on ongoing, uninterrupted output. Identifying contaminated 

trials is not a trivial task in a real-time experiment. In contrast to offline analysis, visual 

inspection of the data is not possible. Only unsupervised, automatic algorithms, which 

commonly employ simple thresholds for the absolute maximum or the variance in the data, 

can be used. This method is, of course, far from perfect and results in false positives and 

false negatives. Proper tuning of the relevant parameters is therefore crucial. 

Presently, the best method for artifact correction suitable for online approaches is using 

spatial filters calculated that use one of the many ICA algorithms available. In general, ICA 

algorithms calculate components of the data that are as independent as possible from one 

another. This property renders the approach very suitable for online EEG analysis, as 1) 

common artifacts like eye movements, blinks and movements of the head or body are 

completely independent from any cortical signal, and 2) as opposed to PCA approaches, the 

contamination of artifact components with cortical data is kept to a minimum as the ICA 

algorithms ensure maximum independence between the components. 

ConSole implements ICA-based artifact correction using a modular framework, essentially 

allowing any spatial filter-based algorithm to be included in the application. To calculate the 

weights, a calibration run is performed before the actual experiments on which the weights 

are calculated. ConSole provides the user with a very convenient way of choosing artifact 

components by offering a 3-split window (see supplementary Figure 2). The upper window 
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shows the original data, the middle window the calculated components and the lower 

window the resulting data after correction. Artifact components can be marked in the 

middle window with an immediate effect on the lower window. Together with the possibility 

of displaying the topography of the component on a 3D head, choosing the correct 

components to reject is a fast and easy process. To use the calculated weights and chosen 

components in the experiment, the “ICA Artifact Correction” module has to be placed 

between the “Average Reference” module and the rest of the processing queue. 

Two ConSole modules provide rejection of contaminated trials. The "Reject VarMax" module 

implements thresholding of the incoming data. It first identifies channels exceeding a certain 

variance or absolute maximum. These channels are then set to zero. The remaining channels 

are then tested for variance and absolute maximum. If one of the defined thresholds is 

exceeded, the trial is not forwarded to the next module. 

Another approach for separating good and bad trials in an experiment investigating 

oscillatory activity is checking for peaks in the frequency spectrum of the trial. For instance, 

in an experiment studying the impact of high/low alpha on some cognitive measure, each 

trial can be checked for a peak in the alpha band using the "Check Peak" module. Trials 

containing only noise or some other artifact interfering with the normal spectrum are thus 

rejected. 

Measuring Timing Accuracy 

A crucial property of a real-time experiment system is the precise timing of the triggered 

events. Events should be detected and propagated with as little delay and jitter as possible. 

Both parameters have many influencing factors. It is thus important to separate these 

factors in order to optimize the system. 
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Factors Influencing Delay and Jitter 

As pure electrical transmission occurs almost instantly, the first factor to be taken into 

account is the amplifier, including the transmission to the PC (in most cases today via USB). 

The delay and jitter introduced until this point cannot be reliably estimated, and for the 

amplifier used in our setup (ANT, 128 channels), no specifications exist. We thus used a 

custom-built button box capable of generating TTL pulses to trigger the amplifier and a 

function generator (WAVETEK 10MHz DDS model 29). The function generator produced a 

negative pulse at one of the amplifier’s channels. When this negative pulse was detected by 

ConSole, it sent a second TTL pulse to the amplifier that could be differentiated from the 

pulse generated by the button box (see supplementary Figure 3). It is thus possible to 

calculate the delay between the button press and the TTL pulse generated by ConSole. We 

used 398 pulses to measure the minimum delay and jitter of the system. 

These are, of course, ideal conditions. In a normal experiment, delay and jitter are 

necessarily greater since the higher amount of running analysis modules will add to both. 

Furthermore, certain signal processing methods such as digital filters inherently add delay 

and jitter. In addition, many methods require blocks of data to operate on. In those cases, a 

decision between better and more valid signal processing against faster signal processing has 

to be made. These parameters largely depend on data quality and the features to be 

extracted and must be balanced with timing constraints. To measure a more realistic setup, 

we adapted the design of the second experiment to measure timing accuracy. Incoming data 

was filtered (IIR Highpass, order 2, cutoff 2 Hz; IIR Bandpass, order 3, passband 3-40 Hz) and 

then grouped into one-second blocks (512 samples) every 125 milliseconds. These blocks 

were then prepared for Hilbert transformation by applying an IIR bandpass filter (order 3, 

passband 8-12 Hz). To avoid filter artifacts at the beginning of the blocks, the first 256 
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samples (500 ms) of the blocks were discarded before the Hilbert transform. The 

instantaneous amplitude of the remaining data was then computed by calculating the 

square root of the sum of squares of the real and imaginary part of the analytic signal. A 

preparatory run was used to calibrate the system to only react on high levels of the 10 Hz 

oscillation. As soon as the calibrated level was exceeded, a TTL pulse was sent to the 

amplifier. 

We used the same function generator as in the first timing test to generate 110 10-Hz 

oscillations. The oscillation was triggered by pressing a button on the custom device and 

stopped after the button was released. The button press also sent a TTL pulse to the 

amplifier. As soon as ConSole detected the oscillation, it sent a TTL pulse to the amplifier. 

We used the difference between the two TTL pulses to estimate the delay and jitter of the 

setup. 

As we had expected, the results differed greatly between the simple setup that only included 

the detection of a rectangular pulse and the more elaborate one in which a 10-Hz oscillation 

had to be detected. The first setup showed a mean delay of 17.5 ms with a standard 

deviation of 0.5 ms. The delay was in the range between 0.8 ms and 27.3 ms and the 

distribution was approximately uniform (see Figure 3a). In the oscillation detection task, the 

delay increased to 477.4 ms on average with a standard deviation of 46.3 ms and the 

distribution was approximately normal (see Figure 3b). This increase can be very well 

explained by the use of blocks of 500 ms and the inter-block interval of 125 ms. 
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Figure 3: Distribution of the delays between signal generation and reaction of ConSole. Figure 6a shows the histogram for 
the detection of a pulse, Figure 6b shows the histogram for the detection of a 10-Hz oscillation. 

Consequences and possible optimizations  

The aforementioned benchmark results show that the delay and the jitter introduced by 

ConSole are reasonably low to conduct real time experiments that analyze the power of 

oscillations. To further optimize for the delay and jitter between the input and the system’s 

reaction the amount of data averaged in one block could be decreased as well as the inter-

block interval. While the latter would only increase the load on the computer system used to 

run the software on, decreasing the amount of data analyzed in each block would also 

increase the susceptibility to random fluctuations (noise) of the analysis. For the 

benchmarking and the first example in this paper, we chose a window of 5 cycles of the 

center frequency. This corresponds to window-lengths commonly used in offline analysis 

settings that range from about 1.5 cycles to 7 cycles (Fujioka & Ross, 2008; Rizzuto et al., 

2003; Romei, Rihs, et al., 2008; Schubert et al., 2009; Tallon-Baudry, Bertrand, Delpuech, & 

Pernier, 1996). As we did not average over trials, we decided to use a window-size from the 

upper range. Therefore with regards to online power of analysis, there is an inherent trade-

off that the researcher is faced with in setting the optimal parameters. A good strategy in 

general would be to run some offline experiments first and to use ConSole's possibility to 
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simulate an online experiment using previously recorded data. By this means the researcher 

has the possibility to optimize the code in order to be temporally as close to the events of 

interest as possible. In general "brain states" marked by an extended period (on the range of 

hundreds of ms) of an increase / decrease of power are optimal for investigation using 

ConSole. Triggering on short-lived "bursts" of an oscillation is not recommended, at least 

with the standard analysis methods at hand. 

The mentioned temporal limitations - i.e. to initiate events (e.g. TMS) as closely to the 

neuronal event of interest as possible - applies also to the phase of an oscillation which has 

received great interest recently (e.g., Busch, Dubois, & VanRullen, 2009; Hanslmayr et al., 

2005a; Mathewson, Gratton, Fabiani, Beck, & Ro, 2009). Theoretically it would be interesting 

to directly stimulate at peaks and troughs of an oscillation, however the current delay using 

standard methods is not sufficient for this endeavor. An exception to this may be very slow 

oscillations below 1 Hz which have also gained increased interest recently. 

Example 1: Phosphenes and Real-Time Alpha 

Introduction 

In recent years, an increasing number of articles on the functional role of spontaneous alpha 

oscillations have been published. Most of these studies use a task involving covert attention 

to a region left or right of a fixation cross, which detects a target in these areas. The great 

majority of these studies come to the conclusion that ongoing alpha oscillations are 

modulated by drawing attention to one area, either by an increase of power in ipsilateral 

cortical regions of the visual cortex or by a decrease contralateral to the attended visual 

hemifield (e.g., Thut, Nietzel, Brandt, & Pascual-Leone, 2006). There is even evidence for a 

retinotopic organization of the modulation of ongoing alpha oscillations (Rihs et al., 2007). 
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Overall, these studies give strong evidence that alpha represents a mechanism of active 

inhibition, pointing to a top-down mechanism modulating alpha oscillations. Although this 

assumption is most likely correct in regards to the aforementioned evidence, these studies 

do not answer the question of whether spontaneous fluctuations of these oscillations or 

even the different phases of the oscillation themselves have an impact on the processing of 

stimuli. The answer to the second question can be found in studies that account for the 

phase of the ongoing alpha oscillation immediately before stimulus presentation 

(Mathewson et al., 2009) or even earlier in the pre-stimulus period (Busch & VanRullen, 

2010; Busch et al., 2009). Romei and Thut took an interesting approach to the first question 

and showed not only that the tonic level of occipital alpha predicts the interindividual 

phosphene threshold (Romei, Rihs, et al., 2008), but also observed a dependency between 

fluctuations of ongoing alpha and the probability of phosphene perception when subjects 

where stimulated at phosphene threshold. 

Although the dependency between ongoing alpha oscillations and phosphene perception 

could be causal, as mentioned above, offline studies only provide correlational evidence. In 

order to test the hypothesis that the likelihood of phosphene perception causally depends 

on the energy of spontaneous alpha oscillations, a real-time experiment is needed that can 

specifically stimulate the primary visual cortex at those points in time when alpha is either 

low or high. 

Methods 

6 subjects (4 female, mean age ± standard deviation: 24 ± 3.9 years) were screened and 

trained according to procedures previously used in similar studies (Romei, Brodbeck, et al., 

2008; Romei, Rihs, et al., 2008) after giving written informed consent. The procedure was 
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approved by the local ethics committee. Screening and training was necessary in order to 

select only those participants who reported seeing phosphenes and to train the reliability of 

their answers. We blindfolded the participants and used single-pulse TMS to elicit the 

perception. Neuronavigated TMS (Magstim Rapid2) was used to reproduce stimulation sites 

between sessions. In the last session, TMS pulses were triggered depending on the current 

alpha power in primary and secondary visual areas, which was computed using a minimum-

norm estimation (Hämäläinen & Ilmoniemi, 1994) relative to a five-minute baseline 

measurement. The participants performed four runs of five minutes each. A TMS pulse was 

triggered when the current alpha power fell into the upper or lower quartile of the 

distribution acquired in the baseline run. To achieve a balance between low- and high alpha 

power trials, the system did not react on high alpha if the total amount of high alpha trials 

exceeded the total amount of low alpha trials by two. The same strategy was used to limit 

the amount of low alpha trials with respect to high alpha trials. The participants indicated 

with a mouse click whether or not they had perceived a phosphene. 

In order to verify the effectiveness of ConSole and the applied algorithms as well as to test 

the hypothesis that phosphenes are more likely to be seen when occipital alpha is low, we 

cut the data into trials 3000 ms before to 500 ms after the TMS pulse. The epochs were then 

subjected to a detrending algorithm in order to remove linear trends from the data. 

Afterwards, the data were bandstop filtered (4th order forward Butterworth filter; frequency 

range 49-51 Hz) in order to eliminate possible power line noise from the data. As the 

experiment relied on stimulating the participants at their individual threshold intensity, we 

discarded all runs that, according to a binomial test, did not show a balance between seen 

and unseen trials. Data from the remaining runs were then grouped into four categories 

(Seen/Not Seen * High/Low Alpha) and visually inspected for artifacts in the time range 
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between 1000 ms and 50 ms pre-stimulus. As we were interested in effects relative to the 

stimulation side, we mirrored data from the left hemisphere for those participants who were 

stimulated at the right hemisphere and vice versa. We then applied a time-frequency 

analysis using variable window sizes of four times the wavelength of the respective 

frequency tapered with a Hanning window. We used a non-parametric, cluster-based 

statistic with 1000 randomizations to control for type 1 errors (Maris & Oostenveld, 2007). In 

this paper we show the preliminary results of six participants. 

Results 

On average, ConSole triggered 71 ± 20 TMS pulses for each subject. 52% of those trials were 

identified as low alpha. 

To test the validity of the separation between low and high alpha trials, we applied a cluster-

based statistic on the time-frequency representation of the data from trials identified as high 

versus low alpha by ConSole. The algorithm found one significant cluster (p < 0.001) that 

confirmed higher alpha from 700 ms to 125 ms before the stimulation (see Figure 4). Alpha 

was increased rather globally, however the maximum increase was found at the site of 

stimulation as targeted by ConSole. The data also show a good timing accuracy. The window 

for the Hilbert transform of the paradigm was 500 ms. According to the aforementioned 

results, we would have expected delays of about 400-500 ms. The data, however, show that 

the maximum difference is between 350 ms and 175 ms pre-stimulation. Interestingly, 

higher synchronization in trials identified as containing high alpha is not restricted to the 

alpha band. Higher synchronization also extends into the beta range. 
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Figure 4: Results of example 1. Panel a) and b) show the comparison between trials identified as high alpha versus low 
alpha. a) Time course at one representative occipital electrode. The maximum difference is between 400 and 300 ms 
before ConSole sent the trigger. b) Topography at the point of maximum difference. Higher alpha is not restricted to the 
area analyzed but extends to the other hemifield as well as to frontal areas. The stimulated area is depicted by the TMS 
coil sketch. c) Box and whiskers plot showing the distribution of alpha power for all four conditions. The red lines 
represent the medians, the edges of the boxes mark the first and third quartile. Whiskers extend to the most extreme 
value not considered an outlier. Outliers are values that exceed the first or third quartile by 1.5 times the total range 
between the first and third quartile. 

Although our results are similar to those reported by Romei et al. (Romei, Brodbeck, et al., 

2008) in that, on average, trials in which no phosphene was perceived were preceded by 

higher alpha, we were not able to show that pre-stimulus alpha power predicted the 

probability of the participant seeing a phosphene by comparing the responses to high and 

low alpha trials. At first glance, these results do not seem to fit together. This could be due 

to the small number of participants, not optimally defined thresholds or a more complex 

relationship between alpha and phosphene perception that a "simple" offline contrast of 

"seen" versus "unseen" would suggest. Interestingly, however, when comparing only the 
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high-alpha trials in which the phosphene was seen versus those in which it was not seen, a 

strong trend in frontal areas is revealed. If alpha was high under the stimulated site, alpha 

had to also be high in frontal areas in order to produce a phosphene. This could serve as a 

starting point for a more in-depth analysis, as this result could imply that the connectivity 

between these regions is relevant, but only if alpha is high in occipital areas. 

Discussion 

One purpose of this study was to test whether ConSole was capable of separating low- and 

high alpha trials correctly and with reasonable delay in a real online setting. Our results show 

that this separation was perfect but could be optimized to minimize the delay between 

classification (high vs. low alpha) and stimulus onset. One concern for real time experiments 

is that the amount of trials cannot be predicted. The example however shows that on 

average 71 trials out of the maximum number of 120 were triggered. The balance between 

high and low identified trials was guaranteed by limiting the amount of imbalance by 

definition in the paradigm file. 

Another purpose of the study was to test the hypothesis of Romei et al. that the perception 

of phosphenes depends on the current level of alpha synchronization over the occipital 

cortex at the stimulated hemisphere (Romei, Brodbeck, et al., 2008). Although the offline 

analysis of the data points in the same direction, the online analysis seems at odds with a 

simple "high" versus "low" alpha functional distinction since we did not find any difference in 

the probability of seeing a phosphene in trials with high or low alpha as we had originally 

hypothesized. This might be due to the small number of participants, as the results shown 

are only preliminary. More interestingly, however, we observed that if alpha was high under 

the stimulated area, frontal areas had to be synchronized in the alpha band as well in order 
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to produce the perception of a phosphene, thereby suggesting the influence of a connection 

between these two regions. Overall, the data suggest that the "high" alpha category is 

functionally more diverse than simply reflecting an inhibitory state and that under certain 

conditions it may even favor a perception near-threshold. In future approaches we will 

scrutinize the actual distribution of the underlying electrophysiological marker in more 

depth, as one further possibility for not seeing the hypothesized results might also be that 

“high alpha” does not only cover the uppermost 25% of the distribution but extends into the 

low alpha range far deeper than we had expected. This might also indicate that the 

relationship between alpha power and behavior is not linear, as assumed in the study, but, 

for instance, logarithmic. 

Furthermore, we plan to extend this approach to other modalities such as the visual and 

motor system, as alpha is believed to have a common functional meaning (Weisz et al., 

submitted) — at least in primary and secondary sensory and motor cortical areas. 

Example 2: Treating Tinnitus with Neurofeedback 

Introduction 

Neurofeedback is generally defined as the operant conditioning of signals acquired from the 

brain via various methods such as EEG, MEG, fMRI. For almost 40 years, this approach has 

been used to teach patients how to normalize abnormal brain states (Dohrmann et al. 2007; 

Lubar and Shouse 1976; Masterpasqua and Healey 2003; Rockstroh et al. 1993; Sterman and 

Friar 1972). Recent studies by our group have shown significant improvements of tinnitus 

loudness and distress in those patients who were able to learn to normalize temporal alpha 

and/or delta activity but not in those who failed to learn the task (Dohrmann, Elbert, et al., 

2007; Dohrmann, Weisz, et al., 2007). To increase the number of patients who are able to 
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learn the task and thus benefit from the training, we used the fact that sensory alpha 

rhythms desynchronize on sensory input — the extent to which albeit depending strongly on 

top-down factors such as attention (Bastiaansen and Brunia 2001; Hartmann, Schlee, and 

Weisz 2011; Müller et al, submitted). 

Methods 

Nine otherwise healthy patients (one female, mean age ± standard deviation: 57 ± 8.8 years) 

suffering from chronic tinnitus were recruited via advertisements in the local newspaper. All 

patients were informed about the training and gave written consent. The procedure was 

approved by the local ethics committee. The patients took part in ten session within 3 

weeks. Each session consisted of one baseline measurement to calibrate the neurofeedback 

system, four training runs and another baseline measurement after the training to assess 

changes in cortical activity within each session. In the training runs, patients were shown a 

feedback on a screen for five seconds without hearing a tone. They were instructed to 

consider this period as a baseline that showed how auditory areas of their brain behaved 

without any input. Afterwards, patients were stimulated with a sound that was filtered to 

match their tinnitus sound as closely as possible. Because of the aforementioned effect, 

patients saw a decrease in alpha activity via the feedback. They were instructed that one 

possible strategy for increasing alpha activity was to ignore the sound. Baseline 

measurements before and after the training runs differed from those only by not providing 

feedback to the patients. The patients were instructed to passively listen to the sounds with 

eyes open. 

For the training, data acquired from 29 electrodes on the scalp and 2 electrodes beside and 

above the right eye to facilitate artifact correction were sent to ConSole, high-pass filtered, 
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average referenced and artifact corrected (via ICA). The data were then projected onto 8 

regional sources. The data of the two temporal sources were subjected to a frequency 

analysis and the relative energy at the individual’s alpha frequency was fed back onto a 

computer screen. We analyzed the power at the individual’s alpha frequency before and 

after each training. 

Results 

To first test whether the participants in the neurofeedback study were able to learn how to 

modulate alpha power, we used a linear mixed-effects model with normalized alpha power 

at both temporal sources as the dependent variable. The individual session and the time of 

measurement (pre or post-training) were the independent variables. The advantage of a 

linear mixed-effects model is the possibility to add so-called random variables that control 

for variance between individuals. “Participant” was thereby chosen as the random variable. 

Our results show that, on average, alpha increased within each session (p < 0.001) by 19% 

(standard deviation: 26%) as well as between the sessions (p < 0.05) as shown by an increase 

from the first to the last session by 38% (standard deviation: 68%) (see Figure 5a). A similar 

result was drawn by from behavioral results. We used a custom-made questionnaire with six 

Likert scales about different features of the tinnitus, like loudness, annoyance. On average, 

the total score decreased by 13% (standard deviation: 17%) within the sessions (p < 0.001) as 

well as between them (p < 0.05) as shown by a decrease from the first to the last session by 

11% (standard deviation: 7%) (see Figure 5b). 
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Figure 5: a) Screenshot of the patient’s training screen. The fish takes 10 seconds to move from the left to the right of the 
screen. The first 5 seconds are the “baseline” period for the patient without any stimulation. In the second half, the 
patients were stimulated with a sound that resulted in an alpha desynchronization. The patient’s task was then to 
increase temporal alpha power which was indicated by the height of the displayed fish. The patient was rewarded after 
the trial if the fish stayed above the target line for a sufficient amount of time. b) Normalized alpha power of all subjects 
over all 10 sessions before and after neurofeedback training. Alpha power increased significantly within and between 
sessions. Error bars denote standard error. c) Distress rating of all subjects over all 10 sessions before and after 
neurofeedback training. Distress was reduced significantly within and between sessions. Error bars denote standard 
error. 

Discussion 

The increasing amount of studies into the effect of neurofeedback on tinnitus show that, 

though patients benefit from the treatment, these effects are moderate and subject to 

strong interindividual variability. This might be owing to a number of reasons that remain 

unclear. In general, three factors are important for a successful neurofeedback training: 
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contingent feedback about the correct features acquired from the brain, good adjustment to 

the demands of the task and keeping the patient motivated. The approach we have 

presented in this example shows another way of neurofeedback training. The results are 

comparable to those of recent studies in terms of how much the patients improved. What is 

however more important is that we have demonstrated that ConSole provides scientists 

with a tool for rapidly developing and testing new approaches to the treatment of conditions 

including (but not limited to) tinnitus using neurofeedback. New trainings might include 

more tailor-made designs like QEEG, different frequency bands, interareal functional 

connectivity or other ways of giving feedback to the patient, just to name a few possibilities. 

ConSole not only facilitates the development of these new approaches but also makes 

testing at multiple sites with different equipment easier due to its independence from the 

acquisition device used. 

Example 3: Monitoring TMS-Induced MEPs 

Introduction 

If a strong and brief magnetic pulse is applied to brain tissue associated with motor 

functioning via transcranial magnetic stimulation (TMS), changes in corticospinal excitability 

can be observed (e.g., Van Der Werf and Paus 2006). In suprathreshold stimulations, these 

changes result in a typical pattern of periphysiological muscle activity. This summation of 

electromyographic, response is commonly called motor evoked potential (MEP) (for further 

details refer to Barker, Jalinous, and Freeston 1985; Rothwell et al. 1999; Di Lazzaro et al. 

2004). 

MEP amplitude and shape depend on several factors, such as TMS pulse duration 

(Rothkegel, Sommer, Paulus, & Lang, 2010), coil orientation (e.g., Mills, Boniface, and 
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Schubert 1992), distance from the coil to the underlying cortex (Kozel et al., 2000), or 

individual biological differences (Wassermann, 2002). We ran a number of combined EEG-

TMS studies with the aim of investigating oscillatory brain activity and its influence on MEPs. 

In order to achieve a comparable reference value between subjects, we determined resting 

motor thresholds using a Matlab-based decision-making algorithm within the ConSole 

environment. Data were acquired and preprocessed using the ConSole framework and the 

built-in modules. Although this could have also been carried out entirely in Matlab (apart 

from the acquisition), using the modules provided by ConSole is more convenient and much 

faster. The part of the paradigm that involved the special analysis of the MEP was confined 

to a block of data specific to the time range when a MEP was expected to occur. The analysis 

did therefore not have to run constantly and was not time-critical. This fact and the greater 

flexibility in having a Matlab script qualified this part of the online analysis for execution in 

Matlab. 

Methods 

Surface electromyography was recorded from the right first interosseus muscle (FDI) and 

was sampled at 2048 Hz. ConSole acquired the voltage difference between two surface 

electrodes attached in a belly tendon montage with a ground electrode taped to the right 

ear contralateral to TMS Stimulation (Magstim Rapid2). The data were high-pass filtered (3rd 

order, cutoff: 4 Hz). Upon receiving the trigger representing the TMS pulse, ConSole sent a 

corresponding block of data via its Matlab interface to a routine that first rectified the epoch 

and then searched for a peak of > 50mV. The result was fed back to ConSole and displayed 

on the screen as a text message. 
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Neuronavigated high intensity single pulse TMS (on average 60% stimulator output) was 

applied to the left hand knob area with the handle of the TMS coil pointing backwards 

approximately 45° to the midsagittal line. Coil position was adjusted until absolute FDI MEP 

amplitude was maximal in three consecutive trials and was marked as so called “hot spot”. 

Afterwards the resting motor threshold was determined by a maximum likelihood paradigm 

using the software MTAT 2.0 (Awiszus, 2003). 

Results and Discussion 

By using the aforementioned setup demonstrating the capabilities of interactions between 

ConSole and Matlab, we were able to receive reliable feedback about whether a TMS pulse 

had triggered a MEP (see Figure 6 for a schematic example of the feedback in case a MEP 

was detected and in case, the TMS failed to elicit an MEP). This example demonstrates the 

use of ConSole to analyze peripheral data in response to a stimulus. Future applications are 

not limited to TMS and MEPs but may include, for instance, reactions of peripheral signals 

like skin conductance on electrical or tactile stimulation. 
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Figure 6: Schematic drawing of the setup to automatically identify TMS-induced MEPs. 

Discussion 

The analysis of electro- or magnetoencephalographical brain activity on a single trial level is 

becoming an increasingly important topic. Treating the variability between trials as a 

valuable source of information and not as noise that is to be discarded will lead to great 

advances in our understanding of how brain activity relates to behavior. However, the 

analysis of data on a trial-by-trial basis raises the importance of good data quality during 

acquisition as well as advanced analysis strategies. Nevertheless, the offline analysis of the 

data does not exploit the full potential of the methods available as stimulation is done at 

random points in time and thus completely independent of the current brain state. Such a 

correlation approach makes sense as long as prior knowledge about the effect is small and 
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the underlying hypothesis cannot be strictly defined. However, as soon as a clear hypothesis 

about the functional significance of distinct brain states exists, a more causal test of the 

hypothesis is favorable. Analyzing EEG or MEG in real-time is an approach that takes 

advantage of prior knowledge by controlling the experiment depending on those points in 

time that putatively mark a brain state of interest. This approach not only leads to a stronger 

test of the hypothesis but can also provide more in-depth insights in phenomena related to 

the primary effect (e.g., whether alpha is a correlate of active inhibition). In contrast to the 

offline correlational approach, differences between physiologically clearer defined brain 

states can be analyzed. For example, in the study comparing the effect of high and low alpha 

power on the perception of a phosphene, our online approach, despite superb separation of 

high and low posterior alpha, indicates that high levels of alpha may be functionally not a 

unitary phenomenon (e.g., inhibition). The contrast within the high alpha trials points to a 

critical role of frontal regions and suggests that, in some cases, high alpha activity may 

reflect a more efficient communication between sensory and frontal regions — potentially 

implemented via specific phase relationships (Busch et al., 2009). 

In the current paper, we present a flexible software environment that helps scientists in 

conducting many kinds of real-time experiments. Its modular approach and clear file format 

makes setting up experiments easy, even without any knowledge of computer programming. 

One of the most important requirements of a real-time EEG/MEG application is the exact 

and fast timing of the triggers that are used to stimulate the participant. Current computer 

systems with multi-core processors and gigabytes of RAM are generally fast enough to deal 

with the acquisition and processing of 128+ channels at high sampling rates. Our system with 
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an Intel Core I7-970 and 4 GB of RAM is easily capable of handling the above presented 

experimental setups at very low processor load and with acceptable delay and jitter. 

Three current examples from our laboratory were given to illustrate that ConSole is a flexible 

tool that can be universally applied in numerous real-time paradigms and that extends the 

possibilities in these areas. Apart from the envisaged real-time cognitive neuroscience 

experiments (Example 1), ConSole can be used, for instance, in clinical settings for 

neurofeedback (Example 2) or to obtain online feedback about the presence or absence of a 

peripheral physiological response (Example 3). The latter example was mainly intended to 

demonstrate the ConSole/Matlab interface, further facilitating the process of creating a real 

time analysis-flow, even for scientists not experienced in programming languages like C++. 

In conclusion we wish to promote the idea that, apart from conducting offline data analysis, 

cognitive neuroscience-specific hypotheses should in the future be tested in real-time 

experiments. This puts high demands on data quality and online signal processing. 

Furthermore, in order to enable as many neuroscientists as possible to pursue this research 

strategy, user-friendly and open-source software frameworks are needed. With ConSole, we 

attempt to make such a framework publically available and have given first proof-of-concept 

evidence with regards to its functionality.  
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Fire And Forget: Comparison of the Effects of 

Neuromodulation by Low-Frequency rTMS And 

Neurofeedback on Oscillatory Processes Related to Tinnitus. 

Introduction 

Subjective tinnitus, a condition characterized by the sensation of a sound without any 

physical source, affects roughly 10% of the general population. In further 10% of the 

patients, the condition leads to significant decrease of quality of life (Heller, 2003). 

Consistent findings over the past years show that a) tinnitus is a disorder of the brain 

(Eggermont & Roberts, 2004) and b) the underlying cause of tinnitus is a deficit of inhibition 

triggered by the loss of input to the relevant areas (Weisz, Dohrmann, & Elbert, 2007). 

Recent research has led to great insights into the neuronal correlates of tinnitus. A relevant 

finding is reduced ongoing (spontaneous) alpha power in auditory areas (Lorenz, Müller, 

Schlee, Hartmann, & Weisz, 2009; Weisz et al., 2005; Weisz, Muller, et al., 2007). Originally 

attributed to idling of the underlying cortical region (Pfurtscheller et al., 1996), recent 

research has shown that alpha oscillations rather represent the excitatory-inhibitory balance 

of underlying cortical areas, with strong alpha representing a state of relative inhibition. 

Furthermore, increasing evidence arises that the occurrence of alpha oscillations is not 

limited to the visual and somatosensory system but is also found in the auditory system with 

comparable functional correlates (Weisz et al., 2011). On a system level, three main lines of 

research concerning the power of alpha oscillations exist: 1) active inhibition of cortical areas 

that would possibly interfere with a current task to be solved (see, e.g., Jensen & Mazaheri, 

2010), 2) spontaneous fluctuations of alpha power altering the perception of incoming 
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stimuli or those induced at the cortical level (Min & Herrmann, 2007; Romei, Brodbeck, et 

al., 2008) and 3) the impact of resting state alpha power on perception (Romei, Rihs, et al., 

2008) or its relationship to diseases like tinnitus (Lorenz et al., 2009; Weisz, Dohrmann, et 

al., 2007; Weisz et al., 2005; Weisz, Muller, et al., 2007). While the association of alpha 

oscillations and inhibition was based on behavioral associations so far, a recent study by 

Haegens et al. shows the link between cellular recordings, alpha power and behavioral 

measurements, strengthening the inhibition hypothesis (Haegens et al., 2011). In 

conjunction with the aforementioned results on the neural correlates of tinnitus, the 

hypothesis is that decreased auditory cortical alpha in tinnitus could be a useful proxy for 

decreased inhibition in the auditory cortex. Interestingly increases of alpha activity after 

neurofeedback have been reported to lead to significant decreases in distress scores 

(Crocetti & Forti, 2011; Dohrmann, Elbert, et al., 2007; Dohrmann, Weisz, et al., 2007). Even 

though the speculation is tempting that these alpha enhancements contributed to a 

normalization of the disturbed excitatory-inhibitory balance, these previous studies however 

lack convincing evidence that indeed auditory cortical alpha activity was enhanced. 

Moreover, studies exist that used low frequency (putatively inhibitory) repetitive 

Transcranial Magnetic Stimulation (rTMS) to effectively decrease tinnitus distress, yet 

neither report changes in ongoing oscillations nor give insight in the exact mechanisms on 

the cortical level (Folmer et al., 2006; Khedr et al., 2009; Kleinjung et al., 2007; Lorenz, 

Müller, Schlee, Langguth, & Weisz, 2010). One might speculate that rTMS increases cortical 

inhibition not only on a short timescale but would shape neuronal networks in a way to 

establish long-term changes. If this assumption is true, rTMS should lead to an increase of 

alpha power at respective regions. 
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The distress induced by tinnitus cannot solely be explained by altered activity in lower level 

auditory areas. It is thus obvious that long-range connectivity between auditory and higher 

order areas is of high interest as previous studies have already reported corresponding 

results (Plewnia, 2010; Schlee et al., 2009; Vanneste, Focquaert, & Heyning, 2011). For both, 

i.e. power and connectivity changes, previous studies have focused on the comparison of 

groups, thereby not being capable of excluding the possibility that the identified 

neurophysiological processes are not relevant for tinnitus per se. In the current study, we 

investigated effects of neuromodulation via neurofeedback and the more established 

approach of 1 Hz rTMS on resting state alpha power of the auditory cortex and possible links 

to functional long-range connectivity within tinnitus subjects. Our main intention was to test 

whether any of these two methods reliably enhances auditory cortical alpha activity and 

whether these are accompanied by modulations of brain connectivity. 

Methods 

We report data from two experiments. Subjects took part in either the rTMS or the 

Neurofeedback study. 

Subjects 

Initially, 12 patients took part in the Neurofeedback study. One patient decided to stop the 

treatment because of lack of improvement. Three further patients completed the treatment 

but had to be excluded from data analysis due to excessive artifacts in the MEG-data (we 

tolerated a maximum of 6 bad channels and 40% bad trials in the data). This left 8 patients (1 

female, mean age ± standard deviation: 57 ± 9) for analysis. On average, these patients had 

suffered from tinnitus for 5.4 years (standard deviation: 6.4 years). The average distress, 

assessed with the German version of the Tinnitus Questionnaire (Goebel & Hiller, 1994) was 
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22.6 (standard deviation: 10.0). One patient suffered from mild dysthymia according to the 

MINI interview (Lecrubier et al., 1997) and was treated with 60mg Amoxid per day. All other 

patients were free of psychiatric diagnoses and psychoactive medication. The TMS study was 

conducted on 10 patients of whom one was excluded due to artifacts in the MEG-data. This 

left 9 patients (2 female, mean age ± standard deviation: 50 ± 15). On average, these 

patients had suffered from tinnitus for 2.3 years (standard deviation: 1.2 years). The average 

distress was 26.2 (standard deviation 14.8). All patients in the TMS group were free of 

psychiatric diagnoses and psychoactive medication. The groups did not differ in age (two-

sided T-test, p = 0.25), tinnitus distress (p = 0.9) and tinnitus duration (p = 0.2). 

All patients gave written informed consent before participating. The procedures were 

approved by the Institutional Review Board of the University of Konstanz. 

Study Design 

Neurofeedback 

Patients in the Neurofeedback group received 10 sessions of auditory alpha Neurofeedback 

over a period of approximately 4 weeks (2-3 sessions per week). Approximately one week 

before the first session and one week after the last session, 5 minutes of resting state MEG 

(eyes open) was recorded with a 148-channel whole-head magnetometer system (MAGNES 

2500WH, 4d Neuroimaging, San Diego, USA), installed in a magnetically shielded room 

(Vakuumschmelze Hanau, Germany). 

Neurofeedback was conducted using a 32 channel EEG System (Neuroconn, Ilmenau, 

Germany). The acquired data were processed in real-time with ConSole (Hartmann, Schulz, 

& Weisz, 2011) and fed back to the patient via a TFT screen. 
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Each session consisted of one baseline measurement to calibrate the neurofeedback system, 

four training runs and another baseline measurement after the training to assess changes in 

cortical activity. In the training runs, patients were shown a feedback on the screen for 5 s 

without hearing a tone. They were instructed to consider this period as a baseline that 

showed how auditory areas of their brain behaved without any input. Afterwards, patients 

were stimulated with a sound that was spectrally filtered to match their tinnitus percept as 

close as possible for another 5 seconds (Noreña, Micheyl, Chéry-Croze, & Collet, 2002). 

Alpha increase above an individually defined threshold for one second within the second 5 s 

period was rewarded by displaying a smiley on the screen. Thus, we tried to exploit the well 

know effect that auditory alpha desynchronizes on sensory input (Lehtelä, Salmelin, & Hari, 

1997; Mimura et al., 1962; Weisz et al., 2011). The rationale behind this approach was to 

provide patients with the possible strategy to enhance auditory alpha power by decreasing 

attention to the sound (Müller & Weisz, 2011). Besides, patients should also be enabled to 

transfer the strategy of ignoring a “tinnitus-like” sound to ignoring the actual tinnitus 

percept. Baseline measurements differed from the training runs only by not providing 

feedback to the patients. The patients were instructed to passively listen to the sounds with 

eyes open. 

Data acquired from 29 electrodes on the scalp and 2 electrodes beside and above the right 

eye to facilitate artifact correction were sent to ConSole. The DC part of the signal was 

filtered out using an optimized recursive filter (y(t) = x(t) – x(t-1) + 0.995 * y(t-1)). The data 

were then lowpass filtered (4th order Butterworth filter; cutoff: 16Hz), average referenced 

and artifact corrected via ICA (JADE algorithm (Cardoso & Souloumiac, 1993)). The data were 

then projected onto eight regional sources. The data of the two temporal sources were 
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subjected to frequency analysis and the relative energy at the individual’s alpha frequency 

was averaged and fed back to a computer screen. 

Tinnitus distress was measured at a diagnostic session approximately one week before the 

first MEG measurement and at the last Neurofeedback session using the German adaption of 

the tinnitus questionnaire (Goebel & Hiller, 1994). 

TMS 

Patients in the TMS group received sham and verum treatment in a pseudo-randomized 

crossover design. To avoid potential carry-over effects, the two stimulation series were 

separated by three months. Ten sessions of rTMS were conducted on ten consecutive 

working days using a biphasic MAGSTIM system (Rapid2, MAGSTIM CO., Whitland, Dyfed, 

UK) and an air-cooled figure-of-eight coil (MAGSTIM Air Film Coil, 70mm). The handle of the 

coil was pointed upwards. Neuronavigation (Advanced Neuro Technology, Enschede, 

Netherlands) was used to target the main generator of the auditory N1, contralateral to the 

predominant tinnitus location (locations derived for all participants from data published by 

LORENZ). Each rTMS session consisted of 1000 pulses administered at 1 Hz. The intensity 

was of 50% of maximum stimulator output. For the sham condition the same parameters 

were applied but the coil was tilted by 45° over one wing. As for the Neurofeedback group, 

five minutes of resting state MEG were recorded before and after each treatment series. The 

setup was the same as in the Neurofeedback study. Tinnitus distress was measured using the 

German version of the TQ (Goebel & Hiller, 1994) when patients came for MEG examination. 

Data of the rTMS group with a detailed region of interest analysis are being prepared in a 

companion article (MÜLLER et al., submitted). The present paper focuses on alpha related 

changes and modulations of long-range connectivity patterns. 
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Data Analysis 

MEG data of both Neurofeedback and rTMS subjects were analyzed using fieldtrip 

(Oostenveld et al., 2011), an open source toolbox for MEG and EEG analysis in Matlab (The 

Mathworks). The five minutes resting state data were epoched into segments of two 

seconds each (no overlap). The resulting epochs were carefully examined for artifacts. 

Channels that showed excessive noise or other artifacts below 20Hz were interpolated using 

spline interpolation (Perrin et al., 1989). 

Subsequent analysis was done entirely in source space. We therefore generated equally 

spaced dipole grids of 5mm and 10mm resolution on the MNI brain provided by the SPM8 

toolbox (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) and morphed the grid to the 

individual headshapes of the patients. Thus, the individual positions of the grid points in 

each patient’s brain approximately represented the same anatomical region. Forward 

models for each patient were computed using the “sensor-weighted overlapping spheres” 

algorithm (Huang, Mosher, & Leahy, 1999). 

For the power analysis, we first computed the cross spectral density matrix (CSD) for each 

trial between 8-12Hz (FFT with hanning taper). To calculate the spatial filter for source space 

projection, the data were first highpass (8Hz, 4th order zero-phase butterworth filter) and 

lowpass (12Hz, 4th order zero-phase butterworth filter) filtered. The covariance between all 

channels of the filtered data was used to calculate the spatial filter using the LCMV 

beamformer algorithm (Veen & Drongelen, 1997) with 15% regularization. The resulting 

spatial filter was then used to project the CSD matrix to source space using the 5mm grid. 

The diagonal of the resulting matrix is the energy of each channel in the respective 

frequency band as was used for further power analysis. 

http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
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We used the 10mm spaced grid for the connectivity analysis because of memory and 

computing power constraints. The same forward models as for the power analysis were 

used. The spatial filter was again confined to activity between 8-12Hz and regularized by 

15%. The CSD matrix was then projected to source space. In order to calculate effective 

connectivity, the phase slope index (PSI) (Nolte & Müller, 2010; Nolte et al., 2008) was 

calculated between the center frequency ±2Hz. The PSI measures the slope of the difference 

of the phases of two signals in the frequency domain. As for every measure of effective 

connectivity, direction is determined by measuring if signal a comes before signal b or vice 

versa. The PSI exploits the fact that if signal a comes before signal b, the slope of the 

difference between the phases of the signals is positive while it is negative if signal b comes 

before signal a. For each subject and each condition (pre and post), a distribution of the 

resulting PSI values was calculated which was used to threshold the individual connections. 

Only connections that showed a PSI value higher or lower than 2 standard deviations were 

kept. This thresholding provided the adjacency matrix required for computation of node 

degree (Bullmore & Sporns, 2009), i.e. the sum of each voxel’s connection to other voxels. 

Statistical Analysis 

In order to assess whether the decrease of tinnitus related impairment differed between 

three groups (NFB, TMS, Sham), we calculated the relative improvement for each patient in 

each group ((Pre – Post) / Pre) and analyzed these using a one-factor ANOVA. 

Power and node degree of the MEG measurements were compared within each group using 

a cluster-based non-parametric, permutation-based statistic (Maris & Oostenveld, 2007) that 

controls the Type I Error with respect to multiple comparisons. First, ordinary t-statistics 

(post vs. pre, one-sided for power analysis, two-sided for node degree analysis) were 
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calculated. The cluster-finding algorithm identified clusters of neighboring voxels and 

frequency bins that had p < 0.05. The test statistic for the permutation test was the sum of 

all t-values in a cluster. The statistic was repeated for shuffled data, in which data were 

randomly reordered across conditions (null hypothesis stating that power or node degree 

did not differ between pre and post measurements). Upon each permutation, the cluster 

with the highest sum of t-values was kept. By these means, a null distribution was created 

from 1000 permutations and the p-values for the empirically derived clusters could be 

calculated. 

Results 

Tinnitus Questionnaires 

We compared the effect in all three groups measured with the German version of the TQ. 

The ANOVA shows a main effect for treatment group (F = 4.91; p < 0.018). On further 

investigation the patients in the TMS group did not show a significant improvement for 

neither treatment. On average, verum treatment led to a small decrease of TQ score from 

26.2 (standard deviation: 14.8) to 25.9 (standard deviation: 18.9). Sham treatment 

decreased the score in the same group from 27.2 (standard deviation: 16.3) to 25.3 

(standard deviation: 14.8). In contrast, the Neurofeedback patients had their TQ scores on 

average decreased from 22.6 (standard deviation: 10.0) to 14.8 (standard deviation: 11.15). 

The individual difference is highly significant (p < 0.003) only for the Neurofeedback group 

according to a paired one-sided t-test (see Fig. 1). Furthermore, the variability of the 

difference within the sham condition was far higher than in the other two conditions and the 

variability at the pre and post measurements were far higher for both rTMS conditions 

compared to the Neurofeedback condition. 
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Figure 1: Average distress decrease for the three conditions involved in the study according the Tinnitus Questionnaire. 
The three conditions differ according to an ANOVA (F = 4.91; p < 0.018). Within conditions, only Neurofeedback led to a 
significant decrease of distress (p < 0.003). 

Power Analysis 

As stated in the introduction, the main goal of both intervention techniques is the increase 

of inhibitory activity in auditory cortical regions which should become manifested in 

increases of alpha oscillations in auditory cortical areas. Yet, we were also interested 

whether other areas would also be modulated by one of the approaches used. To 

circumvent the problem of multiple comparisons, we used a cluster-based, non-parametric 

permutation based approach (Maris & Oostenveld, 2007).  However, no significant cluster 

was found for either condition. 

Since our regions of interest were the auditory cortices we also checked the uncorrected 

results. These results showed a significant increase (p < 0.05) in alpha power in the vicinity of 

the right auditory cortex after treatment only for the neurofeedback group but not for the 

TMS group in either (verum or sham) condition (see Fig. 2a). To further investigate whether 
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the three groups differ with respect to alpha power increase at the right auditory cortex, we 

compared the relative increase at the voxel showing the highest T-value in the 

Neurofeedback group between all groups using an ANOVA. According to this, the null 

hypothesis that the average alpha power increase at that specific voxel does not differ 

between the groups can be rejected (F = 6.94; p < 0.005; Fig. 2b). Neurofeedback is still the 

only condition in which we saw an alpha power increase after we repeated the analysis using 

the hemisphere ipsilateral to stimulation for the rTMS conditions. The Neurofeedback result 

shows strong lateralization, yet fits with our primary hypothesis. 

 

Figure 2: Alpha power increase after treatment at right auditory regions. a) shows voxels in the Neurofeedback condition 
that showed a significant increase of alpha power. The effect is located at and in the vicinity of BA41. b) Comparison of 
relative alpha increase for all three conditions. The conditions differ according to an ANOVA (F = 6.94; p < 0.005). 

Connectivity Analysis 

Recent publications suggest a relationship between local synchronization in the alpha band 

and long-range connectivity of the specific region to other areas in the brain (Haegens et al., 

2011; Jensen & Mazaheri, 2010) even though this idea is still awaiting empirical 

confirmation. We thus analyzed whether the reported increase of alpha power in the right 

auditory cortex after neurofeedback training co-occurs with a decrease of that region’s long-

range connectivity. The so-called node-degree, a graph-theoretical measure counting the 
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significant connections (here computed via the PSI method) from and to one node (in this 

case, one voxel) was calculated. 

The cluster based strategy for the whole cortex did not reveal any significant cluster in any 

group or condition. On the uncorrected level, we however found a significant increase of 

outgoing connections after treatment for the neurofeedback group in a region directly 

neighboring the alpha power increase (Fig. 3). In order to scrutinize a possible relationship 

between the two regions, we correlated the voxels showing the highest t-values in each of 

the regions. This correlation between power and connectivity increase was not significant (r 

= 0.27, p = 0.52), which may be due to the low amount of remaining patients. Yet, we found 

that out of the 8 patients in the analysis 6 showed an increase in power, 7 showed an 

increase in outgoing connectivity and in 7 patients power and connectivity both either 

increased or decreased. The null hypothesis of the latter distribution being due to chance 

can be rejected according to a one-sided binomial test with a significance level of 0.05. This 

is suggestive of a relationship between alpha power and connectivity changes, albeit not 

being linear. 
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Figure 3: a) Increase of alpha node degree for outgoing connections after Neurofeedback training. The effect is located at 
a region neighboring that showing the power increase. As can be seen in subfigure b), the overlap between both regions 
is very small. 

Yet, increases and decreases of long-range connectivity are more ubiquitous than the 

aforementioned effects for power, i.e. local synchrony. We found decreases of the ingoing 

node degree at auditory areas for the Neurofeedback group at the left BA41 (Fig. 4). The two 

rTMS conditions showed an interesting result at right auditory areas more posterior to the 

Neurofeedback effects: while outgoing connectivity was increased after verum treatment, 

we found a decrease after sham treatment (Fig. 5). 
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Figure 4: Decrease of alpha node degree for ingoing connections after Neurofeedback training. The effect is located at 
the left BA41 and neighboring regions. 

 

Figure 5: Effects for outgoing node degree for the sham and TMS conditions. a) After TMS treatment, outgoing node 
degree was increased at auditory regions. The effect is very similar to the one found after Neurofeedback treatment. Yet, 
neither behavioral nor power modulation was found. Interestingly, the effect is antithetic to the decrease of outgoing 
connectivity found in the sham condition (b). 
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Discussion 

The relationship between the severity of tinnitus distress and a chronic decrease in alpha 

synchronization in auditory cortical areas has been proposed in recent years (e.g., Lorenz et 

al., 2009; Weisz, Dohrmann, et al., 2007; Weisz, Muller, et al., 2007). According to this 

framework, one therapeutic approach to alleviate tinnitus by normalizing the disturbed 

excitatory-inhibitory balance should be to reliably increase auditory cortical alpha power, for 

instance using Neurofeedback. We also expected to see increased alpha power in auditory 

cortical areas after application of 1Hz (putatively inhibitory) rTMS because it is a widely 

accepted marker of cortical inhibition, i.e. being directly related to the proposed mechanism 

behind this method. 

Recent research has shown positive behavioral results for both Neurofeedback (Crocetti & 

Forti, 2011; Dohrmann, Elbert, et al., 2007) and rTMS (Khedr et al., 2009; Kleinjung et al., 

2007; Meng, Liu, Zheng, & Phillips, 2011). However, the current study shows significant 

effects only for patients treated with Neurofeedback, whereas the rTMS effects are marked 

by an enormous interindividual variability. 

On the behavioral level, patients in the Neurofeedback group decreased their distress on 

average by 35% (see Fig. 1). This finding confirms other studies in which alpha based 

Neurofeedback was used, although the protocols differed. However, due to the small 

numbers of patients in each of the groups and the missing control group for the 

Neurofeedback patients, this study is not intended to be a treatment study. The more 

interesting, and valid, findings are on the neurophysiological changes induced by the two 

“therapeutic approaches” and the sham condition. 
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Although the claim of both interventions is the long-lasting modulation of cortical networks 

responsible for the tinnitus perception and / or the distress caused by it, the current study is 

the first to systematically scrutinize the impact of both methods on a cortical level. More 

specifically, both methods claim to induce local changes that can be operationalized by 

modulations in local synchrony, visible in the MEG by altered oscillatory power. 

Despite both methods targeted the same regions, we only found alpha power modulations 

at auditory sites in the Neurofeedback group, although only at the right hemisphere and not 

at the left one that was targeted as well (see Fig. 2). One possible explanation is that as the 

activity of the left and right hemispheres were averaged before feedback, it was sufficient to 

increase alpha power only at the right source to evoke positive feedback. Neurofeedback 

was also the only condition that yielded improvements of tinnitus distress. The strong 

regional specifity of the alpha effects in auditory cortex argues against notions that 

neurofeedback enhanced “relaxation” alpha thus leading to nonspecific clinical 

improvements. Yet, the correlation between alpha power increase and distress alleviation is 

far from significant under the assumption that a possible relationship would be linear. It thus 

remains a speculation, whether a relationship exists between the failure of rTMS to improve 

tinnitus distress and the absence of alpha power increase or if rTMS exploits a different 

mechanism to increase inhibition that was not covered by our analysis. Other rTMS studies 

have shown more positive results on the behavioral level but have not reported 

neurophysiological effects (Folmer et al., 2006; Khedr et al., 2009; Kleinjung et al., 2007; 

Langguth et al., 2006). 

Beyond local synchronization, measured by power changes of oscillatory activity, we also 

searched for modulations of long-range connectivity induced by the techniques applied. In 



76 
 

the Neurofeedback condition, we found an increase of the outgoing node-degree in the 

alpha band, i.e. the number of other voxels in the brain receiving input from the seed voxel. 

The effect was found in an area, directly neighboring the region in which the alpha power 

was increased after Neurofeedback treatment (see Fig. 3). Both effects are very stable, as six 

of eight patients showed a power increase, seven of them showed an increase of outgoing 

connectivity and in seven of eight patients, an increase in power co-occurs with a 

connectivity increase. Two possible explanations exist: The power increase in the right 

primary auditory regions is driven by increased outgoing information flow from the 

neighboring region, although this is not backed by the data, or the inhibition of the right 

primary auditory regions leads to increased outgoing activity of the neighboring one by 

means of lateral inhibition. Of course, volume conduction between the two neighboring 

areas could explain the effect as well. Yet, PSI claims to be unaffected by volume conduction 

because the analysis is strictly restricted to the phase of the signals (Nolte & Müller, 2010; 

Nolte et al., 2008). 

In addition to the effect co-occurring with the power increase, the left auditory cortex 

showed a decrease of ingoing connections after Neurofeedback treatment that is not 

accompanied by a significant power change (see Fig. 4). Yet, although this claim is 

speculative, training the brain to increase alpha power at a specific site should lead to 

decreased functional connectivity according to recent research (Jensen & Mazaheri, 2010). 

We furthermore investigated connectivity changes in the TMS and sham condition. While we 

found an increase of outgoing connectivity in the TMS condition that is quite similar to the 

increase found in the Neurofeedback group (though more posterior), we found the complete 

opposite pattern in the sham condition: outgoing connectivity decreased during sham 
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treatment (see Fig. 5). The nature of this effect cannot be clarified within the current study 

because it cannot be related to a behavioral or power effect in the TMS condition because of 

the lack thereof. It is, however, interesting to note that at least for outgoing connectivity the 

effects induced by TMS and sham treatment are antithetic. 

Conclusion 

To conclude, in the current study Neurofeedback was clearly superior to rTMS with respect 

to decrease of tinnitus distress. Interestingly these positive behavioral effects are 

accompanied by strong increases of alpha power and thereby putatively inhibition in 

auditory areas. These effects suggest for the first time that EEG neurofeedback can be used 

to target tinnitus-relevant processes and brain regions with high spatial specificity. Neither 

verum nor sham rTMS treatment showed effects on distress or the power of ongoing alpha 

oscillations after treatment. Effective long-range connectivity at auditory areas (or in the 

vicinity) was modulated in all treatment conditions in different manners. 

The neurophysiological effects of Neurofeedback shown in this study are very specific to the 

areas trained. The question, whether rTMS provides a similar specific modulation cannot be 

answered here as no corresponding effect was found. However, it remains possible that 

rTMS induces cortical inhibition via mechanism different from those found for 

Neurofeedback. If this is the case, rTMS effects could also manifest themselves differently. 
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Figures 

Figure 1 (General Introduction Figure 1) Top-down modulation of alpha power by expectancy. 

Figure 2 (Study 1 Figure 1) Comparison between the classic offline and the proposed online 
approach. 

Figure 3 (Study 1 Figure 2) Coarse overview over the structure of ConSole. 

Figure 4 (Study 1 Figure 3) Distribution of the delays between signal generation and reaction 
of ConSole. 

Figure 5 (Study 1 Figure 4) Results of the first example about phosphine perception. 

Figure 6 (Study 1 Figure 5) Screenshot of the Neurofeedback training screen and 
questionnaire and alpha power results. 

Figure 7 (Study 1 Figure 6) Schematic drawing of the setup to automatically identify TMS-
induced MEPs. 

Figure 8 (Study 2 Figure 1) Average distress decrease for the three conditions involved in the 
study according the Tinnitus Questionnaire. 

Figure 9 (Study 2 Figure 2) Alpha power increase after treatment at right auditory regions. 

Figure 10 (Study 2 Figure 3) Depiction of outgoing degree effect after Neurofeedback training 
and overlay with power effect. 

Figure 11 (Study 2 Figure 4) Decrease of alpha node degree for ingoing connections after 
Neurofeedback training. 

Figure 12 (Study 2 Figure 5) Effects for outgoing node degree for the sham and TMS conditions. 
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Supplementary Material 

Study 1 

 

Supplementary Figure 1: Schematic of a typical ConSole paradigm. Data are acquired from the source and propagated 
from module to module, each further processing the data. The data can also be sent to multiple modules. Eventually, 
ConSole uses the final results to trigger an event like a TMS pulse or the display of a stimulus. 
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Supplementary Figure 2: This figure shows the artifact component selection process of ConSole’s built-in artifact 
correction. An ICA algorithm was applied to calibration data. The upper panel shows the original data to identify the time 
points when artifacts were present. The middle panel shows the components calculated by the ICA algorithm. The user 
selects components representing artifacts by clicking on the number to the left. The lower panel shows the resulting data 
after correction to verify the outcome. 
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Supplementary Figure 3: Schematic overview of the setup to measure the delay and jitter of ConSole. The Button-Box 
sends a TTL pulse to the Function Generator and the amplifier. The Function Generator immediately sends the analog 
signal (negative pulse or 10 Hz sine wave) to the amplifier. Both the TTL pulse and the analog signal are recorded by 
ConSole. ConSole then sends a TTL pulse to the amplifier as soon as it reacts on the incoming analog signal generated by 
the Function Generator. This second TTL pulse is also acquired by the amplifier and recorded by ConSole. The difference 
between the two TTL pulses is the delay between signal generation and ConSole’s reaction. 
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Abstract 

Increasing evidence underlines the functional importance of non-phase-locked cortical 

oscillatory rhythms. Among the different oscillations, alpha (8-12 Hz) has been shown to be 

modulated by anticipation or attention, suggesting a top-down influence. However, most 

studies to date have been conducted in the visual modality and the extent to which this 

notion also applies to the auditory cortex is unclear. It is furthermore often difficult to 

dissociate bottom-up from top-down contributions in cases of different stimuli (e.g., 

standards vs. deviants) or stimuli that are preceded by different cues. This study addresses 

these issues by investigating neuronal responses associated with intrinsically fluctuating 

perceptions of an invariant sound. Sixteen participants performed a pseudo-frequency-

discrimination task in which a "high-pitch" tone was followed by an aversive noise, while the 

"low-pitch" tone was followed by silence. The participants had to decide which tone was 

presented even though the stimulus was actually kept constant while pseudo-randomized 

feedback was given. EEG data show that auditory cortical alpha power decreased by 20% in 
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"high-pitch" trials relative to trials in which a "low pitch" was perceived. This study shows 

that expectancy of aversive feedback modulates perception of sounds and these fluctuating 

perceptions become manifest in modulations of sound-related alpha desynchronizations. 

Our findings extend recent evidence in the visual and somatosensory domain that alpha 

oscillations represent the excitatory/inhibitory balance of sensory cortical cell assemblies, 

which can be tuned in a top-down manner. 
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Introduction 

An increasing amount of empirical evidence underlines the functional importance of 

oscillatory rhythms that are not phase-locked to an external stimulus (Bollimunta et al. 2008; 

Buzsáki & Draguhn 2004; Min & Herrmann 2007; Thut et al. 2006). It has been shown that 

these induced rhythms have a significant impact on the processing of the stimulus and have 

the potential to explain – at least in parts – the behavioral trial-by-trial variability 

(Linkenkaer-Hansen et al. 2004; Romei, Rihs, et al. 2008; Sauseng et al. 2009). In this study, 

we show that expectancy shapes perception as well as auditory cortical alpha oscillations (8-

12 Hz) during the processing of an invariant sound. 

Experiments in cognitive neuroscience usually compare neuronal responses to well-defined 

experimental conditions while discarding trial-to-trial fluctuations as noise. However, an 

increasing amount of evidence underlines the functional relevance of fluctuating oscillatory 

brain activity, for instance in the motor, somatosensory and visual cortices. This relationship 

has been researched in the pre-stimulus period (e.g, Linkenkaer-Hansen et al., 2004; Romei, 

Brodbeck, et al., 2008; Sauseng et al., 2009) as well as in the post-stimulus period (e.g., Gross 

et al. 2007). In the presented study, we were interested in how distinct expectations to an 

identical auditory stimulus influence the alpha desynchronization pattern in the auditory 

cortex1.  

Among the different kinds of oscillations, those with a frequency between 8 and 12 Hz have 

received an increasing amount of attention. These so-called alpha oscillations were the first 

                                                      
1
 We are aware that alpha-like oscillations in the auditory cortex are conventionally coined “tau” (Lehtelä et al., 

1997). Since, however, we assume functionally similar processes associated to these rhythms across 

modalities (Weisz et al., 2007), we prefer referring to them generally as alpha. 
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oscillations to be noticed in humans (Berger 1929) and are ubiquitous in all main sensory and 

motor brain regions (for a review see e.g., Hari & Salmelin, 1997). They are very prominent 

in resting EEG and are reduced ('desynchronized') as soon as the brain engages in the 

processing of information (e.g., external input) (Mimura et al. 1962). This has led to the 

notion that alpha oscillations represent an idling or inactive state of those brain areas in 

which they are expressed. More recent publications, however, have shown that “idling” is a 

misleading term. On the contrary, a modulation of alpha oscillations seems to play an 

essential role in information processing. For example, Tuladhar et al. (Tuladhar et al. 2007) 

showed that alpha activity in occipito-parietal areas increases in a visual working memory 

task with increasing load. Additionally, alpha oscillations appear to increase in visual areas 

that are involved in processing distracting information (Thut et al. 2006). Anticipation of a 

target stimulus leads to a desynchronization of alpha oscillations, which has been 

demonstrated in the visual (Thut et al. 2006) and somatosensory (Babiloni et al. 2004) areas 

involved in processing an upcoming stimulus and concomitantly a synchronization of alpha in 

sensory regions involved in processing a distractor (Rihs et al. 2007; Worden et al. 2000). 

These findings clearly speak against the conception that alpha is merely an idling rhythm 

that reflects inactivity. Based on the current knowledge, alpha appears to reflect the 

excitatory-inhibitory balance within sensory and motor brain regions that can be modulated 

in a top-down manner (Weisz et al. 2007; Klimesch et al. 2007; Weisz et al. 2011). 

In contrast to the visual and somatosensory domains, studies exploring the functional 

relevance of alpha oscillations in the auditory domain are scarce. This may be related to the 

fact that auditory alpha activity appears less obvious from resting recordings than, for 

instance, the dominant visual alpha rhythm (Weisz et al. 2011). Nevertheless, early reports 

by Lehtelä et al. (Lehtelä et al. 1997) and a recent review work by our group (Weisz et al. 
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2011) clearly demonstrate sound-induced desynchronizations in the alpha range located in 

the auditory cortex, unequivocally showing that such a rhythm indeed exists in the auditory 

modality analogous to other modalities. An open question is, however, whether auditory 

alpha oscillations also have a similar functional role as that reported for the visual or 

somatosensory systems. To our knowledge, no study exists to date that scrutinizes the 

relationship between attention towards an auditory stimulus or its saliency and the 

respective modulations of auditory cortical oscillations. However, some evidence exists that 

auditory alpha oscillations are involved in auditory memory processes (Pesonen et al. 2006; 

Van Dijk et al. 2010), in which enhancements were reported that bore striking similarities to 

findings reported in the visual domain (Tuladhar et al. 2007). These increases during working 

memory tasks have been interpreted as a disengagement of putatively conflicting regions. 

So-called top-down effects are normally induced using differing stimuli or by differing the 

instructions or cues given in an experiment. In the current EEG study, we investigated 

whether intrinsically fluctuating top-down processes themselves accompany modulations of 

auditory cortical alpha oscillations. The physical properties of the auditory stimulation were 

kept constant while the participants' expectancy of whether this tone would be followed by 

an aversive stimulus fluctuated from trial to trial. Modulation of expectancy was promoted 

by the fake context of a frequency-discrimination task. Participants were told that they 

would hear one of two possible tones, each followed by an auditory feedback (aversive noise 

or silence) after the forced choice (high- vs. low-pitch sound). While the sound actually 

remained unchanged, the feedback was pseudorandomized according to a procedure shown 

to modulate expectancy (Perruchet 1985). We compared the level of alpha when 

participants perceived the sound to carry salient information (prediction of aversive 

feedback) to instances when the sound was believed to carry non-salient information 
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(prediction of silent feedback). Based on findings from the somatosensory modality (Babiloni 

et al., 2004), we hypothesized that salient sounds would induce stronger alpha 

desynchronization in auditory cortical regions. While this is our main hypothesis, we also 

analyzed our data with respect to possible prestimulus effects. Such an effect could not 

apriori be excluded, as the history of past feedback (i.e., whether salient or not) could have 

lead to expectations that would have manifested themselves in EEG activity prior to the 

actual sound onset. We furthermore investigated the period between the onset of 

perceptual decision and prior to receiving the feedback in order to control for late effects. 

Although the main focus of this article lies particularly upon possible auditory cortical alpha 

effects, we also analyzed evoked time-domain measures (the ERP and the Slow Cortical 

Potentials). Our results show that altered expectations of the same stimulus shape auditory 

cortical alpha activity during the presentation of the sound; this underscores that the 

variability of neuronal responses is not necessarily noise but nonetheless carries functionally 

important information. 

Methods 

Participants 

The participants were 16 right-handed, healthy volunteers between the ages of 19 and 27 

(mean age ± SD: 22.3 ± 2.35; five men). All participants reported normal hearing and had 

normal or corrected-to-normal vision. Two participants were excluded from further analysis 

because of too many artifacts in the EEG-data. Two further subjects reported hearing the 

same tone throughout the experiment and thus were excluded from further analysis (see 

below). This left 12 participants for the analysis (four men; mean age ± SD: 22.25 ± 2.49). The 
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participants were recruited at the University of Konstanz, gave written informed consent 

before the experiment began and were compensated 10 € for their participation. 

Stimuli and Procedure 

Participants took part in a pseudo-frequency discrimination task in which they had to judge 

whether they perceived a high- or low-pitch tone by pressing a button. In reality, the same 

tone (1000 Hz; 40 Hz amplitude modulation) along with a weak background noise (7000-

10000 Hz; 4 dB below the intensity of the tone) was always presented to the participant. 

Because responses to auditory steady-state stimuli are reported to be dominant in the right 

hemisphere (Ross et al. 2005), stimuli were delivered to the left ear only. To create the 

impression of a real frequency discrimination task, each tone was followed by a feedback 

indicating whether the high- or low-pitch tone was presented. Feedback was 

pseudorandomized so that equal feedback was given one to four times in a row. The 

feedback stimulus was a 3000-6000 Hz bandpass filtered noise of one-second duration. The 

intensity of the feedback noise was individually adjusted by the subjects, who were 

instructed to make it as loud as possible without it being painful. The design is an adaptation 

of Perruchet (Perruchet 1985) on expectations in classical conditioning. The rationale is that 

the participant’s expectation that the sound and thus the feedback are different between 

runs increases alongside the number of repeated presentations of the same feedback. Two 

of the 16 participants were aware that there were no differences between the presented 

sounds and were excluded from further analysis. Following the experiment, all other 

participants reported perceiving differences in pitch. 

Participants were seated in a comfortable chair situated in an electrically shielded and 

sound-attenuated room and were prepared for the EEG recording. Participants were then 
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instructed that they were taking part in a psychoacoustical study investigating the influence 

of background noise on frequency discrimination abilities. They were told that two tones of 

dissimilar pitch could be presented and that they had to decide which of them they had 

heard. As feedback, the higher-pitch sound would then be followed by a loud and 

unpleasant high-pitch noise, while the low-pitch sound would be followed by silence. In fact, 

the sounds presented in both conditions were always the same. 

To familiarize the participants with the experiment and to make their scenarios as realistic as 

possible, they were first presented with two different tones (975 Hz and 1025 Hz; 40 Hz 

amplitude modulation; no added background-noise) three times each. The investigator 

ensured that the participants were able to discriminate between these tones in the test 

trials. Following this, participants underwent ten trials of the task with the two different 

tones without background noise or corresponding feedback. After the practice trials, 

subjects were told that the same tones would be presented in the real task with added 

background noise. This would make the task very difficult, perhaps resulting in difficulty 

discriminating between the two tones. 

Participants then received 140 trials of the pseudo-discrimination task. The sound was 

presented for eight seconds. Six seconds following sound onset, participants had to decide 

within two seconds which tone they were hearing by clicking on one of two icons presented 

on the screen. Immediately following the sound presentation, the feedback was given for 

one second followed by an inter-trial interval of ten seconds (see Fig. 1) 
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Figure 1: One trial of the experiment. An identical AM sound was presented for 8 seconds in all trials. Participants had to 
decide whether they heard a low or high tone. Feedback immediately followed the offset of the sound. This was 
followed by an ITI of 10 seconds. 

After the experiment, we asked the participants if they had the impression that they were 

able to solve the task to confirm they remained naive about the deceptive setup throughout 

the experiment. Afterwards, the participants were debriefed. 

Stimulus presentation, presentation of the instructions and rating scheme as well as 

behavioral response acquisition were conducted using the open source Psyscope X 

environment (Macwhinney et al., 1997; http://psy.ck.sissa.it/) running on an Apple 

Macintosh iBook (900-MHz PowerPC G3) using Mac OS X version 10.3.9. The instructions and 

the rating scheme were presented on a 17-inch CRT-monitor situated approximately 1.5 

meters from the subject. Auditory stimulation was delivered to the left ear through stereo 

headphones (Sennheiser HD pro 180). 

Data Acquisition  

EEG recordings were carried out in a dimly lit, sound-attenuated room using a 64-channel 

EEG system (Neuroscan Synamps). The sampling rate was 250 Hz. Online filtering with a low-
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pass of 100 Hz and DC filtering was applied. Impedances between the electrodes and the 

skull were kept below 5kΩ. 

Data Analysis 

Behavioral data were analyzed using R (R Development Core Team 2008), an open-source 

application for statistical computing. EEG data were preprocessed and analyzed using 

fieldtrip (Oostenveld et al. 2011), an open-source Matlab Toolbox for analyzing EEG and 

MEG data. 

Behavioral Analysis 

A two-way ANOVA was performed on the data using a linear mixed-effect model (Pinheiro & 

Bates 2002). This approach allows the specification of classical fixed effects in addition to 

introducing random effects, taking into account that the data are not taken from the whole 

population but only from a sample. In this case, the fixed effects were condition (high/low 

feedback in the previous trial) and string length (how often the same feedback was given 

consecutively; one to four times). The random effect was defined as the contribution to the 

variance by the inter-subject variability. 

Spectral Analysis 

After re-referencing to average reference and application of a FIR high-pass filter (cutoff 

frequency: 0.5 Hz, order: 300), data were corrected for eye movements and blinks using the 

FastICA algorithm (Hyvarinen & Oja 1997). Epochs of artifact-free data were defined 7 

seconds pre- and 9 seconds post-stimulus onset and grouped according to the response 

given by the subject (perception of "high" or "low" pitch sound). Due to the (deliberately) 

strong imbalance in trial numbers across the amount of consecutive equal feedback (i.e., 

same feedback given four times in a row should be perceived as more rare (four times per 
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condition) than a single feedback (18 times per condition).), we refrained from more 

specifically analyzing the question of how this may have influenced brain activity. A multi-

taper time-frequency transformation using Slepian tapers (Mitra & Pesaran 1999) was 

applied to each trial of the data at 10 Hz as well as a fixed time-window of 500 ms with an 

overlap of 250 ms and one taper for each frequency, resulting in a frequency smoothing of 

~2 Hz. This approach resulted in only one time course, which comprised the entire frequency 

band of interest between 8 and 12 Hz. The power values were averaged over all trials of 

each condition. The same transform was also applied to the average of all trials, which was 

then subtracted from the mean of the averaged power values to remove purely time-locked 

responses. Since the history of receiving a series of contingent feedback could in principle 

alter pre-stimulus activity, no baseline correction was performed. The data were divided into 

3 time-bins of interest (see introduction): stimulus anticipation (500 ms to 100 ms pre-

stimulus), stimulus processing (1000 ms to 5000 ms post-stimulus) and pre-feedback (6000 

ms to 7500 ms). 

Statistical Analysis 

The non-baseline corrected spectral data of the conditions were compared using a cluster-

based non-parametric, permutation-based statistic (Maris & Oostenveld 2007) that controls 

the Type I Error with respect to multiple comparisons. The maximum distance between 

neighboring electrodes for the cluster algorithm was set to 45 mm, meaning that each 

electrode was on average linked to four neighbors. All electrodes were included in the 

statistical analysis. 

First, ordinary two-sided t-statistics (high vs. low; dependent samples) were calculated for all 

sensors and time points. This was done independently for each time bin. The cluster-finding 
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algorithm then identified clusters of contiguous sensors and time points that had a p < 0.05. 

The test statistic for the permutation test was the sum of all t-values in a cluster. This 

statistic was repeated for shuffled data, in which data were randomly reordered across 

conditions (null hypothesis stating that it made no difference whether the participant 

perceives the high- or low-pitch tone). Upon each permutation, the cluster with the highest 

sum of t-values was kept. By these means, a null distribution was created from 1000 

permutations and the p-values for the empirically derived clusters could be calculated. 

Source Analysis 

For the identification of neuronal sources contributing to the electrode level effects, a 

beamforming algorithm using an adaptive spatial filter (Dynamic Imaging of Coherent 

Sources (DICS)) was applied (Gross et al. 2001). To define the timeframe used for source 

projection, the t-values of all electrodes not belonging to the significant cluster were first set 

to zero. For each time-point, the mean t-value over all electrodes was calculated. The time-

point yielding the highest mean t-value in each of the previously defined time-bins with a 

significant cluster (stimulus processing and pre-feedback) was then chosen for further source 

analysis. The resulting time points were 3752 ms for the stimulus processing bin and 6752 

for the pre-feedback bin. Each trial was cut into a segment ±250 ms around the respective 

time point. To keep the analysis comparable to our electrode level analysis, the time series 

were averaged over each time bin and response category (high/low) and the evoked 

responses were subtracted from each trial. The cross-spectral density matrices were then 

separately calculated for the two time bins and the high/low trials using a multitaper FFT 

approach with four tapers, resulting in a frequency-smoothing of ±2 Hz. The FFT was only 

calculated for the frequency of interest (10 Hz). The leadfield matrices were calculated using 

a standard BEM model (Oostenveld et al. 2001) and corrected for the subtracted ICA 
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components using subspace projection. The standard brain was divided into a grid with 1-cm 

resolution. To achieve numerically more stable results, the cross-spectral density matrix was 

regularized by 10% of the mean of the diagonal values. In conjunction with the leadfields, 

spatial filters were calculated for all grid points. This allowed the spatial distribution of 

power in each condition and subject to be estimated. Paired, two-sided t-tests were 

computed for each grid point between the two conditions in each time bin and in each 

subject. These were subsequently interpolated onto a standard MRI and then converted into 

Talairach space for localizing significant regions using the Talairach atlas provided by the 

AFNI software package (Cox 1996). The t-values were used to mask areas with little and/or 

unstable differences (p > 0.1). 

Time-Domain Analysis 

Although not of primary interest to our research question, we also investigated possible 

phase-locked effects in the transient cortical response: the fast transient ERPs as well as the 

slow cortical potentials (SCP). For the ERP Analysis, a bandpass filter (2-30 Hz passband, filter 

order: 6, twopass) was applied to the re-referenced and artifact-free data. The data were 

then averaged between 500 ms pre-stimulus and 1000 ms post-stimulus. The period from 

500 ms to 100 ms pre-stimulus was used for baseline correction. The same cluster-based 

statistic was used as for the time-frequency data in order to correct for the Type I error; a 

two-sided, dependent sample t-test was employed for each permutation. Since the ERPs 

were not of central interest in this study and the statistical analysis did not suggest any 

significant effects, there shall be no further descriptions of this in this manuscript. Interested 

readers should refer to Figure 2 in the Supplementary Materials. 
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For the SCP analysis, a low-pass filter was applied to the re-referenced and artifact-free data 

(10 Hz, filter order: 6, two-pass). We averaged the data between 500 ms pre-stimulus and 

9000 ms post stimulus and used the period between 500 ms and 100 ms pre-stimulus for 

baseline correction. We again used the cluster-based statistic described above between 

stimulus onset and 8000 ms post-stimulus for our statistical analysis. To scrutinize the effects 

at source level, we applied an LCMV beamformer (Veen & Drongelen 1997) to the time-bin 

of stimulus processing using the same corrected leadfields as for the frequency-domain 

source analysis. 

Results 

Behavioral Task 

To achieve sufficient variability in the subjects’ expectations of which tone they would hear 

and thus what feedback was to be expected, we adapted a classical conditioning design by 

Perruchet (Perruchet 1985) by consecutively presenting the same feedback one to four 

times. The analysis of the behavioral data of the 14 participants who reported hearing two 

different tones showed that participants failed to give a response in 2 – 5 trials (mean: 3 

trials), resulting in an average of 137 trials that could be used for the behavioral analysis. In 

48% of the trials, participants reported having heard the low-pitched sound (standard 

deviation: 8.7; min: 40%; max: 56%; difference not significant). To further account for biases 

introduced by individual response preferences of the participants, we also calculated the 

number of “errors”, i.e. the number of trials in which the participants’ responses did not 

match the corresponding feedback. Mismatch between response and feedback occurred in 

48% of the trials (standard deviation: 4%; min: 38%; max: 56%; difference not significant) 

which is in line with the presumption that a match and a mismatch between response and 
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feedback should be distributed randomly at least over the group. Box-and-whiskers plots 

show one outlier for the amount of “errors” (see supplementary figure 1). The data showed 

that the number of consecutively equal feedbacks had a strong effect on the expectancy of 

the participants (see Fig. 2). As expected from Perruchet’s results (Perruchet 1985), the 

likelihood of participants to perceive a high tone linearly decreased with the amount of 

consecutive low-tone feedback and vice versa for the high-tone feedback. The linear-mixed 

effect model statistic revealed a strong interaction between condition (high/low) and string 

length (recurrent equal feedback) that reached significance (F=6.74; p=0.011). 

 

Figure 2: Behavioral results: response = 1 means participants reported the high tone, response = 0 means participants 
reported the low tone. “Previous Position in String” refers to the amount of consecutive equal feedback the participant 
received beforehand. Participants were more likely to rate a tone as the high one if they had received the low-tone 
feedback four times in a row before and vice versa. The linear mixed-effect model statistic revealed a strong interaction 
between condition (high/low) and string length (recurrent equal feedback) that reached significance (F=6.74; p=0.011). 
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Spectral Analysis 

In addition to our hypothesis of a modulation of alpha power in contralateral auditory 

regions during the processing of the stimulus, we were also interested in determining 

whether differences in the interval before stimulus presentation could be found, since 

anticipation effects (e.g., during visual spatial attention) often manifest themselves in the 

pre-stimulus period (Romei et al. 2010). We thus analyzed the data in three time bins 

representing the pre-stimulus period, the stimulus processing period and the pre-feedback 

period. 

In the period before stimulus presentation, lasting from 500 ms to 100 ms pre-stimulus, the 

algorithm did not find a significant cluster. In order to confirm that the sensor statistic was 

not insensitive to small but stable changes in auditory cortical alpha activity in the pre-

stimulus period, we explored differences at source level (-500 – 0 ms; data not shown). 

However, no systematic differences could be identified in the auditory cortex, even at liberal 

masking levels (p < .1). Based on these results, we conclude that the history of contingent 

feedback does not significantly influence auditory cortical alpha activity at the pre-stimulus 

stage. 

During the time of stimulus processing and pre-feedback, numerous electrodes over 

extended time periods exhibited significant differences between high- and low-pitch trials. 

To account for Type I errors due to multiple comparisons, we applied a cluster-based 

permutation-based statistic. In the period of the stimulus processing (1000 ms to 5000 ms 

post stimulus), we found a significant negative cluster (p=0.04) at right temporofrontal 

electrodes (contralateral to the stimulus), showing on average a relative desynchronization 
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of ~20% for trials expected to be followed by an aversive noise between 3252 ms and 4000 

ms post-stimulus (see Figures 3a and 3c). 

During the time period of pre-feedback (6000 ms to 7500 ms post-stimulus), the analysis 

revealed a significant positive cluster (p=0.02) at centro-parietal electrodes, showing a 

synchronization of alpha oscillations of ~23% when an aversive noise was expected to be 

imminent (see Figures 3b and 3d). 

 

Figure 3: The top row (a, b) shows the topography for the stimulus processing and pre-feedback time bins. Positive 
values denote higher synchronization for trials expected to be followed by an aversive feedback. a) In the stimulus-
processing time bin, we found a significant cluster (p=0.04) showing a desynchronization in trials rated to be followed by 
the aversive noise over right temporal areas, contralateral to the presented sound between 3.25 s and 4 s post-stimulus. 
The plot shows the topography at 3.75 s, the time point yielding the highest sum of t-values in the cluster. Electrodes 
belonging to the cluster are marked with bold circles. b) In the time of pre-feedback, we found a significant cluster 
(p=0.02) in centro-parietal regions, showing an enhanced synchronization if an aversive feedback was expected. The 
cluster was found between 6.75 s and 7 s post-stimulus. The plot shows the topography at 7 s, the time point with the 
highest sum of t-values in the cluster. Bold circles mark the electrodes of the cluster. The bottom row (c, d) shows the 
time course of the relative difference between aversive noise expected and silence expected trials of the electrodes of 
the respective clusters. The black bar on top of the plots denotes the time bin of interest. The red part of the line signifies 
the time in which the cluster showed a significant difference between the two conditions. 
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Source Analysis 

For the effect identified during the time of stimulus processing, DICS analysis revealed a 

comparatively stronger desynchronization for sounds expected to be followed by an aversive 

noise in temporal regions mainly contralateral to stimulus presentation (a smaller ipsilateral 

source can be seen in BA 21). The effect encompasses the right primary auditory cortex 

(BA41) as well as secondary auditory cortical regions (BA 21 and BA 22). (see Figure 4a). Note 

that no concomitant desynchronizations were observed in posterior (visual regions) that 

"spread out" to auditory regions. 

No differences were found in the auditory cortex after decision-making and before the 

feedback was given. Instead, we found an increase in alpha synchronization in occipital 

regions encompassing secondary visual areas and the precuneus, lateralized ipsilateral to 

stimulus presentation (see Figure 4b). This result is in line with the results at sensor level 

depicted in Figure 3b. 

 

Figure 4: Source localization using DICS, projecting the differences between both conditions for the three time bins of 
interest. Only voxels with a p-value < 0.1 are plotted. Positive values denote higher synchronization for trails expected to 
be followed by an aversive feedback. a) In the time of stimulus processing, the enhanced desynchronization was located 
at right temporal areas including the primary auditory cortex, BA21 and BA 22. A small difference was also found at the 
side, ipsilateral to stimulus presentation. b) At the time of decision-making, we found a higher synchronization at 
secondary visual areas if the aversive noise was expected. Temporal sources are absent, as expected from the 
topography. 
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Time-Domain Analysis 

In order to gain a more complete impression of our data, we also analyzed whether phase-

locked effects in the time domain were present in the data. As already mentioned in the 

methods section, we did not find any effects in the transient ERPs shortly after stimulus 

presentation (see supplementary Figure 2). There is, however, an effect in the slow cortical 

potentials (see figure 5). In trials in which sounds were expected to be followed by an 

aversive noise, the SCP steadily rises at right fronto-temporal sensors, while the SCP in trials 

expected to be neutral goes in the other direction. The polarity is reversed in the left 

hemisphere thus suggestive of a medial frontal generator being differentially activated 

during the two conditions. The differences on both sides are identified as significant clusters 

by the cluster-based statistic (left cluster: p =0.003, right cluster: p=0.001). The time window 

of significant differences basically extended the entire trial period, however stabilizing after 

approximately 1.5 s (i.e., approximately 1-2 s prior to the difference in auditory cortical 

alpha activity) post stimulus onset and increasing in strength during the rest of the trial. 

Sensor-level analysis was followed up by source analysis (2000-6000 ms), showing a 

pronounced effect at the anterior cingulum and neighboring regions (see Figure 5c). The 

direction of the source level difference suggests an enhanced activation of these medial 

prefrontal structures when participants are expecting an aversive feedback to follow the 

sound presentation. 
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Figure 5: a) Time course of the Slow Cortical Potential at sensor on the right hemisphere showing the largest difference. 
Significant sections of the time-course are marked with solid lines, non-significant sections are shown transparent. b) 
Topography of the difference between high and low rated trials (High-Low) between 1200 ms and 7600 ms post-stimulus. 
c) Source localization using LCMV for the effect found in the sensory domain. As expected from the topography, the 
difference was located at the anterior cingulum and neighboring regions. 

Discussion 

The aim of the current study was to investigate whether auditory alpha desynchronization 

elicited by auditory stimulation can be purely modulated by intrinsic top-down mechanisms. 

The expectation of a (physically not present) high-pitch tone was made salient by associating 

its occurrence with an aversive consequence (uncomfortable noise). We contrasted trials in 

which such an expectation occurred with trials in which the participants reported the 

perception of a low-pitch sound, which was associated with a silent feedback. Any effect that 

we report can only be accounted for by fluctuations in expectancy, as all other properties, 

especially all physical properties of the stimulus, were kept constant. 
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We first validated our design by analyzing the behavioral results and comparing them to the 

findings of Perruchet (Perruchet 1985). Our results show a similar trend of changing 

expectations, as repeated presentation of an identical feedback (e.g., the loud noise) led to 

increased expectancy of the other feedback. This shows that the history of feedback clearly 

influences what a person expects to hear and that this expectation in fact influences 

perception. Of the 16 investigated participants, only two realized the deceptive setup of the 

experiment, while all others reported having actually perceived higher- and lower-pitch 

sounds. 

By contrasting the neuronal responses based on the individuals’ overt behavior, our major 

finding was reduced alpha power in contralateral auditory areas while the sound was being 

processed and perceived as the salient (high pitch) relative to the non-salient (low-pitch) 

sound. At an electrode level, nonparametric cluster-based permutation statistics revealed a 

significant cluster at right-temporal electrodes, in which desynchronization was 20% 

stronger when participants reported having heard a salient sound. Source localizations 

suggest that this difference originated in the primary and secondary auditory cortex 

contralateral to the stimulated ear. These structures match the results from the sensor-level 

analysis. However, we also found an enhanced desynchronization for high-pitch trials in 

ipsilateral auditory regions. This overall weaker desynchronization cannot be seen on the 

sensor topography perhaps due to an overlap of synchronization from neighboring regions 

that obscured this effect at sensor level. An interesting aspect is the time course of the 

stimulus-induced effect: the contrast between both "perceptions" became significant 

relatively late (from ~3 s to ~2 s before the response had to be given). Figure 3c illustrates 

that the differentiation in alpha power between the two conditions started ~1 s following 

stimulus onset and reached its maximum at ~2.5 s. This extended period of relatively 
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increased desynchronization of alpha in the auditory cortex may be required in order for one 

to determine which sound was perceived in this seemingly challenging task, meaning that 

the influences of top-down expectations gradually (rather than quickly) modulate auditory 

alpha activity. 

Contrary to the stimulus-processing period, we did not find any effect in auditory areas just 

before feedback was given. Interestingly, however, we found an increase in alpha power in 

secondary visual areas, including the precuneus, prior to the anticipated aversive feedback. 

We are aware that the validity of this effect is debatable because participants are presented 

with the visual prompt to respond at that time (which however is identical on all trials). So, 

for instance, the alpha increase could reflect a visual evoked potential, although this 

interpretation would not explain why alpha power would be significantly higher if an 

aversive stimulus was anticipated. We are also aware that general contaminations from 

visual and motor processing, both surely present at the respective time, could be too high to 

leave the data interpretable. There are, however, several findings in the literature that can 

be related to this result. Although the location of this effect does not fit, its similarity to a 

study by Freunberger et al. (Freunberger et al. 2009), which showed that alpha oscillations 

exert top-down control on incoming stimulation, is striking. As in the Freunberger et al. 

study, in which participants tried to actively inhibit words they were told not to remember 

later, participants in our study might have tried to inhibit the upcoming aversive noise, 

though in this case we would have expected to find a relative increase in the auditory cortex, 

which was not the case. Two alternative interpretations of this exist: Richter et al. (2010) 

found increased activation of the precuneus during anticipation of pain-related (thus more 

salient) compared to non pain-related (non-salient) words in an fMRI experiment. 

Furthermore, the precuneus plays an important role in the so-called “default mode network” 
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(Fransson & Marrelec 2008), a prominent model in the area of resting-state fMRI and PET 

(see, e.g. Raichle & Snyder 2007). Although evidence bridging the gap between the “default 

mode network” and electrophysiological data is still sparse, a recent study was able to show 

that in case of self-referential processing (Raichle & Snyder 2007) high correlation to EEG 

alpha oscillations in the precuneus could be found (Knyazev et al. 2011). This might be 

significant because the pre-feedback period is the time when participants expect the 

evaluation of the performance. At a more basic level and conforming to the inhibition 

hypothesis described above, relative increases in alpha power are often attributed to the 

inhibition of task-irrelevant areas in order to save (the putatively limited) resources for the 

processing of more important or attended stimuli (e.g., van Dijk et al. 2008; Babiloni et al. 

2004). It is therefore possible that the expectation of an upcoming salient acoustic event 

(aversive noise) could reduce processing resources in non-auditory modalities such as the 

visual cortex, although we would have expected alpha power increase in primary rather than 

secondary visual areas. However, these hypotheses are drawn post-hoc and should be 

elucidated in greater detail in future experiments. With overall regards to our research 

question, our findings imply that auditory cortical regions are modulated particularly during 

sound processing but neither at the pre-stimulus nor at the pre-feedback stage. The stronger 

relative desynchronization when participants perceived the more salient sound indicates an 

increased activation of auditory regions, signifying the increased salience of this sound in 

comparison to the neutral sound. 

The present findings are interesting for various reasons. First of all, they contribute to a 

better understanding of auditory alpha oscillations, for which there remains weak empirical 

support (Bastiaansen et al. 2001; Barry et al. 2004; Pfurtscheller 2003; Schürmann & Basar 

2001; Fujioka & Ross 2008; Weisz et al. 2011). Our study not only confirms that sound-
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induced desynchronization originates in auditory cortical areas, but also shows that top-

down induced changes of the alpha desynchronization are found at low-level cortical areas 

of auditory processing. This supports findings in the visual (van Dijk et al. 2008) and 

somatosensory (Babiloni et al. 2004) modality, either localizing top-down related changes of 

alpha-desynchronization at or in close proximity to primary or secondary areas of the 

respective modality or interpreting results at sensor-level that originate in these areas. 

Furthermore, all of these studies attribute the functional meaning of alpha modulations to 

the amplification of relevant and the inhibition of irrelevant properties of the sensory input. 

Given that the perceived sound (high or low) induced the expectation of a salient or non-

salient feedback, our study is in line with results reported in similar research in other 

domains (e.g., Summerfield & Egner 2009; Babiloni et al. 2004). Our study shows that this 

principle also applies to the auditory domain, even though no direct manipulation 

concerning the task-relevance of the stimuli was used. 

As stated further above, any of the effects described in the present study cannot be 

attributed to low-level physical features and must necessarily involve top-down processes. 

However, there are different alternatives how these may be interpreted. Trivial explanations 

such as a response bias can be ruled out since the behavioral data indicates that perceiving 

low- vs. high-pitch sounds (as well as the behavioral categories of giving a “false” vs. 

“correct” response) was equiprobable. Furthermore, it is worth emphasizing that during the 

stimulus processing period the alpha effects were strictly located to relevant auditory 

cortical regions and not e.g. motor / premotor regions, speaking for a sensory effect. 

Another possibility would be that the history of feedback has an influence on the modulation 

of alpha oscillations reported in this article. This would be a plausible point since the 

behavioral data clearly speak for the history of feedback having some influence and it is 
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likely that this should also manifest itself in neurophysiological processes. At this point 

however we cannot state that it is indeed reflected in the level of auditory cortical alpha 

activity since the amount of trials decreases strongly with increases of occurrences of the 

identical feedback and could not be taken into consideration in the present study. It is 

however worth reemphasizing that the experimental manipulation indeed lead to different 

“qualia” (in this case perceived pitches) as also confirmed by reports of the participants 

following the experiment, opening up the possible question whether this would be sufficient 

to generate the observed differences, i.e. a higher pitch sound generally going along with 

stronger alpha decreases. Even though this cannot be completely excluded based on the 

present design of the experiment, we think this to be an unlikely explanation since the actual 

pitch differences even in the training was very low (975Hz vs. 1025Hz). On plausibility 

grounds the observed alpha differences (>20% at relevant electrodes) appear too great to be 

caused by such a small pitch difference alone. Based on the present design we assume that 

the most likely explanation driving the effect is the salience (i.e. aversive vs. non-aversive) 

consequence associated with the processed sound, which is likely to be to some extent 

modulated by expectations based on internal models of the probability which sound should 

occur. Alpha desynchronization while expecting an aversive (more salient) stimulus has 

already been previously reported, thus corroborating this interpretation (see, e.g. Babiloni et 

al. 2004). Even though we will continue to discuss our effects along this line of reasoning, we 

acknowledge that future studies will need to a) balance the aversive vs. non-aversive 

feedback between the low- and high-pitch sounds and b) significantly increase the total 

amount of trials in order to substantiate also on a neurophysiological level that the history of 

the previous feedback influenced the auditory cortical alpha effect.  
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We also did not find any significant differences in the event-related potentials between 

stimulus onset and 500 ms afterwards. If top-down modulation would have caused an 

instant effect, it should have influenced the early time-locked components. We, however, 

observed a change in the slow cortical potentials that built up until the time of feedback 

reception. The source at the anterior cingulate cortex as well as the time course of the SCP is 

different from our results from the alpha-band. While we saw a steadily increasing 

difference from a non-auditory source for the SCP, the modulation of the alpha band came 

into play only at distinct periods and from different cortical areas during stimulus processing 

and pre-feedback. At this point, it is important to state that the choice of the baseline—

needed for controlling slow (non-brain-related) drifts of the EEG—could critically influence 

the time course of the SCP; in principle, it is conceivable that such slow changes take place 

prior to the onset of the stimulus. Even though prestimulus effects (here -100 to 0 ms before 

stimulus onset) were not seen in the present study, it could be stated that the choice of the 

baseline (here -500 to -100 ms before stimulus onset) was not ideal for revealing such an 

effect. In an additional analysis (not shown here; see supplementary figure 3), we shifted the 

baseline to -1500 to -1100 and were able to show that the principle effect remained 

unchanged and, importantly, that again no prestimulus effect emerged. We are therefore 

confident in stating that the current SCP effect requires the processing of a stimulus and 

reflects a slowly augmenting process in the anterior cingulate. 

One possible explanation for our findings is the activation of a “context-dependent” network 

including the anterior cingulate cortex that induces a top-down effect on auditory areas that 

depend on the salience of the upcoming stimulus. In fMRI studies, the anterior cingulate has 

been shown to belong to a network that includes the temporoparietal junction, the 

precuneus, the insula and the thalamus and which tends to respond to salient auditory and 
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visual stimuli with higher activation (Downar et al. 2001; Downar et al. 2002). Interpreting 

reduced alpha activity as reflecting an excitatory state, our results also match with a study by 

Jaramillo (2010) that showed an increase in firing-rate and local field potentials for expected 

items in the auditory cortices of rats. This interpretation is also in line with results showing 

visual context-dependent top-down feedback in the visual domain (Bar et al. 2006). An 

alternative explanation might be that the higher-order processes associated with 

anticipation—that is, before the actual decision of high or low-pitch sound has been 

formed—may be more related to the generator underlying the SCP effect. Medial prefrontal 

regions may gradually accumulate sensory evidence over time for the pre-existing but not 

necessarily conscious expectation of a salient or unsalient sound (Wyart & Tallon-Baudry 

2009). A gradual increase in evidence accumulation may then be reflected in the gradual rise 

of the SCP. This interpretation fits well with the observation that the onset of the SCP seems 

to be triggered by the actual sound onset, regardless of which baseline period was chosen. 

Within such a framework, once a certain threshold is exceeded the anterior cingulate may 

then drive auditory cortical excitability in a top-down manner in the case of a perceived 

high-pitch (and thus salient) sound. This interpretation is in line with recent theories 

concerning the top-down impact of expectancy on visual processes. For instance, 

Summerfield & Egner highlight that expectancy leads to top-down-driven modulation of 

visual perception (Summerfield & Egner 2009). Since this study was not designed to actually 

investigate the role of the anterior cingulate, both explanations are necessarily in the realm 

of speculation and would need to be followed up by further studies. 

One possible shortcoming of the reported study is the fact that we did not counterbalance 

the relationship between the type of perceived sound (high- vs. low-pitch) and the type of 

feedback (aversive vs. non-aversive). Namely, the "difference" between the high and low 
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tone in the practice runs were only separated by 5% (975 Hz vs. 1025 Hz) and all participants 

reported that the task was extremely difficult, thus implying a considerable amount of 

uncertainty. Based on this argument and the fact that the two tones in the real runs were 

physically equal, we consider the feedback’s contribution to the reported effects to be 

stronger than that of the sound-type. Another shortcoming of the study is that 

interpretations such as the enhanced excitation of auditory cortex are indirect and based on 

plausibility assumptions. Within this experiment, there are no behavioral data to support 

that, for example, an enhanced desynchronization in the auditory cortex would go along 

with a superior processing of sounds. Extensions of this basic paradigm including, for 

instance, an attentional task and also distractors (to provoke synchronizations in task-

irrelevant regions) will be useful in advancing our understanding of the functional relevance 

of auditory cortical alpha activity. 

Final Conclusion 

Disregarding specific underlying physiological mechanisms, our work adds to the increasing 

evidence that at least certain alpha oscillations reflect the excitatory-inhibitory balance in 

cortical cell assemblies. We extend this notion to the auditory domain, for which only little 

(mostly clinical) evidence exists. The most important contribution of this work is in showing 

that levels of desynchronization during a single presentation of the same sound are directly 

related to the expectation of which sound (salient/nonsalient) might follow. 
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Supplementary Figures 

 

Supplementary Figure 1: a) Boxplot of the response-type ratio (Low/High). The total range is between 40% - 56% “Low” 
Responses. b) Boxplot of the mean amount of “errors”, i.e. mismatches between response and feedback. The total range 
is between 38% - 56% with one outlier at 38%. 

 

Supplementary Figure 2: a) ERP over frontal sensors. b) Difference between high expected and low expected trials at the 
time of the N1. 
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Supplementary Figure 3: a) Time course of the Slow Cortical Potential with alternative baseline (-1500 to -1100ms) at 
sensor on the right hemisphere showing the largest difference. Significant sections of the time-course are marked with 
solid lines, non-significant sections are shown transparent. b) Topography of the difference between high and low rated 
trials (High-Low) between 1200 ms and 7600 ms post-stimulus. 
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Abstract 

Magnetoencephalography (MEG) has become an important tool for neuroscientists. 

Especially the high temporal resolution and the low signal-to-noise ratio are important 

advantages to other neuroscientific methods. As the importance of the MEG rises with 

recent findings concerning the relationship between perception and neuronal oscillations, 

this chapter first gives an introduction into oscillatory brain dynamics outlining basic and 

recent research on that topic. In the second part the basic principles of the MEG are 

explained and the MEG is compared to other neuroscientific methods like imaging-

techniques (fMRT, PET, etc.) and the EEG. Finally as an example for the application of the 

MEG in current research a short review of our work on tinnitus is given as it is an 

outstanding condition being a percept without an objective source. 

Perception in relation to oscillatory brain dynamics 

Imagine a barking dog!  We can ad hoc create an imagination in our mind and brain and 

vividly add sensory and emotional content to a percept reconstructed from memory, even to 

such an extent, that we perceive changes in peripheral physiological responding. Elements of 

the underlying complex network have been formed by many experiences and are modified, 
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each time we retrieve the information and each time, we experience similar scenes. The 

barking may first be perceived acoustically, i.e., processed by the auditory system, which 

decodes sounds by segmenting and integrating temporal bits from the incoming stream of 

sound. Based on physical features, irrelevant noise, not related to the focus of attention, can 

be suppressed, like in this case, for instance, the noise from bypassing cars.  Secondly, we 

will probably try to confirm the location of the dog and retrieve additional information by 

trying to see it, i.e., using the visual modality, the brain will perform cross-modal 

connections between the visual percept of the dog and the auditory percept of a dog’s 

barking. But how exactly, is this realised, how does the brain code and process incoming 

information, how does it recognize a certain object like a dog, how does the Gestalt of a dog 

come into our awareness? One of the key issues to the conscious realization of an object, is 

the attention devoted to the corresponding sensory input which evokes the neural pattern 

underlying the Gestalt. This requires that attention be devoted to only one object at a time. 

However, attention may switch quickly between different objects or ongoing input 

processes. However, we may well become aware of two different objects simultaneously, for 

instance the dog and the bypassing car. In this case, how can we avoid mixing the firing 

patterns of one certain type of movement (columns in V5) or to a color (V4) of one object 

with those of another object?  

 

In other words, one of the fundamental problems in the neurophysiology of cortical sensory 

coding is how local cortical activity, in clusters of neurons with similar properties - i.e. 

columns, barrels, areas, etc. - leads to a unique and globally coherent percept of how the 

brain processes information so that a certain object is recognized or a certain “Gestalt” 
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comes into our awareness. This problem seems particularly intriguing as there is no single 

area in the cortex where all processing pathways converge. The problem of how a sub-set of 

sensory information is selected to form the representation of a given object, the so-called 

"binding problem", is aggravated by the fact that for normal visual processing multiple 

objects must be represented simultaneously and in a hierarchical structure. Thus, any 

mechanism designed to solve the binding problem must be able to selectively "tag" feature-

selective neurons that code for one particular object and, additionally, to demarcate the 

responses to one object from any simultaneous responses to other objects in order to avoid 

the illusory conjunction of features [46].  

A solution to the binding problem has been proposed by a number of researchers ([1, 46 , 

47]) suggesting that neurons responding to the same object might synchronize their 

discharges with a temporal precision of a few milliseconds. In contrast, no synchronization 

should occur between cells encoding features of different objects. This concept 

complements and extends the classical notion of object representation by distributed 

neuronal assemblies [20]. As in the Hebb-model, representations are generated in a highly 

flexible and economic manner because any neuron can, at different times, participate in a 

number of different assemblies. Thus, new objects can readily be encoded by new patterns 

of activity in the same set of neurons. In principle each of these neurons individually needs 

to encode primitive object features only. As the temporal aspects of activity become 

available as an additional coding dimension, the binding mechanism combines these 

advantages with the possibility of co-activating multiple object representations. 

Experimental studies with humans and animals provide support for this concept of binding 

by synchronization. Several studies have demonstrated that spatially separate cells within 



134 
 

the primary visual area can synchronize their spike discharges in both anaesthetized and 

awake cats [6, 12, 17, 18, 30, 42] (see [33] for a summary). In most cases, the recorded cells 

synchronize with zero phase lag, which holds even if the recording sites are separated by 

more than 7 mm [12, 17]. It was found that synchronization over these larger distances 

within the visual cortex of the cat only occurs when the respective neurons engage in 

oscillatory firing with a frequency of approximately 40 Hz, and not when neurons fire more 

irregularly. Therefore, it has been suggested that gamma oscillations may function as a 

carrier for long-range synchronization [13]. An important finding is that both within and 

across sensory areas response synchronization depends critically on the stimulus 

configuration. It was recently demonstrated that spatially separate cells in the visual cortex 

of the cat show strong synchronization only if they respond to the same visual stimulus. 

However, if responding to two independent stimuli, the cells fire in a less correlated manner 

or even without any fixed temporal relationship [10, 11, 17]. Correlated firing has also been 

reported to occur between neurons of the primary and secondary visual area [7, 31]. 

Importantly, the stimulus-dependence of neuronal interactions was confirmed in awake 

monkeys [25]. Testing this hypothesis in humans, Melloni and colleagues [29] found 

increases in long-range gamma synchronization when subjects were presented with visible 

words, compared to a condition of subliminal word processing. An important extension to 

this concept has been suggested just recently [40]:  The authors investigated the 

directionality of widespread cortical networks while viewing familiar and unfamiliar pictures. 

Unfamiliar pictures entailed only a small number of unilateral connections. In contrast, 

familiar pictures entail a widespread network of reciprocal (feed-forward and feed-

backward) connections. These observations support the hypothesis that correlated firing 
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between remote brain areas could provide a dynamic binding mechanism which permits the 

formation of assemblies in a flexible manner.  

When we return to the seemingly “simple” example of a barking dog, we realize that 

multiple information has to be analyzed by many specialized sub-systems in parallel. Even 

though neuronal synchrony as a crucial mechanism in the formation of object related cell 

assemblies was theoretically recognized by the early 1980’s, it long awaited empirical 

validation. Recording from area 17, [17] observed synchronous firing of groups of neurons 

within a cortical column when presented with an optimal stimulus (slowly moving bars). The 

rate of simultaneous discharge lasting a few hundred milliseconds was periodic at ~30-60 Hz 

which falls into the so-called gamma frequency range (which boundaries are vaguely defined 

but usually fall within 30-100 Hz). Importantly Local Field Potentials (LFPs) recorded with the 

same electrodes show an oscillatory modulation at the same rate, where distinct phase of an 

oscillatory cycle coincide with the discharges (See figure 1). This has been later confirmed in 

several other studies [16, 19, 24, 32, 35, 38] and is of great importance of understanding the 

multitude of perception related gamma band results reported in MEG and EEG literature 

[23]. If such flexible synchrony between cell assemblies would actually exist in the brain it 

might be possible to track it using MEG-based technology as outlined in more detail in this 

chapter. 
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Figure 1: Top: Figure showing the multi-unit spike recordings and the Local Field Potentials at the same recording sites. 
Vertical dashed bar showing stimulus onset. Bottom: Expanded plot of the 200ms marked in the top figure showing 
phase-locking between multi-unit spike recordings and the LFP. Figure adapted from Siegel and König [38]. 

In their 1995 review Singer and Gray [39] differentiated five spatial scales at which 

synchronization putatively occurs: 

1. Same cortical coumn 

2. Different cortical columns 

3. Different cortical areas 

4. Two hemispheres 

5. Different sensory and motor modalities 

By means of EEG and MEG macroscopic forms of synchronization can be studied, 

corresponding approximately to scale (2)-(5) from the above list. Regarding scale (2), of 

course a sufficient amount of cortical columns have to be involved because more than 

10.000 neurons have to synchronize their activity so that the LFP is strong enough to 

generate an externally recordable signal. Scale (2) would be what EEG/MEG researchers call 



137 
 

“local” synchrony (even though from an invasive viewpoint this would already be quite 

distant), with the single column level being inaccessible by their methods. From the list it can 

be furthermore taken that synchrony exceeds the “local” level to include so-called “long-

range” connections (scale (3)-(5)). Indeed such long-range synchronies, putatively mediating 

integration of information from different brain regions, have been experimentally shown to 

exist, measured by intracranial but also non-invasive approaches such as EEG and MEG [29].  

(see [14] for review). Just recently, it’s been suggested, that synchronization between 

neuronal cell assemblies not only binds the activity of NCAs but also leads to spike-time-

dependent plasticity in the cortex and thus governs long-term effects on cognitive functions 

[41]. 

From that said above, to gain a relatively “complete” picture of electrophysiological 

processes, the strengths from intracranial EEG and non-invasive EEG / MEG have to be 

combined. Whereas intracranial recordings can score out the details regarding spatial 

accuracy and also the relation between oscillatory activity and discharges, MEG / EEG 

provide the “big picture”. In this chapter we will concentrate on MEG methodology. We will 

compare it to other established neuropsychological procedures like fMRI and the PET to 

show the fundamental differences between them. Finally, we will exemplify the utility of 

MEG in investigating oscillatory brain activity with a concrete topical example from our own 

research. 

MEG 

Basics of the MEG 

The excited portion of the dendritic tree represents a local source of current. The 

intracellular current flow produces a magnetic field that can be measured as 
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magnetoencephalographic signals.  At different locations the current penetrates through the 

cell membrane such that the circuit can be closed over the volume conductor i.e., by current 

pathways through extracellular body tissue.  The bioelectric potentials that originate from 

the volume currents are recorded as EEG, which refers to the voltage derived from two 

electrodes attached to the surface of the scalp. In a homogenous volume conductor, the 

magnetic fields produced by volume currents sum up to zero.  As body tissue is not 

homogenous, there maybe some contribution from volume currents, referred to as 

secondary sources.  Usually such contributions are, however, small and can be neglected [9]. 

The magnetic fields produced by intracellular currents flowing in neighbouring dendritic 

trees of pyramidal neurons towards the soma mostly have the same orientation and 

therefore sum up to a measurable size. If enough neighbouring cells show this synchronized 

behaviour (about 20.000-50.000), the emitted field gets strong enough to be measured by 

MEG. 

To measure the biomagnetic fields, sensors are needed that detect fields as small as fT 

(femto Tesla = 10-15 Tesla. The MEG uses so-called SQUIDS (Superconducting QUantum 

Interference Device). They detect the current that is induced by the magnetic field 

converting it to voltage and are installed inside a helmet being constantly cooled by fluid 

helium to maintain the superconductor-effect. To decrease the effects of urban magnetic 

activity, the MEG is installed inside a magnetically shielded room. Furthermore, sensors are 

also installed at the outside of the helmet acquiring the remaining noise that can then be 

subtracted from the measurements of the sensors. 

One serious drawback of MEG and EEG is that the localization of the neural generators can 

not be directly and unequivocally derived from the measured signal. As the recorded data is 
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a 2D projection of activity having three spatial dimensions, source-activity has to be properly 

modeled. Source modeling faces similar issues as e.g. the visual system that has to derive 

coherent objects and their location in 3-D based on a 2-D retinotopic representation. 

Generally there is no unique solution to this problem as already Helmholtz has proven. But 

the widely held assumption that this does not allow a confident inference about the 

underlying neural generators cannot be held up. In both the MEG and the EEG case 

additional information can be provided that provides constraints on the solution space 

making it possible to deduce the best possible solution to the problem.  

Advantages of the MEG over imaging-methods 

During the first initial enthusiasm when modern neuroimaging-techniques like fMRI and PET 

came up, one could gain the impression that these techniques would soon replace EEG/MEG 

or that electrophysiological methods would have to be combined with neuroimaging 

methods. This was mainly due to the spatial resolution provided by neuroimaging methods, 

especially in deep regions of the brain. However in the recent years EEG / MEG has 

witnessed a true renaissance, which stems from three facts: 1) The inherent limits regarding 

the temporal resolution of neuroimaging methods which lie > 1 second, whereas 

electrophysiological methods reflect neuronal activity in real-time (millisecond range). 2) The 

wide-spread availability of high-density EEG / MEG systems, which combined with advances 

in localization techniques (see below) have improved the spatial resolution of non-invasive 

electrophysiological methods. 3) Even though there appear some correlations between 

signals recorded by fMRI and LFPs [28], it is far from clear what aspects related to neuronal 

activity may actually modulate hemodynamic changes [2]. In contrast to MEG PET and SPECT 

both require radioactive substances to be applied to in the subject. Compared to fMRI, MEG 
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has the advantage that no magnetic field is emitted by the machine. So there is no danger 

for subjects and the staff from metal parts that a brought near to the machine. 

Instead of being an alternative to EEG / MEG or imposing strong constraints, neuroimaging 

methods should be seen as complementary. FMRI and PET are for example of great value in 

clinical settings like the examination of stroke patients where it is possible to visualize not 

only dead areas but also areas that can be saved through specific intervention.   

Comparing MEG and EEG 

While approximative theoretical considerations suggest that similar physiological processes 

seem to underly EEG and MEG, the signals generally provide quite different information in 

real measurements and therefore are ideally combined to extract maximal information.  This 

may be counterintuitive since the neuromagnetic signals can be similar in appearance to EEG 

signals. EEG electrodes cover only a relatively small area compared to the distance between 

two electrodes and thus, EEG is vulnerable to spatial aliasing.  For shallow sources, that have 

the highest spatial frequencies, hundred or more electrodes are needed (when equally 

spaced across the head’s surface) in order to avoid spatial aliasing [22]. Comparing high 

resolution (~128 electrodes) EEG and MEG, the following differences can be noted: 

 Improper fixation or location of EEG electrodes produces artefacts or errors in the 

source estimation (e.g. distortion of the interpolated surface potential and 

consequently erroneous “ghost sources”. 

 Artefacts are generally more severe in EEG as in MEG, as EEG may be contaminated 

by movement of electrodes, electrode drift and volume-conducted EKG.  Similarly, 

ocular artefacts are also more severe for EEG than for MEG. 
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But the greatest difference appears from the selectivity of MEG with respect to the 

orientation of sources.  As mentioned, EEG results from the extracellular volume currents 

triggered mainly by postsynaptic potentials.  MEG, in contrast, arises from the intracellular 

branch, of this process i.e., from the currents that flow within the dendrite to the soma.  

Thereby, MEG is mainly sensitive to currents flowing tangentially to the surface of the scalp 

and to a lesser degree - about 10% - to radial sources.  As a consequence EEG and MEG are 

affected differently by averaging:  If sources vary across trials and appear in different 

cerebral regions from trial to trial their impact on the event-related brain responses will be 

suppressed by averaging.  Thereby, this "biological noise" is more strongly reduced for 

tangential sources than for radial ones (as tangential sources in opposing walls of a sulcus 

may partially cancel, leaving only the radially directed currents in the average).  Sources in 

the primary and secondary sensory projection areas as the Brodman areas 3b 

(somatosensory), 41/42 (auditory) or 17 (visual) are primarily tangentially oriented and are 

consistently evoked in each trial.  Consequently, for such sources activated early in the 

information processing, the signal-to-noise ratio is considerably higher for MEG 

measurements than for EEG measurements.  

A high resolution EEG system costs about 200.000€. A MEG system which starts at about 

1.000.000€ is not only considerably more expensive in its investment, but also requires some 

10l liquid Helium/day for the operation which sums up to another 30.000 €/year. The 

preparation for the EEG, on the other hand, is more labor intensive and due to a greater 

sensitivity to artifacts requires the investigation of greater subject samples.. 

Another advantage of MEG is the fact that the magnetic fields penetrate tissue mostly 

undistorted, whereas the volume current. as measured by the EEG penetrates through the 



142 
 

cerebrospinal fluid, the meninges, the skull and the skin in a correspondingly complicated 

spatial pattern . Moreover, to realize low impedances between the skin and the electrodes, 

conductive agents are needed. These agents might lead to a blurring when they connect 

adjacent electrodes, which is especially a risk in EEG systems with a high amount of 

electrodes. 

The magnetic field measured by the MEG passes through the outer layers of the head almost 

unaffected. This is also a great advantage for source-modeling as underlying models can 

then be much simpler than in the EEG case (indeed EEG source solutions can be very 

sensitive to headmodel misspecifications [34]). In addition, there is also no need for 

conductive agents that might blur the spatial information. 

Furthermore as we have already explained, the MEG and the EEG measure different 

properties. While the EEG measures the volume conduction, meaning the current that 

counterbalances the internal current flow of many different neurons, the MEG is able to 

directly measure the intracellular currents. As volume conduction spreads out across the 

surface and is influenced by other electric signals that may lie at some distance they can be 

heavily disturbed. The intracellular current is immune against these influences and does not 

blur at the surface and/or in the brain leading to a higher spatial accuracy. 

Another advantage further increasing the signal-to-noise ratio stems from 1) the columnar 

organization and folded layout of the cortex and 2) the fact that the MEG is almost blind to 

radial sources. Two thirds of the cortex lies in sulci which means that the chance of the 

desired signal being oriented tangentially is higher than an exclusively radially oriented 

signal. This can be regarded as a kind of spatial filter, leading to more focal effects. In 

contrast to the EEG, which records this signal, the MEG is blind to this part of the signal, thus 
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enhancing the signal to noise ratio. The remaining sources of noise are mostly tangentially 

oriented and thus lie in the walls of the sulci. As each potential noise-source has another 

noise-source at the opposite wall of the sulci, these two most likely cancel each other out. 

These enhancements in signal quality make it possible to detect signals with the MEG that 

would not be detectable / difficult to separate from other parallel processes using the EEG.  

Unraveling the neuronal correlates of Tinnitus with the MEG 

In the following we want to give an example on a series of studies using EEG and MEG to 

investigate abnormalities of the cortical activity in chronic tinnitus subjects. Since subjective 

tinnitus is described as a conscious perception of a sound in the absence of a physical sound 

source, research on this topic has general implications regarding neuronal activity underlying 

percepts. The perceived sound is typically described by the patients as a tone, a hissing or 

roaring noise or in some cases as a combination of sounds. Transient tinnitus is quite 

common in the general population and lasts typically a few seconds to a few hours or days. 

However, chronic tinnitus is diagnosed when the tinnitus lasts for more than three months. 

About 5-15% of the population in western societies [21] report chronic tinnitus and in 1-3% 

the tinnitus affects their quality of life by sleep disturbances, impairment of concentration at 

work and in social interactions as well as causing psychiatric distress [3]. 

As tinnitus is a percept without a physical stimulus the question arises whether it is possible 

to find changes in the neuronal oscillations which might reflect synchronized cortical activity 

as described at the beginning of the chapter. Of the five spatial scales of synchronization 

mentioned in the first section of this chapter number 2-5 are most relevant for MEG-based 

research and to which functional neuroimaging techniques are agnostic to these because of 

their low temporal resolution. 
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We believe that a deafferentation of auditory brain regions is necessary in order to develop 

tinnitus [8, 36, 44]. However, we also know, that deafferentation is not a sufficient condition 

for the development of tinnitus. This is owed by the fact that not all patients with a profound 

hearing loss (and thus deafferantation of the auditory system) also suffer from tinnitus [26]. 

Furthermore treatment approaches aiming at altering the changed tonotopy have proven to 

be efficient in reducing the perception of tinnitus [4, 5, 15]. 

As with the barking dog, the conscious perception of the tinnitus sound is most likely 

associated with long-range interaction of remote brain areas. We think that the critical 

condition in order to evoke such a widespread network is a reduction of cortical inhibition 

[43]. Such a loss of inhibition would lead to spontaneously synchronized brain activity within 

the auditory cortex as well as between brain regions relevant for the processing of 

attentional and emotional aspects of tinnitus. When we speak of neuronal oscillations we 

must be more specific and will classify them according to the scale outlined at the beginning 

of this chapter [39]. 

We first examined whether there was altered local synchrony (2 on the Singer & Gray scale) 

by acquiring a resting-state MEG measurement where subjects had to lie still with eyes 

open. The data was then analyzed in the frequency domain revealing an enhancement in 

lower frequencies (<4Hz) accompanied by a decrease of energy in the alpha-band (8-12Hz) 

(Weisz). Both changes were located in temporal regions that are relevant for auditory 

processing. The extent of these changes showed a high correlation with decrease in tinnitus-

distress. The functional importance of the frequency bands are supported by a EEG 

neurofeedback study, showing a strong relationship between the extent patients were able 
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to normalize their spontaneous activity spectra and the reduction of tinnitus intensity, with 

even two cases in which tinnitus sensation even ceased [5].  

In the first chapter, we mentioned that perception is accompanied by local and global 

synchronization of firing expressed gamma-band rhythm of the LFP (>30Hz). It thus seems 

logical to investigate whether tinnitus, being a phantom percept leads to changes in the 

gamma oscillations [45]. Our study to examine this effect yielded three important results: 

1. In subjects with tinnitus, the overall gamma-band activity was increased. 

2. Individuals with unilateral tinnitus showed more gamma-band activity on the 

contralateral side to the tinnitus than on the ipsilateral side. 

3. Particular in control subjects we found a strong correlation in the time-course 

between slow-wave and gamma activity. 

These results are of great relevance for the understanding of tinnitus as we were able not 

only to show alterations of local synchronization and thus an objective measurement for an 

otherwise subjective percept. Generally these findings underline the importance of gamma 

band activity in the generation of conscious percepts. 

We then moved to a more global approach to assess the connectivity between different 

cortical areas in tinnitus-subjects. Schlee stimulated tinnitus and control subjects with 40Hz 

amplitude-modulated tones. The highest one was close to the tinnitus-frequency while the 

other two were 1.1 and 2.2 octaves lower. While every stimulus evokes a transient reaction 

that lasts for about 500ms in the EEG and MEG, amplitude or frequency-modulated stimuli 

evoke responses at the modulation-frequency that last until stimulus-offset. While other 

studies have only dealt with the amplitude and thus local synchronization, Schlee examined 

whether changes in the global synchronization could be found[37]. For this purpose he 
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applied a source montage on the MEG data consisting of 8 fixed regional sources each at a 

prominent location of the cortex (ACC, PCC, left and right frontal, temporal and parietal) and 

calculated the phase-coherence between these sources for the 40Hz response. 

 

Figure 2. Inter-regional connectivities with an association between tinnitus intrusiveness and phase synchronization. The 
first row shows the scatterplots of the inter-regional connectivity between the right parietal and the anterior cingulate 
cortex across all stimulation conditions. Subjective ratings were positively correlated with the inter-regional phase 
synchronization when stimulated with the tinnitus tone. There was no correlation when the control tones were played. 
The second row depicts the same plots for the connectivity between right frontal and anterior cingulate cortex. The 
correlation between tinnitus intrusiveness and phase synchrony was negative. Again, there was no significant correlation 
between the two control conditions. [adapted from Schlee et al. submitted] 

Phase-coherence is a measurement to assess whether two sources are synchronously 

activated in each trial. It is calculated by subtracting the phases of source A from the phases 

of source B for each trial. If the variance of these differences is low, it can be assumed that 

these two sources are synchronously active and form a functionally related network. The 

phase-coherence of each individual was then correlated with the individual’s tinnitus-

distress as assessed with the german version of the Tinnitus Questionnaire (Göbel und 
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Hiller). This revealed a strong positive correlation between tinnitus-intrusiveness and phase-

coherence between the right parietal and anterior cingulate regions. The inverse was found 

for the correlation between tinnitus-intrusiveness and the connection of right frontal and 

anterior cingulate regions. It is important to note that these effects were only present for 

the stimulus whose frequency was close to the tinnitus-tone reported by the subjects. 

Interestingly these findings are in accordance with new results made with an advanced MRT-

based imaging technique called diffuse tensor imaging. Lee et al. [27] were able to show 

differences in the connections between temporal and frontal regions between tinnitus and 

control subjects. They also link their findings to other functional imaging studies that were 

able to show contributions of emotional and memory systems, both being located in frontal 

regions. These findings also agree with those reported here. 

Although we are still far away from deeply understanding the mechanisms behind tinnitus, 

we have shown here that the MEG has given us insights that would not have been possible 

without it. These insights will give rise to new therapeutic approaches that might lead to an 

effective treatment in the end. 

 

Summary 

Neuronal oscillations have become a valuable and important tool for neuroscientists to 

research neuronal activity being too fast to be measurable by methods depending on blood-

flow or blood-oxygenation. Tinnitus research is one of the best examples as new and 

important insights could be achieved and will be achieved in the future, increasing our 

understanding and finally enabling us to treat this condition. The MEG, although being more 

expensive than the EEG, provides scientists with more accurate measurements – on the time 
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and the spatial domain – and an enhanced signal-to-noise ratio thus further increasing the 

knowledge on these topics. 
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Abstract 

1. While neurofeedback has been used for the treatment of various diseases for 

about 40 years, research on using it as a treatment against tinnitus has begun only 

recently. 

2. This is mainly due to the fact that the first studies concerning electrophysiological 

abnormalities in tinnitus patients were done in the early 2000s. 

3. This chapter first outlines the history of neurofeedback as well as the theory 

behind it. 

4. This is followed by a short description of the electrophysiological abnormalities in 

tinnitus patients applied in the studies provided at the end of the chapter. 

5. These studies not only show effects on electrophysiological measurements but 

also demonstrate a great impact on tinnitus sensation and distress. 

Theory and History 

Bioneurofeedback (also known as neurofeedback, electroencephalography (EEG) 

biofeedback, or EEG operant conditioning) exploits a simple learning rule: the operant 

modification of signals acquired from the brain of a participant or patient. Although, 

advances in technology allow for more sophisticated forms of neurofeedback than was 

possible earlier, the basic principle has not changed over the past 40 years: A signal is 

acquired from the participant’s brain in the form of a recorded EEG, relevant aspects of this 



155 
 

signal are extracted (e.g., power in a distinct frequency band) and fed back to the participant 

in real time. As soon as the signal reaches a predefined target, the participant is rewarded. It 

is important to note that this principle is agnostic to both the signal and the reward used. 

Furthermore, there are no assumptions about the direct behavioral relevance of the signal 

for the patient, as, for instance, there is no direct link between a certain group of cortical 

oscillations and a particular disorder the patient might suffer from. Moreover, changes of 

the respective signals normally do not have an immediate relevance. Thus, it is vital for every 

successful neurofeedback training approach to increase the behavioral relevance of the 

signal for the patient (e.g., by choosing an appropriate reward). A further aspect to be 

emphasized is that the participant cannot be aware of the acquired signal without the help 

of a feedback, which leads to the ultimate goal of any neurofeedback approach: learning via 

operant modification to control a signal - putatively reflecting a distinct brain state - which is 

normally beyond the individual’s awareness and thereby uncontrollable. 

Following the seminal work of Miller (1), demonstrating that autonomic functions can be 

modified through operant conditioning, Sterman and Friar not only showed that it is possible 

to use operant conditioning to increase sensorimotor rhythms but also that this modification 

lead to a decrease in the amount of seizures experienced by an epileptic patient (2). Similar 

encouraging results were found four years later for attention deficit hyperactive disorder 

(ADHD) (3), training enhancement in the alpha and reduction in the theta band. These 

patients successfully learned to control their EEG oscillations and to modify them into the 

desired direction and the ADHD symptoms improved on thirteen behavioral categories like 

"Out-Of-Seat-Behavior’ and ‘sustained attention". A worsening of the symptoms was 

reported when the contingency of the training was reversed, resulting in a reward for 

decreasing alpha and increasing theta oscillations. 
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These studies present important results, but they were based on single cases. Controlled 

studies involving groups of patients as well as control groups and / or treatments were 

needed to confirm these results. One of the first controlled studies concerning epilepsy and 

neurofeedback was conducted in 1993 (4). Twenty-five patients suffering from epilepsy 

learned to control their “Slow Cortical Potentials” (SCP), an event-related component 

indexing neuronal excitability. One year after the training 13 of 18 patients reported a 

significant decrease in seizure incidence. In this study, patients not only learned to reduce 

the SCPs, leading to lower excitability and thereby preventing seizures. The protocol involved 

training both directions, thus teaching the patients to actually control this aspect of their 

brain waves in a more complete manner. Trying to achieve a transfer from laboratory 

experience to real life situations, transfer trials and distraction were introduced. Transfer 

trials are trials in the same neurofeedback setting as used during the ‘real’ training, but 

without any feedback provided for the patient. Hence, the participants should be enabled to 

incorporate the strategy learned during the training and transfer it into their everyday 

routine. Distraction is used to further enhance the transfer to everyday life, as the patient is 

required to apply the strategy in situations outside the laboratory with some kind of 

distraction, such as background noise. Transfer trials and distraction ought to be considered 

as an important aspect in modern neurofeedback therapy. 

Several controlled studies have now demonstrated promising effects of neurofeedback on 

epilepsy, ADHD, and other disorders such as depression (for a review see (5)). 

Independent of the type of disorder, neurofeedback training always involves prior 

identification of an abnormal recordable signal pattern differentiating patients from healthy 

controls (e.g., a significant increase or decrease of power in distinct frequency bands).  A 



157 
 

further challenge is the demand for almost instantaneous feedback, excluding several signal-

processing algorithms such as averaging data from numerous trials. Identification of 

abnormal signals can either be achieved by controlled studies or by using QEEG (Quantitative 

EEG). QEEG compresses EEG-signals acquired and processed with a standardized setting with 

databases obtained from either healthy individuals or patients exhibiting abnormal 

oscillatory activity in their EEG due to a certain defined condition. Thus, significant deviations 

from the standard EEG-recordings can be found and used for neurofeedback trainings (5). 

The design of neurofeedback training may be regarded to be independent from the disease 

or the signal to be trained. It always involves the acquisition of the signal using appropriate 

devices which is then further processed using either proprietary software bound to the 

specific equipment or freely available software like ConSole (6). Although EEG signals are 

usually utilized for neurofeedback, today other signal sources, such as fMRI, are used as well. 

The software then reduces the information of the signal to an essential minimum which is 

then made visible and/or audible to the patient. A common example of such a 

neurofeedback cue is an object moving from the left to the right side on a computer screen, 

whereas the information of the signal is represented by the height of the symbol on the 

screen. If the participant in the study is able to reach a pre-defined target (e.g., to "move the 

symbol" above a certain height), he/she receives a reward, which can be positive visual 

feedback (e.g., smiley face) appearing on the screen or, in some cases, monetary 

compensation as well. 

Treatment of subjective tinnitus by means of neurofeedback is a relatively new application. 

In the next section, we will give a short review of the identified abnormal spontaneous EEG 
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patterns, followed by an overview of current neurofeedback approaches pursued in our 

laboratory. 

Electrophysiological correlates of Tinnitus 

Using Neurofeedback as a treatment for tinnitus, it is important to identify abnormal aspects 

of brain activity, which are correlated with measures of subjective tinnitus, such as its 

intensity and/or distress. This is fundamental, both for the conceptualization of a 

neurofeedback strategy and for the assessment of the training success. If behavioral 

measurements such as questionnaires assessing core symptoms of tinnitus are associated 

with the amount of modification gained throughout the training process, the argument that 

the abnormal EEG pattern is a critical clinical marker is strengthened. 

During the last few years, several studies were published on electrophysiological correlates 

of tinnitus (7-9), stimulating the emergence of innovative theories and models as well as 

treatment approaches (10-14).  

Although not directly related to neurofeedback, it is of value to consider current 

electrophysiological findings regarding possible and actual applications of neurofeedback. 

(For a more extensive review see chapter 1.12.3 A Global Model for the Perception of 

Tinnitus (EEG/MEG).) 

Results of Central Mechanisms of Tinnitus 

In their 2004 review, Eggermont and Roberts provide an extensive overview on central 

mechanisms underlying tinnitus derived largely from animal studies (7). Unlike studies 

involving humans, animal studies can directly explore the instantaneous effects of certain 

tinnitus-inducing treatments, like noise trauma and high doses of salicylate, in central and 

peripheral structures using single- and multi-unit recordings. Besides proving that subjective 
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tinnitus is a central phenomenon, the review concludes that changes in neural activation 

related to peripheral changes cannot be isolated from the rest of the brain, but are likely to 

lead to changes in the balance of intracortical inhibition/excitation. This can lead to drastic 

changes of spike rate and temporal aspects of spiking activity (synchrony) in several areas of 

the brain, most notably in the auditory cortex. Particularly, changes in synchrony can be - if 

sufficiently large - captured using non-invasive techniques, such as EEG or MEG, and are 

reflected in alterations in ongoing oscillatory activity. In tinnitus, ongoing (spontaneous) 

synchronized activity probably engages the higher-order brain regions that are responsible 

for conscious perception of tinnitus. Recently, this view has been further elaborated upon in 

a model framework by Weisz et al. (8) and extended by notions on inter-areal coupling of 

distant brain regions (see chapter 1.12.3). 

Basis for Neurofeedback Therapy of Tinnitus 

Empirically, our neurofeedback tinnitus therapy was based on the identification of 

electrophysiological signals that differ markedly from people not experiencing chronic 

tinnitus. Our first paper on abnormal spontaneous brain activity was published in 2005 (9), 

demonstrating that tinnitus-patients not only exhibit higher energy in the delta band and 

lower energy in the alpha band compared to healthy controls but also showing a correlation 

exists between tinnitus distress and abnormal oscillatory activity patterns in right temporal 

and left frontal areas. These results were later supported and extended in a study revealing, 

furthermore, a marked increase of gamma-band power in tinnitus patients (8). Another 

paper shows a decrease in delta-band power during residual inhibition (15). 

The above mentioned studies all point in the same direction: the resting state of brain 

oscillations control-subjects is different in individuals with tinnitus and in individuals who do 
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not have tinnitus in the delta, alpha, and gamma band (see Weisz et al., 2007).  Thus,it 

seems reasonable to suggest that these EEG anomalies in individuals with tinnitus can be 

important for therapy of tinnitus aimed at normalizing these oscillatory patterns. Cortical 

oscillations like, for instance, respiratory rate or blood pressure are autonomous functions or 

a reflection of these. Therefore, operant modification of cortical oscillations should be 

possible by means of neurofeedback, as it has been demonstrated before regarding other 

aspects of electrophysiological signals. 

Treating Tinnitus with Neurofeedback: An overview over recent 

studies 

Studies exploring the effect of neurofeedback on subjective tinnitus are few. Two studies 

have supported the assumption that distress in general is associated with a reduction of 

power in the alpha band of EEG recorded from posterior sites and enhancement of power in 

the beta-band (16; 17). On the basis of these findings it has been hypothesized that the 

vicious circle between strain, anxiety, and depression initiated in tinnitus can be interrupted 

through relaxation and by up-regulating the alpha activity (sign of increased relaxation) as 

well as down-regulating the beta activity (sign of decreased stress). 

The approaches described in this chapter differ essentially from other studies in that the 

activity being modified is different in terms of assumed anatomical localization and 

generator types. While posterior recording sites have been the regions of interest in many 

studies, we focus on recordings from temporal and frontal regions, which we believe are 

mainly involved in the psychoacoustic and distress aspects of chronic tinnitus.  

It is important that alpha oscillations in our approach are interpreted as an indicator of the 

excitatory-inhibitory balance in cortical neurons (8). 
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Here we present the results of two recent studies by our workgroup in detail (Study 1 and 2) 

and pilot-data from a new and innovative study (Study 3). Although all three studies differ in 

methodological details, the basic principles remain unchanged insofar as the objective of all 

training is to reestablish the excitatory-inhibitory imbalance putatively underlying tinnitus 

via a normalization of the ongoing spontaneous activity, particularly in the alpha band. The 

differences in the presented approaches lie mainly in which frequency-bands are trained and 

how the feedback is presented to the patients. 

Study 1 

In the first study, 21 patients with chronic subjective tinnitus participated in a training aimed 

at controlling alpha-power (5 patients), delta-power (5 patients) or a ratio of alpha- and 

delta-power (11 patients). EEG was recorded at 4 fronto-central positions and the average 

power (in case of training a single frequency band) or ratio (in case of training alpha and 

delta simultaneously) of the respective frequency-bands was displayed as the height of a fish 

“swimming” across the screen. No instructions on how to solve the task were given, except 

the notice that the position of the fish represented the cortical oscillations which had to be 

modulated by mental activity. Additionally, the participants were asked not to engage in 

muscular activities and to avoid eye-blinks throughout the training session. Training success 

was monitored by matching the participant’s perception of their tinnitus to the intensity of 

their tinnitus to a 1 kHz test-tone using an audiometer and by measuring the power of the 

trained frequency-bands during a five minute resting condition before and after the training. 

The distress related to the tinnitus was surveyed once a week using a German adaptation of 

the Tinnitus Questionnaire (18). Results showed a significant enhancement of the alpha-

delta ratio within sessions and a significant linear trend between sessions. Thus, patients did 

not only learn to control their cortical EEG oscillations within a single session, but also 
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experienced an effect between sessions over the entire length of the training. Furthermore, 

a significant reduction of tinnitus intensity and tinnitus distress was revealed. The average 

tinnitus intensity was significantly reduced from 25 dB HL to 16dB HL, and the average 

tinnitus distress measure decreased from 27 to 19 points at the end of the training. It is 

important to note that the amount of reduction of tinnitus intensity was strongly correlated 

with enhancements in the alpha/delta ratio, disregarding the exact training protocol. No 

significant differences were found between the different training groups (Alpha alone, Delta 

alone, Alpha/Delta ratio), neither regarding tinnitus related measures nor ongoing oscillatory 

activity. This supports our notion that normalization of ongoing oscillatory activity might 

contribute to a reversal of the abnormal excitatory/inhibitory imbalance. 

Although the study yielded promising results, it was not free of methodological problems. 

Thus, it is not clear and cannot be deducted post-hoc what the patients actually trained as 

only the ratio of alpha/delta or one of the frequency bands was fed back. An increase of this 

ratio may have been an increase of alpha, a decrease of delta, or both, while a static ratio 

could have also been an increase in both bands or no change in these frequency bands at all. 

As the other two groups only trained one of the two frequency bands, no evidence about the 

effect of training both frequency bands could be concluded from the study. We thus 

developed a new training, providing two-dimensional feedback to the patients. 

Study 2 

Sixteen patients participated in the second study. EEG was recorded from 31 electrodes 

covering the whole scalp. The data were projected online on a source montage with 8 

sources covering major areas of the brain. Alpha and Delta power were computed for both 

temporal sources. During the training, patients saw a football (serving as the feedback cue) 
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moving in the middle of the screen, which was supposed to be moved upwards, indicating 

increased alpha power, and sidewards (to the right hand side), indicating decreasing delta 

power. A coordinate system was superimposed on the screen, dividing it into four quadrants 

wherein the right upper quadrant was the patients’  target to reach (i.e., increased alpha 

power and decreased delta power) 

Training success was, again, monitored using electrophysiological measurements as well as 

the tinnitus intensity matched to a 1 kHz tone and the German adaption of the Tinnitus 

Questionnaire (18). 

Patients were able to normalize their alpha and delta power significantly, which means there 

was a significant enhancement of alpha power and a significant reduction of delta power 

after the training. Behavioral measures also demonstrated a certain relief from the tinnitus. 

Thus, there was a significant decrease of TQ values from an average of 22 points before the 

start of the training to an average of 17 points after the last training session. Tinnitus 

intensity was also significantly reduced from an average of 26 dB to an average of 23dB HL. 

Although this study exhibits an alleviation of tinnitus symptoms in some patients, it is also 

clear that many patients were not able to learn the task, mainly due to the abstract nature of 

the task and insufficient instructions. 

Study 3 

We designed a third neurofeedback training, which aimed at achieving reduced tinnitus by 

offering the patients a strategy to manage their tinnitus. In contrast to the previous studies, 

an amplitude-modulated sound with a frequency-spectrum close to the individual’s tinnitus 

was presented to both ears. Sound stimulation normally leads to desynchronization 

(decrease) of alpha oscillations recorded from auditory areas and is also modulated by top-
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down influence such as from attention (19; Müller et al., submitted; Hartmann et al., 

submitted). By training a suppression of alpha desynchronization and thereby reducing 

cortical excitation, the aim was to aid patients in finding strategies of drawing away 

attention from their own internally generated sound. 

Preliminary analyses of the results obtained from 9 patients demonstrate highly significant 

effects regarding alpha-normalization: Alpha power was increased by about 80% from the 

first to the last session. Behavioral measures point to an alleviation of tinnitus distress 

inasmuch as TQ values were significantly decreased from an average of 28 points to an 

average of 20 points. 

Summary 

Although neurofeedback has been available in clinical practice and research for 40 years, 

only recent advances in computer technology, amplifiers, and signal-processing routines 

made it possible to develop sophisticated techniques for biofeedback trainings. It is now 

possible to use knowledge about abnormal oscillatory patterns in the EEG that occurs in 

individuals with a disease to design a neurofeedback-training program that is aimed at 

normalizing these patterns and thereby alleviating the disease condition. 

Here we have briefly reviewed the literature on abnormal cortical oscillations in individuals 

with tinnitus. Although such studies have been few and the results not always consistent, 

the central origin of tinnitus is now undisputed. Findings from our workgroup showed a 

decrease in alpha-components of the EEG and an increase of delta- and gamma activity in 

individuals who have tinnitus. One the basis of that we designed and tested three kinds of 

neurofeedback trainings, differing in methodological issues but sharing the goal of 

normalizing these cortical oscillations. 
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In accordance with early neurofeedback studies, we showed that the participants were able 

to learn how to control the oscillations in their EEG. We could also show that this 

normalization had a positive impact on the perceived loudness of their tinnitus and/or the 

distress caused by their tinnitus. 

Research on the cortical processes involved in the generation of tinnitus is new and limited 

understanding of the phenomenon involved is an obstacle in achieving success in therapy 

using biofeedback. Models and theories incorporating recent knowledge of the brain’s 

internal processes are evolving and will provide a better understanding of tinnitus as a 

central phenomenon. Together with new developments in techniques of signal processing 

and in neurofeedback, we may expect that innovative neurofeedback designs against 

tinnitus will be devised in the future. The recent findings suggest that training of coherences 

or connectivity between brain regions involved in the processing or generation of tinnitus 

will be promising areas in the future. 
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