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Introduction. Animals and humans are capable to modulate their own brain activity if they are provided with real-time sensory feedback thereof. The range of controllable neural activities reaches from oscillatory brain rhythms, over hemodynamic response function to the firing of single neurons or even action-potential associated calcium signals. The voluntary control of neural activity facilitated by this 'closed-loop' experimental paradigm is at the very heart of the mind-body interaction and can be used to address philosophical questions. But as numerous successful applications of neurofeedback and brain-computer interfaces have demonstrated, it is also a powerful tool in motor rehabilitation, pain management, emotion regulation or memory improvement. Because most previous studies were conducted on humans using non-invasive recordings techniques, the neurophysiological mechanisms of neural self-regulation remained obscure. The main objective of the present work was thus to provide a better understanding of its underlying principles.

Objectives. Following a multiscale theoretical framework of neural oscillations, the present investigation was largely guided by the following questions: i) What are the physiological markers of successful control? ii) Are some regions or spatiotemporal scales more easily controllable than others?

iii) Are training effects specific or generalized? and iv) What are subject-invariant successful cognitive strategies of neural self-control? To address these questions, we took advantage of intracerebral macroand micro-electrode recordings in epileptic patients undergoing long-term monitoring in the presurgical context. 15

Preface

A cyborg's day in 2022

Imagine you come home from an exhausting work day. The camera at the entrance of your house recognizes your face via biometric measures, the door opens. You're greeted by your digital assistant 'digiMaid', proposing you to increase the ambient heating, because the sensors implanted in your middle finger (biohacking is now as normal as wearing earrings and tattoos) indicate that your body temperature is lower than average. You accept happily, you're cold indeed.

Your assistant further informs you that your partner will be back home in an hour, which leaves you time for a brief session of mental hygiene. Anything that would please you tonight? You say that you feel somewhat frustrated and agitated, as often, and after putting on your EEG-compatible headphones, that are synchronized with the implanted nano-sensor in the finger, you have an evaluation of your brain and cardiac rhythms and blood-pressure. DigiMaid indicates that high-frequent activity dominates your EEG and blood-pressure seems slightly increased. Some alpha-training would help to relieve frustration and improve subsequent sleep. You agree willingly for 10 minutes of practice, also because of the extraordinary esthetics of this training: the ambient intelligence of your home floods the living room in a calming deep blue, completely enwrapping your senses and leaving all of your worrisome mental cinema behind. You have to navigate across the light wave spectrum towards a sunny, lighthearted yellow by boosting your alpha oscillations. Not sure whether something really changed in the brain, but this color therapy has definitely made you more joyful and motivated to do something else good for your health. Based on the analysis of electromyographic and motion capture sensors integrated in your wearable fabrics, DigiMaid configures a 20 minutes yoga sequence designed to relieve strain in the tense areas of your body and projects the tutorial video on the screen-wall of your living room.

Before starting the yoga session, digiMaid reminds you that given the increased blood-pressure, you may consider taking medicine or adapt your diet tonight (the second option is clearly emphasized because you've recently changed from the default into 'holistic' coaching mode). From the list of ingredients that would bring your pressure level back to normal you make your choice by thinking of your preferred items, still with your EEG headphones on. DigiMaid decodes the selection through pattern recognition and passes an order to the local supermarket, scheduling the delivery once your yoga sequence is finished.

Just in time for you to prepare dinner before your partner arrives…

Yes, the future races towards us with big steps, and fact is that most aspects of this scenario are much closer than 2022. With 4.5 billions daily 'likes' on Facebook and 6000 tweets per second, society increasingly integrates technology in the private experience 1,2 . Although the constant overflow of information may be a real nuisance, rejection and denial of the increasing 'technolization' are not the only available options for dealing with this evolutionary challenge. One productive adaptation can consist in establishing lucid habits that capitalize on technology serving the individual. A particular potential is the digital support for self-supervised mental and physical health, the increase in quality of life and better-being.

The technical setup that allows the training of voluntary modulation of neural activities represents one of such technical canes. The idea to self-regulate own brain activity, and possibly neural plasticity, seems a powerful tool for self-mastered health care. However -as with any new technique-before making it freely accessible to the public, we need a good understanding of its physiological principles, evidence for different applications, its limits and the potential risks.

Because the 'black box' of neurofeedback mechanisms is still to be resolved resolved, the overall aim of this work was to examine the physiological signatures of successful self-regulation of neural activity, which I have studied on the example of slow and fast oscillations. A synthesis of observations are presented in this document, which is organized in the following way:

In Part I, I give an introduction on the philosophical context and previous research on voluntary control of neural activities (Chapter 1), as well as on the physiology of local field potentials and oscillations (Chapter 2). The article in Chapter 3 represents an 'introduction in a nutshell', summarizing also the theoretical framework and the working hypotheses of our project.

In Part II, the studies conducted on the up-regulation of slow [4][5][6][7][8] (Chapter 4) and gamma oscillations (Chapter 5) are presented. Chapter 6 consists of the overall discussion of the findings and perspectives for future investigations and is followed by bibliography for all chapters separately. As a small bonus, this document is completed by 4 appendices including i) a philosophical essay on the question of the determinism free will, ii) the description of the closedloop experimental setup, iii) the elaboration of successful control strategies and iv) a summary of a related side-project investigating electrophysiological signatures of hypnosis.

I appreciate your interest in reading this document.

Paris, October 2015 4 1 According to the German Cyborg Society, there are 30.000 cyborgs in Germany http://cyborgs.cc/. The definition of a cyborg varies, but generally implies that technology is used to enhance the normal senses or mental capacities of an individual, and is entirely integrated in the personal life throughout the day. This can occur through implants or external devices such as smartphones or Google glasses.

forever grateful for changing my life in such a profound way, has offered me a book -'The embodied mind', by Varela, Thompson and Rosch. A legend for some, completely unknown to others, this book has resonated deeply with my personal beliefs. Back then I was finishing my BSc in Psychology, had already discovered Zen meditation and 'philosophy of mind' and was fascinated by the 'Leib-Seele Problem' (as many undergrads in cognitive sciences tend to be). This book led me to Varela's scientific publications and I started searching for his academic trace in Paris to continue my studies. Contacting Jean-Philippe Lachaux because he figured as a co-author on some of Varela's papers, he directed me to 'a great mind', as he said in his email-who else? Michel Le Van Quyen. I am deeply grateful to Jean-Philippe for the mediation of this match. Everything else took then its course and there I was: with a 3-year PhD scholarship in the pocket (Thank you to 'Studienstiftung des Deutschen Volkes'!!!), embarking on my doctorate endeavor. Being now at the other side of these 3 years, I deeply appreciate the presence and the help of a number of people that I was fortunate to meet and work with during this time.

First and foremost: Merci, Michel. A doctor-father indeed, softening the child's fall when results don't turn out as expected, encouraging to stand up and look for another integrative view and never to lose the curious look on the data. What was most transformative for me was his confidence and faith in my abilities. As I have observed for myself and others, Michel's trust in a person is 'enacting' in the Varelian sense: people shape and grow to meet his positive a priori and at the end, he is mostly right (well, you can argue about my case). This is genuinely human and truly inspiring for the time if I shall have students myself. I can now understand my Columbian friends, why none of us can never really leave Michel, but come back at every occasion... Obviously, without the Jury a PhD has little sense. I feel honored to receive the attention of recognized committee members including Philippe Faure, Nikolai Axmacher, Antoine Lutz, Jean-Philippe Lachaux, Mario Valderrama, Stéphane Charpier and Michel Le Van Quyen. Knowing the busy schedules of established researchers, I appreciate their time dedicated to the evaluation of my work. A special thank in this group goes to Jean-Philippe, my official second supervisor, who enthusiastically encouraged this project and also to Mario, who played the role of a big brother, always giving me a hand with analysis techniques via Skype conferences (sometimes at crazy Colombian hours) or some stimulating discussion input, when I felt stuck in the process.

Then of course, my academic homes. There were three of them: the group 'Epimicro', the Charpier-Lab and Miles-Lab.

The collaborative hunting for MUAs and SUAs within the 'Epimicro' group made every implantation feel like a team play against the noise and the Neuralynx system with Vincent, Catalina, Athina, Katia Line and Virginie. I am glad having had so much support from you in this mic-mac challenge and it is for you that I take all the many hours spent at Castaigne as warm memories with me. I could also not thank enough for the help I have received from the medical team and especially from Claude Adam, Josef and Corinne who often offered me some of their extra time in spite of tight hospital schedules. A special word goes to Vincent, who has not only been a true support in the hypnosis and the guts side-projects, but his open-mindedness and enthusiasm for various unrelated ideas and project was every time a true inspiration. Completed by the 'junior generation' of Cata, Miguel, Line, Victoria, Andrea, Alexandra, Daphné and Raphael, 'Epimicro' was a really fun place to spend one's PhD.

When 'Epimicro' was the family, the Charpier-Lab was all the cousins, aunts and uncles. The exuberant charm of Stéphane invited every time for a philosophical in-depth discussion of a scientific question, bringing some sparkling to any (occasionally colorless) meeting. I also always enjoyed the presence of Severine, who with her soft and good-hearted nature wisely balances the Boss and the boisterous gang of Tristan, Mark and Adrien. A big thank you also for the epilepsy retreats, they were every time a memorable event for me! A deep bow to the Miles lab. Thank you for adopting me as a tourist! I came to enjoy some of Richard's finest late night music, his preference for Guadeloupe-an plants and these flickering eyes of a kid in a senior scientist. Thank you also to Jean-my vibration-and cat-sound-emitting neighbor, Des (for the book and article exchanges), Caro, Maja, Mérie, Etienne, Farah and Mélanie, our wine-meetings is something any other PhD student would be envious about! I've learned most of my neurophysiology during the lab-and journal-club meetings with you and Alberto's team (of whom I always was a secret scientific admirer).

I would also like to thank Corinne Omer, Isabel Seror and Gilles Guyonnet who helped me navigating in the jungle of french bureaucracy, but also Laurent Hugueville and Benedicte Batisse for technical assistance. Patricia Oliviero has my special gratitude, who was always there to rescue me with a last-minute poster print, CeH-assistance, or brain-awareness week organization. I am also grateful to Philippe Kahane, Oliver David, Julien Bastien and Pierre Deman who opened me the door for recordings in Grenoble.

And there were also many of you, who made the ICM a sunnier place: Josefien, the AJITES (Morgane, Typh, Kevin, Kristen, William, Elise), the guts-team with Morwena, Sami, Chiara and Nicolas, but also Bastien, Mariam, Charlotte and Camille and all you others with whom I've shared great moments during ICM-Salsa, Happy Hours, SciPi or Yoga.

Thank you, of course, my dearest ones, my friends and family back in Germany and Ukraine. While supportive, you challenged me every time to translate scientific non-sense into common sense words, and especially you, Mom, who through esoteric provocations prevented my thinking from becoming too squared after all this brain research.

As a small girl, I always kept the sweets for the end-and I didn't really change: Danke, Fabi… A gift of the ICM, a soulmate, you, who make me see things on the bigger scale. Every time when science seemed to spoil the taste of life, you were there to find a new sense in it by doing meditation retreats, dancing tango, playing duets, planning the foundation of an eco-village and permaculture farm, living on a boat, being my pullover-knitting model, just anything. Thank you for sharing your life with me.

Results. The combined findings of two studies focusing on the up-regulation of slow [4][5][6][7][8] and gamma oscillatory activity, showed that 1) the modulation of intracerebral oscillations is possible for both rhythms and at various cortical sites. 2) Successful regulation was reflected in the increased oscillatory event density and was related to the physiological prevalence of target rhythm in individual power spectra, suggesting neural constraints of the regulation ability. 3) Further, we have observed that induced oscillations had downstream effects on activity at more local spatial scales including phase-amplitude coupling with gamma and cellular activity, possibly indicating improved temporal coordination of cortical processing. 4) The observation of progressive specificity of thetamodulation was in contrast to the propagating increase of gamma activity, probably due to the different organization of corresponding functional networks. 5) Additionally, we have provided evidence that voluntary modulation is also possible on spatial micro-domains. 6) Lastly, successful cognitive strategies appeared to evolve from explicit mental tasks at the beginning to become gradually implicit with practice. In general, subjects' personal interest and motivation were crucial for the outcome of the training.

Conclusions.

Based on these observations, we conclude that voluntary control of neural activities is achieved through the reinforcement of the existing functional circuitry of the target signal. Given the observed changes of temporal coordination, we hypothesize that long-term training is likely to induce plasticity effects at cellular and molecular levels, which should be examined more closely in future studies. The perspective to train functional networks or very precise neural activity opens a wide range of clinical applications or the possibility to intentionally shape neural activity to facilitate learning and memory processes.
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From philosophical debate to scientific study

Mental experience and its underlying physiological processes are intrinsically interdependent. As a matter of fact, all psychophysiological science and psychosomatic medicine is based on the premise that cognitive, emotional and autonomous processes are integrated and interacting within our body [1][2][3]. This interaction is dynamic and bidirectional: The dependence of the mental on the physical is exemplified by the fact that a pleasure of a gustatory experience derives from the wellfunctioning of taste-buds or their activation and saturation thresholds. Comparably, the ability to retrieve a childhood memory is dependent on the intactness of the hippocampus or the absence of amyloid plaques in the neocortex. In the other direction, the mental translates to material when the news of a rejected scientific article activate the cortisol pathways connecting hypothalamus and the enteric nervous systems, causing a latent but noticeable sting in your stomach. Analogously, the notice of your successful ERC 1 grant application may make the pupils dilate, the heart beat accelerate and the zygomatic muscles contract (i.e. make you smile).

The mind-body-question exists since the times of Plato and Aristotle 2 , and was studied not only in the occidental culture but also in Buddhism, Hinduism, in the chinese culture (meridians and acupuncture), in Islam and south-american populations [4], which makes it a more persistent and widespread subject than the Bible. In the western world it was first strongly popularized in the 17th century by Descartes' meditation VI on the dualism of body and mind ( [5], Figure 1-1) which through the famous Cartesian division of "cogito ergo sum" has ignited a mind-body problem debate lasting until today. For now almost four centuries, the discipline of philosophy of mind was busy with meticulous argumentation whether the mind is distinct from, identical with or functionally related to the body and the brain [6,7]. Ultimately, the central problem is the question of mental causation and how a true interaction between the mental and the physical -if it existscan be characterized [8]. Philosophical arguments cover a broad range of different positions from the radical stance of redundancy and denial of mental phenomena through the eliminative materialism 3 , to the other extreme of vitalism or omnipresent deity-presence explanations. It is one of the most epistemologically complex questions and beyond the scope of the present work, that still awaits a final resolution 4 .

A second problem at the very heart of the mind-body problem is the question of subjective experience and how it can arise from biological function. Although the 'Qualia' 1 have been on the philosopher's agenda for a long time [9], Chalmers has re-introduced the issue as the 'hard problem' of consciousness in contrast to the 'easy problems' to explain ubiquitous cognitive functions such as stimulus discrimination and categorization or behavioral control [10]. The scientific response to this quest was the introduction of the research program on the 'Neural Correlates of Consciousness' 2 , [11][12][13] that has proven fruitful also because the term of 'correlates' reduced the burden of philosophical disputes over the causality between mind and body, allowing the science to progress independently [14]. Some have even argued that the 'explanatory gap' [15] of the hard problem would not exist, since the characterization of the easy problems (such as the conscious access to information [16]) has the potential to provide also the difficult answers [17,18].

A special credit for advocating the scientific investigation of mind-body interaction goes undoubtedly to Francisco Varela who has reintroduced the importance of study of subjective mental experience with rigorous scientific methods by promoting the concept of "neurophenomenology". The idea behind this term is that the first-person perspective (subjective, personal experience) complements the third-person dimension (quantified, objective, scientific, measurable) and that the former cannot be ignored in the study of cognition that is necessarily of subjective nature [19]. This call has not gone unanswered, as attested by the continuos growth of research domains investigating the relationship between private mental events and bodily activity as in neurophenomenology, embodied cognition, meditation research or neuropsychoanalysis. 16 1 Qualia are individual instances of subjective, conscious experience. From Stanford Encyclopedia of Philosophy. http://plato.stanford.edu/entries/qualia/ 2 NCC: defined as 'the minimal neuronal mechanisms jointly sufficient for any specific conscious percept'.

From [11]. There are many reasons why mind-body phenomena are still worth studying today. Apart from its purely epistemological value, an understanding of mental-physical interaction holds a great potential in the context of mental and physical health, as witnessed by the recent increasing interest in integrative medicine in occidental cultures. Beyond health, listening closer to the framework of the own body can considerably increase the quality of everyday life, which we currently experience as an important movement pro psycho-somatic techniques such as Qigong, yoga, meditation or neurofeedback. Lastly, from an enactive perspective, knowing the underlying principles of cognitive functions can help us capitalizing on our individual resources such as learning, attention or emotional processing [2].

Mind and body and neurofeedback: integration with closed-loop experiments

As we argue in our work [20], closed-loop paradigms used to implement experiments of voluntary control of neural activities represent a great way to study mind-matter interaction. By its definition, the circulation and reciprocal determination between the subjective mental experience

(1 st person perspective) and neural activity (3 rd person perspective) are at the very core of the experimental setup of neurofeedback and brain-computer-interface (BCI) studies. How does it work?

An analogy helps to illustrate the principle: With sufficient practice, humans can acquire astonishing sensory-motor control such unbelievable bicycle motocross skills (BMX), tightrope walking or blindfolded Rubik's cube solving 1 . The key aspect to this success is the person's ability to integrate the sensory-motor feedback on a trial-by-trial basis. In an analogous way, providing a subject with the sensory feedback of its own neural activity allows the control thereof [21].

Following the principle "If you can track it, you can train it" 2 the access to ongoing changes in brain activity makes it possible to purposefully direct them. In this, the possibility to perceive and experience brain states through the experimental setup is central to the ability of its control [22,23]. Thus, by using the mental activity as a proxy, i.e. intentionally directing the content and flow of mental activity like thoughts, memories and emotions in a systematic manner, we can learn to shape our own neural activity in a specific manner. From a technical perspective, the idea is to create a visual (or auditory) reflection of the moment-to-moment changes in neural activity present to the subject (illustrated in Figure 1-1). This can be achieved through i) the measurement of neural activity of the subject (e.g. by an electroencephalogram, EEG, or the functional magnetic resonance imaging, fMRI), ii) selecting a region of interest, iii) instantaneous analysis to extract target features in real-time and iv) present them to the subject, v) the subject's task would then be to monitor any fluctuations in the displayed neural data while simultaneously keeping track of ongoing mental events. Once a systematic link between mental acts and physical changes is established, their co-dependence can allow the subject be intentionally shape neural activity. A simple example is the imagination of a specific motor sequence execution. Repeated performance of motor imagery will elicit motor cortex activation (pre-SMA) reinforcing the connections between activated groups of neurons, increasing the activation probability for future trials. This principle is the basis of any mental training frequently used outside of scientific research for example used by professional dancers and athletes [24], but also in meditation or musical performance [25].

Figure 1-2: Closed-loop experimental setup of neurofeedback. The voluntary modulation of neural activity requires five steps: i) neural data acquisition, ii) online data analysis, iii) feature extraction and interpretation, iv) sensory feedback to the subject and v) the subject's modulation of the ongoing activity by means of an appropriate cognitive strategy. Modified from [20].

A (his-) story of neurofeedback

Neurofeedback can be traced back to the early 1930s. First observations showed that EEG alphablocking response could be classically conditioned, which was more systematically investigated and confirmed in the 1940s ( [26], reviewed by [27]). The later development of voluntary control of neural activities has been largely defined by four main pioneers: Joe Kamiya, Eberhard Fetz, Barry

Sterman and Niels Birbaumer. Each of them has discovered, extended or promoted a new and different aspect of what we know today as "neurofeedback" or BCI. This avant-garde work still today reads as "historical science fiction" and shall be briefly introduced here.

Kamiya -the dawn of neurofeedback research (1953-1978) 1

When Joe Kamiya has started his scientific carrier in 1953 at the University of Chicago, he was fascinated by the study of 'private mental events' that are only accessible to the subject and which he investigated using sleep and dream paradigms. Due to the little legitimacy of dreams research, he moved on to investigate how brain wave patterns correlate with events of consciousness during wakefulness. His idea was to study the pronounced alpha (α-) rhythm activity (10-12 Hz) and whether there was something subjectively different in the personal experience when this rhythm occurred in electroencephalogram (EEG) recorded over occipital regions. What later developed into a neurofeedback paradigm initially started as a discrimination training, in which Kamiya, while monitoring the EEG, intermittently probed the subject whether he or she was experiencing a mental state A or B. These probes were performed during presence (state A) or absence of αrhythm (state B) and the subjects were forced to make guesses at first. At the beginning of the training most subjects had only 50% of right answers, not outreaching the chance level. However, with more training sessions, the ratio of correct choices increased to 60, 80 and finally up to 90%, encouraging Kamiya to continue his experiments. Based on his observation that many subjects were able to label the ongoing EEG correctly and spontaneously even without being probed, he continued to study the explicit, voluntary control of α-states, something that he was initially not intending to do. For this purpose he changed the experimental setup to provide continuous neural feedback to subjects: every time an ongoing α-rhythm was detected, the subject heard a sound. The subjects' task was to induce or inhibit α-rhythm occurrence at will such that the auditory signal was present for longer periods of time or disappeared, respectively [28]. The subjects were successful in both conditions, even though they were not always articulate about how they achieved it. In consecutive work published in 'Science', Kamiya used the same training to reduce anxiety [29],

which undoubtedly laid the conceptual foundation for later therapeutic use of neurofeedback.

1.3.2.Sterman -following Pavlov's footsteps (1968 -1974)

Almost in the same time frame and similar to Kamiya's case, Barry Sterman's discoveries on the control of the sensorimotor rhythm (12)(13)(14)(15) were also of accidental nature. He initially aimed to replicate and extend Pavlov's experiments using cats and with additional recordings of their EEG.

Once the food-deprived cats learned to press a lever to fill a bowl with milk for reward, in a second condition cats only got food reward when the auditory signal, an added experimental feature, was absent. Sterman has observed that while the cats waited for the tone to cease, they appeared still and alert, which was accompanied by a pronounced increase in the EEG-activity in the band of 12-15 Hz, later termed the sensorimotor rhythm (SMR) 1 . In the next step, he rewarded the cats for inducing the SMR at will, without using the lever, which the cats were also able to achieve [30].

However, it was not before the NASA 2 has contracted Sterman in 1967 to carry out unrelated research on the toxicity and the convulsive effects of combustible gas monomethylhydrazine (MMH) 3 contained in rocket fuel, that these findings could be used for application. Sterman, LoPresti and Fairchild carried out experiments on 50 animals (including 10 cats from Sterman's previous SMR-study) by administrating them different doses of the MMH chemical, while measuring the cats' EEG and tracking aversive syndrome onset time and intensity. Surprisingly, convulsion thresholds were higher for animals that have previously participated in Sterman's SMR study, showing no or reduced symptoms. Based on this finding, Sterman proposed that the use of a 'special EEG conditioning technique' consisting in the learned inhibition of motor behaviour could significantly delay or prevent the occurrence of seizure activity in cats exposed to high doses of MMH [31]. Importantly, the study design guaranteed the physiological relevance of the effects by excluding placebo effects (no a priori animal subjects) or experimenter's bias (researcher did not expect the outcome).

As a next logical step, Sterman directly tested anticonvulsant effects of SMR training on a 23 yearold female subject. While monitoring her EEG, she was presented a green light upon the occurrence of the SMR, or a red light in its absence. The training consisted in keeping the green light on for as long as possible, which after 3 months of training resulted in seizure-free neural activity. Sterman extended this training to 8 other patients, which were also able to significantly reduce their number of seizures. He also included a control condition of SMR inhibition, which increased seizure occurrence and further attested the beneficial SMR up-regulation in epilepsy [32,33]. By this point, at the latest, neurofeedback was ready for clinical use. (within the precentral hand area) of the macaca mulatta and used their activity for a closed-loop experimental setup. The monkeys were presented the deflections of their integrated cell activity on a computer screen and additional auditory 'clicks' for every unit firing. When the neuronal firing attained sufficiently high levels, food reward was used to reinforce the discharge increase. Within one training session, firing rates would increase by 50 to 500% above baseline, changing into patterns of 100-800 ms long bursts and then saturating in a plateau [34].

This at that time technically challenging experimental setup was the first demonstration that voluntary control of brain activity could be as precise as to reach the level of single neurons. Fetz then extended his recordings of motor cortex cells to include simultaneous arm muscle activity and elbow positions, showing that motor and neural activities were systematically correlated unless dissociated through operant conditioning of neural activity [35]. Both studies were published in 'Science', revealing important mechanisms behind voluntary movement generation.

The group has later proposed the application of natural neuroprosthetics to restore upper limb function in paralysis following spinal cord injury using the 'Neurochip BCI' consisting of three steps: 1) training of voluntary modulation of motor neurons; 2) association of neural activity to muscle patterns and 3) intraspinal micro-stimulation to evoke limb movement ( [36,37], Figure 1-3). These pioneering studies were the foundation for the field motor neuroprosthetics, which has seen a remarkable progress especially in the last ten years [38][39][40][41]. Niels Birbaumer was interested in BCI already as a student [42,43]. His debut in the field of neurofeedback was a continuation of the search for alternative epilepsy therapies through the regulation of cortical excitability. His team proposed a new training design based on the control of slow cortical potentials (SCP) measured at vertex (scalp electrode Cz), that were thought to reflect depolarization shifts of apical dendrites in the superficial cortical layers [44,45]. Patients learned to generate bidirectional changes in these slow potentials, with emphasis on the positive polarity (67% of trials), which corresponded to a dampening of excitability with beneficial anticonvulsant effects [46,47], similar Sterman's method ( [48], see next section).

Soon, Birbaumer has shifted gears and applied the same technique of SCP regulation as an innovative means of communication with paralyzed patients. Their team developed a a binary spelling device, called "thought-translation-device", which allowed the patients to select 'yes/no' answers or spell letters for communication with external world by producing positive or negative SCP patients [49][50][51][52]. The device was tested on patients with locked in or completely locked in syndrome or amyotrophic lateral sclerosis (ALS) patients. In the first training phase patients were required to randomly produce either positive or negative SCPs and once a stable performance of at least 75% accuracy was reached, they could start using the spelling device. After 4-6 weeks of training the patients were able to reach up to 95% of accuracy [53,54]. In a later trial, the group has shown that additional use of transcranial magnetic resonance (TMS) could increase the learning curve of SCP control [52]. Birbaumer's group conducted also other BCI/neurofeedback studies on ADHD [55], improvement of linguistic processing [56] and emotion regulation through insula-neurofeedback ( [57,58], see section Top 10 -Affect regulation). Importantly, his group was among the first ones to perform neurofeedback training using real-time-fMRI (rt-fMRI) [59,60] and has greatly contributed to the return of scientific appreciation of neurofeedback.

1.4.The top 10 of BCI and neurofeedback today 1

The comparison between the work of Kamiya and Sterman on one hand and that of Fetz and Birbaumer on the other, shows the disparity between their approaches: while Kamiya and Sterman paved the way for neurofeedback with human subjects and its application in clinical context, Fetz an important difference between the two is the BCI-approach strongly supports the subject's performance through decoding and classifier algorithms. Some of the most important fields of study and application of both approaches are introduced in the following paragraphs. 

# 1 Epilepsy

Still today, epilepsy is an important application field of neurofeedback. Although the SMR-training developed by Sterman remains the predominant training protocol in the United states, the SCP regulation method gained some importance in studies conducted in Europe [48]. SCP, originally described by Walter et al. [61] as the contingent negative variation (CNV) that occurs when we anticipate an event (e.g. the traffic light to turn green), is characterized by a slow shift of the EEG, whose amplitude reflects the amount of resources allocated by the brain for response preparation [62]. Already in 1966 a group has observed that it is possible to control this response at will [63],

which was later extended by the studies of Elbert and Birbaumer [42,64].

The use of SCP regulation in epilepsy was motivated by the initial observation that pro-convulsive procedures such as hyperventilation resulted in increased surface negativity, while anticonvulsants reduced it. A closer analysis revealed that negative shifts were pronounced before and during seizures, while positive shifts were present in the post-ictal period [65]. Thus, to prevent seizure onset, patients were trained to suppress negativity (excitation) by producing positive shifts (inhibition, Figure 12345). This technique was particularly valuable for pharmacoresistant patients (about 1/3 of all epilepsy patients), although it can be also an efficient complementary treatment (from [47]). In a follow up of the original SCP study [46], Strehl and colleagues found that 10 years later the patients were still able to self-regulate their SCPs and still displayed a significant decrease in seizure frequency in comparison to pre-treatment evaluation [66]. Siemens, Erlangen) which recorded BOLD responses during the task for performing cortical negativity, positivity, and passive viewing.

(For methodological details see [7]). A reference session immediately before the fMRI session was carried out in a dummy-fMRI consisting of a tomograph without magnetic fields. (This enabled us to do the feedback session and record the EEG in the same environment as that in a real scanner without the scanning artifacts.) As shown in Fig. 1 on the left, in these reference sessions, the five subjects achieved an average differentiation of 13.3 V . A clear pattern of differential metabolic responses of self-produced brain responses emerged: cortical negativities resulted in a general increase of metabolic activity; cortical positivity resulted in a widespread decrease. Increases during negativity were located primarily at vertex near the electrode position in the feedback training, premotor regions and precentral areas [supplementory motor area (SMA)]. Decreases of that response and is usually delayed by several sessions. This and other results, such as absence of temporal-hippocampal involvement in the fMRI study reported previously and inconsistent verbal report data [15], clearly indicate that physiological regulation of SCP and probably other neuroelectric phenomena can be viewed as an instrumentally learned implicit-procedural response acquired through a cognitive mechanism of repetition priming [16].

III. CLINICAL OUTCOME OF TTD APPLICATION IN LOCKED-IN PATIENTS

Since our first report in this journal [1], six new patients have been trained, bringing the total to 11 patients trained over extended periods ranging from 6 mo to 6 yr. Nine of the 11 patients were diagnosed with end-stage amyotrophic lateral sclerosis (ALS) and were artifi- 

# 2 ADHD

After epilepsy, Attention Deficit Hyperactivity Disorder (ADHD)-neurofeedback training has been probably the second most widely spread therapeutical application, in specific cases even reimbursed by health insurances in Germany1 . Joel Lubar, who has joined Sterman's laboratory in the 1970's, developed a neurofeedback protocol for children with ADHD based on his work with one child displaying a hyperkinetic syndrome that appeared to be improved after Lubar's training [67]. This protocol was inspired by Sterman's observation of alert and still cats: Given the major symptoms of ADHD being inattentiveness and hyperactivity, Lubar developed a paradigm of upregulation of the SMR and simultaneous down-regulation of the theta rhythm, which was found to be overly pronounced in ADHD children. The combined training of these two rhythms was supposed to counterbalance the symptoms by reducing motor behaviour and increasing the concentration [68]. Lubar later replicated the results of the single-case study in a larger population sample and has also found that the reversal training worsened hyperactivity and distractibility [69]. Most ADHD protocols today still consist in the up-regulation of the beta-theta ratio, which equals to the increase of beta and the decrease of theta rhythms reflecting an alert but quiet state ( [70,71], see Figure 1

-6 for paradigm examples).

A second protocol was developed based on the observation of reduced CNV in ADHD. It was hypothesized that this reflected a deficient regulation of energetic resources, and thus SCPregulation should be beneficial for children with ADHD. Following this prediction, Heinrich and colleagues demonstrated a reduction of the severity of ADHD symptoms upon the up-regulation of the CNV [72], which was later replicated ( [55], reviewed in [62]). Additionally, the overall effectiveness of these both trainings has been assessed and further verified by numerous randomized and meta-analysis studies [73][74][75][76][77], which confirmed neurofeedback as a nonpharmaceutic alternative to Ritalin treatment for many kids and young adults. 

# 3 Sleep and insomnia

Neurofeedback application in sleep disorders has been another field that has branched from initial works by Sterman. Already in 1970, Sterman made the observation that SMR training had a beneficial effect on subsequent sleep in cats, in which a SMR-resembling spindle-burst pattern appeared more pronounced over the cortical location trained with operant conditioning (Figure 1-7, [78]). Later studies have provided further evidence for this view by demonstrating that SMR training can increase the occurrence of spindles, which represent a hallmark of the stage-2 nonrapid-eye-movement (NREM) sleep [79]. Hoedlmoser et al. proposed that this effect may be due to a shared cortical topography and generation of these two rhythms that can arise intentionally (during motor behavior) or passively (sleep spindles) [79,80]. Although conclusive evidence is necessary to clarify the exact overlap in the origin and function of these oscillations, the authors hypothesized that SMR training could be beneficial to insomnia patients. This proposal was in agreement with an ECoG1 -BCI study that showed that mu/beta (10-30 Hz, comprising the characteristic SMR frequency of 12-15 Hz) or high gamma (70-100 Hz) training induced spatially specific spindles occurrence during NREM sleep [81]. Indeed, as later clinical studies have confirmed, the shared symptoms of insomnia and ADHD such as hyperarousal and vigilance regulation disturbances are improved by SMR training in both conditions [80,82,83]. As in the case of ADHD, an alternative approach to insomnia-neurofeedback is the SCP protocol, whose efficiency arises presumably from similar underlying circuits as in spindles generation [27]. 

# 4 BCI and motor function restoration

The motor cortex shows a direct relationship between neural activity and voluntary movement, making it an obvious target in paradigms of voluntary control of neural activity [84]. After the early work by Fetz, a large body of studies was conducted to investigate the therapeutic usage of BCI for motor rehabilitation in the context of stroke, tetraplegia, ALS or for communication with locked-in patients [85][86][87] 1 . In contrast to the classical neurofeedback paradigm, where the training outcome depends solely on the subject's ability to learn the control, BCI-studies aim to maximally support the patient by implementing machine learning algorithms for pattern recognition and classification of neural activities that would translate the patients's intentions into corresponding motor control signals (e.g. robotic limb movement). The initial success has encouraged the rapid growth of the BCI-field developing increasingly complex decoding algorithms [88] and micro-stimulation techniques mimicking sensory feedback [89]. A considerable boost of algorithm performance was obtained through the use of invasive ECoG recordings, that have also contributed to the understanding of fundamental principles of motor system function [90]. Modular prosthetic limb (MLP) and seven-dimensional sequence task s e t u p . L i g h t -e m i t t i n g d i o d e s (indicated by the arrow) were used to instruct the participant to hit the target corresponding to one of the white circles on the board. C. Diagram of the MPL and translation targets (red and blue spheres) for the seven-dimensional sequence task. The red sphere illustrates the single target of an example trial. The MPL coordinate system (red, green, and blue arrows labelled x, y, and z, respectively) is centered at the shoulder. Translation targets had an 8 cm radius and centre of the palm of the MLP had to be within this region for a successful trial. Timeout occurred after 10 s. From [86].
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1 Video demonstration of the work by Hochberg et al. 2013 [85]: https://www.youtube.com/watch? v=cg5RO8Qv6mc

# 5 Pain management

Through the development of rt-fMRI it became possible to target spatially specific anatomical locations that subserve well-defined functions as in the case of pain perception [91]. The voluntary up-or down-regulation of rt-fMRI signals of the rostral anterior cingular cortex (rACC), known to be part of the pain processing network, resulted for healthy subjects in higher or lower subjective intensity of noxious thermal stimuli, respectively. This was also valid for chronic pain patients who were able to reduce ongoing levels of chronic pain after rACC down-regulation. This successful demonstration encouraged further studies to identify additional suitable rt-fMRI targets for pain control (like the anterior insula or the caudate [92]) or to extend pain management to EEGneurofeedback [93,94]. In future, we can expect to see increased clinical use of neurofeedback along with other alternative pain management techniques like meditation and self-hypnosis [95][96][97]. 

# 6 Affect regulation

The emotional processing network shows a considerable overlap with the pain network and it is therefore not surprising that neurofeedback training has also found successful application in conditions with disturbed affective processes like in depression, anxiety, post-traumatic stress disorder or mood disturbance [98]. Investigation of neurofeedback-assisted regulation of emotions has mostly focused on the regulation of the amygdala, prefrontal areas (dorsomedial prefrontal cortex), the ACC or the insula [99][100][101]. For example, neurofeedback regulation of regions Another exceptional and bold approach of Birbaumer's group was the work with repeated criminal psychopaths and lifetime prisoners. The fMRI analysis of three criminals yielded to the observation that the absence of personal traits such as guilt, remorse or angst was accompanied by a deactivated fear system including areas of ACC, amygdala, insula or the lateral orbitofrontal cortex.

Because reduced insula volume was previously found to be specifically associated with psychopathy diagnosis [106], Birbaumer conducted a rt-fMRI neurofeedback training of the insula. Based on findings first from healthy subjects [57] and then with psychopaths [58], his team has provided the proof of principle that up-regulated insular activity can stimulate the fear circuitry in the brain and thus represent an alternative tool for regulation of emotional processing in severe conditions.

# 7 Psychiatric disorders

Targeting psychiatric disorders with neurofeedback has attracted a lot of interest, especially in conditions in which conventional treatment is not effective such as in Autism Spectrum Disorder (ASD), Aspergers Disorder or schizophrenia. One major challenge with all psychiatric patients in comparison to controls is the increased difficulty to captivate their interest and motivation, which significantly affects the outcome of the studies. An attempt to counterbalance their apathy was made by using entertaining game designs (Figure 1-10), but this aspect needs to be further elaborated in future studies.

In autism, several protocols have been tested, including theta reduction, beta/theta ratio increase (similar to ADHD) or the enhancement of the mu rhythm [107,108]. While the first target is based on the hypothesis of disturbed executive functions related to ACC activity, the latter protocol assumes a deficient mirror neuron system responsible for social interaction deficits. Both designs have reported to alleviate ASD symptoms as compared to control protocols [109,110] 

# 8 Probing cognition

Like with any other neuro-enhancement technique, the idea of boosting cognitive functioning and performance in healthy subjects is an intriguing possibility of neurofeedback. Visual perception [116], attention [117], memory [118,119], executive functions [120-124] or motor performance [125,126] have all been reported to be trainable through self-regulation of neural activity when using appropriate protocol designs. For example, one study has used rt-multivariate pattern analysis from a fronto-parietal attention network to track attentional lapses. The feedback to the subjects consisted in the increase of task difficulty, which served an 'alarming' purpose and significantly improved the participants' performance [127]. Another group has demonstrated that it was possible to endogenously regulate neural plasticity through neurofeedback paradigms by cleverly combining neurofeedback with TMS ([128], but also [129,130]).

Other promising applications are the training of connectivity within attention-related functional networks, based on dynamic causal modelling (DCM, [133]) or the use of real-time monitoring of neural activity fluctuations for cognitive or presurgical mapping (BrainTV,[131,132], Figure 1-11).

For example using the BrainTV-setup for online assessment of gamma activity ,

Lachaux and colleagues were able to identify functionally non-overlapping regions involved in visual perception and mental imagery in the fusiform and inferior temporal gyrus, respectively. This finding has revealed that neural networks supporting mental imagery and visual perception are distinct, allowing also the real-time decoding of these two mental states [148]. 

# 9 Serious and entertainment gaming

Video game environment usage in experimental context was originally introduced with the principal aim to improve BCI-performance, as described for psychiatric patients. The term 'serious gaming' was therefore introduced to emphasize the purposeful character of this activity, usually aiming to restore attentional skills as in the case of ADHD, communication or motor function in severely motor restricted individuals [134]. Providing an entertaining environment for training can indeed enhance the participants' motivation and by that their success in the task [135]. However, progressively, BCI-gaming has developed some autonomy, bringing entertainment video games to a 'new level', using mostly EEG recordings techniques due to its affordable price and the relative ease of use by layman players. Different approaches have been proposed for the mapping between measured neural activity and game functionalities. Most common algorithms include the generation of the P300 component1 , steady-state visual evoked potential (SSVEP)2 or through motor imagery evoked motor potentials (MEV, [136,137], Figure 1 Examples of games and virtual environments navigated through imaginary movement, P300, or SSVEP. To elicit the P300 potential, blinking spheres were connected with each controllable object in the room (two left figures). For the SSVEP, each checkerboard was inverted at different frequencies (third from left). On the right, alpha levels defined the stress level of the player which transforms one character into the other. From [147].

# 10 Animal studies

While neurofeedback applications on human subjects allowed to explore the potential of closedloop neural training, animal studies are essential to study its underlying mechanisms. The spectrum of activity patterns trainable on animals are truly impressive: primates can precisely induce gamma-oscillations [140] and control the activity of single neurons or neuronal populations [40,141,142]. Even more astonishing, rodents can be operantly conditioned to control synaptic [143] or calcium activity of neurons ([144], Figure 12345678910111213). An important finding in these studies showed that a precise coherence between the recruited sub-networks is developed during closedloop training [145], emphasizing the relevance of temporal coordination in information processing.

Other studies have observed that neuroplasticity and network reconfiguration processes can be induced though the practice of voluntary control of neural activity, which appears to require striatal contribution [41,141,146]. Future animal studies will be essential to further improve our understanding of the effect of voluntary control of neural activity on brain function with the potential to reveal more efficient training targets in human protocol design. 

1.5.Plasticity -a common denominator? Re-education through oscillations

The described diversity of successful neurofeedback and BCI usage suggests manifold action mechanisms and effects of these techniques. Nevertheless, I argue that on a lower scale of neural description, an effective training in the integrity of applications may rely on the induction of neural plasticity [128]. For example, an improvement in motor function, similar as in affect regulation, will be dependent on dynamic or structural changes of local functional pathways and their more efficient computation.

It follows that in order to most effectively 're-educate' functional networks, the ideal training design would directly target the specific plasticity mechanisms in question. Although a solid understanding of these processes is not always given, the relevance of precise timing in neural computation is known to be an essential requirement for plasticity initiation. In this context, the induction of oscillations represents an ideal target, because they can channel temporally precise changes in cortical processing through modulation of neuronal excitability. Although evidence presented above suggests that beneficial training outcome can be also achieved through the regulation of BOLD signal, electrophysiological activity as measured with the EEG is more closely related to the intrinsic electric mode of neuronal action (i.e. APs) and its regulation may be a more direct mediator of changes.

Based on these considerations, study I and II were conducted to perform training of up-regulation of neural oscillations. Although many protocols of oscillation regulation have been conducted previously (summarized in Figure 1-14), the mechanisms and possible effects on general network function are difficult to study due to spatial smearing and the limited spatial resolution of scalp-EEG recordings in human subjects.

In the next chapter, I will therefore introduce the concepts of local field potentials and oscillations, which shall help to take a mechanistic view of the potential functional relevance of oscillations in regular brain function but also in neurofeedback action. Special focus is put on theta and gamma oscillations that represent two cardinal rhythms in the human brain of great relevance in a large number of cognitive functions. Previous up-regulation of theta-activities has shown that thetatraining can reduce distractibility in aging [117] or improve executive functions [151]. However, the underlying mechanisms have not been addressed. The induction of gamma activities has also been previously tested on monkeys [140] and using ECoG recordings in humans (e.g. [152]), but mostly in motor related areas, leaving open the question whether gamma control is possible beyond motor cortices. Finally, using the BrainTV setup, Lachaux and colleagues provided the proof of principle that voluntary regulation of gamma should be possible at other sites as well [132,148] to describe this pattern of activity [43] . Shortly thereafter, this research group reported that the cats who had undergone SMR training expressed delayed seizure onset when administered an epileptogenic compound [44] . SMR training soon expanded to human epileptics [45] and ADHD patients [46] , both of whom demonstrated clinical improvements. Based on research associating increased theta amplitude with epileptiform activity and attention deficits [47] , SMR training later developed into theta/beta training, which rewarded patients for increasing the SMR (12)(13)(14)(15) or another subset of the beta bandwidth (12)(13)(14)(15)(16)(17)(18)(19)(20)(21), while simultaneously decreasing theta activity (4-8 Hz) [48] . Patients undergoing theta/ beta training also improved, although no experiment directly compared the effects of SMR to theta/beta training. While theta/beta training continues to dominate the neurofeedback literature today, researchers and practitioners have developed additional EEG-nf protocols that train different combinations of theta, alpha, and beta waveforms as well as brain electronegativity [49] (i.e., slow cortical potentials, SCPs), isolated brain regions [50] , or any deviation from a normalized brain [51,52] 

( table 2 ).

Theta/beta training is the only EEG-nf technique that researchers have tested for specificity. A few EEG-nf proponents derived contentious conclusions from studies in which experimenters reversed reward contingency as a sham comparator (i.e., receiving the same positive feedback for producing exactly the opposite brain activity). If symptoms worsen, then the specific feedback likely accounts for behavioral changes; alternatively, if patients improve similarly regardless of the feedback received, non-specific factors likely mediate clinical effects. The claim that improved symptomatology depends on specific reward contingencies hinges on one case study of ADHD [46] and two experiments with 8 epileptics [48,53] . These experiments used a 'veritable-sham-veritable' design. Over the course of 3 months, patients first trained to increase the theta/beta ratio (veritable condition), then to decrease the same ratio (inverse-sham condition), and finally to increase it once again. Data from these oft-cited studies, dating back to the late 1970s, scantily substantiate the reported conclusions. In one study, 3 patients had fewer seizures when receiving veritable feedback compared to inverse-sham information; system is no exception to display these distinct patterns of activity and whose study is valuable in the understanding of brain's function [1]. Two questions come naturally to mind: How do neural oscillations arise? And what function, if any, do they fulfill? Although conclusive answers to both of these questions are still to be provided through future investigation, some of the existing pieces of knowledge will be presented in the next sections. After a brief historical overview, I will give a short review of generation principles of the LFP and oscillations, discuss their potential functional roles and zoom in on theta and gamma oscillations that are of particular relevance in the present work.

Mostly used sources for this sections are [1] and [8].

From the first electric traces to the human EEG

The discovery of electrical phenomena has been credited to Thales from Miletos (620-550 BCE)

showing that static electricity is produced by friction 1 . Although the etymology of the word electricity is not certain, it is assumed that the word derives from the Greek 'electron', which stands for amber 2 . The exploration of electricity in the nervous systems has been promoted by the introduction of galvanometers 3 , with the first measurement of electricity in animals' brain as early as in the 19th century by Richard Caton on rabbits and monkeys. However, it was not before 1924 that the human EEG was invented by Hans Berger, a german neuropsychiatrist and neurologist. He was known to be a meticulous, strict and authoritarian department chair but by no means he was a famous physician or an academic leader at that time. Things changed when during his search for the "psychische Energie" 4 , he demonstrated the existence of alpha waves measured over occipital regions at rest or with eyes closed in human subjects in his first report in 1929. The discovery of other brain rhythms followed quickly after that and his initial work lead to the traditional classification of the EEG rhythms as they are known today, labeled with greek letters α, β, γ, δ, θ in chronological order of their discovery (Table 2.1).
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1 Something that children nowadays learn by rubbing a ballon on hair and stick it to the ceiling 2 Which stands for 'yellow and shining'. From Wikipedia.

3 By Schweigger in 1820 and later refined by Thompson in 1858. From Wikipedia.

4 "Nature of force of mental energy". Berger's sister had foreseen that he would be involved in an accident.

Since the realization of this prediction Berger believed in telepathy. From [1]. 

2.1.2.Properties of oscillatory rhythms

Today, we know that oscillations exist across most species1 . In the mammal brain, rhythms in the range between 0.05 up to 600 Hz have been described, from ultraslow circadian rhythms of the hypothalamic pacemaker to the ultrafast oscillations (ripples) found in the CA1 hippocampal area or the perirhinal cortex. Oscillations in different frequencies permanently co-exist and in that, neighboring frequencies tend to compete while more distant rhythms often interact.

The separation of frequencies in distinct oscillatory bands (The International Federation of Societies for Electroencephalography and Clinical Neurophysiology, [3]) was originally somewhat arbitrary and based mostly on practical considerations [4]. Although this classification is widely accepted today, there are problematic aspects to it: i) Center frequencies can vary species (e.g. theta frequencies are different in human and rodent subjects; ii) Center frequencies can vary between individuals of the same species (e.g. individual alpha peaks [5]); iii) frequency limits can change according to behavioral state (theta in anesthetized rat (2-6 Hz), in exploring rat (5-10 Hz), [1]); iv)

Frequency ranges can overlap. An alternative classification has been proposed based on experimentally observed center frequencies in rats, with mean frequencies following a linear progression of a natural logarithmic scale with a constant ratio between neighboring ranges ( [4,6],

Figure 2-1-A). In particular, it has been argued that the definition of rhythms should consider the cellular mechanisms and the behavioral state of the specifically observed rhythm (awake vs. asleep vs. anesthetized, e.g. [7,8]. For more precision it is advised to indicate the exact frequency ranges in scientific communication, e.g. when discussing gamma oscillations. 

Spatiotemporal hierarchy of neural activity

From neuron to a cortical area, the elements of brain operation can be defined at different spatiotemporal scales. On each scale, the characteristic processes occur with different time resolutions: the duration of a spike is of a few ms, the period of synchronization of a small population of neurons is on the order of 10 ms, whereas large-scale networks operate over hundreds of ms [10]. The approximate corresponding spatial resolution is 1 µm, 1 mm and 1 cm, respectively. The generated activity of each of these different hierarchical levels is also reflected in different characteristics of summed rhythmic neural activity: small areas generate higher frequencies (> 200 Hz), whereas larger cortical regions typically oscillate in slow frequencies ([4],

Figure 2-2). As a general rule, the size of the activated cell assembly is inversely proportional to the frequency of synchronization [4]. This is partly due to the low-pass filtering property of dendrites [11] and the fact that most neural connections are local [9] and thus, the period of oscillations is constrained by the size of the neural assembly engaged in a given cycle. As a result, the power density of the oscillation is inversely proportional to its frequency, following the 1/f ratio ([9],

Figure 2-1-B). In this context, the term conventions of 'local' activity originating from less than 1-2 mm and 'global' activity arising from area > 1 cm was adapted. Alternatively, the terms 'microscopic' and 'mesoscopic' are used to refer to local, and 'macroscopic' to global activity. An important methodological implication of these different scales is that different measurement techniques are more or less appropriate when studying oscillations at corresponding frequencies.

While the scalp EEG is largely sufficient to measure frequencies up to 30 Hz (or sometimes up to 80 Hz), smaller and invasive electrodes are necessary to record higher frequencies originating from smaller regions (e.g. stereotactic EEG < 1cm3, <300-500 Hz), while only very precise electrodes (e.g. micro-electrodes, tetrodes or silicon electrode arrays) are capable to measure oscillations above 500 Hz and multi-unit activity [11,12]. Naturally, this continuum of spatiotemporal resolutions gives rise to a hierarchical organization of neural structure. Neurons are clustered into cortical columns, groups of cortical columns make up specialized units, which in turn give rise to cytologically and/or functionally distinct areas. The functional consequences of such hierarchical structure is the distributed hierarchical processing, in which the tendency for segregation and specialization coexists with integration and cooperation between areas, a 'leitmotif' of cortical processing [13] (see section 2.3.3). The vertical organization and horizontal processing pathways complement each other and give rise to multiple and competing representations, allowing for a high complexity and flexibility of brain function. This neural architecture requires a reliable mechanism of selectivity to produce behaviorally relevant processing and it has been proposed that this function can be fulfilled by the 'oscillatory hierarchy', in which different frequency bands operate at different levels and influence each other in space and time [14,15]. This feature has important implications for communication across different spatiotemporal level, which will be discussed in section 2.3.

LFP and oscillation generation

After presenting a brief summary of the physiological basic of EEG and local field potential generation, the specific mechanisms of oscillations shall be reviewed. The here presented theoretical accounts originate mostly from three textbooks: 'Rhythms of the brain' [1];

'Electrophysiology: Basic principles, clinical applications and related field' [8] and 'Electric fields in the brain', [16].

Synaptic activity: generation of fields and dipoles

Electric fields arise whenever there is a potential difference between two locations in the extracellular medium, and this potential represents the superimposed transmembrane currents of the totality of excitable membranes like dendrites, somas, spines or axons. Although many different sources of the local field potential (LFP) are known (such as action potentials, calcium spikes, intrinsic currents and resonances, spikes afterhypolarization, gap junctions, glial interactions or ephaptic coupling, synaptic activity is supposed to be the principal source of extracellular field potential fluctuations and oscillatory activity [11]. The model of LFP generation is described in greater detail elsewhere [8,11], for our purposes, a simplified principle is illustrated in Figure 2 Depending on the geometrical position of, and the distance between the sink and the source, a dipole can be formed (Figure 2-4-A), whose contribution to the local field potential decays with distance 1/r 2 . In general, the anatomical structure is crucial in the generation of dipoles: the magnitude of the electric potential depends on the spatial distribution of synapses and return currents, that under certain condition such as radial alignment can cancel each other out. For example, if inhibitory and excitatory synapses are distributed uniformly along the column, no strong dipole will develop. However, in pyramidal cells, the large distance between the excitatory synapses at apical dendrites in superficial layers and the inhibitory synapses on the somas in deeper levels provides an ideal geometrical configuration for dipole current flow generation (Figure 2-4-B). The relevance of spatial alignment is considered as one of the reason why synaptic currents contribute to the LFP more than action potentials (APs) do, mostly because axon orientations are not as uniformly aligned as the parallelly arranged pyramidal dendrites [16].

Apart from the geometrical configuration, a second important parameter is the synchrony of synaptic activation: if excitatory synapses are active in random points in time, the generated fields will be relatively small. Only if the summed, simultaneous activity of a large, optimally oriented cell assembly creates a dipole 'sheet' in the cortex, wavelike potential fluctuation can be measured. The characteristics of such waveforms, including amplitude and frequency, depend on structural aspects of brain tissue and the temporal characteristics of circuit function. The fact that local dipole generation occurs in spatially overlapping and continuous manner, has direct consequences for the measurement of electric brain activity: the source and composition of the LFP is often ambiguous and difficult to interpret. Due to the decay of the potential and the canceling or interfering net flow effects in the highly folded gyri and sulci of the cortex ('spatial averaging'), the larger the distance of the recording electrode to the current source, the less informative will be the measured signal about its generating events and location. For example, a mini-column of human cortex is of about 0,03 mm radius 3 mm height and contains 100 pyramidal cells with 1 million synapses (80% excitatory). Only when the synchronous activity of 600.000 mini-columns is added, the generated potential will measure a few microVolts at the scalp (a surface of about 1-6 cm 2 ). In contrast, more local and distinct events will go unnoticed. Invasive recordings with electrodes protruding into the cortex and can provide a higher resolution of the electrical events necessary to capture more subtle sources such as individual local synaptic currents.

Types of oscillations: Relaxation and harmonic oscillators

Oscillations can be observed at all levels of neural organization: recurrent bursts of spikes at single cell level (microscopic scale), locally generated gamma oscillations (mesoscopic scale) or largescale synchronizations in the theta band (macroscopic scale). While APs can be best described as a relaxation oscillator1 (Figure 2-5-A), the second and third examples correspond more to a harmonic oscillator characterized by its sinusoidal waveform (Figure 2-5-B). While neuronal activity is classically described by an integrate-and-fire model, with a build-up activity phase (e.g. Summation of EPSP) and a firing of an AP, in contrast, harmonic oscillations can be characterized by their frequency, phase and amplitude, that depend on the underlying mechanisms. In both cases, the oscillation requires two opposing forces: a positive energy to drive the output and and a negative, dampening force to bring the system back to the initial state. Thus, it consists of the two phases of charge and discharge, which can also be considered as a receiving and sending stages, respectively. The two concepts of different types of oscillators are linked in that the spiking pattern generated in a population of relaxation oscillations can give rise to a macroscopic oscillation of harmonic type through spatial superposition or low-pass filtering feature of dendrites. A. The regular firing of a single cell is of relaxation oscillator type, with a build-up charge phase (integration) and fast discharge (spike) after threshold passing. B. Harmonic oscillation with an equal charge and discharge stages. Modified from [1].

Generation of oscillations

The precise physiological mechanisms of oscillation generation are not yet entirely understood.

However, various models of oscillation generation exist [17], three of which are discussed here: i) oscillations as intrinsic resonance; ii) oscillations driven by a pacemaker and iii) oscillations arising from the interaction of excitation and inhibition.

Intrinsic neuronal properties and resonance

The long held view of neurons as passive integrate-and-fire entities that would not fire without external input was challenged upon the discovery of resonant properties of single neurons. An analogy helps the illustration: when someone emits a shout close to a resting guitar, the guitar will start humming, echoing the frequency range of the scream. In a similar way, neurons can resonate due to the numerous ion channels, that are spread heterogeneously across the entire cell membrane, with some channel types located primarily at the soma, others at dendrites. This was demonstrated by pharmacologically blocking excitatory, as well as inhibitory synapses of neurons in vitro, after which the neurons discharged more rhythmically and in faster frequencies than in baseline conditions [18]. The opening of ion channels is modulated by membrane voltage, neurotransmitters, modulators or other factors in probabilistic terms, allowing differential ion movement and discharge. The complex dynamics of these ion channel activities determine the neuron's responsiveness and its preferred resonance or 'eigenfrequency'. The resonant frequency largely relies on the membrane conductance mechanisms (e.g. [19]), that vary across different portions of the dendritic tree and will thus reflect the spatiotemporal distribution of afferent intensities of the cell's input [20]. Different cortical neurons have a wide range of preferred frequencies, giving rise to a rich oscillatory repertoire. For example, the GABA-ergic interneurons respond with highest precision to gamma frequencies, while pyramidal cells discharge more reliably in lower ranges (see [21][22][23]). Depending on the spatial aggregation of specific cell types in a given cortical regions, the regions will display a characteristic 'default rhythm', that could be measurable as synchronous network activity [20].

Pacemaker as a driving force

A second possible model describes a pacemaker-follower mechanism, in which a regular discharge of a nucleus or network drives the oscillatory activity of downstream targets. A prominent example is the hypothalamic pacemaker that regulates circadian rhythms including body temperature, hormone secretion, heart rate or blood pressure without external influence and in which each of the 20.000 cells in the suprachiasmatic nucleus is a circadian oscillator by itself. Another pacemaker example is the thalamus, that was shown to be involved in the generation of thalamocortical oscillations such as spindles during sleep [24] or the alpha rhythm [25,26].

'Pacemaker neurons' are usually defined by their intrinsic ability to generate bursts in regular intervals [27,28]: A neuron bursts because of activation of inward currents (or cessation of outward currents) and the bursts stops due to channel inactivation responsible for incoming current or the burst activates channels that serve to hyperpolarize the membrane. The burst of the next cycle can be initiated by either by a Ih current1 , voltage-dependent intracellular signals or other mechanisms [27]. Whether or not a neuron can display rhythmic bursting is defined by its characteristic voltage-and time-dependent ion fluxes but it is also influenced by the interaction and synchronization between cells (e.g. synchronization of suprachiasmatic neurons through GABA [29] or or gap junctions [1].

Dance between excitation and inhibition

Another way for oscillatory phenomena to arise, even without the involvement of a pacemaker, is in a network with excitatory (pyramidal) and inhibitory neurons (interneurons), that represent two opposing forces giving rise to rhythmic behaviour. In a network with excitatory neurons only, the excitation would build up causing runaway excitation, seizures or silencing naturally after the depletion of ion currents and thus such network would have only little computational capacity [1].

However in a network with additional interneurons, the following scenario can be observed: In the initial state, pyramidal cells fire only randomly. If by chance, some of them discharge synchronously or in a short period of time, they simultaneously activate several interneurons. In turn, an initially small seed of interneurons would inhibit a larger number of pyramidal cells due to their branching axon collaterals. In the next step, many pyramidal cells increase the probability of firing together once recovering from inhibition. Subsequently, the larger active group of excitatory cells will activate an even larger group of interneurons and so forth until a growing recruitment of cells can stabilize the oscillation to a balanced 'pulsating' pattern of alternate excitation and inhibition (Figure 23456). Because not all the cells will be involved at each cycle, the oscillation can be maintained for a longer period of time. The frequency of this oscillation would depend on the average cycle duration of the inhibition and thus be constrained by the time constants of inhibition-mediating GABAA receptors [1]. Hence, global oscillation can be seen as an intrinsic behavior of a balanced inhibition-excitation, and whose frequency is determined by the time constants of the involved circuit [9]. The theta oscillation at this site represents the 'underside' of the superficial current dipole so that negative deflections correspond to current sinks (inhibition) and positive deflections reflect current sources (excitation), alternating at a theta rhythm. Modified from [30].

In this scheme, interneurons represent an important factor for network oscillations. Given the limited computational abilities of the excitatory cells alone [1], the multifaceted role of interneurons is to optimize and enhance functional computation and increase the diversity of the functional repertoire ( [20], reviewed by [23]). This is achieved through the diversity of the inhibitory cells, and importantly, their targets of inhibition. Because the different domaines of the pyramidal cells are involved in different computational dynamics [31,32], interneurons innervating those specific domains can intervene selectively through their control. According to Buzsáki [1], there are three main families of interneuron (non-exhaustive classification): i) with perisomatic targets (inhibition at the soma or the initial segment); ii) with specific dendritic targets or iii) interneurons inhibiting exclusively other interneurons. The diversity and the combination of these cells allow for a nonlinear expansion of the qualitatively different network states that can be reflected in the different oscillatory rhythms arising from their activity. A particularly critical role is ascribed to so-called 'long-range' interneurons, that have distant projections across hemispheres or to subcortical locations (family 2 and 3). This structural design provides an appealing circuit for the synchronization of distant oscillators. The fast conduction speed can provide temporal synchrony at all terminals and thus, coherently coordinate not else-wise connected assemblies.

Oscillatory dynamics -implications for neural function

Following the described scenarios of possible oscillation generation, the naturally present dense connectivity of excitatory and inhibitory neurons gives rise to a spontaneous and persistent oscillatory activity, even in absence of external stimulation [20]. Is there a functional consequence of such an emergent electric behavior and if so, how can it be conceived? I consider here some arguments presented previously by Buzsáki [1], Haider and McCormick [33] and elsewhere. They propose that while at first, oscillatory activity reflected in the LFP can be considered as a byproduct of balanced activity of excitatory and inhibitory network, in a second step it acquires an autonomy on its own. Specifically, the active contribution can arise through the effects of i) modulation of gain, ii) gain in temporal precision or iii) cross-frequency coupling between different rhythms.

Modulation of gain

Among several factors that influence neuronal excitability (such as ionic concentrations [34], synaptic plasticity [35] or action of neuromodulators [36]), membrane potential fluctuations are considered the most important factor which can induce substantial and rapid variations to the neurons excitability and modulate their responsiveness to inputs ( [37], reviewed by [33,38]).

Synaptically generated rhythmic potential fluctuations are reflected in the LFP and can be simultaneously detected at the level of dendrites, soma and proximal axon locations. Given that neurons are intrinsically embedded in the extracellular space, any perturbation of their physiological medium will impact the neurons' operational mode. More precisely, oscillatory membrane fluctuations at the soma (around the AP-generating initial segment) are likely to be of largest influence, but effects at the dendrites will also be a considerable importance. For example, in absence of any synaptic input, the membrane potential of a typical cortical pyramidal neuron in vivo is hyperpolarized between -80 and -65 mV (depending on the cortical layer, cell type and behavioral state). An average monosynaptic EPSP is on the order of 0.5 mV and thus, many EPSP have to coincide in order to reach the action potential threshold of -53 mV and elicit an AP [39,40]. With the help of the depolarizing oscillatory phase, the neuron's membrane potential is brought closer to AP threshold and thus, the probability that a series of subthreshold inputs become suprathreshold increases and the cell is more likely to fire, all other factors equal. In that way, the responsiveness of the neuron and its adjacent neighbors can be enhanced through a so called 'up-state' induced by the oscillation (Figure 234567, [33,41]). Importantly, because the neuronal response magnitude is determined by an sigmoidal input-output function, the neuron's gainmodulation can have a non-linear effect on output firing rate, boosting especially small or medium synaptic events, which are most frequent in the cortex [33]. An inverse, inhibiting effect will apply at the hyperpolarizing phase of the cycle, where too small events will be attenuated or filtered out. Up state is preceded and followed by a Down state. Up state is characterized by the depolarization of the LFP and increased neuronal gain, that may be of long (example 1), medium (example 2), or short (example 3) duration. Inset expands window 3, where the depolarizing half the LFP oscillation cycle provides a short temporal window for the integration of b o t h e x c i t a t o r y a n d i n h i b i t o r y postsynaptic potentials. Modified from [33].

Gain in temporal precision

It has been argued that the presence of oscillatory activity in the extracellular medium influences the effective communication between assemblies by temporally aligning their activation [13]. The central argument is that excitability fluctuations must be predictable and reliable across sender and receiver for optimal communication, which will occur when excitability fluctuations across sending and receiving assemblies are coherent. Phase-synchronized oscillations would facilitate such coordinated communication through the generation of temporally restricted rhythmic 'windows for communication', that would appropriately time the sender's output to arrive when the receiver is most excitable ([13], Figure 2345678). In this case, the simultaneous arrival of several spikes in a short time window [42,43] will enhance the accuracy of coincidence detection and thus, the precision with which messages are passed (as for example in the auditory system [44]).

In line with this idea, theoretical studies indicate that the temporal precision of the postsynaptic spike is not limited by the time constant, but the rise time of EPSPs [45]. Voltage-dependent channels in the dendrites, activated through oscillations, might in principle mediate such selective gating or amplified interaction at the synapses [46,47] by increasing the neuron's capacity for coincidence detection [48]. Inversely, if synchronization is absent or if the oscillatory phases are not matched (phase-scattering, e.g. [49]) the input of sender will arrive in an un-excitable period of the receiver [50,51] and this way the oscillation will attenuate irrelevant information. This rendering of effective connections through oscillation-induced phase synchrony might be a general mechanism of routing of selected information across cortical regions. This can be implemented in different frequencies, which would allow for an endless coding capacity and hence, cognitive flexibility [1]. For example, segregation and integration, that have been proposed to be a central 'leitmotif' of neural computation, can be achieved through such temporary formation of cellular coalitions, that selectively respond to specific content of a stimulus and then converge onto a common receiver. This principle could apply for both short-and long-range communication [12]. However, in contrast to local oscillations arising mostly during cortico-cortical interactions, longrange phase-synchrony is probably based on long-distant connectivity (e.g. of interneurons) or thalamocortical fibers [52], and thus involve slower rhythm synchronization, representing the integrated activity of larger areas. Additionally, top-down influence could be implemented through synchronization via feedback recurrent pathways, biasing the processing at lower stages of the processing hierarchy [53]. Three assemblies (red, green, black) are represented with their respective oscillatory and spiking activity. Spikes that arrive at excitability peaks of the receiving neuronal group are marked with arrows, spikes missing excitability peaks have blunt edges. The red and green neuronal groups display coherent excitability fluctuations and their communication is therefore more effective, than the one between the green and the black neuronal group. Modified from [13].

Cross-frequency coupling for hierarchical organization

It has been proposed that brain oscillations can enter in interaction with each other to allow the coordination of processing across networks of different sizes, i.e. between local and global networks [4]. From a mechanistic perspective, slow rhythms induce fluctuations in the LFP of relatively important amplitudes, and the 1/f power-frequency relationship makes such that these perturbations can induce a cascade of energy dissipation at higher frequencies, modulating fast oscillations [9] or spike timing [54][55][56] at widespread cortical locations. Given their wide spatial scope, phase-modulation entrainment may propagate through a larger network due to interregional locking [57]. This coupling pattern would therefore connect multiple cortical sites by collectively affecting the cross-regional cell firing, binding together anatomically dispersed functional cell clusters [56]. It is therefore likely, that this dynamic entrainment by the slow frequencies is predisposed to have a far-reaching effect on processing of inter-regional functional networks across multiple spatiotemporal scales [9,[57][58][59][60]. In that, the hierarchy of phaseamplitude-coupled rhythms can be compared to spiking of single cells grouped into cell assemblies ('letters') and assembly sequences ('words') through the parsing mechanism of slow rhythms that 'make and break' the selection of segments by entraining the fast oscillatory events at specific cycle phases [61][62][63][64],

Such modulations of the faster by the slower rhythm, referred to as cross-frequency-coupling (CFC), can take the forms of phase-phase, amplitude-amplitude or phase-amplitude coupling.

While the first usually emerges between two or multiple oscillator of identical frequency, the second and the third forms can link different frequency ranges. Amplitude-amplitude locking refers to the co-variation of oscillatory power, during which the envelope magnitudes are correlated and which may or may not include phase coherence ( [65], Figure 23456789). Finally, during phase-amplitude locking the magnitude of higher-frequent oscillations varies as a function of the phase of the slower rhythm, which is by far the most frequently reported and best understood mechanism.

In general, CFC modulations relevant for high-level cognitive processes were most frequently observed for theta-gamma frequencies, but the coupling between other slow-fast rhythm combinations also exists, including modulation through alpha [66,67], delta [14], slow [68][69][70][71] and ultraslow oscillations ( [72], reviewed by [61]).

Depending on the regions and the frequencies involved, the underlying circuit mechanisms will vary considerably (for a detailed discussion see [73]). The simplest model of theta-driven modulation assumes a pacemaking in the septal complex (e.g. [74]) that, through theta phaselocked neurons in the basal forebrain, projects to distant neocortex sites [75,76]. Alternatively, theta entrainment of distant neocortical neurons may happen through the entorhinal cortex or the PFC through widespread, reciprocal connections [77]. Lastly, theta may be broadcasted through direct sparse long-range hippocampal projections to distance neocortical regions [78,79]. Any of these pathways could act alone or in combination to provide long-range theta-propagation and consequent gamma modulation [73].

One study addressed the question of cellular mechanism of theta-gamma coupling generation in the hippocampus [80]. Whole-cell patch-clamp recordings of granule cells (GCs) in rats revealed that while the barrages of AMPA-receptor-mediated EPSPs from the entorhinal cortex exhibited coherence with the field potential in the theta range, the IPSPs were locked primarily to the gamma range, probably arising from the local interneurons. Importantly, GCs fired at low frequencies and their APs were phase-locked to nested theta-gamma LFP oscillations. These findings suggest that there is a labor division between the excitatory and inhibitory synapses in the generation of the nested theta-gamma rhythm in the hippocampus, that makes an efficient temporal coding mechanism in the dentate gyrus. In conclusion, the presented arguments suggest that there is a sensitivity of single neurons to the oscillatory activity contained in the ambient LFP and the neuronal activity cannot be regarded in isolation from the emergent oscillatory network activity. Further, it has been proposed that a basic operation of the cerebral cortex is characterized by the coordinated flow of neuronal communication of transiently linked groups of neurons and that such routing of signal processing can be supported by emergent oscillatory activity. This supporting function can be achieved through modulation of synaptic gain (modulated probabilities if AP generation), enhanced temporal precision of spikes, or cross-frequency-coupling, that in combination can assist in channelling processing across micro-and macroscopic scales. Their transient nature allows the system to behave dynamically, with ongoing real-time calibrations necessary for flexible behavior [12,81]. An evolutionary advantage in this design is that by spontaneously generating information, oscillations provide an energetically efficient and self-sufficient mechanism, that allows neurons to respond selectively to incoming inputs [1,[82][83][84].

Lastly, linking the activity of assemblies in a meaningful manner, neural oscillations can be considered as a continuum between cause and effect, representing a middle ground between neuron and behavior. In this role, slow rhythms are of particular importance in that they have the potential to drive global changes and which is particularly interesting in the context of intentional (en-) training of oscillations and their exploitation for clinical or other purposes (see Chapters 3-6).

Examples for computational roles of oscillatory activity

Based on singular or combined effects of gain modulation, increased temporal precision or CFC, numerous concrete computational functions of oscillations have been proposed. In the following, three selected examples of the supportive roles of oscillations will be reviewed: i) the representation of sensory information, ii) the regulation of processing flow and iii) the contribution to learning and memory [9].

Representation of sensory information

In the visual system information is represented by distributed networks of cell populations, where different features of the stimulus are coded by different cortical areas. However, in order to provide a unified percept of an object these features must be integrated, a process known as the 'binding problem'. Early work [85,86] suggested that the integration is achieved through the dynamic linkage of these assemblies through gamma oscillations that synchronize the firing rates of distinct assemblies converging on downstream targets through axonal projections [82,87].

Another way of information presentation may be implemented by the oscillatory phase [149].

According to this idea, network oscillations provide a temporal reference structure, relative to which spike timings become meaningful [38]. Common examples are the theta-gamma code for the short-term memory storage of multiple items, in which different oscillatory gamma cycles code distinct memory items, grouped together by theta phase [88], [83] or the 'phase precession' in hippocampal place cells, in which the theta phase at the moment of spiking is informative about the spatial location of the animal [89,90], Figure 2 Spike-triggered average of theta waves (grey trace) and autocorrelogram of spikes (in red), initiated by spike occurrence at place-field peak. Groups of spikes occur at higher than theta frequency, causing each successive burst to move to an earlier phase of the theta cycle with a progressive forward shift of the preferred phase. From [9] & [91].

Regulation of processing flow

Rather than representing the content of neural signals per se, oscillations may also be involved in the regulation of processing flow through 'top-down' oscillatory dynamics [7,38,48,65].

Oscillations can induce a homogeneous milieu in proximal groups of neurons, such that the interaction between sender and target neurons is facilitated through co-variability in membrane potential fluctuation. In this way, the oscillation may act as a dynamic nonlinear filter promoting salient inputs of one group and suppressing the insignificant inputs from another group through recurrent feedback pathways [38]. A specific example is the presence of gamma oscillations during increased alertness or attention, as for example during covert attention. In a study by Fries et al. [92], monkeys had to fix the gaze on one stimulus while covertly orienting their attention to a different part of the visual field. The coherence between neuronal spikes and the local field potential in the gamma band was increased, indicating that there might be an active involvement of gamma oscillations in this process. Importantly, such top-down influences can reach over wide cortical distances. For example, in cats, a coherent oscillatory pattern appeared selectively during focused periods between visual, parietal and motor cortices [93,94]. Bressler et al. reported dynamic changes in frequency coherence between wide-spread regions during a Go-Nogo paradigm with monkeys in the beta and gamma-frequencies [95,96]. In humans, long-range synchrony in the gamma range was reported during face perception between occipital, parietal and frontal areas [49]. Consequently, by biasing the networks' convergence on downstream targets, oscillations provide a competitive advantage among different inputs, amplifying the processing of behaviorally relevant stimuli [92,97,98].

Contribution to memory and learning

It is not surprising that a mechanism that can increase the temporal specificity of neuronal discharges through 'windows of opportunity', would play an important role also in memory processes [38]. The relevance of input timing, which is the basis for memory function, has been demonstrated through the work on spike timing-dependent plasticity (STDP, reviewed by [104]), that shows that millisecond-precision in input correlation is essential for the induction of synaptic plasticity [105]. Oscillatory activity, stimulated through attentional processes, would organize the pre-and postsynaptic spike times through precise windows of opportunities and thus increase the likelihood stimulus storage in memory or implement predictive sequence learning [106]. For example, spike-field locking in the theta frequency and phase-synchronization were shown to be relevant for memory performance [60,99,100]. Such influences have been also documented cortex for working memory in monkeys [101] and in humans [56,102] or for learning [103]. An opened question is whether precise timing may also be relevant for the retrieval of information stored in memory [38,107].

Another context in which oscillations may contribute to memory formation is during sleep, linked to an 'offline grouping mechanism' of oscillations. Memory-beneficial effects have usually been reported during slow-wave sleep (SWS), associated with the presence of the slow oscillatory component < 1 Hz [150]. For example Marshall et al. experimentally induced slow oscillations during sleep and confirmed that oscillations have a causal role in memory consolidation, presumably through synaptic strengthening through slow-wave driven spindles [108]. The contribution of spindles (12-15 Hz) or higher frequencies [69], is not entirely clear, but it has been suggested that they are related to the replay of learned information during sleep [9,28,109,110].

An alternative interpretation is that such replay, which always coincides with hippocampal sharp wave-ripples, serves to exchange information between the hippocampus and neocortex [110], broadcasting the acquired information for long-term storage in the cortex.

The duo of theta and gamma oscillations

In this section, a closer look will be taken on theta and gamma oscillations, that are two ubiquitous oscillations subserving cognitive processing, at a global and local scale, respectively. For our purposes of theta and gamma training (Chapter 4 & 5), their origins, cellular mechanisms and associated cognitive functions are reviewed.

Theta oscillations

In the human EEG, theta frequency was initially defined as 4-7 Hz [111], merely to provide an intermediate rhythm between the well defined delta slow waves and the alpha rhythm. Its name refers to the thalamus, where the rhythm was supposed to originate (according to [112]). Later, the frequency range was corrected to 4-8 Hz [3]. Today theta oscillations are an extensively studied rhythm in rats, known as 'hippocampal theta' (HC-θ) in the frequency of [4][5][6][7][8][9][10][11][12]114], where it is prominent during locomotion, spatial navigation, and exploratory behaviour like sniffing or orienting and in rapid-eye-movement (REM) sleep [1,115]. In contrast, in humans, theta oscillations are most frequently reported in the frontal midline structures, (FM-θ 1 ), in particular occurring during increased cognitive effort and memory processes [114], but HC-θ in humans has also been reported [116][117][118]. In the following, theta origins and its functional implications are reviewed. As we will see, the existence of FM-θ independent of HC-θ is not yet certain and its mechanisms are not well understood. For this reason, in my description I will mostly focus on HCθ generation.

Theta origins and mechanisms

In the classical HC-θ model, the medial-septum and the diagonal band of Broca (MS-DBB) 2 has been postulated to be the theta rhythm generator [119]. According to this model, the extracellularly recorded theta oscillations arise from two currents in the HC: one generated at the dendrites of the pyramidal cells in the dentate gyrus through the excitatory input from perforant path arising from the layer II-III cells of the entorhinal cortex [120, 121] and a second at the somata through the inhibitory input from the feedforward inhibition of the septum. The interplay between these two current generations gives rise to a dipole, which is supposed to represent extracellularly measured theta waves. Indeed, current source density analysis of laminar theta recordings revealed a coupling between current sources in the pyramidal cell layer and the current sinks dentate gyrus, suggesting synchronous somatic inhibition and dendritic excitation ([122, 123], Figure 234567891011).

Lesions of the MS-DBB showed that HC-θ strongly depends on the cholinergic inputs from this 2 The diagonal band of Broca is a cholinergic bundle of nerve fibers posterior to the anterior perforated substance, connecting the paraterminal gyrus in the septal area with the hippocampus and the lateral olfactory area. From Wikipedia.

structure because of resulting elimination of the rhythm and also memory impairment [124,125].

In line with this, muscarinic1 agonists in the medial septum increases the activity of HC-θ [126] and enhances learning and memory processes [127]. However, later studies using epidural grid and silicon probes recordings in rats showed inconsistencies of this model, suggesting instead that theta oscillations represent a combination and overlay of multiple dipoles in the hippocampus, entorhinal cortex and other proximal structures, that may be volume conducted with a predictable phase [73,120] or traveling across the septotemporal axis of the hippocampus [128]. Electrodes in red show sites with significant increase of theta occurrence with maze complexity. D,E,F, and G show frequency spectra at indicated selected locations, that display an effect of theta increase upon maze complexity (long maze in blue and short maze in green). From [118].

An additional argument pro multiple theta sources may be the diffuse nature of the cholinergic system [152, 153], that was repeatedly shown to be linked to theta generation [147,154]. Given that cholinergic projections of nucleus basalis of Meynert in the medial septum reach out to hippocampal but also to a widespread network in frontal, cingular and parietal cortices ([155], see figure 6-2), it is possible that different regions display independent theta activity, but can also show correlations induced through the common modulator [156,157]. Although the exact generating mechanisms are not clear, it is likely that there will be a strong variability of micro-circuit In sum, while the mechanisms of extra-hippocampal theta generation remain an open question, the examination of several features such as source topography, electrographic characteristics, prevalence, behavioral associations and drug interaction suggests a diversity of theta sources [112].

Given their ubiquitous nature, it is likely that they will arise in any circuit fulfilling the minimal requirements for their generation, such as the presence of sparse coding pyramidal cells with longdistant cortico-hippocampal projections, neurotransmitter acetylcholine, a specific circuit architecture as well as the appropriate behavioral context [158].

Functional correlates of theta oscillations

In humans, theta oscillations are involved in many important cognitive functions, but in particular during performance of demanding tasks including executive functions [159], sustained attention see [112] for an extensive overview of functional theta studies in humans). More mechanistic studies have revealed the relevance of theta in long-term potentiation (LTP), that was shown to be highly sensitive to the phase of ongoing theta oscillation, with facilitated potentiation at the peak and de-potentiation at the trough of the theta cycle (reported in vitro [154] and in vivo [170], see also [120]). Attempts to block theta through lesions in the medial septum or pharmacologically through mAChRs1 -antagonists [171,172]), provides additional evidence that theta can act as a windowing mechanism of plasticity [147,173,174].

In sum, theta oscillations appear with increasing cognitive effort, during memory processes and top-down processing [175,176], which centers it between low-level neurophysiological processes and complex cognitive operation (but see [177] for a different perspective on theta oscillations related to behavioral errors and local cortical sleep).

Gamma oscillations

Alongside with theta, gamma oscillations are another ubiquitous rhythm in the brain across many species and detectable throughout different neocortical or subcortical regions, including occipital, temporal, frontal cortices, striatum, thalamus, hippocampal formation or the amygdala [61]. Not only have gamma oscillations a wide-spread topology, they are also implicated in a remarkable range of different behavioral states like perception, navigation, mnemonic function, sleep or anesthesia, which is probably why they have 'taken center stage' in system neuroscience for many years [64]. In spite of their generic occurrence, gamma oscillations can be also highly specific through the numerous frequency ranges they can take. Gamma rhythms can vary between 30 

Mechanisms of gamma

In the following, I will give a brief overview of the models of cellular generation of rhythmic (I-I and E-I models) and broadband gamma, as well as their functional relevance. This discussion is mainly based on considerations presented in [64,178,179].

I-I Model

This model requires three basic ingredients: i) interneurons with reciprocal connections, ii) a GABAA receptor time constant and iii) sufficient initial or spontaneous input to drive interneuron firing [61]. With these ingredients gamma oscillations can occur either through a tonic input drive establishing periodicity (Figure 2-14-A) or through stochastic inputs that after the initially asynchronous state can induce oscillatory activity via recurrent synaptic interactions (Figure 2-14-B). In both scenarios, the oscillation arises when a subset of neurons start to fire simultaneously (maybe by chance at first) and generate synchronous IPSPs in the remaining neurons of the network. At their turn, the inhibited set of interneurons recover after the decay of hyperpolarization and iterate the cycle. In this network, the frequency of gamma oscillations is mainly determined by i) the GABAA receptor subunit composition, which defines the duration of inhibitory synaptic currents (IPSCs), as well as ii) the net excitation of interneurons [61]. This model can for example explain the predominance of gamma oscillations in the superficial cortical layers due to the abundant local recurrent connections between interneurons ([180, 181], see [182] for more empirical and modelling evidence).

E-I Model

In contrast, E-I model of gamma oscillations assumes the interaction between inhibitory and excitatory neuron populations [61]. In this scheme, the alternation of sufficiently strong and fast excitation and the delayed feedback inhibition cause sustained oscillatory activity (Figure 2 Both models have advantages in disadvantages, that are discussed in great detail in [61]. They do not exclude other mechanisms of gamma oscillations and in many cases there are likely hybrid E-I and I-I gamma networks at work [61,185,187]. Although the cellular mechanisms may differ across species and from brain region to region, they are likely to share the relevant contribution of inhibitory interneurons and in particular the perisomatic inhibition via GABAA synapses [61]. 

Broadband gamma

A different image is presented in the case of broadband gamma oscillations, that as the name suggests, is not a well defined oscillatory rhythm, but an activation of a broad range of frequencies.

While the rhythmic oscillations primarily arises through the synaptic currents and the generations of sinks-and-sources dipoles and displays little correlation with the spiking pattern of the neuron [188], it has been shown that broadband gamma reflects changes in the average firing rate of the pre-synaptic neurons summed at the LFP scale [189]. According to a model proposed by Bédard et al. [178,190] the Poisson-distributed pre-synaptic APs arrive at the post-synaptic neurons and evoke on average a frequency-independent spectral power response because spikes come with the same probability across frequencies (Figure 2-15-A). The postsynaptic current causes a change in the gradient of charge density within the dendritic arbor (Figure 2-15-D), contributing in the 1/f 2 manner to the power spectral density through its characteristic shape defined by its decay time (Figure 2-15-B,C). If the inputs of many synaptic currents are summed over space and time, the combined effects of synaptic and trans-dendritic current fluxes will induce a gradient of currentsource density in the extracellular space, reflecting shifts in mean firing rates of pre-synaptic neurons (Figure 2-15-C). Although it is still debated whether broadband gamma can be referred to as 'gamma oscillations' [61], this model was validated by theoretical [178,190] and empirical evidence [189,191,192]) and it relevance has been demonstrated in the behavioral context [193][194][195]. Poisson-distributed input spikes with equal probabilities for all spike frequencies (A). The second is a characteristic postsynaptic current with exponential decay with a 1/f shape after the peak at a frequency determined by the decay time of the synapse (B). The third process is the integration of inward currents over space and time in the dendrite (D). This model demonstrates how the relationship between firing rate and broadband power spectrum change might arise (C). Modified from [178].

Functional correlates -gamma is gamma is gamma?

The evidence for functional correlates of gamma oscillations in the last 25 years has been overwhelming. Kicked off with the pioneering visual binding studies [85,86,196], gamma oscillations continued their triumphal procession when they were reported in the freely behaving rat [197], during free visual viewing and exploration in monkeys [198], in primary auditory cortex in response to an auditory stimulus [199,200] This enumeration represents by no means an exhaustive listing of all functional correlates of gamma oscillations and the reason for this may be that it serves all and none of these functions exclusively. A mechanistic perspective on gamma has been proposed [20,64], which advocates gamma oscillations as a fundamental neural operation that cannot be 'reserved' for any particular function, but will be encountered whenever the cortex is at work. Following this principle, gamma can be seen as a biomarker of ongoing neural activation [20,226], because it constitutes the elemental blocks of cortical computation, e.g. that of gain modulation and/or temporal precision, that is required in any cognitive operation. Due to the spatial specificity of some cognitive functions, gamma activation can used for functional mapping [227][228][229][230]. Another view is that the oscillatory activity represents the 'material substrate of psychological experience' [64], which owes its high specificity to the highly diverse gamma generation [179]. From this view, no two gamma oscillations are strictly the same, but determined by the anatomical location of the functional circuit, the subtypes of involved neurons, the laminar depth of oscillatory origin, the spatial distributions of the dendritic arborization, the synapses, the receptor time constants and probably by a wealth of other factors, too [20,158]. In both cases, a neurophysiologically informed approach to the study of gamma oscillations, in particular the consideration of its mechanisms, is encouraged. 

Chapter 4 3.Chapter 3 -Review Article

Chapter 3 -Review Article

FIRST AND THIRD: THE NECESSARY CIRCULATION

The major research domains in cognitive neuroscience aim to characterize human experience, mind, and consciousness. By randomization, standardization procedures and statistical analysis, this approach seeks to extract the most essential invariant mechanisms, generalizable to the entire population. However, it is curious that in the study of necessarily subjective phenomena of mental processes, we refuse to consider them as such. Instead of elaborating on the subjectivity, we are paradoxically disregarding the most characteristic feature of our mind. In the mid-1990s, [START_REF] Varela | Neurophenomenology: a methodological remedy for the hard problem[END_REF] proposed a scientific program termed "Neurophenomenology," conceptualized as a remedy for the hard problem of consciousness (Chalmers, 1995). Rather than studying the hard problem per se, this proposal was of pragmatic nature, oriented toward the explanatory gap of how to relate neurobiological and phenomenological features of consciousness. Neurophenomenology encourages a combined investigation of scientific observation and subjective experience in scientific research, without denying the necessity of a rigorous methodological approach in the acquisition of first-person data. The dialog between the two different types of data generation is considered to result in a twofold profit:

(1) Phenomenologically enriched neural data make ongoing mental or physical processes accessible to the subject that would otherwise remain unconscious. New variables might be opened up for personal observation and introspection. (2) The neuroscientist is guided by the subjective report, which provides a strong constraint on the analysis and interpretation of physiological data relevant to conscious experience. Relating physiology to phenomenology is expected to uncover subtle details in neural data by means of the phenomenological perspective.

In that way, mutual constraints given by the complementary perspectives enable the specification of our models of phenomenology, and the associated neural activity.

As evidenced by this special issue, Varela's call has not gone unanswered, and recent years have seen the development of a small but growing literature exploring the interface between phenomenology and neuroscience. The emergence of the field of neuropsychoanalysis (Panksepp and Solms, 2012) attests to this trend, in addition to the increasing number of studies including both qualitative and quantitative data as on visual perception (Lutz et al., 2002), lucid dreaming [START_REF] Hobson | The neurobiology of consciousness: lucid dreaming wakes up[END_REF], the initiation of epileptic seizures (Le Van Quyen and Petitmengin, 2002) or the recent study elucidating cognitive processes that correspond to the default mode network activation [START_REF] Garrison | Effortless awareness: using real time neurofeedback to investigate correlates of posterior cingulate cortex activity in meditators' selfreport[END_REF].

However, the integration of first-person data into the experimental protocols of cognitive neuroscience still faces a number of challenges. Two major methodological concerns regarding the quality of the first-person data are that (1) subjective reports can be untruthful or lacking precision, and (2) experience might be changed by the very fact of reporting. From the epistemological perspective it is not evident how to relate the qualitative and quantitative data in methodologically valid and meaningful ways (Lutz and Thompson, 2003).

Although valuable work has sharpened the acquisition methods of qualitative data (Lutz et al., 2002;Depraz et al., 2003;[START_REF] Petitmengin | Anticipating seizure: Prereflective experience at the center of neuro-phenomenology[END_REF], a meaningful link between these and the neural data remains challenging. The central difficulty is the temporal scale of neural and subjective events. While many neural events can last only a few hundreds of milliseconds, the temporal resolution of thought and memory processes are at a coarser scale of seconds. The approximate sense of personal timing will thus limit the precision of an oral report. Moreover, subjective reports are usually obtained either in intermittent periods or at the end of the experiment, but never in a concurrent manner with neural data. Because the acquisition of data occurs independently for each, the reports and the recordings can merely be compared or correlated a posteriori. Since the precision in the temporal dimension is a crucial variable for neural processes, the long delay introduced between the experience and the corresponding neural activity will significantly reduce the amount of information that can be extracted from such comparisons. When the personal account is supposed to guide analysis and interpretation of neural data, a causal link between the perspectives seems necessary. Similarly, in order to benefit from neural data for deeper introspection, temporal contingency between personal perception and neural events is essential, as was shown in associative learning (Sulzer et al., 2013a).

Given these limitations of the neurophenomenological approach, an experimental procedure that would facilitate a more direct mapping of neural and personal data is desirable. We propose that the paradigm of neurofeedback is a good candidate to yield further progress in the field. The idea to unify firstperson and third-person data is at the very core of neurofeedback, making it appropriate for studies within the research program of neurophenomenology.

NEUROFEEDBACK -THE PAST AND THE PRESENT

If provided with real-time feedback, human, and animal subjects can learn to control various measures of their own bodily and neural activity such as heart rate, skin conductance, the Blood-Oxygen-Level-Dependent-(BOLD) response, the oscillatory activity, and even the spiking of single cells (Fetz, 1969(Fetz, , 2007;;[START_REF] Evans | Handbook of Neurofeedback[END_REF]Cerf et al., 2010;Roelfsema, 2011). Based on brain electrical signals transmitted in real time, inner control of one's own neuronal activity may be learned with the aid of a brain-computer interface, which serves to preprocess and display a person's instantaneous brain activation on a computer screen through what is known as a "neurofeedback" loop. This visual display behaves like a virtual "mirror" to real electrical activities produced by the cerebral cortex. For example, using neurofeedback of electroencephalographic (EEG) signals, the power of participants' neuronal oscillations in a given frequency (e.g., the alpha band from 8 to 12 Hz) are visually displayed to them, typically in the form of a bar graph whose height is proportional to the real-time EEG amplitude and which fluctuates accordingly (Figure 1). Participants try to learn to manipulate this visual feedback, increasing/decreasing it to a predefined threshold level, with a reward when amplification/suppression to this threshold is achieved. Guided by the visual feedback process, the participant can search for a relationship between the conscious experience and the changes in neural data in ongoing data streaming.

The pioneering studies in the field of neurofeedback were conducted as early as the 1960s starting with the important work by Fetz (1969) on primates, showing the operant conditioning of single cell spike trains in the motor cortex. The motor cortex is probably the most obvious place to search for a cortical signal directly associated with volitional movement (Libet et al., 1983;[START_REF] Haggard | Voluntary action and conscious awareness[END_REF]Fetz, 2007). This may be one of the reasons why a substantial part of neurofeedback research was conducted on paralyzed or locked-in patients recognizing the need of people with disabilities, aiming to restore their communicative or motor functions. Brain-computer interfaces were tested in amyotrophic lateral sclerosis, brain stem stroke, or spinal cord lesions using signals including slow cortical potentials, P300 potentials, and alpha or beta rhythms recorded from the scalp, and cortical neuronal activity recorded by implanted electrodes (Wolpaw et al., 2002;Birbaumer and Cohen, 2007;[START_REF] Jackson | Interfacing with the computational brain[END_REF]. The successful cases in these applications encouraged the usage of neurofeedback for other neurological and neuropsychiatric conditions. Subsequently, positive neurofeedback effects were achieved in substance addiction (Sulzer et The starting point in most of these studies was a predefined physiological profile of a certain function or pathology to be enhanced or counterbalanced through neurofeedback. As for example in a study on autism, the success of the neurofeedback training was due to the decrease of the excessive theta power (4-8 Hz) in the anterior cingulate cortex, known to be involved in social and executive dysfunctions in autism (Kouijzer et al., 2010). Beside clinical application, the effects of neurofeedback training were also explored in general cognitive functions. Improved mental rotation, perceptual learning, episodic memory, and higher intelligence scores were reported after training (Hanslmayr et A particularly interesting approach consisted of using intracranial EEG recorded in epileptic patients to design a simple computer interface (also called "Brain TV," http://www.braintv.org; see Petitmengin and Lachaux, 2013) and to display to patients in real-time their activity recorded at particular cortical locations in several frequency bands, including alpha (8-12 Hz), beta (12-30 Hz), and gamma bands (>40 Hz; Lachaux et al., 2007). During such neurofeedback sessions, the patients were able to observe their own neural data. Once they have identified a possible link between their acts and the signal response (e.g., by solving arithmetic exercises or relaxation) subjects were able to deliberately control the brain activity (Lachaux et al., 2007). In most of the discussed studies a conscious, cognitive strategy was adopted to find a link between inner events and the corresponding neural signal (e.g., expressing an emotion, performing mental imagery, building up an intention, remembering an event, or other cognitive acts; deCharms, 2008). However, an implicit type of successful learning akin to skill learning has also been discussed, emphasizing the role of the subcortical motor system (Birbaumer et al., 2013). The hypothesis that brain-self-regulation can be achieved without a high cognitive, explicit, and conscious strategy is supported by animal studies on primates and rodents making use of associative learning or operant conditioning (Fetz, 1969;Koralek et al.,2012).

The modulation of a specific physiological substrate appears to be dependent on the sensory feedback provided to the subject. As several studies have demonstrated, the control over rt-fMRI brain activation was trainable with proper and not sham feedback (Sulzer et al., 2013b). One study that confirms that feedback is necessary information for self-regulation comes from a study on chronic pain patients showing that the feedback of neural activity was necessary for them to succeed in controlling the neural processing behind pain perception reducing perceived pain. One would assume that pain patients already have continuously available sensory feedback of their personal pain level, as well as a strong motivation to restrain the pain intensity (deCharms et al., 2005). Nevertheless, the personal pain perception alone was not sufficient for the control of pain, whereas the feedback on neural activity seemed to provide additional information that played a crucial role in the ability to control physiological processes.

Overall, these studies indicate that control over neural activity is not confined to a particular neurophysiological function or a specific anatomical location. Rather, it seems to be a more general property of the brain that can be learned for different neural profiles and various clinical or cognitive conditions given appropriate feedback.

NEUROPHENOMENOLOGY MEETS NEUROFEEDBACK

REAL-TIME LOOP BETWEEN FIRST-PERSON AND THIRD-PERSON DATA

Neurofeedback offers a way to relate the phenomenological structure of subjective experience with a real-time characterization of large-scale neural operations in a continuous manner over the course of the experiment. In the setup, the current state of neural activity, reflecting moment-to-moment changes in perception and cognition of the subject, is recorded at multiple cortical sites. After processing, the neural variable is presented to the subject with a delay of no more than 0.5 s. The subject is asked to monitor all mental acts or changes in personal experience that could correspond to the fluctuation of the signal. While trying to detect the link between the two, the subject's principal task is to guide mental activity such that the neural signal reaches an upper or lower threshold. With this task in mind, the subject is continuously monitoring whether a change in the mental process is associated with a change in the recorded signal in the desired direction. By such deliberate manipulation of the signal, the subject enriches the neural data with ongoing personal experience, shaping his or her own brain activity. In the same way, the scientifically presented data can influence the subject, when upon the subsequent iteration of data streaming (next 0.5 s), the outcome of the scientific analysis might make the subject change his or her approach. The loop between the subject and the data becomes causally bidirectional.

In this way, online information of physiological variables allows the subject to gain access to a neural process that is related to the mental activity, which is usually hidden from awareness. The constant feedback facilitates monitoring of neural control and allows the subject to evaluate the efficacy of the chosen strategy (e.g., remembering moments from childhood) regarding the overall task. Through practice across the sessions of a training period, continuous introspective effort promotes insights on arousal, concentration, distraction, self-awareness, and selfregulation. Gradually, an understanding of the link between the change in cognition and its neural correlate emerges, which is refined on a trial-and-error basis, until it can be systematically exploited in a reliable way. The subject learns to control several electrodes at various cortical sites, tries to modulate different oscillatory frequency ranges, spiking activity, or synchronization degrees. Ultimately, the subject is capable of selecting which electrode responds best to the voluntarily induced mental events and which frequency range or other parameter is the easiest to modify.

CO-DETERMINATION BETWEEN FIRST-PERSON AND THIRD-PERSON DATA

The inherent feature of this setting is the mutual constrain between phenomenology and neuroscience. Because information from first-and third-person perspectives are united and co-determine each other in the iterative loop of real-time neurofeedback, the epistemological concern of how to relate neural and personal data is resolved. A meaningful link between subjective and neuroscientific data is created through this causal relationship, which offers a guideline for data analysis and interpretation. Moreover, as discussed in Section "Neurofeedback -The Past and the Present," it is difficult to achieve a simultaneous sampling of subjective experience in parallel to the acquisition of neural data without a significant delay. Neurofeedback is advantageous in this respect because subject is embedded in the experimental setting, allowing a new real-time dimension for data correspondence. Because the first-person data is included in the overall data stream, no back-and-forth switch is required between objective and personal data. An additional strength is that the methodological problem of an untruthful, imprecise or biased report can be circumvented. Although oral or written subjective descriptions may still be useful to elucidate the best cognitive strategy, they are not strictly necessary for the realization of the neurofeedback paradigm.

A PHYSIOLOGICAL DESCRIPTION OF NEUROFEEDBACK

An understanding of physiological factors underlying neurofeedback would not only uncover the mechanisms relevant for volitional modulation of neural processes but also advance our possibilities to therapeutically adapt neurofeedback training to different clinical conditions. Our knowledge of the neural substrates underlying neurofeedback is limited. However, an important indication comes from above mentioned studies revealing the fact that neural control is most efficiently initiated by a cognitive strategy demanding attentional processes (although see Birbaumer et al., 2013 for a different perspective). This observation exposes the link between high-level cognitive activity and the changes in dynamics of brain activity implying that top-down effects on conscious mental events play an important role during neurofeedback. In the following, we aim to characterize a general relationship and codetermination between neural and mental events, which would allow us to formulate a potential mechanism of neurofeedback.

TOP-DOWN PROCESSING AND DOWNWARD CAUSATION

It is widely accepted that neural processes crucial for consciousness (i.e., perception and cognition) rely on the transient and ongoing orchestration of large-scale assemblies that comprise neuronal populations in widespread networks of frontal, parietal, and limbic areas. As proposed previously [START_REF] Varela | Resonant cell assemblies: a new approach to cognitive functions and neuronal synchrony[END_REF]Varela et al., 2001;[START_REF] Van Quyen | Disentangling the dynamic core: a research program for neurodynamics at the large scale[END_REF], such large-scale assemblies constitute a fundamental self-organizing pole, exerting a "driving" effect on multiple neuronal activation levels at macro-, meso-, and microscopic scales and providing a valuable physiological candidate for the emergence and the flow of cognitive-phenomenal states (Figure 2). Numerous studies, using unit recordings or functional imaging, have established that there are bi-directional causal relationships between multiple spatial and temporal scales where on one hand, activity on a lower scale gives rise to an emergent phenomenon and on the other hand, the large-scale patterns have the potential to re-influence the small-scale interactions that generated them [START_REF] Fröhlich | Endogenous electric fields may guide neocortical network activity[END_REF][START_REF] Anastassiou | Ephaptic coupling of cortical neurons[END_REF]Buzsáki et al., 2012). In order to stress their active efficacies, these bottom-up and top-down interactions are often referred to as upward and downward causation [START_REF] Campbell | Downward causation in hierarchically organized biological systems[END_REF]Thompson and Varela, 2001).

In this context, there is increasing evidence that brain oscillations play a key role in mediating these multi-scale communications (Fries, 2005; Le Van Quyen, 2011). As a general rule, lower frequency oscillations allows for an integration of neuronal effects of longer duration and larger areas of involvement (Penttonen and Buzsaki, 2003). In contrast, high-frequency oscillations tend to be confined to small ensembles of neurons and facilitate a temporally more precise and spatially limited representation of information. Consequently, slow cortical oscillations lead to cyclical modulations in neuronal excitability that determines whether faster local oscillations or neuronal discharges are attenuated or amplified (so called cross-frequency coupling). Consistent with this idea, recent data confirmed that attention modulates the phase of delta activity (1-4 Hz) in the visual cortex, which in turn modulates the power of higher frequencies and the firing of neurons [START_REF] Lakatos | Entrainment of neuronal oscillations as a mechanism of attentional selection[END_REF]. It was also shown that slow frequency activity in 4-7 Hz range recorded in the local field potential can predict the higher frequency , as well as single unit activity (Buzsaki and Draguhn, 2004;Canolty et al., 2006;Jensen and Colgin, 2007). At a lower spatial scale, top-down effects can influence spike-field locking, promoting spikes synchronization to preferred oscillatory phases [START_REF] Womelsdorf | Modulation of neuronal interactions through neuronal synchronization[END_REF]Rutishauser et al., 2010;Engelhard et al., 2013). Furthermore, hierarchical interactions between areas appear to be specific to the direction of information processing. For example, it was shown that top-down and bottom-up effects between frontal and parietal cortices take effect through synchronization on different oscillatory frequency ranges [START_REF] Buschman | Top-down versus bottom-up control of attention in the prefrontal and posterior parietal cortices[END_REF][START_REF] Knight | Neural networks debunk phrenology[END_REF].

Given the relationship between the multiple scales as manifested in different oscillatory rhythms, a potential neurophysiological mechanism underlying neurofeedback function can be hypothesized from these considerations on downward causation: during neurofeedback, higher cognitive functions such as monitoring or introspection are required, which involve a large number of subprocesses and thus, they recruit neural assemblies over extended regions. Changes in large-scale neural activity are therefore expected and should be detectable in low frequent oscillatory activity. In turn, following the rule of cross-frequency coupling, these changes are mediating downward influences via the precise temporal windows of integration imposed by oscillatory activity, giving rise to effective communication between distributed networks and regulating the flow of information processing.

Thus, in this scenario an initial large-scale activity triggered by cognitive effort can percolate down to the small scale of single neurons, where overall dynamics are tied together by co-occurring oscillations in different frequency ranges inducing changes in neuronal excitability. Importantly, although the conceptualization of neural control is based upon downward causation, physiologically, top-down, and bottom-up effects are reciprocally defined and contingent on each other. These effects are distinguished conceptually and can be empirically quantified separately. However, the physiological existence of these two types of causalities between neural and mental events cannot be dissociated.

TESTABLE HYPOTHESES

The model proposed here attempts to integrate the evidence for neurofeedback control with the view of multi-scale coordination in neuronal dynamics that has emerged during recent years. The advantage of this model is to derive concrete testable hypotheses. Notably, we expect that a multiscale approach with data recorded on multiple spatial scales leads to greatest insight because investigation of the coupling between the multiple spatiotemporal scales is possible. Such data can be, for example, obtained from patients with drug resistant epilepsy undergoing long-term monitoring, where scalp, depth, and micro electrodes [START_REF] Fried | Single neuron activity in human hippocampus, and amygdala during recognition of faces, and objects[END_REF]; Le Van Quyen et al., 2010) are used for simultaneous data recording (Figure 3). This approach combining single cell recordings with a global monitoring of large-scale brain activities has the potential to reveal regional diversity in the properties of local brain activities such as their spatial topography, spectral characteristics, propagation, and phase coherence (Lachaux et al., 2003). It allows us to distinguish the global, local, and high-frequency processes, and their interactions, that constitute elementary information processes. Local field potential measurements combined with recording of neuronal discharges will provide us with information about the cooperating inputs onto the recorded cell population.

Using such data, the aim is to find the physiological markers of neural control. In the search for characteristics of successful neurofeedback, the examination of successful trials, preceding intervals, and the contrast to failed trials is the thread of the analysis. A systematic record of key parameters such as power, amplitude, synchronization, or phase locking reveals changes across sessions and facilitates tracing the evolution of important factors over the course of the training period. Thereby, a shift in parameters between the first and the last sessions may not necessarily be progressive or linear.

One important question is to determine at what spatial and temporal scale the neural dynamics can be influenced in most efficient manner. In Figure 3, scalp-, intracranial EEG, and microelectrode recordings display components in different frequencies that are characteristic for each data type. In the scalp-EEG slow rhythms are predominant, whereas the micro-recordings contain much faster spiking activity. These data, simultaneously recorded and filtered in corresponding bands, can be successively used as feedback within the brain-computer-interface for a comparison of success rates as well as required training time. According to the presented model and the evidence reviewed earlier, we suggest that effective neurofeedback can best be achieved at the macroscopic level, by the voluntary control of cortical slow oscillations. In particular, we propose that these large-scale waves mediate downward influences via a precise temporal patterning of local processing and provide a vehicle for top-down control of local high-frequency oscillatory activity and on firing rate at the single cell level.

Due to anatomical and organizational differences of the brain, it is likely that these modulations will not be homogeneously efficient across cortical regions. Some dynamical features may be more beneficial for top-down effects than others. Will the control be best achieved on areas that are known to be hierarchically structured including recurrent and feedback pathways and thus appropriately wired for top-down control, such as the motor, visual, or other primary sensory cortices? Is neural control in temporal areas, hippocampus, amygdale, and prefrontal cortex also possible and if so, does it take longer to acquire sufficient regulation?

Scharnowski et al. ( 2012) have shown generalization effects of improved perceptual sensitivity through neurofeedback training across stimuli and tasks. Can trained effects be potentially generalized across electrode locations or frequency bands? Spatial generalization may be possible when structural and dynamical organization of cortical sites is sufficiently similar, so that the same cognitive strategy can become operative. To some extent this can be anticipated by examining dynamical features of the signal such as predominant frequency ranges or firing rate baselines and patterns. In contrast, generalization across frequency bands might be predictable with measures of cross-frequency coupling. When high degrees of amplitude-phase coupling (nested oscillations) are present, a frequency range that has not been the direct object of neurofeedback training is likely to be influenced by the same strategy when tested directly. One other type of generalization might occur in conditions without neural feedback. It is plausible that once neural control is reliably trained, it can be retrieved implicitly by exploiting the proven strategy even without sensory feedback. This can be for example tested with a transfer session at the end of neurofeedback training.

Another crucial question is whether cellular plasticity is taking place during neurofeedback, which may serve to regenerate motor functions or boost memory processes [START_REF] Seitz | Watching Brain TV and Playing Brain Ball: Exploring Novel BCI Strategies using Real-Time Analysis of Human Intracranial Data[END_REF]. When during successful neurofeedback the signal at the conditioned electrode spreads along existing network connections and propagates from the electrode position to more distant sites, over time, synaptic connections between simultaneously recruited neurons are strengthened. This can be tested by exploiting micro-electrodes for training and analysis. Correlated spiking behavior as well as the convergence toward the same preferred spiking phase between adjacent micro-electrodes may be indicative of this process. If plasticity is occurring, these variables should shift and remain different from baseline even during spontaneous intervals as compared to values prior to training.

Finally, an unresolved issue to be addressed with future studies is the difference between responders and non-responders to neurofeedback. Is the full variance explained by varying skills of introspection or are there detectable dynamical differences in neural data? For example, the investigation of individual predominant frequency ranges in the spectrum could be indicative of necessary dynamic components.

GENERAL COMMENTS AND FUTURE PERSPECTIVES

The prime concern of future neurofeedback studies is, with the subjects' help, to identify the principles and mechanisms behind neural control. Pursuing a neurodynamical approach, we believe that electrophysiological data sampled at several spatial scales is appropriate to reveal the mechanisms behind willful modulation of neural activity during neurofeedback training, as discussed in Section "A Physiological Description of Neurofeedback." The distinct strength of a multiscale approach is that it allows us to test hypotheses derived from consideration of top-down effects and downward causation.

At the second stage, the obtained generic description of physiological factors that mediate willful regulation would be the vehicle for all further application of the neurofeedback technique, specifically designed to best affect the desired structures or processes (as in depression, ADHD, or other conditions). When a certain function needs to be regulated, firstly, it is essential to know how it is neurally encoded. Therefore, at this point our knowledge about the substrate of neurofeedback as well as the cognitive profile in question needs to be combined to design an optimal experimental protocol in order to maximize the efficiency of the training. Although neurofeedback can be applied to a condition on which we have only limited insight, in general, knowing the target mechanisms will increase the efficiency of the neurofeedback training.

Beside the relevance of studies using invasive intra-cortical recordings, scalp-EEG and fMRI studies are also indispensable for promoting non-invasive use of neurofeedback in the general population. A particularly promising approach is the combination of rt-fMRI recordings with decoding techniques [START_REF] Scharnowski | Improving Visual Perception through Neurofeedback[END_REF], that could be of great use for clinical applications in locked-in and paralyzed patients. Depending on the chosen methodology, initial assumptions of the technique need to be considered. The working hypothesis when using rt-fMRI is based on the metabolism of neuronal activity and the derived BOLD response in precise brain areas related to a given cognitive function (deCharms, 2008; [START_REF] Scharnowski | Improving Visual Perception through Neurofeedback[END_REF]. In contrast, the work done with EEG derives from the assumption of a temporal coding through oscillatory activity (Engel et al., 2001). Rt-MRI focuses on the change in specific brain structures, whereas the precise temporal character of the EEG signal promotes control of diffuse, global oscillatory processes in various frequency bands. Both methods can be desirable in a given context, but their features have to be carefully considered when designing the experimental setup.

As seen from previous studies of neurofeedback, application of neurofeedback can be wide-ranging. In the case of epileptic patients, neurofeedback training can consist of dampening epileptic activity in pathological regions (e.g., by perturbing local dynamics with a dominant theta rhythm) as to reduce seizure frequency or intensity. Another intriguing application of neurofeedback is in schizophrenia, where impaired neural synchronization in gamma and beta ranges, but not in lower frequencies, was shown (Uhlhaas and Singer, 2006, 2010; Uhlhaas et al., 2008). For this profile, the neurofeedback could target the synchronization in these frequency bands directly or indirectly through the theta band via cross-frequency coupling. One area of agreement in depression research is the hyperactive stress-response of the hypothalamic-pituitary-adrenal (HPA) axis, whose activity is controlled by functional axes including the hippocampus and the amygdala. The activity in these two structures is reduced and enhanced in depression, respectively (Nestler et al., 2002) and could be potential training parameters in neurofeedback. Finally, enhancing attentional processes might be worthwhile considering not only in ADHD-children, but in a healthy population in general. Cholinergic inputs originating in basal forebrain were discussed as crucial components of the network mediating sustained attention (Sarter et From the phenomenological perspective, further improvements can be made to integrate personal accounts within neural data. The major task is to support the subject in the process of introspection and self-discovery to achieve control over neural activity. Despite the fact that ongoing subjective information is accessible only to the subject, it is possible to assist the subject by asking for an ordinary report offline, between training sessions. For instance, the interviewing techniques used to anticipate the seizures [START_REF] Petitmengin | Anticipating seizure: Prereflective experience at the center of neuro-phenomenology[END_REF]) represent a valuable tool, when guiding subjects to a more refined perception. Meditation techniques can also be used to instruct patients to refine skills of self-observation and self-perception [START_REF] Garrison | Effortless awareness: using real time neurofeedback to investigate correlates of posterior cingulate cortex activity in meditators' selfreport[END_REF]. Alternatively, depending on the spontaneous success, a more standardized approach to assist the subject can consist of proposing to engage in cognitive tasks that are known to activate a specific cortical site or neural processes. Another possible strategy is to instantaneously reward the subject for successful control. This can help to set a temporal marker, creating a clear contingency between the experience and the changes in the display. Eventually, this can result in the ability to implicitly distinguish between noise and indicative signals (Sulzer et al., 2013a). Such markers can be, for example, represented in the form of graphical tokens on the screen.

CONCLUSION

In the present article, we have proposed that neurofeedback is an appropriate experimental paradigm to bridge the gap between neuroscience and personal experience. Unlike other bodily organs that allow us to process sensory information of a certain modality, humans lack a faculty to experience their ongoing brain activity.

The technical and experimental setups of neurofeedback create an interface between scientific and personal data types such that both are embedded in one information stream. This provides the subject a window to experience his or her own neural activity, which has proven to carry useful information in the context of self-regulation. Such a setting combines seamlessly with the dynamical systems idea proposed by Varela in the "enactive" approach (Thompson and Varela, 2001), where the organism both initiates and is shaped by the environment (Varela et al., 1991). Thus, neurofeedback experimentally implements the notion of an autonomous organism that is literally "self-governing" its neural dynamics and cognition by means of interaction between the environment (sensory feedback of brain activity) and the organism (personal experience). A concrete application of the enactive theory involving the subject's contribution allows neuroscience to study how the process of mutual specification and selection between brain and mind is taking place. The real-time dimension provided by neurofeedback facilitates the on-line comparison of data sources without a significant delay, which methodologically reconciles personal and neural data. In that, we emphasized the relevance of understanding neural signatures of successful voluntary self-control that are probably mediated by hierarchically organized neural processing. Identifying electrophysiological markers of neurofeedback and its evolution is therefore a major objective for future studies.

The benefit for phenomenology and science is mutual. Psychologically, the ability to self-regulate processes correlated to mental experience cannot be underestimated [START_REF] Christoff | Specifying the self for cognitive neuroscience[END_REF]. The subject's introspection is trained over time, giving him or her a better sense for self-awareness and self-control. This can change the self-image, empowering the subject to a greater selfdetermination, especially valuable in developing personalities and certain clinical conditions.

Altogether, the global perspective of neurofeedback has farreaching implications: the capacity to voluntarily modulate physiological functions can yield control over various neural mechanisms of cognition and behavior. Such a tool for self-regulation can assist us to achieve a better self-awareness, self-knowledge, and enhanced cognitive skills. In addition, neurofeedback has proven clinical benefits. If one can learn to regulate particular brain regions, or induce specific neural patterns, in the long term we may obtain an alternative method to treat diseases in a non-invasive, introspective way. An important note is that our aim was not the control of 'theta' oscillations as such. The 'theta' label is problematic because some studies show functional overlap between theta and alpha frequencies and the distinction between a 'high theta' and a 'low alpha' is not always clear [4][5][6].

This problem is further emphasized by the fact that rodents' theta is defined to 4-12 Hz (e.g. [7]), comprising both classical human bands of theta in alpha in one rhythm and further complicating the transfer between human and rodents data. Additionally, targeting individual theta rhythms in epileptic patients would have reduced transferability of findings due to possible spectral shifts arising from pathological dynamics or drug treatment.

Instead, we pursued the mechanistically motivated approach described in Chapter 3 that assigns a special role to slow oscillations in neurofeedback function through the possibility of downward causation. Inducing fluctuations of slow potentials in a strictly defined range positioned at the top of the oscillatory hierarchy has thus allowed us to test this hypothesis of possible downstream effects across spatiotemporal scales. Further, we reckoned that any slow rhythms would be closely linked to the occurrence of high-level cognitive functions of attention, memory and cognitive control [1][2][3] that are all indispensable during any neurofeedback training and hence, this rhythm should be among a relatively easy training target.

Our questions were: 1) Whether it was possible to modulate this rhythm if recorded intracerebrally;

2) what are the physiological markers of such control and 3) if downstream effects of the modulated slow-wave activity are present in other frequency ranges.

Observations:

We could confirm that modulation of intracerebrally recorded [4-8 Hz]-activity was possible and that such control was reflected in increased oscillatory event density. Control ability was related to the proportion of the individual spectrum within the target frequency range, but moderate modulation was possible for all subjects. We observed a gradual large-scale functional decoupling of [4-8 Hz]-oscillatory activity over the course of training, reflecting a possible reorganization of the network. Downstream influences were present in the form of increased phase-amplitude coupling between slow and gamma frequencies as well as the dynamic modulation of cellular discharges through slow oscillations. We propose that the entrainment of slow oscillations can be used for network reconfiguration even at a cellular level.

Personal contribution: study design, experiment conduction, data analysis, manuscript writing

Introduction

An increasing number of studies provides astonishing evidence on the ability of humans and animals to control oscillatory rhythms, hemodynamic response, cellular activity or spikerelated calcium signals upon presentation of sensory real-time feedback of the neural activity in question 1-7 . Cortical oscillations play a critical role in neural and cognitive function and represent thus an important target for voluntary control. It has been suggested that oscillations regulate network communication 8 , mediate long-range integration 9 , contribute to memory formation 10 or to cognitive control 11 . Previous scalp electroencephalogram (EEG) neurofeedback studies have targeted theta, alpha, beta or sensorimotor rhythms, applying the training to boost attention 12-14 , memory 15-18 or executive functions 19-21 . In a more engineering approach brain-computer-interfaces (BCI) based on EEG or electrocorticogram (ECoG) recordings are used to control a computer cursor, robotic limbs or restore motor function by modulating neural activity in motor-related areas 22-25 . The findings of these studies hold great promise for neural self-regulation that would permit restoration or enhancement of brain function in regular or clinical contexts. However, the fundamental neural mechanisms that mediate such voluntary control in the human brain are not often addressed and remain poorly understood, which would be necessary to capitalize on this technique 26,27 .

From the mechanistic point of view, neural oscillations represent large-scale cyclic modulations of extracellular potentials and local excitability of the network, which can attenuate or amplify faster, more local oscillations or neuronal discharges. By opposing temporal windows of integration, these self-organizing poles have the potential to coordinate local network activity and increase network communication and processing efficiency.

Notably, it has been proposed that so called cross-frequency coupling may represent an electrophysiological signature of this improved coordination process during sensory and memory processes. Given that the communication between regions is influenced by the oscillatory coherence between the sender and the receiver 8,28 , changes in gamma oscillatory coherence, imposed by theta oscillatory phase, will selectively route information processing 29-33 .

Given this framework, it is likely that voluntarily induced slow oscillations can entrain higher levels of gamma coherence, that over time would give rise to more efficient communication between the local networks. Especially the theta rhythm, that is associated high-level functions including cognitive control 34-36 is an appropriate target for neural self-regulation that may facilitate downstream alterations even at a very local network and cellular level 27 . To study this question, we measured stereotactic electroencephalography (sEEG) and unit activity of seven neurosurgical patients while they learned to voluntarily induce theta oscillatory activity (4-8 Hz) at one target electrode and guided by the presentation of its visual real-time feedback. Intracortical recordings represent a valuable data source to obtain mechanistic insight in neural function 37 . Combined depth-and micro-electrode recordings allowed us to examine activity from large-scale level until the very local neuronal activity of the human brain. We asked: i) Whether voluntary control of intracortical oscillations was possible ii) If so, what were the fundamental neural signatures of it and iii) whether we would detect downstream effects of induced oscillations on local circuit and cellular activity?

We have found, for the first time to our knowledge, that voluntary control of intracortical oscillations was possible in the human brain at various cortical locations. The leaning progress was expressed as an increased stability of the target signal and was associated with the functional decoupling of the target site within a larger network. This indicates that control of oscillations selectively potentiates and reorganizes existing circuits. Additionally, training induced a progressive increase in cross-frequency-coupling and dynamically modulated firing rates and spike timing, confirming that downstream effects of voluntary control of oscillations is mediated through changes in temporal network dynamics and can reach a very local level.

Materials and Methods

Participants and implantation procedure

Subject population consisted of 7 pharmacoresistant epilepsy patients (3 female, mean age 32.5, SD ± 12.7 years) undergoing pre-surgical evaluation at the Epilepsy unit at the Pitié-Salpêtrière Hospital. During presurgical evaluation, they were stereotactically implanted with depth electrodes (4-13 probes per patient) to localize the epileptogenic focus for possible resection. For each subject, 1-4 of the placed probes had additional 8-9 micro-wires emerging at the tip of the electrode into the grey matter. One subject had completed the training, but could not be studied due to an excess of interictal epileptic activity.

The anatomical localization of the electrodes (Figure 1A 

Electrophysiology

Stereotactic EEG (sEEG) was recorded with (depth) macro-electrodes (AdTech) of 4-12 platinum contacts 1 mm in diameter, with nickel-chromium wiring and polyurethane tubing.

The macro-micro probes of Behnke-Fried type (AdTech 39 ) consisted of 8 platinum macrocontacts embedded on the surface of a polyurethane tube with a hollow lumen (diameter 1,3 mm). Eight 40-µm platinum-iridium micro-wires and one reference wire were protruded 3-6 mm beyond the macro-electrode tip into the cerebral tissue (Figure 1A, inset). During surgery, wires were trimmed to ensure they entered grey matter. Signals from macro-and microcontacts were acquired simultaneously, at sampling rates of 4 kHz and 32 kHz respectively, with a 160-channel Atlas recording system (Neuralynx Inc., Tucson, AZ, Cheetah acquisition software). Macro-contacts were referenced against the macro-channel providing the most flat and artifact-free sEEG signal. The reference for the micro-wires was chosen as a microelectrode with no unit activity and a flat local-field potential (LFP).

Closed-loop real-time processing

The real-time closed loop between the ongoing neural activity and screen display was realized using a TCP/IP connection between the EEG-recoding PC and a second laptop performing online analysis (Dell Precision M6700 Workstation). One target electrode was selected and followed throughout training. This electrode was chosen as a compromise between the maximal distance from sources of epileptic activity and proximity to micro-contacts. 40 ; 3) Hilbert transform was applied to this signal; 4) Absolute values corresponding to the amplitude were extracted for envelope estimation (Figure 1B).

Visual feedback was presented on the laptop screen (graphics card NVIDIA Quadro K3000M, 17" screen, resolution 1920 x 1080 pixels) at a distance of 1 m from the subject. A spherical object was shown with vertical position on the screen varying as a function of the quantified mean theta envelope. 25 points were interpolated between sequential projections to reduce perceived jitter and provide a smooth movement. Continuous movement, which subjects said helped them interpret sphere movements, was further assured by averaging 4 bins (total 1.6 s).

Online artifact control was implemented through a second threshold at > mean + 5 SD interrupting visual feedback until the values returned to a lower range.

Training procedure

The training protocol included a short screening procedure and the actual training. During the screening the subjects explored different cognitive strategies to control the sphere movement.

We suggested to try out several cognitive tasks, depending on the position of the target electrode and using a cognitive functional atlas database (www.linkrbrain.org. Tasks included visual, auditory, linguistic or spatial imagery, mathematical exercises, memory retrieval or executive functions. If a successful strategy could be identified, we asked the subjects to maintain it for the training condition.

Subsequently, three to six training sessions of 5 minutes each were conducted per day on 2-4 successive days, according to subjects' willingness and capability to participate (session number: min = 7, max = 19, mean = 15.5, Figure 1C). During the sessions subjects were asked to increase theta activity such that the sphere rose towards a target horizontal line on the screen. The thresholds determining this line were quantified as percentiles of a theta envelope distribution, measured over 60 s baseline before each session, with subjects in a relaxed but focused state 41 and were adapted for each session to optimize training progress (used range: 70-95 percentiles). An additional feature of the feedback was the 30 s history in the form of a moving graph. We chose the 5-min long session duration instead of a few seconds-short trials after piloting for several reasons: 1) subjects reported a progressive build up in their control ability, such that frequent interruptions were disturbing this 'tuning in' process.

2) The history graph was a great help to subjects because it allowed to track fluctuations and better integrate different mental events. This graph was most informative over periods longer than a minute.

3) We aimed to create a training design that is as similar as possible to the normal process of any other skill acquisition, such that the learning would be more ecological and transferable to settings outside the laboratory. Reward points were accumulated across sessions for each threshold crossing to enhance motivation. An interview after each session was used to assess the utilized strategies, effort needed and subjective experience of voluntary control. Patients were asked to maintain their strategy after good performance or to change it if control was less efficient.

Offline analysis

After training was completed, signals from all macro-contacts were re-referenced to a common average reference montage of at least 30 artifact-free channels for offline analysis.

Possible muscle, movement or epileptic artifacts were screened visually across complete data sets. In total 403 macro-contacts were recorded, and signal from 326 artifact-free channels was used for further analysis (see Supplementary Figure S1 for individual electrode positions and Supplementary Table ST1 for anatomical regions). Electrical 50 Hz noise was suppressed by a bandstop filter identical to that used for real-time analysis. All analyses were implemented in MATLAB (The MathWorks).

Evaluation of control performance

Throughout the article we will use the terms "control index" to refer to the degree of control 

Oscillatory event detection

To analyze successful modulation periods in more detail, we extracted intervals of strong theta activity from all sessions. Automatic detection of these 'oscillatory events' was based on two criteria: amplitude threshold > mean + 1 SD of baseline (above the 68 th percentile of the baseline distribution), and a duration of at least 600 ms (about 4 theta cycles). Detection based on power or envelope yielded comparable results. Detected events were selected for further offline analysis from each subject, after visual inspection and removal of possible artifacts (number of selected events per subject, S1 to S6 in order: 886, 255, 384, 645, 255, 433, total 2858 events). The timing of identified events was consistent with threshold crossings detected online during experiments (data not shown).

Spatial analysis of theta modulation

Spatial specificity of training was assessed by comparing control indices for trained vs. nontrained channels. Distances between the target and all other electrodes were first computed using Euclidian distance function, and then indices were calculated for nearest electrodes on the same probe.

Connectivity was analyzed using the approach of Adhikari and co-workers 42 . Pair-wise correlations of theta envelope time series during intervals of oscillatory events were calculated between the target and all other electrodes with Pearson's correlation coefficient.

Subsequently, binary connectivity matrices were generated by applying the threshold of r > 0.5.

Regression analysis

Individual control indices for each session were regressed to a single linear predictor term, namely the number of connections per session. Models were generated with Matlab function 'fitlm' and resulting regression coefficients were used to fit the data (Figure 5C).

Theta-Gamma modulation index

Coupling of theta and gamma frequency was assessed in several stages. We first visually inspected time-frequency representations of all oscillatory events split into non-overlapping theta cycles aligned at the troughs (Figure 6A). Time-frequency representations were calculated separately for each cycle and then averaged to preserve induced oscillatory phenomena. Gabor wavelet transform with a modulated Gaussian window was used to derive time-frequency decompositions 43 . Visual inspection suggested theta-gamma occurred at frequencies in the range 30 -120 Hz. We then generated phase-and amplitude-time series for all sessions. Phase times series in the theta range were calculated with an IIR Chebyshev filter with a forward-backward filtering algorithm to avoid phase distortion 44 . Amplitude times series in the gamma range were extracted using Gabor wavelet transform. Theta-gamma modulation was then estimated using procedures as described 45 . To evaluate the coupling strength induced specifically through training, we calculated the MI as the difference between training and baseline modulation indices.

Firing rate and spike-field locking analysis

Spike sorting was performed offline with Wave_Clus software 46 and verified with a second method Klustakwik 47 . We distinguished between multi-unit (MUA) and single-unit activity (SUA) using the criterion that less than 1% of spikes should show inter-spike-intervals (ISI) below 3 ms. We classed units recorded from the same channel but on different days as distinct cells. In the following we use the term neuron to refer to a putative multi-or single-unit.

Binary data containing spike trains were converted to instantaneous firing rate using a Gaussian kernel convolution (kernel width 3 s). We classed neuronal activity during oscillatory events from all subjects (1641 events with spikes) according to increasing, decreasing or stable firing frequency and measure their distance to target electrode. A threshold of 40% was used to define changes in firing rate over 1000 ms before and after event onset (post-pre > 40% : increase; post-pre < -40% : decrease; -40% < post-pre < 40% : stable). Spike-field locking was calculated from LFP phase-times series of the target electrode, extracted at the times of spiking. Phase-locking was statistically evaluated with the Matlab toolbox for circular statistics 48 . We distinguished increasing, decreasing or sustained phase-locking, from Rayleigh Z-statistics for each session and their correlation with time.

Different patterns were assigned as for firing rate analysis (threshold at r = ±0.4).

Results

Training performance is proportional to target rhythm strength before training

All subjects were able to reliably induce oscillatory activity in the target frequency and at the target cortical site. We quantified the degree of this control per session (control indices) as For the entire subject group, mean theta activity during the final session was significantly higher than in the first (t-test: p < 0.01). The increase in theta amplitude from baseline of the final session was on average 29% and maximally 53% (Figure 2A).

After showing that subjects were able to partially control theta oscillations, we asked whether training effects (learning indices) for this frequency were related to the baseline sEEG frequency spectrum prior to training start. The profile of the baseline frequency spectrum varied between patients, as expected from different target electrode locations (Figure 2B, upper panel). We measured the prevalence of theta band oscillations [4][5][6][7][8] as the percentage of the spectral power integrated from 0-30 Hz in the baseline sEEG prior to the very first session (Figure 2B, inset lower panel). We found the proportion of theta oscillations in the basal spectrum was strongly correlated with learning indices (r = 0.93, p < 0.01, Figure 2B lower panel). Thus, the dominance of a rhythm in baseline conditions is indicative of the overall training performance.

Voluntary control is manifested as increased oscillation event density

We next attempted to identify how the increased mean power at theta frequencies was related to specific changes in oscillatory events. Three main features of detected theta band oscillatory events were measured: i) maximal amplitude, ii) occurrence frequency and iii) event duration. We found that maximal amplitude values were stable throughout the sessions (r = 0.18, n.s, Figure 3A). However both the number and mean duration of theta events per session increased significantly with training (r = 0.29, p < 0.01; r = 0.52, p < 0.001, respectively; Figure 3B &3C). Thus, voluntary control of theta reflected increased signal stability with more frequent and longer theta oscillatory events (numbers of cycles per event)

but with little change in amplitude of oscillations.

The predominant change occurs in the target frequency and cortical site

We 

Cortex-wide functional connectivity decreases with training and predicts learning progress

We next asked how training influenced large-scale spatial functional theta connectivity, by constructing a pair-wise measure of connectivity between the target and all other electrodes.

Surprisingly, as shown in Figure 5A, connectivity was decreasing as task performance improved during training. The mean number of connections fell from 25% to 13% across sessions (t-test first vs. last session p < 0.05, correlation between number of connections and time: r = -0.37 ***). Thus, theta oscillations at the target electrode become increasingly spatially autonomous (Figure 5B). This decoupling was inversely related to the individual learning index as shown by the linear regression between control indices and the number of strong connections per session. For 4 of 6 subjects, linear regression models were significant and could explain between 31% and 63% of the individual variance of control indices (Figure 5C). Importantly, both patients for which the prediction model did not turn out significant had also shown lowest initial connectivity and were the worst performing subject (S5 and S6).

Thus, the reorganization of the large-scale network towards a functionally independent activity of the target area may play an important role during learning.

Broadband gamma activities are increasingly modulated by oscillatory phase

Coupling between theta and gamma oscillations was suggested to increase in some learning paradigms 33,50 . We examined whether, during training, the phase of theta oscillations at the target electrode was linked to changes in power at higher frequencies. First, the time-frequency representation of aligned theta cycles was calculated to define the range of higher frequencies for further analysis (Figure 6A for two subjects). Theta-gamma coupling was broadband from 30 to 160 Hz, with strongest modulation occurring in the range . Theta phase associated with maximal gamma power varied between subjects, but was clustered in the depolarized (positive ascending/descending) part of the oscillatory cycle (phase in radians for S1 to S6 in order: 0.1; 0.96; -0.39; -1.58; -1.65; 0.91). We calculated the modulation index (MI) over the gamma range for all subjects and sessions relative to baseline (Figure 6B). A significant positive correlation between MI and the training sessions (r = 0.3, p < 0.01) revealed a progressive increase in theta-gamma during this learning paradigm.

Cellular activity is differentially modulated by theta oscillations

Finally, to investigate possible training effects on unit activity recorded by micro-electrodes closest to the target electrode, we isolated 30 units (21 SUA, 9 MUA) from 5 subjects (See Supplementary Figure S2 for unit waveforms and firing rates). Analysis of global firing rates across sessions revealed no major changes relative to baseline (Supplementary Figure S3).

However, the firing before and during oscillatory events was modulated differentially for different cells. Our analysis showed that firing rate increased for 27%, decreased for 29% or remained stable for (44%) of neurons during oscillatory events (Figure 7A). We next examined the timing of spike firing with respect to the phase of ongoing theta oscillations recorded at the target electrode (Figure 7B). Firing in 36% of cells was significantly locked to different phases of the local theta rhythm. Additionally, relations of unit firing to the phase of theta signal evolved across sessions: the level of unit-theta coupling was increased for 37%

and decreased for 20% of units (Figure 7C). Thus, training affects neuronal firing rates and spike-field specificity differentially.

Discussion

These data show that human subjects can learn to induce intracortical oscillations at various cortical sites upon the presentation of visual real-time feedback, extending similar scalp-EEG findings 51 . Successful modulation was specific in space and frequency and was reflected in higher oscillatory event density across training sessions. Individual differences in overall control ability were proportional to the target frequency strength before training start. As control improved during learning, induced oscillatory activity at the target electrode became functionally decoupled from distant sites, which predicted the individual session-to-session performance variability. Locally, the training had a strong effect on broadband gamma oscillations that became increasingly phase-locked with theta activities in succeeding sessions and on neurons, that were modulated in firing rates and spike-field locking.

Physiological signatures of voluntary control of oscillations

We found that individual training performance was proportional to the prevalence of the target rhythm before training. This supports previous proposals that acquisition of voluntary neural control is constrained by physiological neural properties 52,53 . It appears that if existing circuitry is pre-routed to generate a given rhythm, the voluntary control of this rhythm can be achieved more easily since it relies on existing inherent structures. In support of this idea, we found that successful modulation was manifested as a reinforcement of signal stability with (i.e. the increased density and duration of theta events) instead of supra-physiological boosts of oscillatory amplitude. Such an enhanced signal stability, or signal to noise ratio, is reported during other related procedural processes such as attentional states 54 or motor and abstract skill learning 55-57 . Indeed, previous work has shown that neurofeedback training can be used to increase cortical excitability and thus induce neuroplasticity in humans 58 and reconfigure functional networks 59 . Since neuronal synchrony has been identified as a critical variable for the occurrence of Hebbian changes in synaptic efficacy 60,61 , repeatedly self-induced oscillatory activity in succeeding sessions should recruit neurons to population synchrony, so reinforcing the existing circuitry as they are constantly co-activated. In this context, long-term potentiation (LTP) was reported to be sensitive to the phase of the theta rhythm suggesting that this oscillation can act as a window permitting synaptic plasticity relevant for memory formation 10,35,62-64 . Thus, it is likely that reinforced theta oscillations elicit a plastic process, which can stabilize the rhythm generating circuitry, further increasing theta elicitation probability in subsequent trials.

Possibly, this learning process is facilitated by the fast acting transmitter Acetylcholine (ACh), which is involved in top-down driven attention and is known to modulate LTP 65-69 . A hypothesis to test would be whether control of theta oscillations can stimulate the activity in forebrain cholinergic pathways, inducing a balanced state of excitation and inhibition and so improving the signal to noise ratio in the network and the efficacy of synaptic communication 70-73 .

Decreased long-range functional connectivity explains the learning progress

Our results show that functional connectivity between the target structure and surrounding frontal, temporal and parietal cortical sites is progressively reduced during learning.

Additionally, this decoupling process explains individual variability in performance on a session-to-session basis, indicating its relevance in the learning process. Previous studies have suggested that disengagement of larger cortical networks may mark a transition from a deliberate towards a nearly automatized execution of a BCI task 74 . Indeed, the gradual reduction of connectivity was accompanied by subjects' report of reduced effort and the increased sense of control suggesting that the initial recruitment of large cortical areas during top-down driven approach have transitioned into an adaptation process with more effortless execution. Importantly, two subjects with least initial network connectivity were among the poorer performer, which may be an indication that the initial cognitive effort reflected in the wide recruitment of networks is necessary to achieve good performance at later stages of the training. Additionally, evidence suggests that such training-related plasticity may be a shared feature with other forms of perceptual or motor procedural learning 26,74-77 . For instance, it has been shown that professional pianists show reduced recruitment of many extended areas like prefrontal or cingulate cortices in comparison to naive controls 78 . Thus, the functional decoupling of target area from a larger cortical networks may reflect a plastic process of network reorganization, which appears to be necessary during abstract skill acquisition 59,79,80 .

This result stands in contrast to a previous finding of enhanced connectivity within the salience network through neurofeedback training 81 , but which may be explained by the different training design using alpha amplitude reduction at parietal sites.

From the theoretical perspective, during learning, changes at one site functionally segregate local circuits from activities of wider groups of neurons in terms of relative statistical independence from the whole system, which can lead to autonomous operation. The observed functional decoupling may thus reflect an increase in mathematical complexity of brain operations characterized by an integration/segregation balance in large-scale functional networks 82 , possibly indicating a larger capacity of information processing in the system.

Although the exact role of these decreases in long-range functional coupling remains to be clarified, we propose that it could be a useful physiological marker of successful voluntary neural control or other ongoing learning processes.

Downstream effects on local network dynamics

While previous studies have directly targeted the training of the gamma rhythm 1,24,83 , here we show that higher oscillations can be also indirectly influenced through the operant conditioning of slower rhythms and the accompanying increase in cross-frequency coupling (CFC). Task-dependent modulation of CFC in humans has been reported previously 33 , in particular associated with memory processes 84,85 . Here, we extend these observations by showing a progressive increase in theta-gamma coupling during training in voluntary control of theta oscillations with a preference for the depolarized phase of the oscillatory cycle. Given the functional role of CFC, such increase implies a clustering of activity at a particular phase and hence, an improved temporal coordination of neuronal population activity 86 . For instance, synchronized inputs of different presynaptic neurons will be more efficient in driving postsynaptic responses, while redundant signals between postsynaptic neurons will be decreased 54 . Importantly, through such selectivity of downstream targets, the signaling will be more efficient without increasing the size of recruited assemblies, which is consistent with our observation of increased cross-frequency coupling without increase in gamma amplitudes. At the same time, we detected no overall increase of firing rates, indicating that global contributions of neurons have not changed. Rather, neuronal discharges were differentially boosted, dampened or sustained, probably depending on the contextual network activity 87 .

Additionally, previous work has shown that cross-frequency coupling imposes phase-locked spike generation at temporally precise time points in the theta-gamma cycles 88 , which is in line with our observation of a significant phase preference of firing for a proportion of neurons. This phase alignment was reported to be defined by the temporally modulated pattern of synaptic currents, which presumably, can facilitate spike-time-dependent plasticity mechanisms by altering synaptic weights 89,90 and further optimize pre-and postsynaptic communication and network coordination. In total, mediated by cross-frequency coupling, downstream effects of voluntary control of theta oscillations can reach a very local level and improve the temporal precision of network function. We propose that this mechanism can be exploited to specifically target network reconfiguration.

Conclusions

Altogether, this work describes fundamental electrophysiological mechanisms of voluntary modulation of intracortical oscillations on multiple levels of brain activity. Our findings show that induced oscillations elicit changes in the large-scale network reorganization, and tune the temporal precision in local network dynamics, that both mark the successful learning process.

We propose that targeting plasticity processes through neural self-regulation can allow to shape (ab-) normal brain activity with particular relevance for memory function and abstract skill acquisition. B, Summary of functional connectivity as the percentage of total electrode pair number, obtained from binary connectivity matrices with a threshold of r = 0.5. The degree of initial connectivity ranged between 5-45 %. Connectivity was reduced by 0 -20 %. Please note the inversed subject ranking between network connectivity and training performance (small inset of repeated Figure 2a in upper right corner).
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C, Regression analysis and data modeling of individual control indices based on network connectivity from B.

Regression models were significant for 4/6 subjects, explaining between 30 and 67 % of the overall performance variability. Models did not provide significant results for the two patients with lowest initial connectivity. 

Results

Multi-day experiments were performed on 6 subjects (3 female, mean age 27 years, SD ± 6 years) undergoing pre-surgical evaluation for their pharmacoresistant epilepsy. They were stereotactically implanted with depth electrodes (8-13 probes per patient) to localize the epileptogenic focus for possible resection. During multiple sessions, we trained them to increase the 'gamma tuning', i.e.

the proportion of relative gamma band power within the overall power spectrum between 1 and 200 Hz at one selected target site away from the epileptic zone (Figure 1A, see supplementary experimental procedure, Supplementary Table 1 and Supplementary Figure 1). We to S6: 0.0265, 0.016, 0.024, 0.0132, 0.0023 and 0.0854). S5 was the worst (temporal inferior gyrus) and S6 the best (orbitofrontal cortex) performing subjects. These findings indicate that it is indeed possible to increase the prevalence of intracerebral gamma frequencies within the power spectrum and that this spectral shift towards the target band appears to be possible after 1-2 hours of training time.

Voluntary control is manifested as increased gamma amplitude

Because the training protocol consisted in the up-regulation of spectral gamma proportion and not gamma power per se, in the next step we confirmed whether the power of this target band had indeed increased. We found that five of six subjects had a positive and one patient negative significant correlation between gamma power and training progress, suggesting that gamma power mostly increases along with its prevalence in the spectrum, but decreased for one subject (Supplementary Figure 3; Pearson's correlation coefficients for S1 to S6 were as follows: 0.23**, 0.3***, -0.63***, 0.34***, 0.2**, 0.66*** with *, **, *** indicating a p-value <0.05, 0.01 and 0.001, respectively). In order to further understand this trend, we performed a more detailed analysis consisting of an automated detection of gamma oscillations. We found that the increase in mean gamma power per trial is reflected in more frequent occurrence of gamma oscillatory events per trial and in increasing maximal gamma power per event (Supplementary Table 2). However, mean gamma event duration remained stable (n.s. for all subjects). Thus, in most subjects, the increase of relative gamma proportion in the spectrum is associated with a stronger absolute gamma power reflected in more frequent gamma oscillations with increasing maximal amplitudes.

Large-scale modulations of intracerebral gamma power

To investigate whether power increase in the gamma range was limited to the target location or was also present at other cortical sites, we calculated the changes in spectral gamma proportion for all non-target channels. Figure 2A illustrates the anatomical locations with a concomitant significant increase (red dots), significant decrease (blue dots) or no significant change (grey dots) in spectral gamma proportions at all non-trained recording sites for all subjects. Spatially inhomogeneous changes were observed, with a tendency to have more channels with increasing (22-79%) than decreasing gamma power (7-59%). The direction and strength of this training transfer were not explained solely by the distance from target electrode (Supplementary Figure S4). However, as shown in Figure 2B, the number of channels displaying a spectral shift towards gamma frequency range was significantly correlated with the increase of relative gamma power at target site (r = 0.85*). This finding suggests that the increased prevalence of gamma oscillations in the power spectrum is not restricted to the target site, but reaches beyond the conditioned region across a large-scale distributed network. The degree of training transfer seems to be an important process reflecting the overall modulation ability at the target site.

Shifts in cross-frequency coupling between gamma and low frequency oscillations

To see if gamma-training had an effect on slow oscillatory activity, we have calculated relative spectral proportion and power values for delta, theta and alpha frequency bands for the entire training period ([1-3 Hz], [4-8 Hz] and , respectively). Consistent with the increase of gamma proportion in the spectrum, the proportions in slow frequencies decreased (p < 0.001 for delta, theta and alpha), but we did not find any significant changes in power absolute values (Figure 3A, Supplementary Table 2), indicating that the power increase was specific to gamma band.

However, the analysis of cross-frequency coupling (CFC) [19] between the slow bands and gamma oscillations revealed a progressive increase of CFC for five of six subjects (Figure 3C, Pearson's r = 0.59***, n.s., 0.58***, 0.32**, 0.35** and 0.75***). The frequency band that was increasingly phase-amplitude coupled with gamma oscillations varied between subjects (S1 to S6 in order: deltagamma; n.s.; theta-gamma; alpha-gamma; theta-gamma; delta-gamma), presumably due to different implantation schemes and individual power spectrum profiles [20]. This finding indicates that training targeting the increase of spectral gamma band proportion has a concomitant effect on the CFC. The progressive alignment of gamma amplitudes to the phase of slower oscillations may be indicative of large-scale cortical coordination.

Voluntary control of gamma power on micro-electrodes

To investigate whether voluntary control of gamma activities is also possible on spatial microdomains, two subjects (S2 and S4) were asked to increase gamma power on micro-electrode targets (40-µm diameter). Both participants had micro-wires located right next to the target macrocontact. After completing the standard training procedure on macro-electrodes, they were still motivated to continue the training. Both subjects performed two and one additional sessions of training (S2 and S4, respectively) and tried to alter the gamma activities originated from the microwires (average activity of 4-6 wires). In both subjects, we found a clear and strong increase in gamma power during the micro-electrode target session, as compared to the last session of the initial training using a macro-electrode (Figure 4, p < 0.001 for both subjects). Importantly, no changes occurred in the adjacent macro-electrodes that served previously as targets (p = 0.5 and p = 0.07, for S2 and S4 respectively). The generalization between target-micro and non-target microelectrodes occurred only for subject S2, for whom the two micro-electrodes were located in neighbor structures (hippocampus and amygdala, inter-electrode distance: 9,4 mm, p < 0.05). This suggests that the subjects were able, if provided by a feedback of their own neural activities, to successfully elicit very local and spatially specific voluntary changes in the gamma frequency range.

Discussion

The present study is to our knowledge the first to examine the possibility of a voluntary control of intracerebral gamma activities (30-80 Hz) in the human cortex. Although previous studies have shown that human subjects are able to alter the power in the scalp EEG activity from 30 to 50 Hz, designated as low gamma frequency band [21,22], studying the physiological mechanisms underlying the voluntary modulation of gamma oscillations using this technique remains challenging due to multiple sources, artifacts and spatial smearing effects. Here, our findings based on direct local field potentials confirmed and extended these scalp EEG studies, by showing that it is possible to learn to intentionally induce local gamma power of millimeter-scale tissue volumes, inaccessible to standard scalp EEG technology [23]. At this scale, while the power of other oscillatory bands remained stable or reduced, training induced a spectral shift and make the networks preferably synchronize in the gamma range. These observations are in line with experiments on primates or humans using intracerebral or electrocorticographic recordings [17,18,[24][25][26], suggesting the eligibility of intracerebral gamma band activities as a valuable tool for BCI applications [15][16][17]27]. Human invasive BCI-studies often aim to maximize performance in the BCI task and in this context, gamma oscillations in different subbands were frequently reported as the most discriminative parameter for decoding algorithms [24][25][26], but also for functional mapping of bran regions [18]. Following a reversed approach, the present study has shown that subjects are able to specifically modulate a defined frequency range of 30-80 Hz and thus, synchronize the local network activity possibly in other given rhythms and also beyond motor related cortical areas. The closer analysis of gamma oscillatory events revealed that this was achieved through increasing maximal amplitudes of more frequently occurring gamma events, suggesting that the training facilitated network synchronization in the target frequency by recurrently recruiting more cells.

Given the relevance of different gamma oscillatory subbands in cognitive processing and its deficiency [1-7, 11-14, 16], such specific network tuning in a band of interest through long-term systematic training opens a wide application spectrum in clinical context.

When studying training-induced changes at neighboring non-target sites, we detected a large-scale transfer of gamma synchronization to adjacent regions. The degree of this network synchronization was related to overall individual ability to increase gamma band activity, suggesting that successful synchronization at target site is likely to involve a larger functional network. Although future studies should confirm the existence and modulation of functional and anatomical connections , for example through probabilistic functional tractography [28], diffusor tensor imaging or other connectivity analysis, this finding is in line with the proposed role of gamma synchronization in the creation of effective connections and the routing of information processing across cortical areas [8][9][10]. Furthermore, recent studies have hypothesized that multiple discrete brain oscillations interacting in a coordinated fashion may underlie computation and communication in large-scale brain networks [8,[29][30][31]. Phase-amplitude coupling between gamma and different slow rhythms is suggested to contribute to such a temporal coordination among gamma oscillators. While gammaband synchronization is involved in the selection and integration of processing units, the slow oscillatory cycles 'make and break' the gamma-synchronized network [11]. In line with this, we found a gradual increase of CFC between gamma and slow oscillatory activity (3-12 Hz) at the target site. This suggests that the spatial transfer of gamma synchronization may be mediated through the coupling of gamma with the phase of slow oscillatory activity. Compared to gamma, slow oscillations are known to originate from the summed activity of more neurons in a larger volume [32], and represent thus a good carrier of synchronization of large-scale networks [8]. At the same time, we did not detect any changes in the overall power of slow oscillations, indicating that the improved temporal coordination of gamma through slower rhythms are tuned by globally balancing excitation and inhibition of local networks. Therefore, coordinated gamma activity may reflect the reorganization of the same number of neuronal discharges in a local area into "packets" or bursts of gamma activity that tend to occur during specific phases of slow oscillations. This interplay between slow and faster oscillations may reflect the processing at different hierarchical levels of cortical computation, with gamma and slow frequencies representing local and global information, respectively [33]. The benefit of improved CFC resulting from gamma training can be a more effective neuronal communication for integrating and transferring information within and between widespread cortical networks.

In an additional experiment, we trained two subjects to increase their gamma activities originating from the micro-electrodes that record small spatial scale of a few hundreds of micron [34]. In recent studies, these wires have been shown to be able to record specific neuronal activities at a submillimeter scale as specific cell firing [35] or high-frequency field activities [36][37][38].

Surprisingly, in contrast to macro-electrode training, we found that gamma up-regulation is possible at this small scale and that it remains spatially very specific without the spread to macro-contracts.

We acknowledge that our relatively small sample size does not allow us to draw strong conclusions on the basis of these effects. Nevertheless, although this observation requires further investigations, it opens the perspective on the possibility to condition extremely focal neural activities in human, which has been previously shown only for animals [39][40][41] (but see [42]).

In conclusion, the presented data suggest that up-regulation of intracerebral gamma activity in human subjects is possible even at millimeter-scale. Because gamma oscillations play an important role in fundamental cortical computation [11], we expect that their training will have a specific effect on local cortical processing. Specifically, dysfunctions in the gamma band has been reported in a wide range of pathological brain states [12][13][14]. Our findings open the possibility of invasive therapeutic approaches to normalize brain plasticity to reduce or prevent the clinical manifestation of specific disease. For example, the induction of brain plasticity through fast oscillations can be a prophylactic intervention prior to neurosurgical resection. Although future studies need to provide direct evidence for neuroplasticity effects of invasive gamma neurofeedback in humans, we propose that systematic training can help to improve learning and memory formation, similar to external stimulation techniques [43,44]. a bipolar setup (1 patient), but all data were re-referenced offline for analysis using an average montage. A micro-electrode with no unit activity and a flat localfield potential (LFP) was chosen as a reference for the micro-wires.

Experimental paradigm and online analysis

The real-time closed loop between the ongoing neural activity and screen display was realized using a TCP/IP connection between the EEG-recoding PC and a second laptop performing online analysis (Dell Precision M6700 Workstation). One macro-electrode was selected as the target site and was maintained throughout training. This electrode was chosen as a compromise between the maximal distance from sources of epileptic activity and proximity to micro-wires. Target electrode positions for the 6 subjects are summarized in Table 1. Two subjects (S2 and S4) performed two and one additional training sessions respectively, using signal recorded by micro-electrodes adjacent to the previous macro-target. Distance between target macro-and target micro-electrodes was 5-7 mm. A baseline condition with subjects in a relaxed but focused state [47] served to evaluate relative gamma increase during each session.

During sessions, we evaluated instantaneous gamma proportion in the gamma spectrum in the following way:

1) Received data were buffered in intervals of 400 ms;

2) Time-frequency decompositions for 1-200 Hz were obtained from a Gabor wavelet transform with a modulated Gaussian window [48];

3) Power spectra were derived from time-frequency representations averaged over the temporal dimension;

4) The integral (sum under the curve) of the spectrum was calculated for the target frequencies 

Offline analysis

After the training was completed, signals from all macro-contacts were re-referenced to a common average reference montage of at least 30 artifact-free channels for offline analysis. Possible muscle, movement or epileptic artifacts were screened visually across complete data sets. Electrical 50 Hz noise was suppressed by a bandstop digital bandpass filtering between 49-51 Hz implemented through a zero-phase forward-backward digital infinite impulse response (IIR) type II Chebyshev filter [49]. All analyses were implemented in MATLAB (The MathWorks) using custom-written code.

Evaluation of training progress

To assess trial-to-trial training performance, power spectra were derived from baseline-normalized time-frequency representations averaged over the temporal dimension. For every trial, the spectrum for the interval between 1 and 200 Hz was normalized between 0 and 1 to guarantee comparability 

Relative/absolute power estimate and oscillatory event detection

The frequency domain analysis was performed using the same Gabor wavelet algorithm as for the real-time calculation of gamma proportion, estimating mean gamma power per trial. Accordingly, the relative gamma power defined as the integral (sum under the curve) for 30-80 Hz, divided by the integral over 1-200 Hz, expressed as a percentage (Figure 1C). The absolute power of gamma band is the integral of all of the power values within its frequency range. Additionally, to find out which exact characteristics of gamma power changed over time (amplitude, occurrence frequency, duration), we extracted intervals of present gamma activity, here called 'oscillatory gamma events', from all trials. Automatic detection of these oscillatory events was done in the following way: 1) bandpass filter the signal; 2) perform Hilbert transform; 3) extract absolute values to obtain the envelope time series; 4) apply two threshold criteria: amplitude threshold > above the 90 th percentile of gamma envelope of the baseline distribution, and a minimal duration threshold of at least 60 ms (about 3 oscillatory cycles at center frequency of 55 Hz). Detected events were checked visually for possible artifacts and excluded from further offline analysis.

Large-scale evaluation of training transfer

The analysis of large-scale spatial effects of training was studied by measuring the change in spectral gamma proportion for all recording sites including non-target (non-trained) channels. To evaluate the significance of changes we calculated Pearson's correlation coefficient between the gamma proportion and training time. Significant positive, negative or no-change evolutions of all recordings sites were then displayed in the anatomical space as red, blue or grey dots, respectively.

Slow oscillatory power and cross-frequency-coupling

In an analogous way to gamma power estimation, the data were analyzed for any changes in slow oscillatory power in delta [1-3 Hz], theta [4][5][6][7][8] and alpha [8][9][10][11][12] bands. Additionally, crossfrequency coupling between these bands and gamma oscillations were assessed to see if gamma training affected the interaction between slow and faster frequencies. Visual inspection of comodulograms suggested that phase-amplitude coupling occurred in different slow oscillatory band among the subjects. We thus generated phase-amplitude time series for all trials in the individual bands of interest (S1 to S6 in order: delta-gamma; n.s.; theta-gamma; alpha-gamma; theta-gamma; delta-gamma). Phase times series of slow oscillatory activity were calculated with an IIR Chebyshev filter with a forward-backward filtering algorithm to avoid phase distortion [49,50].

Amplitude times series in the gamma range were extracted using Gabor wavelet transform. Where necessary, trials were concatenated to windows of a minimal duration of 30 sec of artifact-free data for reliable estimates of the modulation index (MI) following the procedure described by Tort et al. In spite of numerous successful applications of neurofeedback and BCI, paradoxically, their mechanisms remained largely unknown. This makes the voluntary control of neural activity essentially a black box, that awaits resolution. After giving a brief summary of studies I and II, the read thread of this discussion will be the initial questions presented in [1]. These include: i) the search for physiological markers of successful voluntary control of neural activity; ii) the question whether there are specific regions or spatiotemporal scales most easily controllable; iii) whether generalization of training effects is possible to other sites and frequencies; iv) if neural selfregulatory ability relies on explicit or implicit strategies; vi) what we can learn from these observations for future neurofeedback studies or applications and lastly vii) what are the theoretical or technical constraints of this study.

Study I showed us that the modulation of intracerebral theta activities is possible at various cortical sites, and that this success was predicted by the degree of target rhythm dominance in the individual power spectrum during physiological conditions. The average increase in theta power per session pointed to the progressively frequent theta events of increasing durations, without increase in maximal amplitude. With training progress, theta amplitudes became de-correlated in space indicating ongoing network reorganization, while gamma oscillations became gradually phase-coupled to theta activities, probably reflecting changes in the temporal coordination of processing. We did not observe any global firing rate increases training but rather a dynamically theta-modulated discharges around theta events.

Gamma training in study II revealed that self-regulation of gamma oscillations in different brain areas was also possible. Increasing average power per trial reflected more frequent occurrence of gamma events and their gradually rising maximal power. In contrast to the spatial decoupling of theta oscillations, gamma power co-increased at other cortical sites without being explicitly trained, which was correlated with the successful power increase at target location. Progressive cross-frequency coupling between gamma and slow oscillations indicated a possible increase of temporal network efficiency, similar as in study I. An additional component of the study was the supplemental training of two patients using micro-electrodes, which showed that a spatially very specific training is feasible given appropriate spatial resolution of the feedback signal.

In the search of physiological markers

Simply put, the driving question of these studies was to better understand the changes in the brain when a person is trying to self-control its neural activity. Although it is still 1far from being a resolved issue, I propose a few physiological processes that appear to be prompted through neurofeedback training.

6.2.1.Reinforcing the existing

The clearest and simplest finding in both studies is that neural self-regulation training takes effect upon the normal brain function and reinforces naturally present neural oscillations. The reinforcement of theta and gamma oscillations, that come in distinct bursts or episodes (similar as found in other studies, e.g. [2]) is expressed in both cases as increased 'stability' of the target signal, i.e. a reliable presence of target oscillations in the overall EEG spectrum. Analytically, this change was read out in the higher event density of detected theta and gamma oscillatory events, that both occurred more frequently with training progress. Evidence for this 'reinforcement hypothesis' comes also from the observation that individual theta training performance was proportional to the physiologically present oscillations in the defined frequency band. Together this suggests that the boosting effect of self-regulation training takes effect by strengthening the underlying circuitry that generates the rhythm. Consequently, if a circuit is 'pre-wired' to generate a certain rhythm (e.g. frontal midline structures and hippocampal formation for theta oscillations, see Chapter 2), it will be easier to increase the occurrence of this rhythm, than in a region where the conditions are not naturally fulfilled. This is in agreement with previous observations that BCIlearning relies on intrinsic neural constraints, for example in a study with monkeys, where it was more challenging to train a network activity pattern that differed from the characteristic population pattern [3].

This principle of reinforcement of existing dynamics may also explain the observed differences between theta and gamma event changes. While both theta and gamma events increased in number, theta events increased also in duration, but preserved their amplitudes. In contrast, gamma events gained progressively in maximal amplitude, but their durations remained equal.

This discrepancy may arise from the different generation mechanisms inherent to the two rhythms:

While theta oscillations reflect synchronized activity of large cortical areas, the gain in maximal theta amplitude through neurofeedback training may be impossible, because the number of recruited neurons in such a large-scale oscillator may have already reached a saturated maximum.

However through training, theta oscillations might be more easily initiated and sustained, for example through a latent shift in neurotransmitter concentrations (e.g. through the general boost of acetylcholine pathways through the effortful training) or through the reinforcement of longrange connectivity through Hebbian learning. On the other hand, gamma oscillations represent the synchronized activity of smaller assemblies, whose maximal power can be increased by moderately altering the temporal integration windows which would recruit assemblies of larger sizes [4]. At the same time, the duration of gamma events is largely limited by the slow potential fluctuation cycle, such that their temporal span will be limited by slow oscillations and thus, significant increases in gamma event duration seem physiologically implausible.

In sum, these observations suggest that learning is constrained by the existing organization of a network and that it will be easier to learn the regulation of functionally and structurally available targets [3,5,6]. Nevertheless, as we have shown, anatomical position alone did not explain interindividual performance differences and subjects with less prominent physiological target rhythms were also able to acquire control to some degree. This leaves open the possibility to train any rhythm and to establish a functional network from ground on, although this may be more effortful and require more training.

Downstream timing effects through oscillatory hierarchy

One of our main predictions was that the physiological action of neurofeedback would be supported through a mechanism of 'downward causation', in which large-scale slow oscillations elicit downstream effects on lower levels of the oscillatory hierarchy. As described in Chapter 2, the power dissipation of slow oscillations can generate such influence on higher frequencies by inducing potential fluctuations of considerable amplitudes and thus providing temporal windows favorable for the occurrence of coordinated gamma events, which is why we focused on slow oscillations in study I. This is indeed what we have observed, namely that the training of theta oscillations led to a progressive cross-frequency coupling (CFC) between theta and gamma frequencies. An additional finding was that slow-wave activity exerted downstream influence on an even more smaller spatiotemporal scale, namely that of cellular firing. While overall firing rates remained constant, theta events dynamically up-and down-regulated the neuronal discharge with a proportion of neurons being phase-locked to theta oscillations. We can thus confirm that the training of slow oscillations has a propagating top-down effect inducing changes across multiple scales and reaching to the level of single neuron (Figure 6-1).

What was surprising at first, is that CFC was also present in study II, when targeting the regulation of gamma -and not theta-oscillations. This may be a hint that slow oscillations maintain a latent regulating role of temporal coordination, mostly because they represent a vehicle of high-level cognitive functions employed in both cases. Alternatively, the emergence of CFC can be seen as a result of a bottom-up self-organization enforcing slow oscillatory fluctuations through the coordinated activation of the distributed gamma networks. In both cases, it is plausible that training in voluntary control of neural oscillations will not be confined to the target frequency only, but will often, if not always, induce propagating downstream or upstream effects, affecting other spatiotemporal scales. 

Learning by timing?

A more general picture that results from changes in cross-scale dynamics is that the learning process as such may correspond to a self-induced fine-tuning of temporal coordination of ongoing activity and ultimately can be seen as self-regulation of neural excitability and plasticity [7,8]. The idea that timing is a hallmark of neural plasticity is by no means new, e.g. with a large body of research existing on spike-timing dependent plasticity [9][10][11]. 'Life cycles' imposed through slow oscillations lead to a more precise integration windows and facilitated coincidence detection for smaller cellular assemblies, which in turn provokes their regular and systematic co-activation and results in Hebbian learning, relevant in memory-related function [12,71,72]. It follows that such intrinsic regulation of excitability and plasticity through neurofeedback can be compared to other stimulation techniques, such as transcranial direct current stimulation (tDCS), transcranial magnetic stimulation (TMS), or invasive electric stimulation. Because ultimately, all stimulation techniques inject a coherent excitability rise through the synchronization of extended areas, they share the aspect of plasticity induction through timing regulation, which has been repeatedly

shown to improve perceptual learning [13][14][15], or memory [16][17][18]. One hypothesis that can be derived from this discussion, is that changes in temporal coordination during training of voluntary modulation of neural oscillations (e.g. measured through changes in CFC), may represent a good marker of the leaning progress.

On a more speculative note, acetylcholine (ACh), that is consistently reported to play a role in signal to noise ratio, learning, sustained attention and memory [19][20][21][22][23], may represent an important contribution in the BCI-and neurofeedback training. For example, a study has showed a spatiotemporal coupling between hippocampal release of ACh and spontaneous as well as induced theta oscillations in vivo [24]. Using simultaneous amperometric and electrophysiological recordings in anesthetized rats, the authors have observed the presence of ACh in the CA1 region with a 25-60 seconds delay after theta initiation. Although it is not entirely clear how exactly these cholinergic pathways may be activated during neurofeedback training, one possibility is that AChgenerating neurons in the basal forebrain are stimulated through sustained cognitive effort, that in turn strengthen the projections to their efferents in the hippocampus or the frontal midline structures and increase the probability of subsequent theta generation (Figure 6-2). For example, it has been previously shown that executive functions and exploration of new environment are under such modulation of nicotinic receptors through ACh [89,90]. Boosting of ACh may therefore activate dopamine pathways via nAChR 1 and the resulting release of dopamine in the ventral tegmental area [91] would support reward function and reinforcement learning. 6.3. Is there an optimal region or frequency for voluntary control?

An optimal region?

Based on the comparatively small patient group (n = 13) and the limited spatial electrode samplings (n = 1099) in our studies, it is difficult to draw a definitive conclusion whether an optimal region for neural self-regulation exists. Nevertheless, our observation was that the anatomical position alone did not explain inter-subject-variability in training performance observed in studies I and II. Among recorded structures, substantial modulation was possible in the orbitofrontal cortex, posterior ACC, amygdala, middle temporal, inferior temporal, parahippocampal and supramarginal gyri and thus, across frontal, temporal and parietal cortices, indicating that self-regulation can in principle be learned in a variety of different cortical sites. This is in agreement with the proposition that even though some brain structures are easier to modulate than others, in theory it should be possible to modulate any cortical site (e.g. according to

Birbaumer [28]). The use of high-level cognitive functions that are associated with large-scale activation in slow oscillatory ranges across associative cortices [29,30], can be potentially exploited as a proxy to modulate any of widely recruited sites. Probably the easiest modulation might be achieved at cortical locations directly and selectively associated with a specific cognitive function, that can be engaged in at will [31,32]. In this case, the activation of the region will occur every time a specific cognitive strategy is employed. However, it may also be limited to a specific frequency band (e.g. gamma activity) and may not be effective for other target rhythms.

Alternatively, implicit, i.e. not clearly expressed or not consciously accessible strategies could potentially allow to modulate the ongoing activity through operant conditioning even in most 'uncognitive' sites of the brain [28,33]. Thus, in principle no brain areas are excluded a priori from the possibility to be modulated.

Maybe even more relevant than the anatomical target position per se are other modulating factors including individual motivation, curiosity, introspection ability, active exploration of the 'mental space', but also video-game experience or the interest in the study that define the training outcome to a large extent. Although these factors were not systematically assessed in study I, they quickly emerged as essential prerequisites and which we evaluated more closely in study II. These personality variables should be systematically measured and where possible maximized, because they appear to have a strong predictive potential and can be helpful to explain inter-individual differences (see section 6.6 and Appendix 3).

An optimal frequency?

The complementary question is whether some rhythms can be modulated more naturally than others. Previous studies acknowledge the possibility to modulate various rhythms including very slow potentials [34], theta [35], alpha [36,37], beta [38], gamma frequency bands [39] and even spiking activity in animals [40]. In general, our studies showed that the modulation of both, intracerebrally measured theta and gamma frequencies was possible. However, the average power increase between the first and the last sessions was in the range of 29-53% for theta and only 17-28% for gamma in spite of approximately equal overall training duration, indicating that there might be a slight advantage for theta oscillations. This is in agreement with our initial hypothesis that the regulation of slower frequencies is likely to be more intuitive because slow oscillations are situated on the top of the oscillatory hierarchy and are associated with general cognitive effort arising during sustained attention, introspection and strategy search [1]. For a more conclusive evidence, longer training duration may be helpful to discriminate whether learning progress for different frequencies reaches a plateau after different training durations.

Rather than being exclusively dependent on a particular target region or frequency, I propose that the ability to learn neural self-modulation is constrained by the individual EEG spectrum profile.

As suggested above (section 6.2.1), the intrinsic predominant rhythms are probably constrained by anatomical connectivity and functional dynamics and thus, a specific network will oscillate in some frequencies preferably than in others. As a consequence, the synchronized activity in a given frequency range will be more or less difficult to entrain depending on the existence of a genuine oscillatory rhythm. As exemplified by the heterogenous profiles of individual alpha or theta frequencies [41,42], these intrinsic preferences can vary considerably for different persons. This is probably one of the reason why individual performances can be very different in standardized protocols. Nevertheless, from a mechanistic point of view and congruent with our findings, the induction of membrane potential fluctuations even in random frequencies seem possible by 'tuning' a given network in a predefined band. Such a 'diversification' of the oscillatory repertoire may lead to a statistical independence of cortical processing and is particularly interesting for BCI applications requiring a high degrees of freedom to translate neural regulation to a rich behavioral repertoire.

Generalization vs. Specificity

The question of maximal specificity degree of neurofeedback training is of considerable importance due to the large potential of applications that it implies. Generally, training specificity can refer to a spatial specificity, frequency specificity, or both. While specificity is directly opposed to the effect of generalization, both can be desirable in some cases and unwanted in others. For example, spatial specificity can be advantageous during motor control applications that use precise topological decoding algorithms. In this case generalized cortical activation would smear the decoding and reduce BCI performance [43]. On the other hand, generalization can be beneficial, when diffuse or functional networks are trained. For example, the generalization of activation within languagerelated cortical areas during post-stroke-rehabilitation neurofeedback training can induce a helpful boost of the entire language system. Additionally, generalization can point to the abstract skill to control of own neural activity, similar to the ability of experienced musicians to play music pieces from sheet they have never seen before.

From the present studies, a heterogenous picture of training specificity emerges. In study I, we showed that theta was increasingly de-correlated in space across training, indicating that while at the beginning theta oscillation may have shown broad spatial co-variation, training-induced modulation became progressively specific. Importantly, this decoupling was related to the daily performance of the subjects and might therefore represent a marker of ongoing learning process (e.g. similar to regional deactivation in professional musicians [44,45]). Additionally, the predominant change in the power spectrum was in the theta band, showing that training can also be frequency-specific. Although a previous scalp-EEG study of theta-band training showed a concurrent increase of alpha and beta frequencies [35], the difference in our study may arise from the local recording of the intracerebral EEG, which provides a more specific feedback and allows selective training.

A different picture emerged in study II, where we made the opposite observation: the better a subject has performed in terms of gamma power up-regulation at the target site, the more adjacent channels co-increased their power, which may have been mediated through the gradually increasing coupling with slower frequencies. A relevant detail of this finding was that the distance from target site alone did not explain whether a site would increase its power or not, which suggests that the dissemination of training effects followed functional pathways and was not merely volume conducted. One possible explanation of differences between theta and gamma specificity is that underlying propagation principles of these rhythms are not the same. Initially, diffuse theta-band activity uniformly covers large-scale parts of cortex, but gradually 'shrinks' to a more local source. On the other side, the spread of gamma band activity may appear through more discrete instances of gamma clusters, globally organized by slow-wave activity as suggested by the presence of increasing CFC (Figure 6-3, [46]). Additional analysis would be necessary to confirm this hypothesis, for example through probabilistic functional tractography using single-pulse direct electrical stimulation [47]. If this assumption can be validated, neurofeedback training could be extended to shape entire functional networks rather than single cortical sites [48].

One additional hypothesis that we have developed during the project is that the type of signal fed into the BCI-system may directly impact the extent of specificity achievable during training. We explicitly addressed this question in an additional component in study II, in which we conducted a training of gamma regulation using signal obtained from micro-electrodes. Micro-electrodes are supposed to record very local activities in volumes with a radius of about 50 µm [49], that are not captured with conventional scalp or intracranial electrodes. We have observed that the modulation of such very local gamma oscillations was not only possible, but that the modulation effect remained also very local without spreading to closest contacts, different from training on clinical macro-electrodes. Although these are only preliminary findings awaiting confirmation on a larger subject group, they suggest that in principle, voluntary modulation can attain a great spatial specificity even in humans, when provided with a high resolution of the neural feedback signal.

In sum, evidence suggests that there is no unified answer to the specificity-generalization query.

Both the increasing specificity of theta and the gradual generalization of gamma oscillations strongly correlated with individual training outcome, which reflects their comparable relevance in the learning process. Although control seems to be possible at the spatial level of a few hundreds of µm, from a mechanistic point of view the occurrence of down-or upstream effects can never be However, the co-activation of a widespread gamma network can be seen as more scattered activation of gamma clusters globally organized slow through CFC with slow-wave activity (lower panel and inset).

The mental backstage

One of the big mysteries around the voluntary control of neural activity is the question of how such successful control can be achieved. Largely, two types of regulation approaches exist: implicit and explicit strategies. While the first can be compared to a procedural skill acquisition, such as the learning to play a music instrument [28], the second assumes an (approximate) one-to-one mapping between brain regions and cognitive functions, which can be used to specifically activate cortical areas [32]. Is it possible to reconcile these two opposing views based on the findings in our studies?

From explicit to implicit

Our observations reveal an even more complex image, that not only this dichotomy of different approaches exist across individuals, but they can also co-exist and evolve during the training phase of the same subject. Following the explicit approach, we started the training for every patient with a screening procedure evaluating most efficient explicit mental strategies to increase oscillatory for study I and II. This is in agreement with one previous ECoG study making a similar observation, that has attributed this strategy mutation to the evolution from a cognitive to a more automatized BCI-task execution [50].

Admittedly, the detailed elaboration of strategies was one of the most challenging aspects of the study. In spite of the attempt to acquire employed strategies during an informal interview after each training session (Appendix 3.3), the explicitation of 'non-linear' (i.e. changing and evolving) strategies was not easily accessible for many subjects (and neither their guidance in this process for the experimenter). Several patients were not able to clearly express their regulation technique in spite of achieving good performance scores as has been also observed in other studies (e.g. [33],

reviewed by [28]). I propose that the acquisition of subjective data can be much improved by using a methodological questioning. An attempt has been made on one patient (S4 from study II), with whom an 'elicitation interview' was conducted according to the technique developed by Vermersch and Petitmengin [51]. Based on these qualitative data (see the interview in Appendix 3), the process of voluntary control for this particular patient involved a temporal sequence of different stages including relaxation, calibration of focus on the visual aspect of the feedback object and also an internal dialog of self-encouragement and anticipation, that she used in iterative manner.

Importantly, the sense of agency or 'active control' upon the visual feedback during successful trials was perceived as rewarding and motivating for subsequent trials, which underlines the relevance of the sense of intentional action in the process of learning (congruent with the proposal by Glymour, see Appendix 1). Finally, it became apparent that coping with failures demands some degree of frustration management from the subject, which emphasizes the importance of appropriate threshold settings and the maximization of subject's motivation through the experimenter.

Overall, the subjective report obtained through an eliciting interview revealed several elements relevant for successful conduction of neurofeedback training, supporting the claim that first-person approaches can enrich the neuroscientific investigation. However, it will require much additional evidence to derive subject-invariant mental processes involved in the voluntary control of neural activities.

Neurofeedback as mental training

Although no conclusive, integrative view of the implicit-explicit dichotomy can be proposed at this stage, from a practical point of view, I argue that in both cases some type of mental training will be required for successful neurofeedback for following reasons: i) In the best case scenario, an effective cognitive strategy can be identified through functional mapping, which would allow the activation of a specific area in a systematic manner through a specific cognitive task. However, the search for this strategy in the form of screening or other exploration, may take considerable time and represent a training in itself (e.g. in introspection); ii) Because functional mapping usually relies on the cortical activation in a specific frequency band (mostly in the gamma band, e.g. [52]), this approach will not be equally helpful for all target frequencies; iii) In contrast to the idea of a 1:1 mapping between cognitive function and cortical region, often no clear functional correlates of the target region can be identified, notably because many functions rely on largely distributed cortical processing and the interaction of numerous rhythms, or because the target region is not associated a clear high-level cognitive correlate [53]; iv) Further, even if a clear-cut cognitive function can be identified during screening, an underestimated challenge is the control of the 'train of thought'.

Even if the task is as simple as 'thinking of a pink elephant', after a few moments the control of the stream of thoughts aiming to persistently evoke a specific mental content without mental drifting will be a challenge1 ; v) Finally, the evidence presented here and in previous studies, suggests the the neurophysiological changes taking places over the course of the training period closely resemble signatures of procedural learning, such as motor or perceptual skill acquisition, which always requires practice [50,[54][55][56][57]. Because cortico-striatal plasticity was shown to be an important neural signature of this process [58][59][60][61][62][63], the striatum may represent a potent neurofeedback target in itself.

In all, for any meaningful functional or structural changes, the induction of oscillatory activity must occur over a long-term period. But in order to be able to use mental activity as a proxy for oscillatory regulation through explicit or implicit approaches, some training phase will be necessary.

A learned lesson?

What can we learn from the present work for future neurofeedback studies? In the following I propose a few theoretical and practical implications that might be worth considering in future neurofeedback experimental designs.

Taking advantage of neural constraints

As discussed, the control of neural activity appears to be possible in the realms of intrinsic physiological constraints, which has direct implications for appropriate training targets definition.

For example, the proposed reinforcing character of neurofeedback implies that an optimal boost of an oscillation will be based on the natural presence of the target rhythm. Therefore, in order to optimally improve attention, memory or any other function in question, it is desirable to identify genuine individual rhythms supporting this function, which may considerably across individuals [41,42]. For best possible application outcome, a detailed study of intrinsic activity should be combined with customized training protocols, which is not currently the case in standardized applications.

Additionally, regions of interest and functional pathways may also vary across subjects and should be ideally assessed when targeting the enhancement of diffuse functional networks such as in attention or cognitive control training, e.g. by using diffusion tensor imaging (DTI) and functional connectivity analysis. The training of functional networks may also benefit from a combined feedback of multiple network targets, which may accelerate the generalization within the functional system.

Further, as I have argued above, the physiological principle of neurofeedback appears to be supported by top-down influences of oscillatory hierarchy regulating the temporal flow of processing down to the level of single neurons. This organizational principle can be exploited for example by targeting the 'cooperation' of rhythms by implementing the real-time feedback based on instantaneous CFC-values. Regarding the evaluation of the ongoing process, I proposed several design-specific physiological markers. For example theta up-regulation performance can be best estimated by the initially strong spatial theta connectivity and its subsequent functional decoupling during training, while successful gamma up-regulation can be evaluated based on the concurrent gamma power increase at neighbor cortical sites. In both cases, training curves can be also monitored by measuring session-to-session changes in CFC, reflecting improved temporal coordination across scales.

Signal specificity: 'what you give is what you get'

Lastly, there appears to be a close relationship between the type of signal you feed into the closedloop system and the resulting degree of specificity of training. Although preliminary, the evidence from micro-electrode based gamma training suggests that it is has a much more local effect than training with macro-electrodes. This leaves no doubts that the conditioning of precise actionpotential related changes in calcium-signals as observed in animals [64] will not be possible when using scalp-EEG as reference signal. Likewise, training of micro-circuit behavior may require invasive or even micro-electrode signals. On the other hand, when long-range functional networks are the target of the study, there is no need in selective single cell recordings and fMRI recordings may be the better methodological choice. A related point is that the experimental protocol has to be appropriate for the optimal temporal integration of different feedback signals: The regulation of BOLD1 signal or of slow oscillatory activity will be ideal with longer experimental block durations (i.e. allowing to integrate the activity of longer periods of time), whereas the control of brief and transient activities like rapidly fluctuating gamma oscillations may require an instantaneously updating feedback together with a short-trial design.

Conceptual and practical limitations

To conclude, a number of conceptual and technical limitations of this work shall be pointed out.

One essential conceptual limitation is the fact, that we have worked with epileptic patients, whose brain function may differ from that of normal subjects, even during seizure-free periods. This is a frequently raised issue, which has been addressed in some detail elsewhere [65]. Although the generalization to other brains can never be unrestrictedly guaranteed, the comparison of results to those from invasive animal studies or studies on healthy subjects has helped uncovering important mechanisms behind cognitive and neural function many times in the past [65]. In the present case, One directly related issue is the small number of patients due to their scarcity and the fact that some patients must be excluded from research protocols due to the prominent inter-ictal epileptic activity. Further, because the placement of electrodes is defined by clinical criteria only and the spatial sampling of the brain in the patient group is heterogeneous, some regions are less represented than others. For example, it is relatively rare to have occipital, parietal and almost impossible to obtain subcortical striatal or thalamic recordings in epilepsy patients the power of one target site, may result in the reduction of some other region, as a compensatory, balancing response. These invisible 'push and pull' effects can also induce down-and upstream effects, which are all the more relevant because we cannot estimate their harmful consequences [66]. Although in both studies we have assessed non-specific training effects in neighboring frequency bands, the limited cortical sampling of intracranial electrodes and does not allow exhaustive examination of spatial effects. Obvious secondary effects and their risks should be closely examined in future studies, in particular when working with clinical populations or conducting long-term training, in which the inclusion of active control groups may be helpful. Additionally, secondary effects and potential risks of neurofeedback training remain largely unknown.

In Brief…

6.9.Perspectives

To conclude, I present six questions that have developed from the present work and which would be an intriguing continuation of the current research project.

Demonstrating plasticity effects

As I have argued in the introductory sections, the heart of all neurofeedback applications and the true potential behind this technique is the volitional induction of plasticity effects [8]. Attention, memory, sleep or motricity improvement rely all on the self-regulated short-or long-term plasticity. Although some demonstration of induced plasticity effects comes from animal studies [61,67], given the relevance of the subjects, surprisingly little studies make it an explicit research objective in human studies. One clever protocol was used by Ros et al. [7], who combined potentiation of membrane excitability (induced through stimulation) was present, suggesting the possibility of refinement of cortical networks through experience and learning [92]. It would be thus interesting to investigate whether the responsiveness of neurons to inputs can be also changed through neurofeedback.

Probing functional networks

Another exciting question arises from the observation of gamma generalization, which may be an indication of shared training effects across functional networks. Networks can be identified using DTI and functional connectivity analysis (e.g. through resting oscillations [73]) and subsequently, a combined training of multiple targets within the network can be trained. 6.9.3. Up and down -two sides of the same coin?

One further interesting study objective is the possibility of down-regulation of neural activity. In our both studies we tested the up-regulation of theta and gamma frequencies aiming to create transfer and generalizability of our results to other literature (most studies include up-regulation or induction of rhythms). However, the reduction of oscillatory power, that would involve a process of de-synchronization and scattered activity patterns, deserves also a detailed systematic investigation, especially for its clinical value. Our pilot tests on 3 subjects (data not shown) proved down-regulation more difficult than up-regulation, which is in line with the difficulty encountered in biomedical fields to control conditions of pathologically synchronous neural discharges in epilepsy or Parkinson [74]. Indeed, the occurrence of oscillations appears to be a robust phenomenon and a strong attractor state in the neural system [75]. Convergent theoretical studies indicate that the easiest way of de-synchronization is through external input to the system by means of an inhibitory or phase resetting single pulse or pulse train as in deep brain stimulation [76,77]. In the case of neurofeedback, such inhibitory function might be possible to achieve for example through a boost of a secondary regulating instance, which raises the question whether the usage of indirect and inverse responses can be beneficial also in the context of epilepsy. Can we conceive of a potential therapy approach that instead of trying to directly down-regulate an excessively synchronized activity rather targets a 'homeostatic' mechanisms in which the boost of the physiological activity would counter-balance, compensate for or interfere with pathological activity in a clinically beneficial sense? Although our incomplete understanding of general neurophysiology limits the design of such protocols, it is imaginable that in near future alternatives will be available.

Cholinergic contribution to neural self-regulation

As discussed in section 6.2.3, acetylcholine (ACh) appears to be a hot candidate in the regulation of learning and memory processes [78]. If skill acquisition, such as neurofeedback training, relies on this neurotransmitter, one logically arising question is whether experimental manipulation of ACh would accelerate the training in volitional control of neural activities. This can be tested by drug instrumentation (of agonists or antagonists of ACh) in a healthy subject group undergoing neurofeedback training (e.g. as has been done in this study [79] applied to neural post-error control) or by using simultaneous amperometric and electrophysiological recordings in rodents (as done by [24]). The reversed question is whether neurofeedback by itself boosts ACh concentration levels, may also be tested on the animal model.

The league of mental trainings

In section 6.5.2. I have argued that voluntary control of neural oscillations can be conceptualized as a form of mental training. One logical consequence of these arguments is that any other type of mental training must be supportive to the voluntary control of neural activities. The most obvious candidate is meditation practice [80][81][82][83], which for example was shown to be another to possible way to self-induce gamma synchrony [93]. In general, being familiar with the observation of ongoing mental processes through attentive introspection is definitely an advantageous feature for the identification and verbal expression of an efficient strategy [94], but also to stabilize the retrieved mental content [95]. This approach was used by the group of Brewer [84], who explored the subjective experience associated with activity fluctuations in the posterior cingulate cortex (PCC) and the direct control of this regions through meditation techniques. To go further, I propose to investigate of the question of the maximization of plasticity effects through the combination of neurofeedback and meditation [96].

A to an exciting future of self-managed mental and physical health.

Investigation of strategies using eliciting interviews

As already mentioned, the exploration of cognitive strategies behind successful voluntary control of neural activity deserves a more in depth investigation. In spite of its heavy temporal load, one eliciting interview [86] should be conducted with every subject after completing the training. This technique has the necessary precision for the study of a 'micro-cognitive' phenomena [87] and would allow to extract subject-invariant (explicit or implicit) strategies for the control of different frequencies and cortical locations. Even beyond simply establishing efficient control techniques or functional mapping, I propose that the conduction of such interviews may offer an exploratory space, a 'mental playground', exploring frontiers between neural physiology and inner experience.

Although the wealth of such data can be overwhelming, it has the potential to bring us one step closer towards the resolution of the 'hard problem' [88].

Introduction. Humans are aware of themselves such that they are able to think (and write) about thinking. Does this property of consciousness qualify us to be willful agents that act freely according to their ideas and preferences? Or are we merely "conscious automata" of a more complex sort? Since Hippocrates and Aristotle many shrewd heads have been pondering over the question of the mind-body and recently mind-brain relationship aiming to understand mental freedom and its connection to underlying biology. This subject seems to be an essential issue for the humanity as it is closely related to the idea of human autonomy, dignity, the feeling of accomplishment and moral responsibility, constituting an important part of the human identity.

In the present paper, the question whether the conscious will is an illusions is examined. In that the distinction between the empirical and the phenomenal will as introduced by Wegner ( 2002) is adopted. This allows to regard independently whether we are freely acting individuals or we rather have strong intuitions to be willful agents. Although the author represents a deterministic position, it is proposed that free will does not need to be an idle epiphenomenon but fulfils helpful functions on the intra-and interpersonal scales.

Empirical will. The term "free will" is used to describe the idea of humans as willful, intentional agents who, according to their personal mental states, are able to make deliberate choices, initiate action and control their behaviour in general. Hence, the concept of free will implies self-mastery and freedom of thought in the Cartesian sense.

The existence of free will is endangered by the concept of determinism, of which there appear to be at least two different kinds. One type is of a psychological nature and concerns the restricted options that remain for us to choose from given our past life experience.

Having experienced x and y in the past, will prevent me from doing z but rather will make me do a or b. After an aversive experience with maths in school, for instance due to the teacher, a student will in fact not have the deliberate choice to pick this subject at the university. He cannot be regarded to be free in his decision, because he was already predisposed to choose one possibility less likely than the other. Considering the complexity of human life paths, it appears probable that most things in our future will be dependent on previous events and thus, we cannot claim to be completely free from any predetermining factors. It is important to note that, hypothetically, this could be a purely mental-mental deterministic relationship without any involvement of physical determinism.

The second type is the material determinism, i.e. the idea that any mental event is fully predetermined by the sequence of previous neurophysiological events. The assumption of causal closure of the physical world -accepted by the majority of scientists-implies that all mental events are reducible to neural states and therefore, the former cannot have any functional consequences. Given this uncomfortable conclusion, it has been suggested to reconsider the notion of causation in order to circumvent such a radical implication [START_REF] Pearl | Causality: Models, reasoning and inference[END_REF]Eells, 2001;[START_REF] Woodward | cuisine. Comptez les ustensiles.' 'Imaginez un visage et faites le tourner dans votre tête[END_REF][START_REF] Menzies | Counterfactual Theories of Causation. The Stanford Encyclopedia of Philosophy[END_REF]. However, the major part of scientists and philosophers today recognize the validity of the argument. One potential solution is the idea of 'mental causation', that concedes an effectiveness of mental upon physical states.

Nevertheless, it is not clear in which ways the non-physical substance of the mind might interact with the spatially extended substance of the brain (and body) [START_REF] Kim | Philosophy of Mind[END_REF].

The deterministic position receives considerable empirical evidence from neuroscientific research showing that motor behaviour can be manipulated by electrical stimulation [START_REF] Penfield | The Electrode , the Brain and the Mind[END_REF] or cognition affected by Transcranial Magnetic Stimulation [START_REF] Hallett | Transcranial magnetic stimulation and the human brain[END_REF]. Given the principle of causal exclusion, it seems as there is no need for an additional mental entity causing physical action, confirming that mental states seem to be redundant by-products of the brain without any causal power. Beside electrical and magnetic stimulation, there are numerous computational models that are able to simulate motor control but also perceptual categorization through neural network activity [START_REF] Edelman | Neural Darwinism: selection and reentrant signaling in higher brain function[END_REF]. The success of models to reproduce large-scale psychological behavioral patterns such as Post Traumatic Stress Disorder [START_REF] Tryon | A neural network explanation of posttraumatic stress disorder[END_REF][START_REF] Mcfarlane | Biologic models of traumatic memories and post-traumatic stress disorder: the role of neural networks[END_REF]) or other psychopathology [START_REF] Aakerlund | Neural networks as models of psychopathology[END_REF] suggests an even closer linkage between psychological traits and underlying neural activity.

From this perspective it may be easy to recognize that the two different kinds of determinism merge into one: An organism like a human being consists of highly complex biological matter, giving rise to complex behavior and cognitive repertoire. This organism is exposed to its environment in which it learns to act and interfere. Because there is no conceptual split between mental and physical properties of a human, any change that it may be subjected to along its life path concerns the being as a whole, i.e. the changes take effect on the abstract psychological and physiological levels. Importantly, this relation is not an additive one-it is not a change on the psyche and one on the matter but rather one is manifested in the other so that there cannot be any significant change of psyche without the one of matter and vice versa. It is interesting to note that the two kinds of described determinism seem to be perceived differently-being psychologically determined, i.e. mental being determined through previous mental states is a widespread, accepted idea. Being reduced to a physiological processes however, is experienced as a great threat to personal identity which is sought to be disarmed (e.g. [START_REF] Thorp | Free will : a defence against neurophysiological determinism[END_REF].

Perhaps this reasoning will appear less menacing if it is rephrased: It is not the neural state that rules over and determines the mental state, but it is the mental state that requires or consists of the neural state. It still does not change the meaning of determinism, but it does modify the flavor. Several sound theoretical frameworks have been proposed to describe how the mind can be derived from the brain. These include for example the 'enactive' perspective of embodied cognition (Thompson & Varela, 2001;Varela, Thompson & Rosch, 1991) describing how in complex organisms arise higher cognitive states like thoughts, memories or attention come into existence as emergent properties of biological tissue. Other plausible theories have been also proposed [START_REF] Freeman | How brains make up their mind[END_REF][START_REF] Edelman | Consciousness: How matter becomes imagination[END_REF];

Dehaene & Changeux 2011), that all emphasize the emergent property of mental states from the complex activity patterns of the constituting components of the (neural) system2 .

This leads to the conclusion that any thought must have a biological realization in the physical world. Does this leave any space for free will? Some hope can be found in the spectrum of possibilities notwithstanding the deterministic constraints. Even if previous experience leaves an embodied trace in the organism, it may allow for a spectrum of alternatives, and the 'will' may reside within exactly this scope. Nicely put by the famous quote by Arthur Schopenhauer (1839): "A man can do what he wants, but he cannot want what he wants.", such view implies that there cannot be an empirical will in the sense of freedom of thought. Nevertheless a possibility of 'choice' between the finite option is granted, an argument that receives empirical support e.g. based on research on 'veto decisions' [START_REF] Haggard | Human volition: towards a neuroscience of will[END_REF].

Phenomenal will. Although the notion of determinism has a consistent chain of reasoning and is solidly supported by empiricism it has the essential demerit not to account for the subjective feeling of volition. Because intentional action is a fundamental commonsense idea that reigns daily activities and contributes to our self-image, it feels absurd to imagine that my thinking at the very moment does not occur due to my intention, but because some neurons had a specific firing patterns some minutes ago.

In recent years, philosophers and scientist have introduced the phrasing of "conscious free will" instead of simply "free will" to distinguish between the rational and phenomenological concepts of agency. The term "conscious" emphasises exactly this subjective perceptual aspect of the process that gives us the impression to act willfully. An important nuance obtained through this modulation is that the "conscious free will" acquires a new character of a perceptual sense similar to that of vision or touch, carrying information about our agency. Recently, the essence of this sense has been evaluated by [START_REF] Wegner | The Illusion of conscious Will[END_REF] who has collected a large amount of empirical evidence proposing that there is not only no truly free (empirical) will but that also the subjective sensation of it is an illusion. Presenting observations e.g. on the alien hand syndrome [START_REF] Geschwind | Alien hand syndrome: interhemispheric motor disconnection due to a lesion in the midbody of the corpus callosum[END_REF], hypnosis [START_REF] Lynn | Hypnotic involuntariness: A social cognitive analysis[END_REF], electrical stimulations of the motor cortex [START_REF] Penfield | The Electrode , the Brain and the Mind[END_REF] or famous experiments by [START_REF] Libet | Unconscious cerebral initiative and the role of conscious will in voluntary action[END_REF], Wegner intends to demonstrate the gap between our feeling of control of action and our actual action. In all of these examples Wegner accentuates that although an action is obviously performed by the subject (e.g. moving a part of the body), the person does not identify with its action. It is argued that this sense provides erroneous information about agency and cannot be generally reliable, but deludes us on more occasions than we are aware of. Based on these data, it is thus concluded that not only the empirical but also the phenomenal will is an illusion.

In order to judge whether this is a sound conclusion let us first consider how an illusion is defined. An illusion is usually understood as a distortion of reality by the perceptual system, which is usually shared by most people. An important distinction is made between hallucination and illusion, where the former occurs in the absence of a stimulus whereas the latter refers to a misinterpretation of a true stimulus. In science, illusions are often used in experimental conditions in order to understand the organization of a perceptual system, e.g. in vision [START_REF] Solso | The psychology of art and the evolution of the conscious brain[END_REF]. Given this semantics of an illusion, can we declare the phenomenal will illusory? In the open peer commentary [START_REF] Wegner | Précis of the illusion of conscious will[END_REF] several voices (e.g Bogen, Hardcastle, Hayman, Jack & Robbins, Metzinger) have been raised that such a conclusion does not follow from the depiction of the empirical evidence (also [START_REF] Mele | Decisions, intentions, urges and free will[END_REF]. What the data show is that there are cases when our sense of conscious free will is misinforming. But to say that the phenomenal will is an illusion is to say that the sense of vision is also an illusion since we frequently experience visual illusions. This however contradicts the established semantics of vision as a perceptual sense. One would rather speak of a visual illusion in the specific case and not of vision as such. Consequently, if the phenomenal will is compared to a classical type of sense, it should not be declared an illusion in general, although it might be illusionary in specific circumstances. Accepting this argument, the next question arises. If the empirical will is an illusion and the phenomenal will is not, what is the phenomenal will good for at all? Several propositions concerning the function of the phenomenal will have been made.

Wegner himself sees the value of the phenomenal will in the authorship emotion, which "[...] serves to accentuate and anchor an action in the body" (p. 658, [START_REF] Wegner | Précis of the illusion of conscious will[END_REF].

The idea of a body-based signature has been also proposed by Damasio (1994, as cited in [START_REF] Wegner | Précis of the illusion of conscious will[END_REF]) known as the "somatic marker". In case the empirical and the phenomenal will correspond each other, the latter is considered to constitute the basis for responsibility and morality and is therefore a useful tool for the operation of a society [START_REF] Wegner | Précis of the illusion of conscious will[END_REF].

However, because this sense is not always truthful, "[...] our experience of it may have more (or less) influence on our lives than does the actual truth of our behaviour causation" (p. 658, [START_REF] Wegner | Précis of the illusion of conscious will[END_REF].

Another putative function of the phenomenal will is suggested by Glymour (in [START_REF] Wegner | Précis of the illusion of conscious will[END_REF], who considers the implicit assumption of freedom to be necessary for learning.

According to him, the feeling of agency allows us to single out modifiable behaviours that might be open to future regulation. Therefore, we need to keep general causes and autonomous action apart in order to be able to foresee and plan the effects of interventions in the world. Glymour sees supportive evidence for this idea in the fact that our nearest evolutionary neighbours are limited in this respect [START_REF] Povinelli | Folk physics for apes[END_REF][START_REF] Tomasello | Primate cognition[END_REF] as cited by Glymour in [START_REF] Wegner | Précis of the illusion of conscious will[END_REF].

A further idea is suggested by the author herself, namely that the conscious will is a fundamental tool for communication of actions and ideas among individuals. Based on the evolutionary premise that every individual seeks to manipulate, form or exploit the surrounding environment for its own benefit, it will try to create a group of interest and act cooperatively in order to make the desired circumstance more likely to occur. However, in order to express the motivation linguistically, first and foremost an individual has to be explicitly aware of his intention. In this, the 'conscious free will' may represent a direct evolutionary advantage. Additionally, the success of perceived willful, self-related action may be rewarding and encouraging for future behavior.

All things considered, it is likely that for that we don't need Cartesian freedom of will, but if we did not have the subjective feeling of autonomy, the range of our communication and cooperation would probably not exceed an existential level.

Conclusions. The subdivision of the concept of conscious free will into empirical will and phenomenal will has enabled a separate consideration of our freedom of agency and the subjective feeling thereof. Given the determining power of past experiences and their physical engram in our body and brain, the assumption of a free will cannot be maintained. However, our intuition of the causally relevant self is strikingly different from the rational thinking. The feeling of self-causality is deeply rooted in our mind. Although this sense may be occasionally misinforming us, it cannot be declared an illusion in the same way that the sense of vision is not considered an illusion either. Although there appears to be a gap between the empirical and the phenomenal will, the latter may indeed fulfill the function of an authorship label in connection to morality, be necessary for motivated learning or enable joint action. J: Et est-ce qu'il y avait une différence entre les stratégies au début et la fin? Donc au début au fait, on vous a proposé des stratégies, mais vous avez pas, vous avez dit qu'en fait, à la fin, ça marchait plus très bien et vous avez pris cette méthode de concentration que vous avez décrit Amm. Donc au début la stratégie, c'était un peu différent? C: Non c'était pas la même chose. J: Am, eh, petite question, et quand vous regardez, la boule, elle est presque en train de toucher le seuil, la ligne, est-ce l'image est bien nette ou plutôt flou ? C: Non non, c'est nette. J: Ah oui, encore un élément sur la joie, alors, la joie… C: la satisfaction J : Oui la satisfaction, quand c'est agréable. Est-ce que vous ressentez quelque chose au niveau du corps, comme vous l'avez dit, ah oui, c'est bien. Ou est-ce que ça se trouve, cette satisfaction? C: Bas, juste, la sensation de, fin, comme si j'avais une récompense en quelque sorte. J: Oui, oui. mais ca, on se demande jamais, mais ou est-ce que ça se trouve? C: Je sais pas, je dirais que c'est dans la tête... (pause) mais, j'ai pas eu l'impression d'avoir eu de… C: Bas du coup, ça m'aidait peut-être un peu pour me détendre pour la série d'après, je pense J: oui. ok. Et peut-être un dernier aspect. Donc, comment est-ce que vous gérez la frustration ? Imaginons vous accumulez une sorte de frustration, surtout au début quand vous saviez pas comment faire, comment est-ce que vous vous libérez de ça pour vraiment recommencer et se relancer. Est-ce que vous avez une astuce pour ça? 

Commenté [BJ19]:

Mélange de Motivation, Espérance, persévérance

Taking advantage of invasive intracerebral recordings of epileptic patients undergoing a diagnostic evaluation in a presurgical context, we recorded in total from 690 cortical sites, including prefrontal, cingulate, limbic, temporal and parietal structures, while the patients were undergoing a hypnotic induction by an experienced hypnotherapist using a standardized script (Figure 3). In our analysis we focused on the high-gamma power (HGP, 70-140 Hz) changes that was previously shown to reflect changes in DMN-activity [12]. Here we distinguished two distinct functionalanatomic components (MF: Medial Frontal/temporo-parietal Cortex Subsystem; MTL: Medial Temporal Lobe Subsystem) that converge on a midline core (MC, including the anterior medial prefrontal and posterior cingulate cortices) [8] (Figure 1-A). HGP changes were evaluated using a pre-hypnosis eyes-closed baseline to the period prior to the hypnotic induction (Figure 1-B). A across our populations of 9 implanted patients, our results show 1) a reduction of HGP in MF (Figure 2), possibly reflecting a reduction in self-referential cognitive activity, 2) increases in HGP in the hippocampal formation including entorhinal and parahippocampal cortices, presumably reflecting increased memory retrieval of autobiographic memories or imaginary scenarios; 3) increase of HGP at fronto-parietal locations of the attentional network indicating a progressive absorption during the hypnotic induction and 4) HGP changes in the amygdala suggesting changes in emotional processing. In sum, our findings indicate that hypnosis creates a distinctive and unique pattern of brain activation and deactivation that has a modulatory effect on regions processing explicit cognitive control, memory recall, emotional and attentional processing. Selective targeting of these changes may be used to improve outcome in psychotherapy, pain control or in learning and memory function [13]. 
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 11 Figure 1-1: René Descartes's illustration of dualism. According to Descartes, external stimuli are passed on by the sensory organs to the epiphysis (zoomed in the upper illustration), which represents the interface with the immaterial spirit. From Wikipedia. Unfortunately, Descartes left open how exactly the interaction between the two takes place.
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 14 Figure 1-4: Occurrence frequency of different keywords related to neurofeedback in the scientific literature. Green curve reflects keywords 'EEG AND conditioning'; Red curve reflects 'EEG Biofeedback' and Blue reflects 'Neurofeedback'. 2011* indicates the extrapolated number for 2011 (Values obtained using SCOPUS, based on the absolute numbers from August 15th 2011, adapted from [27]).
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 1 Fig. 1. Left diagram shows the EEG slow waves during the voluntary production of cortical negativity (red), positivity (blue), and the passive viewing (green). The fMRI images on the right show highly significant areas of activation (yellow, red) during required electrocortical negativity (upper row). During required negativity BOLD-response increased in premotor areas and under the EEG electrode (vertex). During required positivity, BOLD-response decreased in medial thalamus, posterior visual areas, medial prefrontal areas, and under the EEG electrode (vertex)(blue).
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 15 Figure 1-5: SCP in Epilepsy. Left panel shows the EEG slow waves during the voluntary production of cortical negativity (red), positivity (blue), and passive viewing (green). The fMRI images in the right panel show significant areas of activation during required electrocortical negativity in premotor areas and at the vertex (upper row). During required positivity, BOLD-response decreased in medial thalamus, posterior visual areas and medial prefrontal areas (middle row), as well as at the vertex (bottom row). From [52].
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 16 Figure 1-6: Examples of A D H D -n e u r o f e e d b a c k paradigms. To motivate children to perform the training, visual feedback is inspired by video-game type scenarios. Left panel shows beta/theta training, in which the boy on a rope moves forward if the beta/ theta ratio increases. The aim is to bring the boy to the left side. For every step, the participant obtains a point. Right panel shows an SCP training example: the ball has to be directed upwards (negativity trials) or downwards (positivity trials), where the vertical position of the ball represents the current SCP-value. Every correct trial uncovers one part of the puzzle. From [76].
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 17 Figure 1-7: Invasive EEG recordings of alert and sleeping cats. Conditioned SMR activity recorded in the waking animal (left panel), can be compared to the spindle-burst pattern over the same cortical area appearing during quiet sleep (right panel). From [78].
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 18 Figure 1-8: BCI experimental setup. A. Pre-operative functional MRI activation maps of a participantspecific brain model during videoguided attempted movement. Activation maps represent bloodoxygenation-dependent activities that are color-coded in the following way: yellow-sequential finger flexion, red-hand grasping, blueshoulder shrug, and green-lip pursing. Approximate electrode locations are shown as black squares on the inset figure. CS in inset: central sulcus. B.Modular prosthetic limb (MLP) and seven-dimensional sequence task s e t u p . L i g h t -e m i t t i n g d i o d e s (indicated by the arrow) were used to instruct the participant to hit the target corresponding to one of the white circles on the board. C. Diagram of the MPL and translation targets (red and blue spheres) for the seven-dimensional sequence task. The red sphere illustrates the single target of an example trial. The MPL coordinate system (red, green, and blue arrows labelled x, y, and z, respectively) is centered at the shoulder. Translation targets had an 8 cm radius and centre of the palm of the MLP had to be within this region for a successful trial. Timeout occurred after 10 s. From[86].
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 19 Figure 1-9: Pain control task. A. A graph of rt-fMRI activation presented to the subjects during training. fMRI -BOLD units are expressed in % of signal vs. time in seconds. B. Two s a m p l e i m a g e s t a k e n f r o m a continuous video presented to subjects depicting low (left) to high (right) levels of activation in the target region of interest, corresponding to the arrows in A. From [91].

  associated with positive mood (ventrolateral PFC and insula) significantly reduced clinical symptoms of depression patients [102] and improved mood in a healthy population [103]. Similar changes were also possible with EEG-neurofeedback theta/alpha training [104], but not with balancing bilateral alpha-power [105].

  , even 12 months after treatment [111]. In schizophrenia, initial neurofeedback training aimed to shift left-right asymmetry of slow potential negativity recorded over sensory-motor cortex [112], while later paradigms, similar to ASD, targeted the up-regulation of the ACC, or the bilateral anterior insula [113]. For example Ruiz et al. have shown that the control of bilateral insula improved recognition of facial emotional expressions [114]. New avenues include the regulation of frontal operculum, inferior parietal lobule, inferior frontal gyrus (IFG), precentral gyrus, middle temporal gyrus (MTG) and superior temporal gyrus (STG), especially in association with auditory verbal hallucinations [115].
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 110 Figure 1-10: Screenshots of four video games used for training with psychiatric patients. All videos included semi-realistic objects, such as vehicles or animals, moving towards some goal or carrying out some action. Level of mu power controlled the movement of the object. The aim consisted in attaining a pre-defined spatial target. From [107].
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 1 Figure 1-11: Brain TV and Brain Ball setups. A. Stereotactic-EEG implantation scheme. B. Brain TV setup allows online visualization of oscillatory activity associated with various motor and mental imagery tasks for example for presurgical functional mapping. C. In the Brain Ball setup subjects can learn to control the ball position by voluntary modulation of cortical oscillations. From [132].

  -12) for movement control of game figures. A BCI-implementation of the famous 'World of Warcraft' has used parietal alpha oscillations power to control the shape and the function of the avatar [147]. A more interpretative technique was based on the assessment of 'stress level' measured through alpha activity, which transformed the character of the elf into a bear and vive versa when a defined threshold was crossed [136]. Because players' experience is an essential quality criteria, BCI-devices became increasingly esthetic and user-friendly using dry foam electrodes and wireless signal transmission. An new emerging feature is the multi-player possibility, which was shown to further increase the pleasure of BCI-gaming [138, 139].
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 1 Figure 1-12: Examples of games and virtual environments navigated through imaginary movement, P300, or SSVEP. To elicit the P300 potential, blinking spheres were connected with each controllable object in the room (two left figures). For the SSVEP, each checkerboard was inverted at different frequencies (third from left). On the right, alpha levels defined the stress level of the player which transforms one character into the other. From [147].
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 113 Figure 1-13: Mice learn to intentionally modulate calcium dynamics. A. Example imaging field (left panel) and recordings from cells in E1 and E2 (top right panel). Red stars indicate hits. Bottom right panel, mean ensemble fluorescence around hits. B. Performance over 8 d of training. Mean performance is shown in black, individual mice in gray. Error bars denote s.e.m. Shaded region denotes chance performance. C. Performance rapidly dropped from normal training during the contingency degradation (CD). Performance returned to previous levels during reinstatement (R). Error bars represent s.e.m. D. Difference in fluorescence increased during the task (blue and green) and decreased during CD (black). Likewise, target hits (red) increased in frequency over training and decreased during CD. Modified from [144].
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 21 Figure 2-1: The frequency power spectrum. A. Oscillatory classes in the rat cortex form an arithmetic progression on the logarithmic scale. For each band, the frequency and their commonly used names are shown. B. Subdural EEG power spectrum from the right temporal lobe in a sleeping human subject. The log power shows a near-linear decrease with increasing frequency for 0.5 to 100 Hz. Modified from [9].

Figure 2 - 2 :

 22 Figure 2-2: The nervous system as a multi-level architecture characterized by multiple spatial and time scales. The spatial scales (left panel) cover neurons, local networks of thousands of neurons and entire brain regions of millions of neurons. Recorded at these different spatial scales, neuronal activities have characteristic time scales (right panel) in the form of spikes, local field potential (largely derived from the summation of dendritic activities over small groups of neurons) or EEG recordings. Modified from [10].
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 341 When during an excitatory postsynaptic potential (EPSP) cations flow across the cellular membrane (positive charge enters the cell), it causes a depolarization of the sub-synaptic membrane (stage I). Inverse movement occurs during an inhibitory postsynaptic potential (IPSP), in which there is an outflow of cations out of or an inflow of anions into the cell, which leads to an accumulation of negative charge inside and positive charge outside the sub-synaptic membrane. In both cases, these movements of charge increase the membrane potential at the sub-synaptic membrane relative to the surround membrane segments, which causes a potential gradient along the nerve membrane (stage II), further promoting transmembrane current traveling. For example, in an EPSP, the transmembrane ion flow results in an (active) extra-cellular sink 1 at the synapse and a (passive) extra-cellular source 2 elsewhere along the membrane. Due to the principle of electroneutrality and charge preservation 3 , a current flow along the surface of the membrane arises from an extra-cellular source to the extra-cellular sink. A 'return-current' with opposite direction inside the cell balances this voltage gradient (stage III). The direction of currents is inverted for an IPSP. These ion fluxes can be further amplified by glial cell activity. Area of negative charge 2 Area of positive charge 3 At any given point in time the total charge entering and leaving the cell across all of its membrane equals zero.
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 23 Figure 2-3: Generation of a dipole during an EPSP. At rest the intracellular potential is homogeneously negative and t h e e x t r a c e l l u l a r homogeneously positive. Stage I: upon synapse activation depolarizing current enters the cells. Stage II: Local change of membrane potential and potential gradient along the membrane develop. Stage III: An extracellular current flows from source to sink with a reversed intracellular return current. Modified from [8].
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 2 Figure 2-4. A. Dipole and alignment of neurons. A. Illustration of a dipole and computer-simulated LFP (black traces) in response to an excitatory synaptic current input injected into the distal apical dendrite of a purely passive layer 5 pyramidal model neuron. A sink is indicated by the blue circle (at apical dendrites) , a source by the orange square (at soma). The waveform of the injected current is illustrated in the box. Red and blue contour lines correspond to positive and negative values for the LFP amplitude, respectively. From [61]. B. Ventral view of a mouse brain treated with CLARITY technique and showing the vertical alignment of cortical pyramidal cells (yellow arrows). From http://clarityresourcecenter.com.
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 25 Figure 2-5. Example of relaxation and harmonic oscillators.A. The regular firing of a single cell is of relaxation oscillator type, with a build-up charge phase (integration) and fast discharge (spike) after threshold passing. B. Harmonic oscillation with an equal charge and discharge stages. Modified from[1].
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 26 Figure 2-6: Theta oscillation from balanced excitation and inhibition. Theta activity (5-9 Hz) from a lower supragranular site in primary auditory cortex (black trace) superimposed on the underlying current source density profile for different supragranular layers. Net outward transmembrane current flow generates net extracellular current sources (blue), whereas net inward current flow generates current sinks (red).The theta oscillation at this site represents the 'underside' of the superficial current dipole so that negative deflections correspond to current sinks (inhibition) and positive deflections reflect current sources (excitation), alternating at a theta rhythm. Modified from[30].
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 27 Figure 2-7: Up-state induced through oscillations. Simultaneous recordings of the LFP (top), multiple unit activity (middle), and intracellular membrane potential (bottom) in a cortical pyramidal cell.Up state is preceded and followed by a Down state. Up state is characterized by the depolarization of the LFP and increased neuronal gain, that may be of long (example 1), medium (example 2), or short (example 3) duration. Inset expands window 3, where the depolarizing half the LFP oscillation cycle provides a short temporal window for the integration of b o t h e x c i t a t o r y a n d i n h i b i t o r y postsynaptic potentials. Modified from[33].
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 28 Figure 2-8: Neuronal communication through phase coherence.Three assemblies (red, green, black) are represented with their respective oscillatory and spiking activity. Spikes that arrive at excitability peaks of the receiving neuronal group are marked with arrows, spikes missing excitability peaks have blunt edges. The red and green neuronal groups display coherent excitability fluctuations and their communication is therefore more effective, than the one between the green and the black neuronal group. Modified from[13].
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 29 Figure 2-9: Mechanisms of cross-frequency-coupling.A. Illustration of the human brain with hot spots of transient gamma oscillations (i-iv) and theta oscillation in the hippocampus (HI). B. Synthetic data show phase-phase coupling of gamma oscillations between two areas and the corresponding coherence spectrum (right panel). C. Cross-frequency phase-amplitude coupling is present between theta (blue) and gamma (red) oscillations, in which the envelope of gamma waves at the two cortical sites is modulated by the common theta rhythm. At the same time, amplitude-amplitude coupling is present between gamma oscillators. The coherence spectrum shows two peaks at theta and gamma frequency ranges. Modified from[61].

  -10).
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 210 Figure 2-10: Place cell and phase precession. A. Representation of position by theta oscillation phase: EEG theta rhythm (black trace) and placecell firing (red bars) on a single run and color coded firing field created from multiple runs. Peak firing occurs on the trough of the theta cycle. B.Spike-triggered average of theta waves (grey trace) and autocorrelogram of spikes (in red), initiated by spike occurrence at place-field peak. Groups of spikes occur at higher than theta frequency, causing each successive burst to move to an earlier phase of the theta cycle with a progressive forward shift of the preferred phase. From[9] &[91].
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 55 Accordingly the rhythm was dubbed 'frontal midline theta' (FM-θ) [231].
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 2 Figure 2-11: Circuitry underlying hippocampal theta oscillations. A. Excitatory (black) and inhibitory (blue) inputs involved in generation of theta oscillations. The medial septum (MS) provides rhythmic inhibitory inputs to CA1 basket cells (soma and dendrites in black, axon in blue), which in turn provide rhythmic perisomatic inhibition to CA1 pyramidal cells. The entorhinal cortex (EC) provides rhythmic excitatory inputs at theta frequency through the perforant path to the granule cells of the dentate gyrus (DG) and to the apical dendrites of CA1 and CA3 pyramidal cells. The rhythmic activity from DG granule cells is conveyed through the mossy fibers to the CA3 pyramidal cells and then, through the Schaffer collaterals, to CA1 pyramidal cells. B. Current source density analysis of theta oscillations in the CA1 region during REM sleep, obtained with a silicone probe. The presence of rhythmic somatic hyperpolarization (source in stratum pyramidale, pyr) is coupled to rhythmic dendritic depolarization (sink in stratum lacunosum moleculare, slm). Current sources in red and sinks in blue. Or: stratum oriens, rad: stratum radiatum, From [123].

Figure 2 - 12 :

 212 Figure 2-12: Electrode locations and taskdependent theta activity for three subjects. A. Right sagital view. B. Left sagital view. C. Ventral view. Circles, triangles and squares represent electrodes of different subjects.Electrodes in red show sites with significant increase of theta occurrence with maze complexity. D,E,F, and G show frequency spectra at indicated selected locations, that display an effect of theta increase upon maze complexity (long maze in blue and short maze in green). From[118].
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  Maze navigation task with components of memory encoding and retrieval[118].dynamics underlying theta generation arising from the diversity of incoming inputs in different regions (two examples of such micro-circuits for conflict detection and signaling through theta oscillations have been proposed by[158]).

  [145, 160, 161], cognitive control [162], emotion regulation [163], conflict monitoring or response inhibition [158]. Perhaps most abundant theta evidence is related to memory processes, both in working and episodic memory [164]. For example, theta power increases with memory load in nback or Sternberg paradigms [144, 165-167], during learning of a 3D-maze task [118], during the encoding phase of episodic memory [168] and it predicts successful memory retrieval ([169, 232],

  and 200 Hz, and it became an established convention to separate between low [30-50 Hz], mid [50-80 Hz] and high gamma [> 80 Hz] bands, which may have different generation mechanisms and can occur on distinct theta-phases during CFC (Figure 2-13-[61], although band limits may differ between studies). Additionally, the concept of 'broadband gamma' has recently emerged, that refers to a simultaneous activation of a wide range of frequencies within 30-250 Hz. Rather than representing a distinct oscillatory rhythm, this broadband activity may represent a diffuse gain in firing rates of neuronal populations.

Figure 2 -

 2 Figure 2-13: Multiple gamma sub-bands. Wavelet power between 30 and 150 Hz as a function of theta cycle phases. Different sub-bands prefer different theta-phases: gamma mid-frequency (M, 50-90 Hz) near theta peak, slow gamma (S, 30-50 Hz) on the descending phase of theta and fast gamma (F, 90-150 Hz) at the trough of theta. Adapted rom [61].

  -14-C). The advantage of the E-I model is that the period between the pyramidal and inhibitory cell firing corresponds well to the duration of the oscillatory gamma cycle [183-185]. Additional evidence is provided by the fact that gamma oscillations are reduced upon the genetic knock down of AMPA receptors on interneurons, which interrupts the excitatory effect on interneurons (E-I connection, [186]).

Figure 2 -

 2 Figure 2-14: I-I and E-I models of gamma oscillations. A. Clock-like rhythm of coupled oscillators in an interneuronal (I-I) population. When single interneurons fire periodically at 40 Hz, mutual inhibition via GABAA receptors quickly brings them to zero-phase synchrony (upper panel), with two example neurons in the lower panel. B. Stochastic single neuron firing brings sparsely synchronous oscillations in neural networks. This noise-dominated regime displays gamma power in a higher frequency range than the plot in A. C. In a reciprocally connected E-I network, excitation of interneurons by pyramidal cells via AMPA receptors and inhibition of pyramidal cells via GABAA receptors result in coherent gamma oscillations. From [61].

Figure 2 - 15 :

 215 Figure2-15: Broadband gamma model. The 1/f power spectrum change emerges from the combinations of three processes. The first is Poisson-distributed input spikes with equal probabilities for all spike frequencies (A). The second is a characteristic postsynaptic current with exponential decay with a 1/f shape after the peak at a frequency determined by the decay time of the synapse (B). The third process is the integration of inward currents over space and time in the dendrite (D). This model demonstrates how the relationship between firing rate and broadband power spectrum change might arise (C). Modified from[178].

  , during tactile perception [201], delayed saccade execution [202], self-paced movement in humans [203], motor imagery [204] duringsensorymotor integration[93] or pain[205]. Gamma oscillations were shown to be modulated by attention in monkeys[92] and humans[206, 207], assumably reflecting higher-cognitive processing. Further, significant increases in gamma occur during memory encoding at widespread locations and predict memory recall [101, 208, 209]. They also increase with memory load [210], with task difficulty in an odor discrimination task [211], during language processing [212-215] or mental calculation [216, 217]. Even more, gamma oscillations have been associated with the default mode network activity [218], mental object representation [219], or conscious access to information [220-223], while the dysregulation of gamma oscillations are observed in many psychiatric and neurological disorders [222, 224, 225].

FIGURE 1 |

 1 FIGURE 1 | Loop of online data streaming during Neurofeedback. (A) Signals from scalp-, macro-, and/or microelectrodes are pre-amplified locally and sent to the acquisition system. (B) All electrodes are recorded and stored on the local computer. (C) Data is read by another device, where online analysis is performed (frequency filtering, spike detection, spike sorting) in time bins of 0.5 s. (D) Processed data is presented to the subject in form of a graphical, moving object, or sound changing in frequency according to the recorded activity. (E) Subject controls the graphical object by influencing his brain activity through subjective experience.

  al., 2013b), Attention-Deficit-Hyperactivity-Disorder (ADHD; Gevensleben et al., 2009), autism spectrum disorder (Kouijzer et al., 2010), emotional regulation (Johnston et al., 2010), Parkinson's disease (Subramanian et al., 2011), and epilepsy (Kotchoubey et al., 2001; Nagai, 2011).

  al., 2005; Keizer et al., 2010a,b; Shibata et al., 2011; Zoefel et al., 2011).

FIGURE 2 |

 2 FIGURE 2 | Multiscale interaction.The macro-, meso-, and microscopic processes are braided together by co-occurring multifrequency oscillations, giving rise to upward and downward causation. Activity at micro-scale (cellular assemblies) sums up to local activities at meso-scale, which in turn gives rise to large-scale dynamics and result in a conscious event. In opposite way, cognitive effort influences global brain oscillations in the low-frequency range, which constrain local oscillations in the high-frequency range by variations of the underlying neuronal excitability. These high-frequency oscillations determine the probability of occurrence of spikes and their temporal coincidences on the millisecond scale.

FIGURE 3 |

 3 FIGURE 3 | Multiscale recordings. (A) Scalp-electrode (green), clinical multi-contact macro-electrode (red), and micro-electrode emerging from the tip of the macro-electrode (resolution: volume <1 mm 3 on a millisecond scale). Such recording setups are used for presurgical evaluation in epilepsy. (B) Signal from scalp-, macro-, and micro electrode in green, red, and blue,

  al., 2001; Deco and Thiele, 2011). Through neurofeedback induced plasticity in localized cortical sites (Koralek et al., 2012; Scharnowski et al., 2012) long-term changes can strengthen the projections of cholinergic neurons to boost reading skills or the ability to stay in focus.
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  ) was confirmed by the coregistration of the postoperative computed tomography scans with the preoperative 1,5 Tesla MRI. The MNI coordinates of each contact were recovered automatically using the EpiLoc toolbox developed by the STIM (Stereotaxy: Techniques, Images, Models) (http://pfstim.cricm.upmc.fr) facility at the ICM and confirmed by visual inspection of postoperative MRI scans. Electrode positions were visualized with BrainNet Viewer (http://www.nitrc.org/ projects/bnv/) 38 . All subjects had normal or corrected-to-normal vision and an IQ > 80 and gave their written, informed consent to participate in the study. The study was approved by the ethical committee of Pitié-Salpétrière Hospital (Comité Consultatif de Protection des Personnes participant à une Recherche Biomédicale, CPP). The experimental methods were carried out in accordance with the guidelines approved by the CPP.

  in a specific session, and "learning index" to indicate progress in theta control of each subject across all sessions. The control index was defined the average theta envelop during sessions expressed as a percentage of the baseline mean value. Learning index was calculated as the slope of the linear, least-square fit of control indices for all sessions. Statistical significance of learning progress was tested by two measures: a) Pearson's correlation coefficient between all control indices and temporal evolution and b) a paired-sample Student's t-test comparing the control indices of the first and the last sessions for all subjects.

  well as overall performance (learning indices) for each subject. All participants reached positive control indices which were strongly correlated with the temporal sequence of sessions (group level with r = 0.61, p < 0.001). While learning rapidity and degree of control differed, correlations of control indices with the temporal dimension were significant for 5 of 6 subjects. (S1, r = 0.8***; S2, r = 0.54 n.s. ; S3, r = 0.73**; S4 = 0.85***; S5, r = 0.76***; S6, r = 0.85***). Subjects reported an increasing effortlessness and a sense of control with training progress.

  compare concomitant changes in other frequency bands by computing control indices for delta [0.5 -3 Hz], alpha[8][9][10][11][12], beta[12][13][14][15][16][17][18][19][20][21][22][23][24][25] and gamma activities recorded at the target electrode for all patients. No power change across sessions was resolved for delta or gamma oscillations. In contrast, alpha and beta band power increased significantly during repeated sessions (r = 0.4** for alpha and r = 0.6* for beta). Even so, the major change in the frequency spectrum occurred at theta frequencies, as shown by comparing indices from final sessions for theta, alpha and beta band power (Figure4A, p < 0.05, p-values were adjusted for multiple comparisons using the false discovery rate49 . Figure4Bshows the dominance of the learning effect in the theta frequency band during sequential training sessions.The spatial specificity of changes induced by training was examined by calculating control indices in the theta range for closest adjacent electrodes located on the same probe. As shown in Figure4C, activity on all electrodes reached initially similar levels. With training, a negative difference between the target and nearby electrodes emerged and increased progressively. T-tests of relative activity at nearby electrodes for first vs. the last session revealed a significant divergence from the target electrode in 4 of 6 subjects (Figure4D).Hence, the principal training-induced change was in the target frequency band and cortical site.

1 :

 1 Figure 1: Training electrode positions, real-time signal processing and experimental paradigm A, Selected target macro-electrodes indicated by colored spheres and all other electrodes in grey. Smaller colored spheres show closest micro-contact to the target electrode. The color code is specific to different subjects and consistent across all figures. B, Data treatment. Example of raw data trace showing a theta burst (black) with overlaid filtered signal (blue) and the corresponding envelope (orange). Arrows indicate the beginning and end of an automatically detected oscillatory event. Right panel shows a frequency spectrum of the data with a peak near 7 Hz.C, Experimental procedure: a baseline period is followed by one or several 5-min sessions with intermittent pauses. Training is performed on 2-4 consecutive days.

Figure 2 :

 2 Figure 2: Training evolution, and baseline-performance relationship. A, Evolution of control indices for all sessions and subjects. Each point represents the percentage of mean 4-8 Hz activity during that session relative to the baseline. The lines are least-square fits and the overall learning index is obtained from their slope. Subject color code as in Figure 1A. B, Upper panel: Proportion of 4-8 Hz activity in baseline spectrum before the first training session. Power units are transformed to z-score values to facilitate comparison across subjects. Lower panel: Proportion of 4-8 Hz activity within the 1-30 Hz spectrum of the initial baseline is strongly related to the overall learning index of every subject (r = 0.93 **).

Figure 3 :C,

 3 Figure 3: Theta control is manifested as increase in signal stability. A, Maximal amplitude values of detected oscillatory did not change significantly during training. B, Number of oscillatory events detected per session increased significantly with training progress. C, The duration of oscillatory events increased significantly as proficiency improved. All values shown in A-C were z-score normalized to facilitate comparison across subjects.

Figure 4 :

 4 Figure 4: Frequency and spatial specificity of training. A, Changes in theta, alpha and beta frequency bands for all subjects, all sessions. Solid lines are group means and shaded areas indicate standard errors. Changes in the theta band predominate. A significant difference between theta and beta/alpha emerged during the last session. B, Frequency spectra from all sessions for S1. One line indicates the difference between one session and its baseline for the spectrum for 1-30 Hz. Traces are shifted vertically and color coded with initial spectra dark, advanced sessions in red and then yellow. The dominant spectral change occurs in the trained 4-8 Hz band. C, For 3 subjects, comparison of 4-8 Hz activity between training electrode (red dots) and closest adjacent electrodes (grey dots). Values are represented as z-scores. Reduction in the scores from adjacent electrodes with training progress indicates that activity is diminished relative to training electrode. Right panels show the anatomical positions of compared electrodes (in red).D, Evolution of the activity of closest adjacent electrodes between the first and the last sessions. Activity was reduced with respect to that of the target electrode for 4/6 subjects.

Figure 5 :

 5 Figure 5 : Reduction of theta functional connectivity with training progress. A, Pair-wise correlations matrices between the training and all other electrodes from two subjects (upper and lower graphs). At training beginning strongly correlated electrode pairs are numerous (upper left corner) and decrease toward the end of training. Green dashed lines indicate a gradient of correlation decrease across sessions.

Figure 6 :

 6 Figure 6 : Theta-gamma coupling and multiscale interaction A, Average time-frequency representation of all theta cycles for 2 subjects. Theta-gamma modulation is present in the range of 30-120 Hz, occurring at different phases for different subjects.B, Modulation index of theta-gamma phase-amplitude coupling is increasing significantly with training progress. Theta-events were concatenated within sessions to provide data length of at least 30 seconds.

Figure 7 :Juliana Corlier 1 , 2 ,

 712 Figure 7: Firing rate changes and spike-field locking A, Classified detected events with increased (i, 27%), decreased (ii, 29%) or stable (iii, 46%) instantaneous firing rates at the moment when oscillatory event was detected (white vertical line). Right panel: Proportions of the three firing behaviors from 1641 events. B, Upper panel: Comparison of filtered data (4-8 Hz, black) with spike detections of one cell (red) shows firing is grouped during descending phases an throughs of theta oscillation. Lower panel: example of spike locking to the LFP phase [4-8 Hz] for 3 cells. Red arrows represents the mean direction of the circular distribution. C, Evolution of phase-locking during training. Different units showed trends of increase (i, 37%), decrease (ii, 20%) or no change (43%) of phase locking. Inset on the right summarizes the proportion of observed evolution patterns.

  targeted the spectral gamma proportion instead of absolute gamma power values to achieve frequency specific changes without concomitant power increases in other frequency bands due to an overall up-regulation of neuronal activity (see supplementary experimental procedures, Supplementary Figure2C). During training, the subjects received visual feedback in form of a spherical object moving vertically on a computer screen as a function of the intracerebral gamma power. Multiple cognitive tasks, depending on the position of the target electrode were systematically used including visual, auditory, linguistic or spatial imagery, mathematical exercises, memory retrieval or executive function (Supplementary Methods). Subjects have performed in total between 134 and 248 trials (S1 to S6: 185, 248,192, 204,184 and 134) on three to four consecutive days (Supplementary Figure2B). Training performance was evaluated by measuring trends in gamma spectral proportions across trials (example Figure1B). The correlation with time (trial numbers) was significant for five of six subjects (Figure1C, Pearson's correlation coefficients for S1 to S6: 0.34***, 0.2***, 0.22**, 0.22**, 0.03 n.s. and 0.57***, with *, **, *** indicating a p-value <0.05, 0.01 and 0.001, respectively). In total, the spectral gamma proportion increased by 17 to 28% between the first and the last training sessions. Individual training progress was assessed by calculating the gradient (slope) of the least-square fit line of mean gamma proportions per trial (S1

Figure 1 :

 1 Figure 1: Shift in power spectrum towards target frequency. A:.Training target site for subjects S1-S6 (hippocampus, amygdala, temporal mesial cortex, posterior ACC, inferior temporal gyrus, orbitofrontal cortex for S1-S6, respectively). B: Example of power spectrum evolution across trials for subjects S2 and S6: one line represents the spectrum of one trial. White vertical lines indicate target frequency [30-80 Hz]. The proportion of the target band within the full spectrum of 1-200Hz. C: Summary of spectral shift for all 6 subjects. Proportion of the target frequency increases significantly with training for 4/6 subjects.

Figure 2 :

 2 Figure 2: Coactivation of neighboring channels. A: Training of up-regulation of gamma activities at the target sites induces changes in gamma activity at adjacent (non-target) sites. These changes can include both up-and down-regulation in comparison to a baseline condition (between 22-79% and 7-51%, respectively). Pie-charts illustrates the proportion of positive/negative training generalization. B: The proportion of generalized channels regarding up-regulated gamma power values is significantly correlated with the training slope (total training progress).

Figure 3 :

 3 Figure 3: Changes in spectral proportions and power of slow frequencies and their cross-frequencycoupling with gamma activity. A. Relative proportions of slow oscillations (delta [1-3 Hz], theta [4-8 Hz], alpha [8-12Hz]) decreased within the 1-200 Hz spectrum in (p <0.001 for all three bands). B. No changes were detected in absolute power values of the same bands C. 5/6 subjects display a significant progressive increase in the modulation of gamma activities by the phase of a slower rhythm. The coupling of gamma occurs to different slow frequencies for different subjects: S1: delta, S2: trend for alpha, S3: theta, S4: alpha, S5 theta and S6 delta. All modulation values are differences between modulation index during training versus baseline. Note that mean oscillatory power is measured per trial (A and B), while CFC is assessed in windows of > 30 sec of concatenated data to meet signal quality criteria of modulation index measurement.

Figure 4 :

 4 Figure 4: Gamma training on micro-electrodes for two subjects. A: Evolution of gamma-power values per trial for all micro-channels calculated as percentage of baseline activity. One line represents the activity of one channel. Target micro-channels are marked in red, non-target micro-channels in black and macro target channel in green. Black vertical lines indicates different sessions with macro target, the red vertical line marks the training start on micro-targets and red boxes highlight the micro-target during micro-target training.The increase in mean power on the micro-electrodes from the last macro-target to the first microtarget session is robust and be spatially specific. For both subjects, no increase on adjacent macro-channel is visible during training. Note that for S4, during initial trials gamma increase is present on the macroelectrode, probably representing a 'spill-over' of the previous macro-electrode training. This activity quickly drops when target micro shows activation, reflecting a quick adaptation to the training on the new target. B: Mean activity of all target-micro (red) vs. non-target micro (black) and target-macro (green) channels. Red vertical line indicates beginning of training with micro electrodes. For both subjects, the increase in target micros occurs temporally specific and does not generalize to the macro-electrode and for subject S4 not even to the micro-electrode. C. Mean gamma power values for the last session of macro-target vs. first session of micro-target training for all channels and the corresponding statistics.
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 305 80 Hz] and divided by the integral of the entire spectrum. This proportion, expressed as a percentage of the baseline gamma proportion (estimated in an analogous way) defined the position of the visual feedback.Visual feedback was presented on the laptop screen (graphics card NVIDIA Quadro K3000M, 17" screen, resolution 1920 x 1080 pixels) at a distance of 1 m from the subject. A spherical object was shown with vertical position on the screen varying as a function of the quantified gamma spectral proportion. 25 points were interpolated between sequential projections to reduce perceived jitter and provide a smooth movement. Continuous movement, which subjects said helped them interpret sphere movements, was further assured by averaging 4 bins (total 1.6 s). Before the initial training session, the subjects explored different cognitive strategies to control the sphere movement in a short screening procedure. We suggested several cognitive tasks, depending on the position of the target electrode and using a cognitive functional atlas databases. These tasks included object imagination (car, house, dog), silent recitation of the alphabet, mental navigation in familiar environment, counting backwards in steps of three, thinking of a close person or last birthday or paying attention to the breath as representative examples of visual, auditory, linguistic or spatial imagery, number processing, memory retrieval, emotional or self-awareness processes. During training, subjects were asked to increase the spectral proportion of gamma band relative to baseline such that the sphere rose towards the threshold (a target horizontal line) on the screen by engaging in one of the identified effective tasks, although a clearly effective strategy could not always be identified. Additionally, subjects did not maintain tasks from screening across the entire training period and engaged in more 'customized' strategies such as 'talking to the ball', 'trying to pull up the ball with the eyes', 'imaging oneself as the ball anticipating to reach home (threshold line)'.Thresholds were quantified as percentiles of a theta envelop distribution, measured over 60 s baseline before each session. Thresholds were adapted for each session to optimize training progress (used range: 108-115 % above baseline). Online artifact control was implemented through a second threshold at > mean + 5 SD interrupting visual feedback until the values returned to a lower range. One session lasted for around 15 min and consisted of 35-50 trials of 20 seconds each, with intermitted pauses of 3 seconds. Reward points were accumulated across trials for each threshold crossing to emphasize the game-like character of the exercise and to keep the subjects motivated. Subjects performed a total of six to eight training sessions on 3-4 successive days (Figure1B) according to their availability and motivation (trial number: min = 134, max = 248, mean = 191). A questionnaire and a brief interview after each session were used to assess the motivation, ability to concentrate, utilized strategies, effort needed and the subjective experience of voluntary control. Patients were asked to maintain their strategy after good performance or to change it if after unsuccessful trails.

  across time. Subsequently we have calculated the spectral proportion of gamma frequencies by measuring the integral for target frequencies [30-80 Hz], divided by the integral of the entire spectrum, expressed as a percentage. The overall individual training performance was measured as the slope of the linear least-square fit of spectral gamma proportion across all trials. Statistical significance of training progress was evaluated with Pearson's correlation coefficient between gamma proportions per trial and training time.

[ 19 ] 1 .

 191 . To evaluate the coupling strength induced specifically through training, the final MI-values were obtained as the difference between training and baseline modulation indices. The statistical significance of MI changes over time was measured by calculating the correlation between MI and training time (Pearson's r). Spotlight on the black box

Figure 6 - 1 :

 61 Figure 6-1: Downstream effects of induced oscillations. The systematic self-regulation of macroscopic oscillatory (red) activity appears to exert an influence on more local activity such as gamma oscillation (blue) in the form of CFC or on spiking activity (black) through the modulation of discharge rates. Long-term training is hypothesized to take effect even on the synaptic level through the action of ACh or changes in protein function (CaMKII, cAMP) or transcription factors (CREB, BDNF). It is likely that the training of activities on more local mesoscopic-scale can also induce biochemical cascades.

  Other activity-dependent changes can include biochemical cascades in synaptic protein function (e.g. cAMP 2 or CaMKII 3 initiated through increased calcium activations in the oscillatory context,[25]), or changes in transcription factors such as CREB4 or BDNF5 that play an important role in the induction of structural changes associated with LTP ([26], Figure6-1).

Figure 6 - 2 :

 62 Figure 6-2: The cholinergic system. Two cholinergic nuclear subgroups can be distinguished that are located in the basal forebrain (divided into nucleus basalis of Meynert and the medial septum, A) projecting in the hippocampal formation and the neocortex and the Mesopontine tegmentum (dorsal tegmentum of the upper pons and midbrain, B) with efferents in the thalamus, basal forebrain and brainstem. The former may be of particular r e l e v a n c e t o n e u r o f e e d b a c k training, that for example in synergy with theta oscillations may stimulate learning and memory.From[27].

  excluded, and thus an isolated effect within the oscillatory hierarchy seems too simplistic. Instead, outcome specificity should be estimated in the individual case, by taking into consideration target frequency and location, individual anatomical and functional connectivity and the type of feedback signal used for the closed-loop experimental setup.

Figure 6 - 3 :

 63 Figure6-3: Specificity of slow-wave vs. gamma-frequency training. Observed differences in specificity may be explained through different propagation principles. While theta-band initially spreads over extended cortical areas in a diffuse manner, it is gradually shrinking to more locally recruited networks (upper panel). However, the co-activation of a widespread gamma network can be seen as more scattered activation of gamma clusters globally organized slow through CFC with slow-wave activity (lower panel and inset).

  power. Strategy selection was guided by functional atlases and included examples like imagining an object, navigating in a familiar environment, counting backwards in steps of three, remembering the last birthday, thinking of a family member or a happy recent event as representative examples for visual or motor imagery, navigation, mathematical exercise, declarative memory or emotional processes, respectively (see Appendix 3.1 for more examples). Subsequently, among the tested tasks, those that elicited strongest activation in the target area were used for the proper training. Anoticeable regularity was that more challenging tasks like reciting the alphabet backwards or mental rotation tended to be more efficient. Another consistent observation was that most effective strategies were linked to the personal interest of the subject, 'driving' it in a psychological and physiological sense. However, it also appeared that patients did not hold on to their strategy ('because it stopped working') and after some time they switched to a more implicit, less clearly verbalized and personally elaborated one. Examples included 'breathing into the ball' (ball = visual feedback object), 'evocation of a strong and persistent feeling of anticipation that the ball touches the threshold', 'speaking to the ball', or 'nailing the eyes to the edge of the ball and mentally pushing it', 'imaging a sense weight of the ball in the body' or the like (see summary in Appendix 3). Often this gradual transition occurred around the second half of the training, and was accompanied by a sense of increased control over the visual feedback and reduced effort, similar

  we have attempted to increase the generalizability of observations, for example, by investigating in study I the classically defined theta band to 4-8 Hz instead of individual theta, to avoid unforeseen confounding factors arising from a potentially shifted power spectra through the medical condition and pharmacological treatment. Although this may have the disadvantage that the target frequency band did not always correspond to individual physiological rhythms, at the same this limitation provided explicit evidence for present neural constraints. Additionally, in both studies, we examined changes in comparison to the individual physiological baseline conditions and their evolution over the course of the training, which allows a relative, instead of an absolute assessment of effects.

  neurofeedback and TMS stimulation to demonstrate heightened cortical post-training excitability. One way to further elaborate on this approach would be to combine neurofeedback training with pre-and post-training electrical stimulation as used in other studies [68-70]. Conductivity and coupling measures can be used as direct measurements of training-induced plasticity effects. A second exciting way to demonstrate plasticity would consist in strengthening the connectivity between two neurons. Taking advantage of micro-electrode recordings, simultaneous discharges of two identified neurons on the same or adjacent micro-wires can be conditioned, which may induce synaptic reinforcement in the Hebbian sense. Evaluations of their spontaneous synchronous discharges before and after training would be indicative of potential short-term plasticity. Lastly, in animal models, it would be possible to test training-related increases in neuronal excitability even on a short temporal scale. As work by Mahon and Charpier has shown, activity-dependent
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 3110 » perception of diff. body parts » focused & relaxed, not thinking about anything » concentration, trying to reduce the space between ball and line, and feel it physically in the body of faces of close people and their emotion expression » imagining oneself as a small girl » believing in own resources » thinking about the ball like of a friend » emotion of goodwill to someone who is close (linked to the ball movement) Overview thinking of kids, husband, imagine the red kitchen at home (favorite place) ball = her, line = kids & husband, trying to approach ball= her; line= lips of her husband + dialog with ball to approach 9 → personal interest → sign of preceduralizationlors de l'entrainement, où vous avez eu l'impression que cela a bien marché. Pas seulement que vous avez gagné beaucoup de points, mais surtout cette idée, que c'est vous qui fait bouger la boule. D'accord? C: Ahhm. J: Donc je vous propose de retrouver un jour, (donc on a fait plusieurs séances), ou ça bien marché pour voir. Même de choisir la meilleure séance parmi les jours et de trouver vraiment un moment de réussite très précis. Donc, on a fait chaque fois deux blocs au sein d'une séance, il y a la première partie, la pause, et deuxième partie. Il faudrait que vous cherchez un moment dans votre mémoire, qui a marche le mieux, sur lequel on va après travailler pour élaborer votre stratégie. Si vous pouvez trouver cette situation spécifique, ça sera plus simple pour faire l'introspection après. D'accord ? Je vous laisse un petit moment pour chercher ce moment. (longue pause) C: C'était pendant la 3e séance. J. C'était le samedi, n'est-ce pas? Et c'était à quelle moment de la séance? C'était plutôt la 1e ou la 2e partie ? C Je sais plus. (Longue pause) C: Peut-être la deuxième, parce que je savais déjà ce qu'il fallait faire J: D'accord, deuxième partie. Et est-ce que c'était proche d'une mini-pause, vous savez ? C: Ah, les petites pauses, juste... « détendez vous.. » ? Mmmh… C: Bas, je sais qu'en général, la boule elle touchait la ligne plus avant les toutes petites pauses qu'après, parce qu'il fallait que je recommence à me concentrer ... J: A vous mettre dedans ? d'accord. Donc juste avant la petite pause. Et est-ce que vous avez eu l'impression que c'était un peu court. donc vous auriez aimer que ça serait un peu plus long, un essai, ou c'était bien, la durée? C: Là, des fois, ça s'est arrêté juste quand ça allait toucher du coup, c'était un peu frustrant, parce que justement quand ça recommençait, bas, la boule elle redescendait et du coup J: D'accord. Je voie, je voie. Mais si non c'était..? C: Sinon, la durée, ça a allé J: Et donc si vous choisissez un moment particulier, un essaie particulier, ou vous avez réussi d'agir sur la boule comme vous vouliez, si vous revenez dans cette situation, est-ce que vous étiez assise et qu'est-ce vous avez ressenti dans le corps. Déjà, pour commencer avec l'image globale C: Bas, j'étais comme ça, les jambes en tailleur croisées et puis, J: Et vous avez ressenti quelque chose en particulier, votre respiration, votre corps ? C: Bas, j'étais détendue J: détendue C: j'ai pensé juste à me concentrer sur la tache et pas penser à autre chose J et autour de vous, il y a avait quelque chose que vous avez entendu autour, qui vous avez dérangé ? dans l'environnement C: Dans le moment, ou dont on parle J: oui, C: Je pense pas, non. Il y avait des jours il y avait du bruit, mais je pense que quand j'ai mieux réussi, c'est ... sans... J: d'accord J: Et donc si, si vous encore revivez ce moment, dans cette situation, quand la boule, elle touche presque le seuil, à quoi reconnaissez vous, en fait, que c'est vous qui fait monter la boule, comment savez-vous : «ah oui, c'est moi qui a fait bouger la boule vers la ligne» , comment est-ce que vous le savez? J: prenez un petit moment pour y revenir, ça va vous aider (Longue silence) C: Je sais pas, je l'ai fixe juste en disant que elle est en quelques sorte reliée a moi, et que c'était du coup, bah… J: donc la boule est reliée à vous C. En quelques sorte, je sais pas comment expliquer, comme, comme les à la télé ils mettent des fois leur main dans un gant et ça fait plus géant, un bras plus long, quelque chose comme ça, un bras, une machine, quelque chose comme ça. Quelque chose que, c'est moi qui l'a fait bouger, même si c'est pas, si ça fait pas partie de moi. J: D'accord, donc c'est indirect, un lien indirect. une 'extension' de son propre corps. c'était un peu, vider son esprit et juste penser qu'à ça et essayer de pas faire attention à .... à.. fin, vraiment juste pas faire attention lie à mon corps quoi, juste assise et oui juste vraiment, vraiment juste se focaliser sur ça J: d'accord, donc la détente et la concentration vont ensemble, et vous parlez aussi de vider son esprit, de ne pas pensez à autre chose et ... s'il faut recommencer, imaginons vous recommencez les étapes, est-ce que vous sentez, vous refaites votre position un tout petit peu. C: (Prend la position). Bas j'essaie, de détendre les épaules, le coud, le dos, les choses comme ça, les parties de mon corps qui sont les plus tendus en général, ou là où je peux avoir mal. J: d'accord, et ça arrive souvent, cette tension, même à l'extérieur de l'hôpital? C; j'ai toujours les épaules tendues, et le dos .. J: Donc c'est un bon exercice, le neurofeedback. Ok, d'accord. J: Donc la détente, et après, peut-être, ce qui encore intéressant, c'est effectivement, la concentration. C Ahm J Là vous dites que pour se concentrer, d'abord il faut vider tout ce qu'il y dans la tête. Comment vous pourriez décrire, ce que ça veut dire pour vous, se concentrer? C: Bas, c'est essayer de, de. Bah d'abord, pour me concentrer, je me dis, ah, en fait, qu'il faut que je pense..... à... rien... (pause) fin... (ralenti), et du coup pour penser à rien, bah je pense vraiment à ce que je suis en train de me dire dans la tête, en fait. donc à rien quoi. Et juste de ne pas faire attention à tout ce qui ce passe autour, bas après... c'est, ça va progressivement, c'est du du... plus... d'abord de ne pas faire attention à ce qui se passe autour, après essayer de penser à rien ou vraiment juste à ce qu'il faut penser, quoi, par exemple, si c'est un problème de maths, bas de penser au problème de maths, quoi. Pas faire attention à ce que les gens à côté sont en train de dire ou a juste... juste. . J: donc focaliser, le ... C: vraiment aller au principale, le moins possible quoi. J : et pour cela, vous avez aussi, vous m'avez dit que vous regardez la boule, surtout le haut de la boule, la marge. C: Mhhm J: Et des que la boule touche le seuil, et vous avez gagné un point, qu'est-ce que, comment... C: Bas, c'est, c'est, c'est sympa quoi, c'est une récompense un peu les effort voilà juste avant. J: et donc là à ce moment-là, vous lâchez un peu l'effort et vous recommencer un peu les étapes dès les début. C: Dès le début, oui.

  , je sais que du coup je faisais, fin,(ralenti) je me disais qu'il fallait que j'abandonne parce que si ça marchait avant, il y a pas de raison pourquoi que ça marche pas après et que que du coup il fallait vraiment vraiment que je travaille sur l'aspect... bas se concentrer et se détendre. et que bas que de toute façon... oui si ça avait fonctionne un fois, il y avait pas de raison que ça fonctionnait pas et qu'il fallait que je me focalise sur le fait que j'avais déjà réussi. J: hm. Donc mettre en valeur plutôt les succès, pour s'encourager, en fait. C: Donc se dire que bas si ça marche pas, c'est pas non plus, c'est pas… J: Ok, donc en fait, si vous voulez, il faut pas s'acharner. C: non. Et puis, si ça marche vraiment pas, il faut essayer autre chose, et puis même si ça fonctionnait plus, après il se trouve que ça fonctionne à nouveau. J: oui, je vois. ok (silence) J: Bon, écoutez, ça m'est déjà une information très précieuse. Mais en général, si j'ai bien compris, c'est, il faut aussi gérer un peu la motivation, ou la frustration et l'anticipation … C: il faut bien balancer tout pour que ca.... C: Bas, par exemple, si ça fonctionne pas, compenser avec la satisfaction pendant la bonne série d'avant et se dire si ça a fonctionne, ça va refonctionner et par exemple fin, si , si on est pas suffisamment concentré, bas se reconcentrer, bien faire , il faut que tout soit équilibré en quelques sorte. Pour que ça fonctionne. J: Et, et, tout soit équilibré, le tout, c'est… vous pourriez énumérez? Qu'est ce que doit être équilibré? C: Bas la motivation, fin l'appréhension que ça touche, bas si ça touche pas, il faut quand même espérez que ça touche pour que ça puisse toucher.J: ah oui, donc il y a une espérance aussi ? C: ahhh... il faut que la concentration, la motivation et la, et faut que tout est a bord pour que ça fonctionne. Il faut pas qu'il y a un qui manque parce que sinon, au moins pour moi, ça fonctionnait pas. Si moi, j'étais pas concentrée, ça fonctionnait pas. Si j'étais pas motivée, ça fonctionnait pas, même s'il y avait des autres… J: je voie, c'est intéressant, non ? Même peut-être pour vous, c'est intéressant, d'apprendre quelques chose sur ...soi. Ça fait une jolie philosophie, qu'il faut que tout soit en équilibre. Merci beaucoup pour cette... sagesse, on dirait... C: C'est pas souvent, donc il faut profiter. J: Bon, merci beaucoup [… finde conversation] 

Figure 1 :

 1 Figure 1: Activation and Deactivation in the DMN. A. Anatomical position of three subsystems of the DMN as described in [8], referring to the midline core (yellow), dorsal medial frontal/temporo-parietal (blue) and the medial temporal (green) clusters. B. Representation of changes in HGP across the hypnotic induction. Note the increase in the MTL and the simultaneous decrease in the MF subsystems (red arrows). C. Two examples of electrodes in the MF and the MTL displaying HGP decrease and increase, respectively. Electrodes correspond to positions marked with * in B.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

1.3.3. Fetz -frontiers in BCI (1969-2008)

  While Kamiya and Sterman worked with brain's oscillatory rhythms recorded by the EEG, Eberhard Fetz went one step further to study the voluntary control of single cell activities in the brain. In 1969, he conducted a study in which he was able to isolate single cells in the motor cortex

  As a result, focusing on the development of sophisticated signal processing and machine learning techniques, the BCI-engineering community has soon distanced itself from the occasionally pseudo scientific doctrines of neurofeedback by actively avoiding the term 'neurofeedback', but using instead terms like 'brain-computer-interface' (BCI) or 'real-time closedloop experiments' instead. Although some of the pejorative connotation of neurofeedback may still be attached to it today, it has regained much of its credibility. Since the year 2000, the number of neurofeedback studies has increased dramatically including many high quality studies and fruitful applications. Figure1-4shows yearly statistics on studies published about 'neurofeedback' and 'BCI', clearly illustrating this trend. In that, 'neurofeedback' studies still today refer to more psychological type of questioning (sleep improvement, emotion regulation), while 'BCI-studies' usually point to applications in the field neuroprosthetics and motor restoration. Although both techniques involve an active component of intentional regulation of neural activity by the subject,

and Birbaumer targeted the description of precise neural mechanisms and its use in a predominantly engineering environment (including artificial limb control, robotics, machine learning, communication devices). The two 'camps' have diverged even further in the decades after the pioneering works: Attracting many questionable applications of 'brain wave control' in pseudoscientific context, neurofeedback has soon been associated with the 'New-Age' movement through the 1970's to 90's and has suffered a deterioration of its reputation, also creating a gap within the scientific community.

Table 2 .

 2 Common EEG-nf protocols and applications

	Training protocol	Target neural signature	Common applications	Principal evidence (observable changes)
	Theta/beta	subset of 12 -21 Hz (12 -15 Hz is SMR training) 4 -8 Hz	ADHD, epilepsy	ADHD rating scales, seizure frequency, resting-state EEG, resting-state fMRI
	SCP	and resting-state electronegativity	ADHD, epilepsy	subjective measures, resting-state EEG, resting-state fMRI, seizure frequency
	Upper/peak alpha	alpha frequency that is already largest in amplitude (often 9 -11 Hz)	athletic and cognitive performance	cognitive tasks
	Low resolution electromagnetic tomography	or activity of select brain regions (often the anterior cingulate)	cognitive enhancement intelligence tests
	Theta+alpha	4 -13 Hz	alcoholism	prevention of relapse
	Theta/alpha	4 -8 Hz 8 -13 Hz	creativity	artistic performance
	Live z score a	normalize the amplitude and coherence of all waveforms (visual and auditory feedback)	any disorder	subjective measures
	Low energy neurofeedback system a	normalize the amplitude and coherence of all waveforms (electrical pulse feedback)	any disorder	subjective measures
	a The last two trainings are commercial techniques.		

Chapter 1 2.Chapter 2 -Oscillations Chapter 2 Oscillations 35 2.1. Periodicity and oscillations -a code of nature?

  

	Oscillations are present in virtually any domain of life and inanimate nature. Sound and light,
	predator-prey population cycles, earth's rotation or ocean waves are all examples of regularly
	recurrent, i.e. oscillatory phenomena in our environment. It is thus not surprising that the neural

Table 2 -

 2 1. Labels, frequency ranges, anatomy and functional correlates of classical human EEG rhythms. The greek alphabetical orders marks the chronology of the discovery of rhythms. The theta band had initially a gap filling function between delta and alpha bands and only later became associated with specific cognitive processes. Modified from[2].
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	Experiencing your brain: neurofeedback as a new bridge
	between neuroscience and phenomenology
	63

Juliana Bagdasaryan 1,2 * and Michel Le Van Quyen 1,2 * 1

  Centre de Recherche de l'Institut du Cerveau et de la Moelle Epinière, INSERM UMRS 975 -CNRS UMR 7225, Hôpital de la Pitié-Salpêtrière, Paris, France 2 Université Pierre et Marie Curie, Paris, FranceNeurophenomenology is a scientific research program aimed to combine neuroscience with phenomenology in order to study human experience. Nevertheless, despite several explicit implementations, the integration of first-person data into the experimental protocols of cognitive neuroscience still faces a number of epistemological and methodological challenges. Notably, the difficulties to simultaneously acquire phenomenological and neuroscientific data have limited its implementation into research projects. In our paper, we propose that neurofeedback paradigms, in which subjects learn to self-regulate their own neural activity, may offer a pragmatic way to integrate first-person and thirdperson descriptions. Here, information from first-and third-person perspectives is braided together in the iterative causal closed loop, creating experimental situations in which they reciprocally constrain each other. In real-time, the subject is not only actively involved in the process of data acquisition, but also assisted to directly influence the neural data through conscious experience. Thus, neurofeedback may help to gain a deeper phenomenologicalphysiological understanding of downward causations whereby conscious activities have direct causal effects on neuronal patterns. We discuss possible mechanisms that could mediate such effects and indicate a number of directions for future research.

Keywords: neurophenomenology, neurofeedback, multiscale neural dynamics, downward causation, voluntary action

-Study I: Voluntary control of intracortical oscillations for reconfiguration of network activity Chapter 4 -Study I Voluntary control of intracortical oscillations for reconfiguration of network activity Study I in a nutshell

  Because the majority of neurofeedback studies is based on the control of slow oscillations like SCPs, theta or alpha bands measured with scalp-EEG, the largest explanatory urgency of the underlying mechanisms is in regard to these slow frequency ranges. Given that the principal motivation of the present work was to provide better understanding of physiological principles behind voluntary control of neural oscillations, our first study therefore focused on slow oscillations, defining the target band to 4-8 Hz.
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Aristotle

Let us then cultivate purposeful habits...

6.6.2. Predicting the outcome and estimating the progress

  Because personality factors were among the best predictors of training success in our studies, 'satellite' parameters such as motivation, introspection ability or video game preference of the subject need to be taken into account and where possible maximized, to guarantee institutional efficiency (e.g. in the clinical context: invested time of the personnel, therapy costs etc.). This can be for example achieved by putting explicit effort to establish a link between the experimenter and participant, by motivating the subjects through monetary or other rewards, by explaining the interest and motivation of the study, by designing entertaining training environments or by other means). At the same time, the presence or absence of favorable factors can predict the outcome a priori distinguishing between potential responders and non-responders and to evaluate whether a neurofeedback therapy is appropriate in the individual case.

  Another major practical constraint is the limited time with the patient, who undergoes numerous (and too many) different experimental protocols during the hospitalization. Only a few days are available for neurofeedback training, which for example, does not suffice to extensively study the progress of learning curves. A concomitant problem that arises from this circumstance is that maximizing training time was absolute priority, with little time remaining for the qualitative study of the utilized cognitive strategies and phenomenological experience during neurofeedback performance, which is clearly an important shortcoming of the present work.Finally, a big unknown variable are the induced secondary effects and the associated risks of neurofeedback training that may fall beyond the scope of the present analysis. As we could see in Chapter 2, neural function relies on a complex balanced system of excitation and inhibition, with multiple different cell types, sophisticated wiring patterns, a complex self-organized oscillatory hierarchy and many other factors that by themselves are far from being understood. It is thus difficult to predict complex and non-linear neurofeedback training effects. For example, enhancing

	2 . Consequently,
	not all regions can be examined regarding their controllability or no functional networks can be
	studied in their integrity. Speculatively speaking, a change in a not recorded region (e.g. the
	striatum) might have explained all individual differences in learning progress. Another
	consequence of this is that training targets were heterogeneous across patients. It is thus difficult to
	estimate whether the trained target frequency has similar generation mechanisms across patients.
	Nonetheless, this diversity gave us also the insight that control is possible across different brain
	structures and possibly with different underlying mechanisms.

  Based on the small number of sampled regions, no conclusive statement on the differences in controllability of different regions is possible. However, training performance was not explained by anatomical factors, leaving the possibility open that modulation can occur across frontal, temporal and parietal lobes. The optimal target frequency is related to the existence of individual intrinsically present physiological rhythms within the individual spectrum.

	•	One proposed physiological signature of voluntary control of neural oscillations is the
		reinforcing effect on oscillatory activity in terms of occurrence or maximal power, which is
		most effective when the rhythm is physiologically present. Additionally, Training-induced
		changes across multiple spatiotemporal scales show that downstream influences affect the
		temporal coordination of network function and may play a mediating role in self-regulation of
		neural excitability and plasticity.
	•	
	•	A heterogenous picture emerged regarding the question of specificity vs. generalization, with
		opposite findings for theta and gamma oscillations. The presence of downstream changes
		indicates that concomitant effects might be present in other than target frequencies. The
		training using micro-electrodes provided preliminary evidence that a spatially very precise
		training is possible in human subjects.
	•	The explicit-implicit dichotomy of different cognitive strategies was further complexified by
		our finding that strategies can evolve over the course of the training. I argued that neural self-
		regulation requires some type of mental training in most cases, probably supported by cortico-
		striatal plasticity. Methodological, qualitative study should be employed to further elaborate
		the mental processes behind neurofeedback.
	•	Some of the implications derived from the present work include the necessary consideration of
		individual physiology (anatomical and functional) for optimal training outcome. Satellite
		factors will help to differentiate potential responders from non-responders, while the
		proposed signatures of learning processes can be used to estimate the ongoing training
		progress.
	•	Several important limitations of our study arise from the work with a clinical population of
		epileptic patients, resulting in a relatively small patient number, uneven spatial electrode
		sampling and inhomogeneous training targets and little time available with the patient.

  Other protocol examples include DCM-based regulation of functional connectivity or the direct conditioning of CFC that presumably increases the temporal coordination and hence favors plasticity induction in functional, e.g. memory and learning related networks[71, 

	72].

The effectiveness of the multi-target in contrast to single-target training can be tested for example by comparing improvements of functional processing (e.g. emotional regulation, memory) in two different experimental groups.

A recent study has shown that smartphone users use their devices twice as much as they realize. Andrews, S., Ellis, D. A., Shaw, H., and Piwek, L. (2015). Beyond Self-Report: Tools to Compare Estimated and Real-World Smartphone Use. PLoS ONE.

Truly amazing former world record performance https://www.youtube.com/watch?v=mCyYPimImyM

The dates refer to the period of reported discoveries, not the living years of the scientists

Neurofeedback therapy must be combined with or considered as an ergo-therapy.

ECoG: electrocorticography

The P300 is an event-related potential considered to reflect stimulus evaluation or categorization in decision making processes. From Wikipedia.

Steady-State Visually-Evoked Potentials (SSVEP) are signals in response to visual stimulation. When the retina is excited by a visual stimulus ranging from

3.5 Hz to 75 Hz, the brain generates electrical activity at the same frequency. From Wikipedia.

In humans, Old World monkeys, chimpanzees, cats, dogs, sheep, guinea pigs, rabbits, gerbils, rats, mice, fish and even in insects.

Non-sinusoidal repetitive squared with variable phase angles (velocity) in their orbits.

Ih current: upon hyperpolarization, voltage-gated channels are activated leading to Ih current that tends to re-polarize the neuron.

Muscarinic acetylcholine receptors (mAChRs) are acetylcholine receptors that form G protein-receptor complexes. From Wikipedia.

mAChR -muscarinic acetylcholine receptor
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Ca2+/calmodulin-dependent protein kinase II is a protein kinase that accounts for 1-2% of all proteins in the brain and is an important mediator in learning and memory. From Wikipedia.

cAMP-response element-binding protein (CREB) is a cellular transcription factor. From Wikipedia.

Brain-derived neurotrophic factor (BDNF) is a protein that supports the survival of existing neurons, encourages the growth and differentiation of new neurons and synapses. From Wikipedia.

a painful experience that any meditator has gone through while concentrating on the breath...

blood-oxygen level dependent

At least at the epilepsy unit of the Pitié-Salpêtrière Hospital in Paris. Subcortical structures may be more easily recorded with Parkinson patients.

Written in January

at University College London

A frequently used metaphor is that of water being an emergent property of H2O[START_REF] Kripke | Naming and Necessity[END_REF][START_REF] Chalmers | The conscious Mind[END_REF].
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Supplementary Information

Voluntary control of intracortical oscillations for reconfiguration of network activity

Juliana Corlier 1,2,CA , Mario Valderrama 5 , Miguel Navarrete 5 , Katia Lehongre 1,2 , Dominique Hasboun 1,2,3 , Claude Adam 1,2,3 , Hayat Belaid 1,2,4 , Stéphane Clémenceau 1,2,4 , Michel Baulac 1,2,3 , Stéphane Charpier 1,2 , Vincent Navarro 1,2,3 , Michel Le Van Quyen 1,2,CA Supplementary Figure 3: Overall firing rates across sessions. Firing rates are represented in % from baseline activity. There here was no consistent change in overall firing rates across sessions. Different lines represent different channels. Note that units detected on the same channel, but on different days are considered as distinct units.

Supplementary Table 1: Anatomical labels of individual implanted regions. Anatomical regions of the entire electrode set. Number of electrodes recorded per region may vary between subjects.

Study II in a nutshell

Study II in a nutshell: Furthermore, in a 'high-risk' component of this study, we have taken advantage of micro-electrode recordings to attempt the regulation of very local gamma oscillations recorded from microelectrodes in order to test for the degree of spatial specificity that voluntary control of neural activities can achieve in humans.

Observations:

We showed that in a group of 6 subjects, all but one were able to significantly increase gamma power in the target range, which was reflected in an increase of oscillatory event density, similar as in study I. In contrast to the gradual specificity of the target signal in the first study, our finding was that neighboring sites displayed concurrent increases in gamma power, which was correlated with subjects' overall performance. These changes may possibly reflect the involvement of functional networks and might be mediated by the detected gradual increase of cross-frequency-coupling between gamma and slow oscillations. However, the additional training based on micro-electrode recordings revealed that very precise gamma power entrainment was possible without spread to adjacent sites. In sum, this study opens perspectives on the training of functional networks but also the possibility to modulate very precise targets, when using appropriate feedback spatial resolution for training.

Personal contribution: study design, experiment conduction, data analysis, manuscript writing

Summary

Gamma oscillations are thought to play a pivotal role in multiple cognitive functions [1][2][3][4][5][6][7].

They enable coordinated activity of local assemblies and their communication [8][9][10][11], while abnormalities in gamma oscillations exist in different neurologic and psychiatric diseases [12][13][14]. Thus, a specific rectification of gamma synchronization could potentially compensate the deficits in pathological conditions. Previous experiments have shown that animals and humans can voluntarily modulate their gamma power through operant conditioning in motor related areas [15][16][17] or the visual pathway [18]. Here, we investigated the question whether 

Supplementary Table 1: Summary of target electrode MNI-positions, anatomical locations and trials numbers for all subjects.

Supplementary Table 2: Summary of gamma change characteristics and statistics for all subjects. The number of gamma events detected per trial significantly increased with training for subjects S2, S4, S5, S6.

The maximal power of detected events significantly increased for subjects S1, S2, S4. Mean gamma power per trial significantly increased for subjects S1, S2, S4, S5 and S6 and significantly decreased for subject S3. One, two, three stars and n.s. indicate p < 0.05, p < 0.01, p < 0.001 and not significant, respectively.

Supplementary Figure 3: Gamma power increase and gamma event characteristics. Evolution of mean gamma power per trial calculated relative to the baseline condition is increasing significantly for 5 of 6 subjects.

Supplementary Figure 4: Correlations between electrodes distance to target and the 'gamma tuning'.

'Gamma tuning' is calculated as the slope of linear fit of gamma power changes across training. Significant correlations were only obtained for S1 (positive) and S4 (negative). 

Supplementary experimental procedures

Mental causation and determinism:

Is the conscious will an illusion? 1

Abstract. Humans have the unique ability to perceive their own thoughts and reflect their action, considering them as their 'own'. Indeed, the subjective sense of being a willful and a causally relevant self seems to constitute a substantial part of human identity. In this essay, the examination of whether the conscious will is an illusion is conducted separately for the empirical and the phenomenal will [START_REF] Wegner | The Illusion of conscious Will[END_REF], which allows a separate investigation of 'how it is' from 'how it feels to be'. It is argued that the determining power of the past combined with the embodied nature of cognition leave no space for the freedom of will in the Cartesian sense. However, the existence of the subjective sense of free will cannot be denied and its potential purpose needs to be understood. In agreement with previous proposals I argue that, although occasionally illusory, the subjective sense of free will might fulfill fundamental functions serving the individual and facilitating its interactions in the physical and social environments. 

Dernière session :

Votre intérêt pour cette étude, c'est-à-dire pour les résultats qu'elle pourrait produire ? --------------------------------------------- 

Commenté [BJ7]:

Dialogue interne + autoencouragement.

Commenté [BJ8]:

Encouragement facilite l'exercice

Commenté [BJ9]:

Etapes intérieures

Commenté [BJ10]:

Description des étapes Summary of observations from this interview 1. The question of agency/sense of active control seems to arise through an indirect link of the 'self' to the visual feedback object. This sense represents a satisfactory, maybe also a reinforcing component in the learning process (Comments 3,4,5).

2. The patient describes the main strategy as the concentration on the visual aspect of the feedback and an ongoing internal dialogue of selfencouragement (Comments 7,8,9).

3. This strategic process appears to have a 'temporal sequence' of different stages including relaxation, concentration, dialogue/motivation/anticipation and restart from beginning (Comments 9, 10).

4. The stages of relaxation and attention go hand in hand for this subject. In that, the concentration involves an element of 'emptying' of task-unrelated thoughts (Comments 11, 12, 13,14).

5. The elaboration of the difference between strategies at initial and later stages of training was not sufficiently guided by the experimenter (Comment 15).

6. The experience of success (linked to the sense of agency) is rewarding and helpful for performance in subsequent trials (Comment 16). This may be indicative that in general, threshold settings directly affect the subjects' motivation, and are therefore a very important experimental variable to monitor.

7. Encouraging internal dialog and 'coaching' are of particular relevance when failures occur. This suggests that a successfully performing subject must be able to handle some level of frustration and have the ability to persevere ( Comments 17,18,19). responsivity and self-referential judgment [4]. Over the last few decades, an increasing number of functional neuroimaging studies has been performed in order to understand the neural substrates related to these different cognitive components [5][6][7]. In particular, recent works suggest that hypnosis produces alterations in the default mode network (DMN) [8], and specifically a reduction of brain activity in its anterior parts (ACC, medial and superior frontal gyri, left inferior and middle frontal gyri) [9][10][11]. Because these regions have been related to the sense of self and self-referential processing, a direct link is provided with specific experiential components of hypnosis.

Nevertheless, while functional imaging studies allow for a precise spatial characterization of resting state networks, their fine-scale temporal dynamics remain elusive. A full understanding of the differential modulation of DMN subnetworks by hypnotic processes requires further evidence from electrophysiological recordings.

In the present study, our objective was to investigate the effects of hypnosis on ongoing brain activity using direct local field potentials at multiple fronto-temporal cortical locations.